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A program f o r  developing a coal-fuelel Modular I n t e g r a t e d  U t i l i t y  

System (MIUS) i s  be ing  j o i n t l y  sponsored by t h e  Department of Housing and 

Urban Development (HUD), Of f i ce  of P o l i c y  Development and Research; and 

t h e  Energy Research and Development Adminis t ra t ion (ERDA), F o s s i l  Energy 

(formerly O f f i c e  of Coal Research of t h e  I n t e r i o r  Department); a t  t h e  Oak 

Ridge Na t iona l  Laboratory (OWL). This  program had i t s  i n c e p t i o n  some 

yea r s  ago when HUD foresaw t h e  impending energy shor t age  and i n i t i a t e d  work 

on small t o t a l  energy systems f o r  use wi th  new housing complexes. I n  t h e s e  

systems t h e  waste h e a t  from t h e  thermodynamic cyc le  used t o  gene ra t e  elec- 

t r i c i t y  is used t o  h e a t  both domestic ho t  water and b u i l d i n g s  i n  t h e  w i n t e r  

and f o r  abso rp t ion  a i r  cond i t ion ing  systems i n  t h e  summer. OWL h a s  been 

a s s i s t i n g  HUD i n  t h i s  work, f i r s t  by looking a t  t h e  problems of supplying 

h e a t  t o  b u i l d i n g  complexes from d i s t r i c t  h e a t i n g  systems t i e d  t o  c e n t r a l  

s t a t i o n s ,  

Hundreds of  such systems are i n  use  c u r r e n t l y  i n  t h e  U.S. making use of 

d i e s e l  o r  gas engines  o r  s m a l l  gas t u r b i n e s .  

and subsequent ly  by examining v a r i o u s  s m a l l  t o t a l  energy systems. 

A good n o t i o n  of t h e  Modular I n t e g r a t e d  U t i l i t y  System (MIUS) envi- 

s ioned by HUD i s  given by t h e  art ist 's  concept i n  Fig.  1.1 which shows a 

small power p l a n t  ad jacen t  t o  a new housing development. The s o l i d  waste 

from t h e  b u i l d i n g  complex would be t r a n s p o r t e d  pneumatical ly  t o  t h e  power 

p l a n t  where i t  would be burned and t h u s  p rov ide  5 t o  10% of t h e  f u e l .  The 

sewage t r ea tmen t  p l a n t  ad jacen t  t o  t h e  power p l a n t  could make use  of w a s t e  

h e a t  t o  accelerate d i g e s t i o n  o f  t h e  sewage as w e l l  as supply methane t o  t h e  

power p l a n t  f o r  use as f u e l .  

ponents of t h e  sewage p l a n t  could be used as p a r t  of t h e  combustion a i r  f o r  

t h e  power p l a n t ,  t h u s  avoiding emission of odors.  

charged from t h e  sewage p l a n t  would b e  h e l d  up i n  a s m a l l  pond o r  l a k e  

which would be p a r t  of t h e  landscaping,  and would a l s o  s e r v e  as a supply of 

coo l ing  water f o r  t h e  power p l a n t  and a i r  cond i t ion ing  equipment. 

The a i r  and gas d i scha rges  vented from com- 

The t r e a t e d  water d i s -  

1.1 
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The m a j o r i t y  of t h e  housing complexes sponsored by HUD have involved 

500 t o  1000 r e s i d e n t i a l  units f o r  which t h e  e lec t r ica l  power requirements  

have run 1 t o  2 MW(e). Extensive expe r i ence  wi th  power p l a n t s  f o r  i n s t a l -  

l a t i o n s  of t h i s  s o r t  i n d i c a t e s  t h a t  t o  o b t a i n  good r e l i a b i l i t y  from d i e s e l  

o r  gas engines  o r  convent ional  gas t u r b i n e s  i t  i s  e s s e n t i a l  t o  employ fou r  

o r  more u n i t s .  Because of s e a s o n a l  and d i u r n a l  v a r i a t i o n s  i n  t h e  load ,  t h e  

l o a d  f a c t o r  i s  normally only 60 t o  70%. Thus, f o r  an i n s t a l l a t i o n  designed 

f o r  a f u l l  l oad  of 1.5 MW(e), t h e  u s u a l  p r a c t i c e  i s  t o  employ f o u r  engine- 

gene ra to r  u n i t s  of about 600 kW(e) of which two would normally be i n  opera- 

t i o n ,  one would b e  on standby f o r  l oad  peaks i n  unfavorable  weather ,  and 

t h e  fourzh could be down f o r  maintenance. Thus, t h e  design power ou tpu t  

range of i n t e r e s t  f o r  MIUS a p p l i c a t i o n s  i s  500 kW(e) t o  1000 kW(e) p e r  

uni t .  Th i s  i s  an important  f a c t o r  i n  choosing a power conversion system 

because some systems ( e .g . ,  steam t u r b i n e s )  do n o t  perform w e l l  i n  small 

s i z e s .  

The c r i t i c a l  s h o r t a g e s  of gas and f u e l  o i l  t h a t  began t o  develop 

e a r l y  i n  1973 coupled w i t h  t h e  l a c k  of near-term s u p p l i e s  of f u e l  from 

c o a l  g a s i f i c a t i o n  and l i q u e f a c t i o n  l e d  t o  an examination of t h e  poss i -  

b i l i t i e s  of employing c o a l  o n - s i t e  as t h e  f u e l ,  p a r t i c u l a r l y  moderately 

high s u l f u r  c o a l  because of i t s  ready a v a i l a b i l i t y .  

l e m s  of s u l f u r  removal l e d  t o  t h e  conclusion t h a t  it would be w e l l  t o  

cons ide r  a f l u i d i z e d  bed c o a l  combustion system. This  combustion system 

makes i t  p o s s i b l e  t o  remove about 90% of t h e  s u l f u r  i n  t h e  c o a l  by com- 

b i n i n g  it w i t h  crushed l imestone i n  t h e  bed t o  g ive  calcium s u l f a t e .  

do t h i s  a tube  bank i n  t h e  bed must be employed t o  keep t h e  bed temperature  

t o  t h e  range of 1500 t o  1700°F, t h e  r eg ion  r e q u i r e d  f o r  good conversion 

of t h e  s u l f u r  t o  calcium s u l f a t e .  Operation of t h e  bed a t  t h i s  tempera- 

t u r e  a l s o  serves t o  avoid NO formation from n i t r o g e n  i n  t h e  combustion 

a i r  and fus ion  of t h e  ash.  

A review of t h e  prob- 

To 

X 

I n  s e l e c t i n g  a power conversion system, t h e  poor e f f i c i e n c y  of steam 

t u r b i n e s  i n  s m a l l  s i z e s  m a k e s  a gas t u r b i n e  a l o g i c a l  cand ida te  f o r  t h e  

thermodynamic cyc le .  

by t h e  tube bank i n  t h e  bed and w i l l  n o t  con ta in  f l y  ash from t h e  c o a l ,  

t u r b i n e  bucket e r o s i o n  w i l l  n o t  b e  a problem. Good h e a t  t r a n s f e r  coef- 

f i c i e n t s  w i l l  p r e v a i l  both i n  t h e  h igh  p r e s s u r e  a i r  i n s i d e  t h e  tubes  i n  

Inasmuch as t h e  a i r  f e d  t o  t h e  t u r b i n e  w i l l  be hea ted  
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t h e  f l u i d i z e d  bed and between t h e  f l u i d i z e d  bed and t h e  tube w a l l s .  The 

f l u i d i z e d  bed combustion system w i l l  o p e r a t e  w e l l  w i t h  l i q u i d  o r  gaseous 

f u e l ,  c h a r ,  a low s u l f u r  c o a l ,  o r  s o l i d  o r g a n i c  waste, hence i t  could a l s o  

be used as an i n c i n e r a t o r .  

A p re l imina ry  s tudy  i n d i c a t e d  t h a t  w i th  t h i s  system around 80% of 

t h e  energy i n  t h e  f u e l  would be a v a i l a b l e  f o r  use,  about one-third as 

e l e c t r i c i t y  and t h e  balance as h e a t  i n  t h e  form of 250°F h o t  water obtained 

from a w a s t e  h e a t  recovery hea t  exchanger. 

This  appeared s u f f i c i e n t l y  a t t ract ive t h a t  ORNL proposed t o  HUD t h a t  

a thorough s tudy of t h e  concept be i n i t i a t e d Y 2  and, i f  t h i s  proved favor-  

a b l e ,  t h a t  a program be launched t o  design,  develop, and c o n s t r u c t  a 

demonstration u n i t .  

between them t o  sponsor such a program.3 

t h e  USAEC f o r  ORNL t o  undertake t h i s  work. 

of t h e  program, "Concept Prel iminary Evaluat ion,"  were s t a t e d  i n  t h e  

Memorandum of Understanding3 t o  b e  t h e  i n v e s t i g a t i o n  and e v a l u a t i o n  of 

v a r i o u s  ways i n  which c o a l  and coal-der ived f u e l s  might be employed i n  

MIUS systems. 

i;ituminous c o a l s ,  l i g n i t e ,  a n t h r a c i t e ,  t h e  p roduc t s  of v a r i o u s  c o a l  g a s i f i -  

HUD then  approached OCR, and t h i s  l e d  t o  an agreement 

Arrangements were then made with 

The o b j e c t i v e s  of Phase I 

The f u e l s  t o  be considered i n c l u d e  high and low s u l f u r  

.;;ion, l i q u e f a c t i o n ,  and s o l v e n t  r e f i n i n g  p rocesses ,  c o a l  loaded wi th  

sewage s ludge  a f t e r  being used as a f i l t e r i n g  medium, and coal mixed w i t h  

r e s i d e n t i a l  and i n d u s t r i a l  s o l i d  wastes. 

a l l  t ypes  of power conversion system t h a t  might be used wi th  t h e s e  f u e l s  

should be eva lua ted  t o g e t h e r  w i t h  t h e  problems fo reseen  i n  t h e  development 

e f f o r t  f o r  each system. The fol lowing r e p o r t  has  been prepared t o  smmar- 

i z e  t h e  r e s u l t s  of t h i s  Phase I s tudy .  

The p o t e n t i a l  performance of 

I 

i 

\ 

i 

i 
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CHAPTER 2 

AVAILABILITY AND COSTS OF COAL N?D COAL-DERIVED FUELS 

J! 

j -  \ 

, 

, -. 

.A 

Coal 

The Resource Base. Coal d e p o s i t s  are widely d i s t r i b u t e d  throughout 

t h e  United States as shown i n  Fig.  2 . 1 .  The c o a l  resource  base is  esti-  

mated t o  be 3.21 t r i l l i o n  t o n s , '  equ iva len t  i n  energy conten t  t o  over 1000 

yea r s  a t  t h e  t o t a l  energy consumption ra te  of t h e  U.S. i n  1970. Approxi- 

mately one-half o r  1.56 t r i l l i o n  t o n s ,  l i e s  i n  beds more than  1 4  i n .  t h i c k  

a t  depths  of 3000 f t  o r  less i n  mapped and explored  areas. The d i s t r i b u -  

t i o n  of t h e  1.56 t r i l l i o n  tons  by rank ( type of coa l )  and by s t a t e  is  

shown i n  Fig.  2 . 2  and Table 2 . 1 .  Of t h e  t o t a l  bituminous resource ,  two- 

t h i r d s  i s  loca ted  east of t h e  Miss i s s ipp i  wi th  I l l i n o i s  con ta in ing  t h e  

l a r g e s t  q u a n t i t y  of any s ta te .  Sub-bituminous c o a l  i s  predominantly con- 

t a i n e d  i n  t h e  Rocky Mountain States  of Montana, Wyoming, and Colorado and 

i n  Alaska.  Yew Mexico a l s o  has  s u b s t a n t i a l  r e s e r v e s .  About 98% of t h e  

n a t i o n ' s  l i g n i t e  i s  loca ted  i n  North Dakota and Montana. 

Recoverable Resources. The c o a l  r e source  base  descr ibed  above does not  

c o n s t i t u t e  a usable  r e source  because of both t e c h n i c a l  and economic con- 

s t r a i n t s .  Coal considered t o  be  a v a i l a b l e  a t  p re sen t  p r i c e s  wi th  p re sen t  

technology are t h e  measured and i n d i c a t e d  r e se rves  wi th  1000 f t  o r  less of 

overburden, and i n  beds of t h i cknesses  (1) 28 i n .  o r  more f o r  bituminous 

and a n t h r a c i t e ,  and (2) 5 f t  o r  m o r e  f o r  sub-bituminous and l i g n i t e .  On 

t h i s  b a s i s ,  a v a i l a b l e  r e se rves  t o t a l  394.1 b i l l i o n  tons '  (about one-eighth 

of t h e  t o t a l  resource  base)  d i s t r i b u t e d  by rank as fo l lows:  (1) bituminous 

- 662, (2) sub-bituminous - 18%, (3) l i g n i t e  - 13%, and ( 4 )  a n t h r a c i t e  - 3% 

A breakdown of a v a i l a b l e  r e se rves  by rank and s ta te  i s  given i n  Table 2.2.  

Of t h e  394 .1  b i l l i o n  tons  considered t o  be a v a i l a b l e ,  45 b i l l i o n  tons  

are s t r i p p a b l e  and most of t h i s  would be recoverable ,  s i n c e  t h e  recovery 

f a c t o r  f o r  strip-mined c o a l  exceeds 90%. For deep-mined coa l ,  however, t h e  

recovery f a c t o r  wi th  p re sen t  mining p r a c t i c e s  i s  about 50% s o  t h a t  of t h e  

349.1 b i l l i o n  tons  of deep-minable r e s e r v e s ,  only about 175 b i l l i o n  tons  

are recoverable .  

summarized as fo l lows:  

The recoverable  underground and s t r i p p a b l e  r e se rves  are 

2 .1  
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Fig. 2 . 2 .  Est imated o r i g i n a l  and remaining c o a l  r e s e r v e s ,  by rank,  
i n  t h e  United States ,  January 1, 1965. 
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2.1-2.5 

Table 2.1. Estimated Remaining Coal Reserves of the United States, 
by Rank, Sulfur Content, and State, on January 1, 1965 

2.6-3.0 3.1-3.5 3.6-4.0 Over 4.0 
Coal Rank and State 

458.8 

154.0 
- 
- - 
809~6  

3,543.4 

1,038.7 
- 

Bituminous coal: 
Alabama 
Alaska 
Arkansas 
Colorado 
Georgia 
I l l i no i s  
Indiana 
Iowa 
Kansas 
Kentucky: 

West 
E a s t  

Maryland 
Michigan 
Missouri 
Montana 
New Mexico 
North Carolina 
Ohio 
Oklahoma 
Oregon 
Pennsylvania 
Tennessee 
Texas 
Utah 
Virginia 
Washington 
West Virginia 
WY d n g  
Other States1 

Total  
Percent of t o t a l  

Subbituminous coal: 
Alaska 
Colorado 
Montana 
New Mexico 
Oregon 
Utah 
Washington 
Wyoming 
Other States' 

Total 
Percent of t o t a l  

Alabama 
Arkansas 
Montana 
North Dakota 
South Dakota 
Texas 
Washington 
Other States4 

Total 
Percent of t o t a l  

Anthracite: 
Alaska 
Arkansas 
Colorado 
New Mexico 
Pennsylvania 
Virginia 
Washington 

Total  
Percent of t o t a l  

Grand t o t a l  
Percent of t o t a l  

Lignite: 

417.4 - 

- 40.3 
- - 

- - 
- - 

16,583.8 33,650.4 
4,110.5 10,872.8 

117.1 
2,070.6 4,148.0 

- 

Sulfu 

- 
- 
- 
- 
- 

57,652.2 
5,105.9 

8,287.3 
- 

0.7 o r  
less 

889.2 
20,287.4 

25,178.3 
- 
- 
- 
197.5 - 
- 
- 

13,639.9 
- 
- 
- 

51.2 
5,212 .O - 

- 
250.6 

44.0 
3.3 

8,551.4 
1,981.5 

898.9 
20,761.0 
6,222.2 

04,168.4 
14.4 

71,115.6 
13,320 .,8 
94,084.4 
38,735.0 

87.0 

3,693.8 
35,579.7 

56,616.3 
66.0 

- 

- 

- 

- 

- 

- 

- 
- 
280.0 

60,214.5 
84,129.1 

- 
- 
- 
- 

44,623.6 
77.0 

2,101.0 

- 
- 
- 
- 

12,211.0 
335.0 

5.0 
14,652.0 

96.5 
20,060.3 

45.7 

- 

18.6 
- 
- 
- 
- 

19,062 .O 
2,944.0 
6,405.4 
4,153.8 

1.8-1.0 

1,189.3 
1,100.0 - 

17,237.2 
76.0 

573.7 
173.0 - 
- 

- 
8,491.9 

- 
- 
- 
218.2 

5,474.0 

611.0 
772.2 
14.0 

1,154.4 
160.9 

13,584.0 
6,077.5 

672.1 
!6,710.6 
6,596.6 

616.0 

15.4 

- 

- 

- - 
- 

4,908.7 
16,728.0 
L2,OOO.O 

87.0 

500.0 
72,315.6 
4,047.0 

50,586.3 
33.6 

- 

- 
- 

70.0 
!4,141.6 
14,987.3 
2,031.0 

116.6 
42.0 

13.7 

- 

,1,388.5 - 
- 
- 
90.0 
6.0 - 

- 
- 
96.0 

0.6 

19.3 
- 

~ 

1.1-1.5 

5,421.7 

1,128.4 
- 
- 
- 

4,942.4 
3,645.2 

519.9 

1,119.6 
2,286.8 

- 

- 
- 
- 

205.0 - 
- 

369.0 
825 .O 

7,624.4 
715.9 

- 

- 
- 

1,637.1 

21,819.7 
- 

- 
- 

52,260.1 
7.2 - 

- 
- 
0.5 - 

- 
150.0 - 
- 
- 

150.5 
0.1 

20.0 

2,660.9 
31,581.6 

6,902.0 

- 
- 

- 
- 
- 

41,164.5 
9.2 - 

- 
- 
- 
- 
- 
- 
- 
- 
- - 

33,575.1 
5.9 

L.6-2.0 

5,182.8 

293.1 
- 
- 
- 

2,615.1 
4,248.8 

519.7 

162.0 
1,658.8 

124.6 

- 

- 
- 
397.2 
- 
- 

2,110.2 
368.1 

12,424.9 
258.7 

1,524.9 

- 

- 

- 
- 

L3,290.6 - 
- 

15,179.5 
6.2 - 

- 
- 

1,303.7 
- 
- 
- 
- 
- 
- 

1,303.7 
0.3 - 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- - 
- 
145.5 - 
- 
- 
- 
- 
145.5 

0.9 

3.0 
- 

Total 

13,577.8 
21,387.4 
1,615.8 

62,415.5 
76.0 

135,889.2 
34,841.1 
6,522.5 

20,738.0 

36,895.4 
29,414.8 1,180.0 

205.0 
78,760.0 
2,104.6 

10,686.0 
110.0 

41,024.0 
3,302.8 

14.0 
57,951.5 
1,839.5 
7,978.0 

27,658.0 
9,820.0 
1,571.0 

102,666.4 
12,819.9 

616.0 
724,680.2 

100.0 

71,115.6 
18,229.5 

132,116.6 
50,735 .O 

174.0 
150.0 

4,193.8 
107,903.9 

4,047.0 
388,665.4 

100.0 

20.0 
350.0 

87,401.7 
350,698.0 

2,031.0 
6,902 .O 

116.6 
42.0 

447,641.3 
100.0 

2,101.2 
431.8 
90.0 
6.0 

12,z 11.0 
335.0 

5.0 
15,179.8 

100.0 
., 5 76,166.7 

100.0 

- 

- 

- 

- 
lArizona. California, Idaho, Nebraska, Nevada 
*Arizona, California, Idaho 
3Less than 0.1 percent 
ka l i fo rn ia ,  Idaho, Louisiana, Nevada 
NOTE: A i r  quali ty standards for  new plants without sulfur  dioxide removal equipment require bituminous coal of no more 

than 0.7% sulfur.  However, Western coals, because of lower heat content, are limited by these standards t o  less 
than 0.5Z sulfur.  

SOURCE: U.S. Bureau of Mines. 
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 table 2.2.  T o t a l  Estimated Remaining Measured and I n d i c a t e d  Coal Reserves 
of t h e  United States as of January 1, 1970* ( I n  Beds 28 i n .  and More 

Thick, f o r  Bituminous, A n t h r a c i t e  and Semi-Anthracite, and 5 f t  o r  More 
Thick f o r  Subbituminous and L i g n i t e  Beds - Mil l ion  Tons) 

Remaining Measured and I n d i c a t e d  Reserves 
S t a t e  Subb i t u- A n t h r a c i t e  Total Bituminous L i g n i t e  minous Semi-An t h r a c i  t e  

Alabama 
Alaska 
Arkansas 
Colorado 
Georgia 
I l l i n  o i s  
Ind iana  
Iowa 
Kansas 
Kentucky West 
Kentucky E a s t  
Maryland 
Michigan 
Missouri  
Montana 
New Mexico 
North Caro l ina  
North Dakota 
Ohio 
Oklahoma 
Oregon 
Pennsylvania 
South Dakota 
Tennessee 
Texas 
Utah 
V i r g i n i a  
Wash i n  g t on 
West V i r g i n i a  
Wyoming 
Other S t a t e s  

T o t a l  

1 ,731  
66 7 
313 

8,811 
18 

60,007 
11,177 

2,159 
32 8 

20,876 
11,049 

557 
125 

12 , 623 
86 2 

1,339 
Y 
0 

17,242 
1,583 ** 

24,078 
0 

939 

9 , 155 
3,561 

312 
68,023 

** 

3,957 ** 
261,510 

0 
5 , 345 

0 
4,453 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

31,228 
7 79 

0 
0 
0 
0 

0 
0 
0 
0 

15 0 
0 

1,188 
0 

25,937 

69 , 080 

** 

** 

-I- 
O 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

6 , 878 
0 
0 

36 , 230 
0 
0 
0 
0 

75 7 
0 

6 , 870 
0 
0 
0 
0 

46 
50 , 781 

T 

0 
§ 

67 
16 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 

12 , 525 
0 
0 
0 
0 

125 
0 
0 
0 
0 

12 , 735 

1 ,731  
6,012 

380 
13 , 280 

18 
60,007 
11,177 
2 , 159 

32 8 
20 , 876 
11,049 

55 7 
12 5 

12,623 
38,968 

2,120 
t 

36,230 
17,242 

1,583 

36 , 603 
75 7 
9 39 

6 , 870 
9 , 305 
3,686 
1,500 

68,023 
29,912 

46 
394,106 

** 

*Figures are reserves i n  ground, about h a l f  of which may be considered 
recoverable .  Inc ludes  a l l  beds under less than  1,000 f t  of overburden and 
over  28 i n .  i n  bed t h i c k n e s s  f o r  bituminous and a n t h r a c i t e  and 5 f t  o r  more 
f o r  subbituminous and l i g n i t e .  

+Small reserves of l i g n i t e  i n  beds less than 5 f t  t h i c k .  

$ S m a l l  reserves of l igni te  inc luded  w i t h  subbituminous reserved.  

§ S m a l l  reserves of a n t h r a c i t e  i n  t h e  Bering River F i e l d  b e l i e v e d  t o  be 

" N e g l i g i b l e  reserves w i t h  overburden less than 1,000 f t .  

t o o  badly crushed and fo lded  t o  be economically recoverable .  

**Data n o t  a v a i l a b l e  t o  make estimate. 
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R e  cove r ab  l e  R e s  e rves  
( b i l l i o n s  of t o n s )  

Deep Minab l e  175 

St r ippab le  45 

T o t a l  220 
- 

The r ecove rab le  r e s e r v e s  are equ iva len t  t o  about 65 y e a r s  a t  a ra te  of 

consumption equ iva len t  t o  t h e  t o t a l  n a t i o n a l  energy use i n  1970. 

Most of t h e  low s u l f u r  c o a l  is  l o c a t e d  i n  t h e  wes te rn  United S t a t e s  

i n  t h e  form of s t r i p p a b l e  sub-bituminous c o a l  and l i g n i t e .  A s  shown i n  

F ig .  2 . 3  of t h e  45 b i l l i o n  t o n s  of s t r i p p a b l e  r e s e r v e s ,  about 25 b i l l i o n  

tons  are low s u l f u r  l o c a t e d  i n  t h e  Rocky Mountain States.2 

A v a i l a b i l i t y .  It i s  ev iden t  t h a t  t h e  c o a l  r e s e r v e s  are adequate t o  

m e e t  almost any demand i n  t h e  fo re seeab le  f u t u r e .  The l i m i t i n g  f a c t o r s  on 

t h e  use  of c o a l  are (1) environmental  c o n s t r a i n t s  on mining and combustion, 

(2)  c o a l  i n d u s t r y  development, and ( 3 )  t r a n s p o r t a t i o n .  

Most of t h e  p r e s e n t  concern i s  r e l a t e d  t o  t h e  e f f e c t s  of s t r i p  mining 

on land and water. It should be no ted ,  however, t h a t  underground mining i s  

no t  without  adverse impacts,  i n c l u d i n g  death and i n j u r y  rates approximately 

f i v e  times h i g h e r  than f o r  s t r i p  mining. The Coal Mine Heal th  and Sa fe ty  

Act of 1969 set t i g h t e r  s t anda rds  t o  reduce t h e  hazards  of underground 

mining. A s i d e  e f f e c t  of t h e  A c t  w a s  t o  dec rease  p r o d u c t i v i t y  and i n c r e a s e  

c a p i t a l  investments r equ i r ed  f o r  deep mining. A s  a consequence, s t r i p  

mining a c c e l e r a t e d  because of t h e  improvement i n  t h e  re la t ive competi t ive 

p o s i t i o n  of t h i s  form of mining. S t r i p  mining now accounts  f o r  approxi- 

mately one-half of t h e  t o t a l  c o a l  product ion.  Because of t h e  t r e n d  t o  more 

s t r i p p i n g  and t h e  v a s t  d e v a s t a t i o n  of l and  and water r e sources  t h a t  has  

been experienced i n  some areas, many p roposa l s ,  ranging from improved rec-  

lamation p r a c t i c e s  t o  o u t r i g h t  bans,  have been made t o  reduce t h e  adverse 

e f f e c t s  of s t r i p  mining;. Reclamation of strip-mined areas invo lves  back- 

f i l l i n g ,  compacting, s o i l  cond i t ion ing ,  r eg rad ing ,  and r e v e g e t a t i o n  t o  

achieve a n a t u r a l  appearance.  

from $2000 t o  $6000 p e r  a c r e ,  t h e  la t ter  f i g u r e  corresponding t o  2 0 ~  t o  

30C per  t o n  of c o a l  ( f o r  c o a l  y i e l d s  of 20,000 t o  30,000 t o n s / a c r e ) .  

Current estimates 3-5 f o r  reclamation range 
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western c o a l  from t h i c k  beds,  t h e  surcharge  f o r  rec lamat ion  might be  only I 

3c t o  4c per  ton.  It would appear ,  i f  t h e s e  f i g u r e s  are  c o r r e c t ,  t h a t  t h e  \ 

i s s u e  i n  s t r i p  mining i s  n o t  rec lamat ion  c o s t s  s i n c e  t h e  con t r ibu t ion  t o  

t h e  cos t  of c o a l  would be minor. Rather ,  t h e  i s s u e  seems t o  concern t h e  

ques t ion  of what c o n s t i t u t e s  accep tab le  rec lamat ion .  There is  no reasonable  

r 

, 

way t o  r e s t o r e  s t r i p p e d  land t o  i t s  o r i g i n a l  cond i t ion  - only t o  a condi- 

t i o n  t h a t  some would cons ider  accep tab le .  Ul t imate ly ,  s o c i e t y  must make t h e  

judgment concerning b e n e f i t s  and c o s t s  of s u r f a c e  mining. I f ,  as some have 

suggested,  s u r f a c e  mining were banned, t he  a b i l i t y  of c o a l  t o  s a t i s f y  a 

l a r g e r  p o r t i o n  of our  n a t i o n ' s  energy needs would be  s e r i o u s l y  impaired. 

The Nat iona l  Petroleum Council  (MPC) estimates t h a t  t h e  c o a l  product ion 

would d e c l i n e  by over  40% a t  least u n t i l  1985 i f  s t r i p p i n g  w e r e  banned. 

Coal product ion and c o a l  process ing  i n  some wes tern  states pose addi- 

t i o n a l  environmental  and s o c i e t a l  problems. Water use a s s o c i a t e d  wi th  

s t r i p  rec lamat ion ,  s l u r r y  p i p e l i n e s ,  and,  i n  p a r t i c u l a r ,  c o a l  g a s i f i c a t i o n  

p l a n t s ,  could be s i g n i f i c a n t .  Such use would be  i n  d i r e c t  compet i t ion wi th  

e s t a b l i s h e d  a g r i c u l t u r a l  and i n d u s t r i a l  a c t i v i t i e s .  The water ques t ion  

w i l l  be an  important  i s s u e  i n  t h e  expansion of t h e  c o a l  i n d u s t r y  i n  t h e  

West. 

Coal Costs 

Coal Values a t  Kine. Af t e r  a long per iod  of s t a b i l i t y ,  t h e  p r i c e  of 

c o a l  s t a r t e d  r i s i n g  s i g n i f i c a n t l y  a f t e r  1969. From 1965 through 1969, t h e  

U.S. average p r i c e  ( f .0 .b .  mine) of c o a l  s o l d  on the open market w a s  about 

25c/106 Btu (cons tan t  1974 d o l l a r  b a s i s ) . 8 , 9  

r i s e n  t o  about 35c/106 Btu. 

- t h e  last year  on which complete d a t a  are a v a i l a b l e .  

tend t o  r e f l e c t  the  va lue  of c o a l  mined east  of t h e  Miss i s s ipp i .  

By 1972 t h e  average p r i c e  had 

Figure 2 . 4  shows t h e  p r i c e  t r e n d s  through 1972 

U.S. average p r i c e s  

Also 

I 

r- 
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r '  I 
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I >  
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i. 

r- . 

L ,  

shown i n  Fig.  2.4 are p r i c e s  f o r  sub-bituminous c o a l  and l i g n i t e  produced L 

r '  i n  s e l e c t e d  western states;  g e n e r a l l y ,  p r i c e s  f o r  wes te rn  c o a l  have tended 

t o  d e c l i n e  wi th  t i m e  - a t  l eas t  through 1972. 

The d a t a  of Fig.  2 . 4  are based on r e p o r t s  by t h e  U.S. Bureau of Mines8,' ' 
r '  

and t h e  Xa t iona l  Coal Assoc ia t ion .  Modif ica t ions  t o  t h e  o r i g i n a l  d a t a  

were made t o  conver t  from c o s t  pe r  u n i t  weight t o  c o s t  pe r  u n i t  energy and 

t o  convert  t o  a cons tan t  1974 d o l l a r  b a s i s .  Although t h e  h e a t i n g  va lue  of r 

\ 
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c o a l  v a r i e s  s u b s t a n t i a l l y  even w i t h i n  a given rank ,  t h e  fo l lowing  va lues ,  

used by t h e  IlPC,6 w e r e  adopted f o r  t h i s  s tudy :  

Heat ing Value 
(mi l l i on  Btu / ton)  Rank 

Bituminous 23 

Sub -B i t uminous 1 7  

L i g n i t e  13 .5  

An th rac i t e  25.4 

P r i c e  adjustments  t o  January 1974 w e r e  made us ing  t h e  wholesa le  p r i c e  in-  

dex f o r  i n d u s t r i a l  commodities. 

Although t h e r e  are no compilat ions of c u r r e n t  c o a l  p r i c e s ,  i t  i s  ev i -  

dent from va r ious  r e p o r t s  t h a t  c o a l  p r i c e s ,  a long  wi th  those  of o t h e r  f u e l s ,  

ro se  d rama t i ca l ly  i n  l a t e  1973 and e a r l y  1974. 

The Tennessee Val ley Author i ty  (TVA) l 2  r e p o r t s  t h a t  p r i c e s  range from 

$8 t o  $30/ton (f .0 .b .  mine) depending on t h e  type  of c o n t r a c t ,  q u a l i t y  of 

c o a l ,  and l o c a t i o n .  A reasonable  range f o r  h igh  s u l f u r  ( 3  t o  4%) s t r i p -  

mined c o a l  from wes tern  Kentucky and southern  I l l i n o i s  i s  $12 t o  $18/ ton 

( f . o . b i  mine) o r  50 t o  75C/106 Btu. 

Kentucky and Tennessee made i n  t h e  f a l l  of  1973 were a t  a p r i c e  of $9.75/ 

ton .13  Recent (January 1974) p r i c e s  w e r e  about $15/ton (3.4% s u l f u r ,  

12,500 Btu / lb)  o r  60C/1O6 Btu. 

reported1'  a c o a l  p r i c e  jump of 39% i n  t h e  las t  f i v e  months of 1973. 

of January 1, 1974, t h e  d e l i v e r e d  p r i c e  w a s  $17.25/ton. Af t e r  a l lowing  f o r  

t r a n s p o r t a t i o n ,  t h e  mine p r i c e  i s  i n f e r r e d  t o  be $12 t o  $14/ton. Publ ic  

Serv ice  Elec t r ic  and Gas Company (:Jew J e r s e y )  (PSESrG) pa id  an average of 

$25.36/ton f o r  low s u l f u r  c o a l  d e l i v e r e d  t o  t h e i r  p l a n t s  du r ing  January 

1974.15 

1973. 

$22.90/ton f o r  c o a l  under c o n t r a c t  t o  $29.51/ton f o r  s p o t  purchases .  

f i g u r e s  sugges t  a mine p r i c e  of 18 - $25/ton f o r  e a s t e r n  low s u l f u r  coa l .  

Coal purchases  f o r  AEC p l a n t s  i n  

The South Caro l ina  Pub l i c  Service Author i ty  

A s  

This  r ep resen ted  a 44% i n c r e a s e  from t h e  average p r i c e  i n  October 

The range  on January 1974 d e l i v e r e d  p r i c e s  pa id  by PSESrG w a s  from 

These 

Recent d a t a  a v a i l a b l e  on western c o a l  p r i c e s  are ske tchy .  Nebraska 

P u b l i c  Power Distr ic t  purchased Colorado and FJyoming low s u l f u r  c o a l  f o r  

i 

i 

c 
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55 t o  62. 7C/106 Btu (de l ive red )  dur ing  October and November 1973. l 6 , l 7  

Allowing $5.00/ton f o r  d e l i v e r y  t o  p l a n t s  a t  Lincoln and Bel lvue,  t h e  

der ived  mine c o s t  would be 30 t o  43c/1.06 Btu. 

November 1973 purchases  by Black Hills Power and Light ing17 of sub- 

bituminous low s u l f u r  c o a l  from Wyoming f o r  p l a n t s  a t  Osage, Wyoming, and 

Lead, South Dakota, ranged i n  de l ive red  p r i c e s  from 20.3 t o  32.8c/106 Btu. 

Since t h e  power p l a n t s  are r e l a t i v e l y  nea r  coa l  f i e l d s ,  t h e  t r a n s p o r t a t i o n  

cos t  would presumably be  on t h e  o rde r  of 5c/106 Btu. 

p r i c e s  of l i g n i t e  a t  p l a n t s  i n  North Dakota and Montana ranged from 11.6 

t o  28.7c/106 Btu. l 7  Since t h e s e  power p l a n t s  are nea r  t h e  l i g n i t e  d e p o s i t s ,  

t h e  t r a n s p o r t a t i o n  component of t h e  de l ive red  p r i c e  should be  s m a l l .  The 

gene ra l  impression i s  t h a t  western c o a l  p r i c e s  have n o t  i nc reased  as sub- 

s t a n t i a l l y  as those f o r  e a s t e r n  coa l .  

Recent de l ive red  

Representa t ive  p r i c e s  as der ived  from t h e  sources  descr ibed  above are 

shown i n  Table 2 . 3  and range from 18q/1O6 Btu f o r  wes te rn  l i g n i t e  t o  1 2 8 ~ 1  

l o 6  Btu f o r  Pennsylvania a n t h r a c i t e  coa l .  

1974  by s u l f u r  conten t  are given f o r  each s t a t e  i n  Appendix B.  

mining t h e  f u t u r e  a p p l i c a b i l i t y  of c o a l  t o  uses  o r d i n a r i l y  s a t i s f i e d  by 

o t h e r  f u e l s ,  i t  i s  necessary  t o  judge whether t h e  r e c e n t  l a r g e  p r i c e  in-  

creases f o r  e a s t e r n  c o a l  r ep resen t  a response t o  a shor t - te rm supply-demand 

s i t u a t i o n  o r  whether they  are permanent. 

Average c o a l  p r i c e s  f o r  February 

In  de t e r -  

Transpor ta t ion  Cost.  Long d i s t a n c e  movement of c o a l  is by r a i l ,  barge ,  

R a i l  i s  by f a r  t h e  most important  form of t r a n s -  and i n  one case ,  p i p e l i n e .  

p o r t a t i o n  but  barge  movement on in l and  waterways i s  s i g n i f i c a n t .  

p i p e l i n e s  are expected by some t o  become an important  mode of t r a n s p o r t a t i o n  

e s p e c i a l l y  f o r  moving western c o a l s  t o  reg ions  of high energy use.  

Coal s l u r r y  

R a i l .  The average r a i l  c o s t  f o r  c o a l  shipment is about 10 m i l l s / t o n -  

Rates are inf luenced  by a number of f a c t o r s  bu t  t h e  most important  m i l e . 6  

are (1) d i s t a n c e ,  ( 2 )  volume, 2nd (3) whether shipment i s  by i n d i v i d u a l  cars 

o r  by uni t  t r a i n .  

proximately 100 m i l e s  from t h e  mine, i n d i c a t e  rates of about 14 mi l l s / t on -  

m i l e  f o r  i n d i v i d u a l  cars and 1 3  mi l l s / ton-mi le  f o r  u n i t  t r a i n .  In  a s tudy  

of c o a l  p i p e l i n e s ,  Wash and Thompson18 suggest  a ra te  of 5 t o  6 m i l l s / t o n -  

m i l e  f o r  long h a u l  u n i t  t r a i n s .  

some u n i t  t r a i n  h a u l s .  

TVA d a t a l 8  f o r  one p a r t i c u l a r  power p l a n t ,  l oca t ed  ap- 

The NPC6 i n d i c a t e s  a rate of 5 m i l l s  f o r  

The 1970 Nat iona l  Power Survey” presented  a range 
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Table  2.3. Represen ta t ive  P r i c e s  ( f .0 .b .  Mine) f o r  Coal as of F i r s t  
Quar te r  1974 

Heating Cos t / ton  ($) Cost/lOb Btu(c) 
Value Rep. Rep. 

(Btu / lb)  Value Range Value Range 

Bituminous (Eas te rn)  

High S u l f u r  (>3%) 11,500 14  10-18 60 43-78 

Low S u l f u r  ( ~ 1 % )  11,500 20 16-25 86 69-108 

Sub-Bituminous (Western) 

Low S u l f u r  (%0.5%) 8 , 500 4.25 3.40-6.80 25 20-40 

L i g n i t e  (Western) 

Low S u l f u r  (%0.5%) 6,750 2.50 1.60-3.25 18 12-24 

An th rac i t e  12,700 32.50 20-45 128 79-177 

Table  2.4. Coal T ranspor t a t ion  Costs  for Various Modes 
of Long-Haul Movement 

Cost per  100 Niles (C/106 Btu) 
Unit Tra in  Barge P i p e l i n e  

Base Range Base Range Base Range 

Bituminous 2.4 2.0-2.8 1 . 3  1.1-1.5 1 .7  1.3-2.8 

Sub-Bituminous 3.2 2.6-3.8 1.8 1.5-2.1 2.4 1.8-3.8 

L i g n i t e  4 . 1  3.3-4.8 2.2 1.9-2.6 3.0 2.2-4.8 
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of 3.5  t o  8 m i l l s  p e r  ton-mile f o r  u n i t  t r a i n  and 1 . 5  t o  4 m i l l s  f o r  i n t e -  

g r a l  c o a l  t r a i n s .  Burl ington Northern 's  estimate, as r epor t ed  by Oak Ridge 

Xa t iona l  Laboratory (ORPIL) ,20 f o r  u n i t  t r a i n  t r a n s p o r t  of western c o a l  from 

G i l l e t t e ,  Wyoming, t o  S t .  Louis ,  Missouri ,  (1 ,074  miles )  i s  $5.94/ton o r  

5.5  mil l s / t on -mi l e .  

For e v a l u a t i o n  purposes ,  i t  is  assumed t h a t  s h o r t  h a u l  (approximately 

100 mi l e s )  r a i l  t r a n s p o r t  would c o s t  1 3  mil l s / t on -mi l e  w i t h  a range of 10  

t o  15 mil ls / ton-mile .  Long h a u l  (500 mi l e s )  rates were assumed t o  be 5.5 

mil l s / t on -mi l e  wi th  a range of 4 .5  t o  6.5.  

Barge. U.S average barge rates are r e p o r t e d 6  t o  be 3 mil l s / t on -mi l e  

An ORNL study20 in -  and wl th  l a r g e  volume c o n t r a c t s  as low as 2.5 m i l l s .  

d i c a t e d  a ra te  of 3.5 mil l s / t on -mi l e  f o r  ba rge  shipment of c o a l  from St. 

Louis t o  Madison, Indiana.  

ton-mile,  w i th  a range of 2.5 t o  3 . 5 ,  is  assumed. 

I n  t h e  p r e s e n t  s tudy  a base r a t e  of 3 m i l l s /  

P i p e l i n e .  Wash and Thompson18 de r ived  s l u r r y  p i p e l i n e  c o s t s  f o r  v a r i o u s  

t r a n s p o r t  d i s t a n c e s  and c a p a c i t i e s .  For a 1000-mile p i p e l i n e ,  e s t ima ted  

c o s t s  ranged from 3 mil l s / t on -mi l e  f o r  a c a p a c i t y  of 18 m i l l i o n  t o n s / y r  t o  

6.5  m i l l s  pe r  ton-mile f o r  a c a p a c i t y  of 6 m i l l i o n  t o n s  p e r  y e a r .  A repre-  

s e n t a t i v e  v a l u e  of 4 m i l l s ,  w i th  a range of 3 t o  6 . 5 ,  w a s  s e l e c t e d  f o r  t h e  

p r e s e n t  s tudy .  

Basic u n i t  t r a n s p o r t a t i o n  c o s t  d a t a  f o r  long h a u l s  assumed f o r  t h e  

p r e s e n t  s tudy  are summarized i n  Table 2 . 4 .  The c o s t  per m i l l i o n  Btu f o r  

100 m i l e s  of movement f o r  t h r e e  ranks of c o a l  were de r ived  us ing  assumed 

h e a t i n g  values discussed prev ious ly .  

Trucking. Coal t r a n s p o r t  by t r u c k  seldom exceeds a d i s t a n c e  of 60 

m i l e s .  The c o s t  of c o a l  d e l i v e r y  by t r u c k  v a r i e s  w i t h  d i s t a n c e ,  t e r r a i n  

and l o c a l  l a b o r  rates.  Typ ica l  rates i n  t h e  Tennessee Valley are $18/hr 

f o r  a tandem o r  semitrailer t r u c k  c a r r y i n g  24 t o n s  of c o a l .  Thus over a 

d i s t a n c e  range of 10 t o  50 m i l e s  t h e  c o s t  v a r i e s  between $1.50 t o  $2.50/T 

of coa l .  

Coal-Derived Fuels  

Coal G a s i f i c a t i o n .  One of t h e  p o s s i b l e  ways t o  use  c o a l  and m e e t  

emission s t anda rds  i s  through a two-stage combustion p rocess  i n  which c o a l  

is  p a r t i a l l y  ox id i zed  i n  a g a s i f i e r ,  t h e  p a r t i c u l a t e s  and s u l f u r  compounds 
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are scrubbed from t h e  gas stream and t h e  gas is  then burned i n  a b o i l e r  or  

furnace .  Depending upon t h e  process  employed t h e  product gas may range i n  

h ighe r  hea t ing  va lue  from 130 t o  1000 B tu / sc f .  

a low Btu gas i s  produced which has  a h e a t i n g  va lue  of 130 t o  300 B tu / sc f .  

I f  t h e  a i r  i s  enr iched  i n  oxygen o r  i f  oxygen i s  s u b s t i t u t e d  f o r  a i r ,  an 

in t e rmed ia t e  Btu gas having a h e a t i n g  va lue  of 300 t o  500 Btu/scf  can be 

produced. A l t e r n a t e l y  p i p e l i n e  q u a l i t y  gas (%lo00 Btu /scf )  may be produced 

by employing an a d d i t i o n a l  c a t a l y t i c  methanation s t e p  a f t e r  t h e  gas has  

been p u r i f i e d .  

commercially are: 

When a i r  and steam are used, 

The p r i n c i p a l  c o a l  g a s i f i c a t i o n  processes  which are a v a i l a b l e  

1. The Lurgi  process  o f f e r e d  by American Lurgi  Company, :Jew 

York, N. Y .  

2 .  The Koppers-Totzek process  o f f e r e d  by Koppers Company, 

P i t t s b u r g h ,  Pennsylvania.  

3 .  The Wellman-Galusha process  supp l i ed  by t h e  McDowell Wellman 

Company, Cleveland, Ohio. 

4 .  The Winkler process  o f f e r e d  by Davy Powergas, Inc., Lakeland, 

F lo r ida .  

A summary of t h e  c h a r a c t e r i s t i c s  and s t a t u s  of t h e  processes  i s  p r e -  

s en ted  i n  Table 2.5.  A s  noted i n  Table  2.5,  some processes  are no t  capable  

of u t i l i z i n g  a l l  ranks of c o a l .  Consequently i t  is  necessary  t o  match t h e  

equipment wi th  t h e  p a r t i c u l a r  c o a l  feed .  

A number of o t h e r  c o a l  g a s i f i c a t i o n  processes  are c u r r e n t l y  under 

a c t i v e  development i n  t h e  U.S. These are concerned l a r g e l y  wi th  t h e  c o a l  

g a s i f i c a t i o n  and c o a l  hydrogenat ion r e a c t i o n s  and wi th  t h e  method of hea t  

supply.  A development program between t h e  Of f i ce  of Coal Research (OCR) 

and t h e  American G a s  Assoc ia t ion  (AGA) i s  now underway and funded a t  t h e  

l e v e l  of $30 m i l l i o n  per  yea r .  The major emphasis of t h i s  program i s  on 

t h r e e  processes  : Hygas, C02 Acceptor,  and Bigas. Independent ly ,  t h e  

Bureau of Mines i s  a c t i v e l y  involved i n  work on two processes .  The most 

advanced of t h e s e ,  w i th  r e spec t  t o  s t a g e  of development, i s  the Synthane 

process .  

Other processes  which are be ing  i n v e s t i g a t e d  inc lude  Atgas,  Molten 

Carbonate,  and Hydrane.21 It should a lso be noted t h a t  some development 

r 

I '  

L L  

j- 

L 

r- 

i .  

r -  

L 



Table 2.5. C h a r a c t e r i s t i c s  of  Commercial Processes  f o r  t h e  P roduc t ion  
of Low and In t e rmed ia t e  Btu G a s  from Coal 

Process Gasifier 
Type 

Gasifier 
Pxessure Oxidizing 

Medium (psig) 
Comments 

Lurgi 

Koppers-Totzek 

Wellman-Galusha 

Winkler 

Downward moving s t i r r ed  300-450 A i r  o r  oxygen Process is  i n  commercial operation on 
bed, nonslagging sized, noncaking coal. Plans are under 

way t o  test  operation on caking bitu- 
minous coal. 

Concurrent solid-gas 
combustion, slagging 

Downward moving s t i r r e d  
bed, nonslagging 

Fluidized bed 

1-5 Oxygen o r  Process is i n  commercial operation 
oxygen-enriched using oxygen. Offered i n  s i z e s  t o  35 
air  tons of coal  per hr .  T e s t s  a r e  planned 

using enriched a i r .  Can handle any type 
of coal. 

1-300 A i r  or oxygen Process is i n  commercial operation using 
coke or  noncaking coals, mostly i n  the  
steel and ceramics industries.  Is com- 
mercially offered i n  s i zes  t o  7000 lb 
per hour of bituminous coal. Bureau of 
Mines has a p i l o t  plant operating on 
caking coal a t  pressures up to 1 2 5  psig,  
capacity about 20 tonslday. Tests are 
planned a t  300 psig t o  increase through- 
put. 

15 A i r  o r  oxygen Sixteen in s t a l l a t ions  were b u i l t  outside 
the U.S. from 1926-1960 with generator 
capacit ies of 100-300 x l o6  Btufhr. 
Three in s t a l l a t ions  are presently i n  
operation. Process description states 
it  w i l l  operate on a l l  coals. T e s t s  are 
planned a t  15 a t m .  
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work i s  needed f o r  t h e  c a t a l y t i c  methanation of i n t e rmed ia t e  Btu gas t o  

produce p i p e l i n e  q u a l i t y  gas .  

pa ted  t h a t  t h e  methanation s t e p  w i l l  de lay  t h e  commercial development of 

p i p e l i n e  q u a l i t y  gas v i a  c o a l  g a s i f i c a t i o n .  

This  work i s  under way and i t  i s  n o t  ant ic i -  

Coal Liquids .  Heavy f u e l  o i l s  can a l s o  b e  produced from coa l .  Since 

a g r e a t  d e a l  of t h e  s u l f u r  i n  c o a l  is  t i e d  up as ino rgan ic  c o n s t i t u e n t s  of 

t h e  ash ,  i t  i s  p o s s i b l e ,  by l i q u e f a c t i o n  and removal of t h e  a s h ,  t o  produce 

a heavy f u e l  o i l  (o r  deashed coa l )  from which a p o r t i o n  of t h e  s u l f u r  has  

been removed. Th i s  material has  a h igh  mel t ing  p o i n t  above 93°C (200°F). 

The s u l f u r  conten t  of t h e  deashed c o a l  depends on t h e  c o a l  feed .  

type  of process ing  c o n s i s t s  of c o n t a c t i n g  c o a l  ( i n  a s l u r r y  o i l  veh ic l e )  

w i th  hydrogen a t  1000 t o  5000 p s i a  and 399 t o  4 5 4 ° C  (750 t o  8 5 0 ° F ) .  Under 

t h e s e  cond i t ions ,  t h e  c o a l  depolymerizes s u f f i c i e n t l y  s o  t h a t  t h e  t o t a l  

mixture  can be f i l t e r e d  t o  recover  the heavy o i l  product  and a s o l i d  r e s idue .  

Coal l i q u e f a c t i o n  i s  no t  as c l o s e  t o  commercial izat ion as c o a l  g a s i f i c a -  

The usua l  

t i o n .  However, t h e r e  are some d e f i n i t e  advantages t o  l i q u e f a c t i o n  as com- 

pared t o  high-Btu g a s i f i c a t i o n  which m e r i t  cons ide ra t ion .  Less hydrogen i s  

r equ i r ed  t o  convert  c o a l  ( C H 0 - 7 - 0 . 9 )  t o  a l i q u i d  f u e l  (about CE1.1) than i s  

needed f o r  product ion of p i p e l i n e  gas (CHq), and s y n t h e t i c  f u e l  o i l  i s  easy 

t o  s t o r e .  

gas t ransmiss ion .  The energy conversion e f f i c i e n c y  of c o a l  l i q u e f a c t i o n  i s  

cons iderably  b e t t e r  than  t h a t  f o r  high-Btu gas product ion wi th  p re sen t  tech-  

nology. 

Transpor ta t ion  of  o i l  c o s t s  on ly  about h a l f  as much as p i p e l i n e  

Four major processes  o f f e r  m e r i t  i n  c o a l  l i q u e f a c t i o n  and are being 

funded by t h e  OCR (over  $20 m i l l i o n  each) .  

Conso1,22 C O E D , 2 3 , 2 4  and Solvent  Refined C0al.25-27 

These processes  are I l - C ~ a l , ~ ~ , ~ ~  

Solvent-Refined Coal. I f  t h e  only  o b j e c t i v e  of c o a l  t r e a t i n g  i s  t h e  

product ion of  a c l ean  f u e l ,  then hydrogenation t o  produce s o l u t i o n  can be  

minimized and be  followed by a sh  s e p a r a t i o n  and conversion of s u l f u r  t o  a 

removable form. 

of producing a low-cost a n t i p o l l u t i o n  alternative t o  r e s i d u a l  o i l  and 

n a t u r a l  gas f o r  use under b o i l e r s .  

Solvent r e f i n i n g  w a s  i n i t i a t e d  wi th  t h e  l i m i t e d  o b j e c t i v e  

A t  p re sen t  none of  t h e s e  processes  i s  commercial b u t  each has  reached 

Commercial product ion is  p r o j e c t e d  t o  be about 1983. a p i l o t  p l a n t  s t a g e .  
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Methanol. The technology f o r  making methanol o r  "methyl f u e l "  via 

c o a l  g a s i f i c a t i o n  i s  a v a i l a b l e .  

are a v a i l a b l e  and a t  least  two methanol s y n t h e s i s  processes  are i n  commer- 

c i a l  use.  However, no i n t e g r a t i o n  of t h i s  technology h a s  been at tempted 

on a c u r r e n t l y  commercial scale of  product ion .  

methanol h o l d s  no promise as a base  f u e l  f o r  l a r g e  b o i l e r s .  However, s i n c e  

it can  r e a d i l y  be  t r a n s p o r t e d  and s t o r e d  i n  convent iona l  equipment i t  might 

be  of  i n t e r e s t  as a s tandby f u e l  f o r  a MIUS.  It i s  a c l e a n ,  nonpo l lu t ing  

f u e l  and i t  has  been demonstrated t o  be  s u i t a b l e  f o r  f i r i n g  b o i l e r s .  

Several types  of s u i t a b l e  c o a l  g a s i f i e r s  

Because of i t s  h igh  c o s t ,  

3 0  

Cost of Coal-Derived Fuels .  Product ion  of h igh  Btu gas ,  l i q u i d  f u e l s  

and so lven t  r e f i n e d  c o a l  w i l l  undoubtly b e  c a r r i e d  ou t  a t  o r  n e a r  t h e  mine 

mouth t o  o b v i a t e  t h e  c o s t  of c o a l  t r a n s p o r t .  Because of t h e  lower h e a t i n g  

va lues  o f  low o r  i n t e rmed ia t e  Btu gas ,  i t  i s  n o t  economical t o  t r a n s p o r t  

them except  f o r  s h o r t  d i s t a n c e s .  Consequently,  they must be produced a t  

o r  n e a r  t h e  po in t  of use .  

Cost p r o j e c t i o n  f o r  t h e  v a r i o u s  f u e l s  were prepared us ing  p l a n t  equip- 

ment and ope ra t ing  c o s t s  which have been publ i shed  o r  c o s t  d a t a  which w a s  

provided by equipment vendors .  

c o a l  c o s t  of 5Oc/1O6 Btu based on e a s t e r n  c o a l .  For low and in t e rmed ia t e  

Btu gas  i t  w a s  assumed t h a t  c o a l  would be  shipped by t r a i n  f o r  a d i s t a n c e  

o f  100 m i l e s  w i th  a subsequent h a u l  by t r u c k  of  25 t o  50 m i l e s .  

t r a n s p o r t  c o s t  would add an  a d d i t i o n a l  25c/106 Btu t o  t h e  c o s t  of d e l i v e r e d  

c o a l  (75c/106 Btu t o t a l ) .  A l l  c a l c u l a t i o n s  were based on a 22.2% f i x e d  

The r e fe rence  case assumed a mine mouth 

This  

charge ra te  on c a p i t a l .  

t h e s e  ground r u l e s  are p resen ted  i n  Table 2.6 a long  w i t h  t h e  p ro jec t ed  

year  of proven demonstrat ion.  

i n  ope ra t ion  about two yea r s  a f t e r  s u c c e s s f u l  completion of t h e  demonstra- 

t i o n  p l a n t  program. 

The p r o j e c t e d  c o s t s  ( i n  1974  d o l l a r s )  based on 

Commercial p l a n t s  would b e  expected t o  be  

The p r o j e c t e d  c o s t  of h igh  Btu gas i s  based on economic d a t a  f o r  E l  

Paso Gas Company's proposed Burnham Coal G a s i f i c a t i o n  P r o j e c t  which re- 

c e n t l y  r ece ived  t e n t a t i v e  approval  from t h e  Federa l  Power commission. 

E s s e n t i a l l y  a l l  c o a l  g a s i f i c a t i o n  p r o j e c t s  t o  produce p i p e l i n e  q u a l i t y  gas  

have been proposed by gas t r ansmiss ion  companies. This  s y n t h e s i s  gas w i l l  

be  mixed w i t h  n a t u r a l  gas from v a r i o u s  sou rces  f o r  d e l i v e r y  throughout  t h e  
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Table 2.6. S t a t u s  and P r o j e c t e d  Cost of Coal-Derived Fuels  

P r o j e c t e d  Year of 
Proven Denonstration 

Operation 

P r o j e c t e d  
Pr ice ,  $ / l o 6  Btu Techno logy S t a t u s  

Low o r  In t e rmed ia t e  P i l o t  1.86 - 2.37 
Gas from Coal P l a n t  

High Btu Coal P i l o t  
G a s i f i c a t i o n  P l a n t  

2.395: 

Coal L ique fac t ion  S m a l l  1 .58 - 1.929c 
P i l o t  
P l a n t  

Solvent Refined P i l o t  1 .07 - 1.30* 
Coal P l a n t  

Methanol from Coal Demo 2.91* 

1978 

1981 

1982 

1981 

1981 

*Cost a t  mine mouth e x c l u s i v e  of t r a n s p o r t a t i o n  c o s t s .  

p i p e l i n e  network. Consequently t h e  s e l l i n g  p r i c e  of t h e  gas w i l l  be  t h e  

p r e v a i l i n g  rate a t  t h e  point: of use.  

A major c o n s i d e r a t i o n  i n  a s s e s s i n g  t h e  economics of an o n - s i t e  c o a l  

g a s i f i c a t i o n  o r  l i q u e f a c t i o n  p l a n t  f o r  a MIUS i n s t a l l a t i o n  i s  t h e  e f f e c t  

of t h e  s i z e  of c o a l  g a s i f i c a t i o n  o r  l i q u e f a c t i o n  p l a n t s  on both t h e  c a p i t a l  

c o s t  and t h e  s i z e  of t h e  c r e w  r e q u i r e d  f o r  t h e i r  o p e r a t i o n .  The l a t te r  is 

important  because i t  r e p r e s e n t s  a major f a c t o r  i n  t h e  o p e r a t i n g  c o s t s  of 

t h e  system. F o r t u n a t e l y ,  d a t a  are a v a i l a b l e  i n  an  OCR p u b l i c a t i o n 2 1  f o r  

t h e  OCR p r o j e c t e d  cap i t a l  c o s t  of such p l a n t s  as a f u n c t i o n  of t h e  c o a l  

feed rate i n  tons  p e r  day. 

s en ted  i n  Fig.  2.5. 

c o s t  and o p e r a t i n g  c r e w  s i z e  are a l s o  p l o t t e d  i n  Fig.  2.5,  and a l i n e  has  

been drawn through t h e  lower p o r t i o n  of t h e  scat ter  band of p o i n t s  f o r  t h e  

o p e r a t i n g  crew s i z e .  

p r a i s i n g  t h e  re la t ive merits of on - s i t e  c o a l  g a s i f i c a t i o n  and l i q u e f a c t i o n  

p l a n t s  w i th  r e s p e c t  t o  f l u i d i z e d  bed c o a l  combustion systems. 

A long dashed l i n e  f o r  t h i s  p r o j e c t i o n  is  pre- 

Data given i n  t h e  same r e p o r t  f o r  t h e  c o n s t r u c t i o n  

These d a t a  w i l l  be used i n  t h e  nex t  s e c t i o n  f o r  ap- 
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Fig .  2.5. E f f e c t s  of  p l a n t  capac i ty  on p l a n t  cons t ruc t ion  c o s t  - 
and ope ra t ing  c r e w  s i z e  f o r  c o a l  g a s i f i c a t i o n  and l i q u e f a c t i o n .  
from " C l e a n  Energy from C o a l , "  OCR,  1 9 7 3 ) .  
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be mentioned t h a t  an independent comprehensive s tudy  a t  ORNL has  y i e lded  

s u b s t a n t i a l l y  t h e  same va lues  as OCR p r o j e c t i o n s  i n  Fig.  2 .5 .31 

Coal and Limestone P repa ra t ion  f o r  F lu id i zed  Bed System 

I n  an e f f o r t  t o  assess t h e  c o s t  of c o a l  f o r  a f l u i d i z e d  bed system as 

a func t ion  of t h e  p a r t i c l e  s i z e  a r e fe rence  des ign  f o r  a c o a l  and l imestone 

p repa ra t ion  p l a n t  w a s  prepared.  This  p l a n t  would process  run-of-the-mine 

c o a l  and l imestone t o  t h e  d e s i r e d  p a r t i c l e  s i z e  and s e r v e  as a d i s t r i b u t o r  

t o  supply a complex of MIUS systems. The handl ing  and p r e p a r a t i o n  process  

i l l u s t r a t e d  i n  F ig .  2 .6  i nc ludes  r e c e i v i n g ,  s t o r a g e ,  c rush ing ,  and conveying 

of t h e  c o a l  and l imes tone  t o  c a r r i e r s  f o r  d i s t r i b u t i o n  t o  va r ious  systems 

loca ted  remotely from t h e  p repa ra t ion  s i t e .  

Coal o r  l imestone a r r i v e s  a t  t h e  p l a n t  by u n i t  t r a i n  o r  t r u c k ,  i s  d i s -  

charged i n t o  t h e  r e c e i v i n g  hoppers ,  and is t r a n s f e r r e d  over magnetic head 

pu l l eys  ( t o  remove tramp i r o n )  t o  a n  open p i t  dead s t o r a g e  system. The 

dead s t o r a g e  system inc ludes  s u f f i c i e n t  capac i ty  t o  accommodate i n t e r r u p -  

t i o n s  i n  t h e  l imestone o r  c o a l  d e l i v e r y  of up t o  fou r  weeks du ra t ion .  

The c o a l  o r  l imes tone  i s  conveyed from t h e  s t o c k p i l e  t o  the t r a n s f e r  

house and from t h e r e  t o  t h e  hammer m i l l s  where it i s  ground t o  minus 1 / 8  

+ 0 i n  s i z e .  The product from t h e  hammer m i l l s  i s  c l a s s i f i e d  t o  i n s u r e  t h a t  

p a r t i c l e s  l a r g e r  than 1/8 i n .  are sepa ra t ed  from the f i n i s h e d  product and 

are recyc led  t o  the  hammer m i l l s  f o r  f u r t h e r  process ing .  The f i n i s h e d  

product i s  conveyed t o  covered s t o r a g e  b i n s  t o  a w a i t  d i s t r i b u t i o n  t o  u l t i -  

mate consumers. 

Shown i n  Table 2 . 7  are c o s t s  and power requirements  as de r ived  from a 

s tudy  of a c o a l  p repa ra t ion  system proposed by t h e  U. S .  Bureau of Mines 

f o r  a c o a l  g a s i f i c a t i o n  p l a n t . 3 2  

f o r  c o a l  and l imes tone  c rush ing  and do n o t  i nc lude  any of t h e  p u l v e r i z i n g  

equipment r equ i r ed  f o r  a c o a l  g a s i f i c a t i o n  p l a n t .  The c o s t s  l i s t e d  were 

e s c a l a t e d  20% t o  a l low f o r  p r i c e  changes from 1970 t o  1974. 

The i t e m s  l i s t e d  are only  those  r equ i r ed  

The l imes tone  p repa ra t ion  w a s  assumed t o  be a j o i n t  ope ra t ion  w i t h  t h e  

c o a l  f a c i l i t y .  The c o s t  of t h e  l imes tone  p o r t i o n  of t h e  p repa ra t ion  p l a n t  

w a s  assumed t o  be 25% of t h e  c o s t  

$4,430,000 and t h e  e l e c t r i c  power 

processed.  

~~ ~-~ ~ -~ ~ 

f o r  t h e  c o a l ,  b r ing ing  t h e  t o t a l  c o s t  t o  

requirements  t o  1.8 kWhr p e r  ton of c o a l  
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Table 2 . 7 .  Costs and Power Requirement f o r  A Coal P repa ra t ion  F a c i l i t y  
t o  Supply 4 .7  x l o 6  Tons of Minus 1 /8  + 0-Inch Coal Annually 

Power 
c o s t  Requirement 
($1 (hP 1 

Track hopper and c o l l e c t i n g  conveyor 310 , 000 

S tockp i l e  feed  and reclaim conveyors 87,000 
R e c l a i m  hopper 

Transfer  house 

11,000 
8,000 - 

18 

80 

Ham-er m i l l  f eed  and product conveyors 138,000 

Hammer m i l l s  1 1 7  , 000 

Reclaiming cyclones and dus t  c o n t r o l  194,000 

80 

720 

150 

Product s t o r a g e  hopper 

I n s t a l l a t i o n  and cons t ruc t ion  

117 , 000 
1,380,000 - 

Engineering,  a d m i n i s t r a t i v e ,  and 
contingency 1,182,000 - 

T o t a l  3,544,000 L ,048 

r 
I 

The fo l lowing  process  assumptions were made i n  o rde r  t o  ob ta in  t h e  

u n i t  c o s t  of t h e  c o a l  and l imes tone  p repa ra t ion  as a func t ion  of produc- 

t ion  : 

1. One ope ra to r  r equ i r ed  pe r  100 tons  of c o a l  and a s s o c i a t e d  

l imestone processed p e r  hour .  

The ope ra to r  l abor  charges  would be  $5/hr .  

The maintenance charge would be  1 / 5  of t h e  ope ra to r  l a b o r  

charge . 
Overhead and a d m i n i s t r a t i o n  charge would b e  100% of t h e  

ope ra to r  and maintenance l abor  charges .  

The p r o d u c t i v i t y  f a c t o r  would b e  0 . 9 .  

The e l e c t r i c  power c o s t  would b e  30 m i l s .  

The c o s t  of  t h e  c o a l  and l imes tone  f a c i l i t y  w i l l  vary  as 

t h e  0.6 power of  t h e  process ing  rate. 

2. 

3 .  
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Using t h e s e  assumptions t h e  u n i t  c o s t  of t h e  c o a l  and a s s o c i a t e d  

l imestone product ion f a c i l i t y  f o r  y e a r l y  product ion rates from 1000 t o  

1,000,000 tons  w e r e  obtained.  

t i o n s  of t h e  c a p i t a l i z a t i o n  charge and t h e  number of 8 h r  s h i f t s  pe r  week 

t h a t  t h e  p l a n t  would be ope ra t ed .  

The va lues  are given i n  Fig.  2 . 7  as func- 

The t o t a l  c o a l  requirements f o r  a 2000 kW(e) t o t a l  energy i n s t a l l a -  

Table 2.8 shows t h e  t i o n  i s  es t ima ted  t o  be approximately 6000 t o n / y r .  

d e l i v e r e d  u n i t  c o s t  of c o a l  and l imestone f o r  v a r i o u s  numbers of 2000 

kW(e) i n s t a l l a t i o n s  u s i n g  a 15% c a p i t a l i z a t i o n  charge and t h e  lower one 

of t h e  two curves f o r  5 and 2 1  sh i f t fweek .  A d e l i v e r y  charge of $1 p e r  

tons  w a s  made independent of t h e  number of f a c i l i t i e s  served.  

Table 2.8. Unit Cost of Coal and Associated Limestone Del ivered 
t o  a 2000 kW(e) T o t a l  Energy I n s t a l l a t i o n  

Number of I n s t a l l a t i o n s  Del ivered Unit  Cost ( $ / t o n )  

1 10.25 

15 3.00 

15 0 1 . 4 7  

For comparison, t he  c o a l  and a s s o c i a t e d  l imestone p r e p a r a t i o n  charge 

a t  15% c a p i t a l i z a t i o n  and 2 1  s h i f t s  p e r  week ope ra t ion  f o r  a product ion 

ra te  of l o 6  ton /y r  is  47C/ton as compared t o  81C/ton f o r  t h e  pu lve r i zed  

c o a l  prepared f o r  t h e  g a s i f i c a t i o n  p l a n t  desc r ibed  i n  R e f .  32 .  

balance of t h e  charges of Table 2 .8  are middleman's charges f o r  c o a l  

hand l ing  and d e l i v e r y .  

The 

On-site p r e p a r a t i o n  of t h e  f u e l  and l imes tone  f o r  t h e  t o t a l  energy 

system w a s  considered.  The problems a s s o c i a t e d  w i t h  unloading, s t o r i n g ,  

and c o n t r o l  of d u s t i n g  of t h e  Fun-of-mine c o a l  and l imestone a t  t h e  energy 

i n s t a l l a t i o n  s i t e  would probably i n c r e a s e  t h e  remote s i n g l e  i n s t a l l a t i o n  

p r e p a r a t i o n  c o s t  by $2 t o  $3 / ton  over t h e  c o s t  of prepared c o a l  from a 

d i s t r i b u t o r  w i t h  a c a p a c i t y  f o r  20 MIUS i n s t a l l a t i o n s .  



-_ 
PRODUCTION RATE (ton/yr) 

Fig. 2.7. The unit cost of the preparation of coal and associated limestone to  minus 1/8 + 0 
inch size. 
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Considerable i n t e r e s t  h a s  developed i n  t h e  use of c o a l  as a f i l t e r  

medium f o r  sewage t r ea tmen t .  It is  of s p e c i a l  i n t e r e s t  i n  t h e  PIIUS system 

where t h e  spen t  c o a l  sewage s ludge mixture could be used as f u e l  i n  t h e  

f l u i d i z e d  bed furnace.  

The Rand Development Corporation (RDC) has i n v e s t i g a t e d  t h e  f e a s i -  

b i l i t y  of a coal-based sewage t r ea tmen t  process  under a c o n t r a c t  w i th  t h e  

Of f i ce  of Coal Research. 3 3  

f i l t e r  media f o r  raw sewage and secondary e f f l u e n t  ( t e r t i a r y  t r e a t m e n t ) .  

Good suspended s o l i d s  removal w a s  observed; however, only p a r t i a l  removal 

of d i s so lved  o rgan ic s  w a s  achieved. The d e t a i l e d  r e p o r t  by RDC covers  c o a l  

p repa ra t ion  and ope ra t ion  i n  cons ide rab le  d e t a i l ,  and estimates c o s t s  f o r  

IMGD and l a r g e r  p l a n t s .  A l s o  d i scussed  is  what t o  do wi th  t h e  c o a l  used. 

B a s i c a l l y ,  f i n e l y  ground c o a l  w a s  used as a 

Coal P repa ra t ion  f o r  F i l t e r i n g  Sewage 

Coal p r e p a r a t i o n  seems t o  be a c r i t i c a l  s t e p  i n  t h i s  p rocess .  The 

mesh s i z e  proposed i s  18 x 120,  w i th  t h e  fol lowing al lowable o f f s i z e  

l i m i t s .  

1. Oversize - 1 t o  2% w i t h i n  one sc reen  s i z e  l a r g e r .  

2 .  Undersize - 5 t o  15% on two sc reen  s i z e s  smaller. 

3 .  Dust - 1.5% smaller than  270 mesh. 

The s tudy  i n d i c a t e s  t h a t  a th ree - s t ep  process  (g r ind ing ,  s i z i n g ,  and 

d u s t  removal) i s  necessa ry  t o  m e e t  t h e s e  l i m i t s .  Conventional coal proc- 

e s s i n g  technology has developed i n  two areas: b reak ing  c o a l  i n t o  l a r g e  

p i eces  f o r  shipment from the  mines, and c rush ing  c o a l  i n t o  d u s t  t o  f u e l  

power-generating b o i l e r s .  The 18 x 120 mesh s i z e  r e q u i r e d  f o r  f i l t r a t i o n  

f a l l s  between t h e  above s i z e s ,  and eng inee r ing  technology f o r  i ts  produc- 

t i o n  i s  l i m i t e d .  

Following t h e  c o a l  p r e p a r a t i o n  s t e p ,  t h e  c o a l  is  s l u r r i e d  and p l aced  

i n  t h e  f i l t e r .  

s c r a p e r  removes a t h i n  l a y e r  of coal and suspended s o l i d s  from t h e  top of 

t h e  f i l t e r  and t r a n s f e r s  i t  t o  waste t anks .  This r e p r e s e n t s  t he  material 

a v a i l a b l e  f o r  burning o r  i n c i n e r a t i o n .  

The f i l t e r  o p e r a t e s  downflow and a t  p e r i o d i c  i n t e r v a l s  a 
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P repa ra t ion  of Coal-Sludge Mixtures f o r  Combustion 

Limited ba tch  s t u d i e s  on dewatering and i n c i n e r a t i o n  w e r e  conducted. 

It w a s  found t h a t  t h e  s ludge  sett les t o  f i f t y  pe rcen t  s o l i d s  i n  one hour .  

C e n t r i f u g a t i o n  and p r e s s u r e  f i l t r a t i o n  produce a somewhat h ighe r  concen- 

t r a t i o n .  The s o l i d s  con ten t  w a s  i nc reased  t o  67% when c o a l  sewage s ludge  

w a s  dewatered and "blown" wi th  compressed a i r  i n  a f i l t e r  p r e s s .  

I n c i n e r a t i o n  Tests 

I n c i n e r a t i o n  tests w e r e  conducted by t h e  D e t r o i t  Stoker  Company i n  

t h e i r  steam b o i l e r  and by Pope, Evans, and Robbins i n  a l abora to ry - sca l e  

f l u i d i z e d  bed combustor. The D e t r o i t  S toke r  test  w a s  n o t  s u c c e s s f u l  be- 

cause t h e  s t o k e r  system w a s  n o t  designed t o  handle s ludge  wi th  a 48% mois- 

t u r e  con ten t .  

e f f i c i e n c y  i n  t h e  Pope, Evans, and Robbins t e s t .  This  test shows t h a t  c o a l  

s ludge  can be used as a f u e l ,  a l though a t  only 90% of t h e  e f f i c i e n c y  of 

lower moisture-content c o a l  normally used i n  power p l a n t s .  This means t h a t  

h e a t  recovery f o r  steam o r  power product ion i s  f e a s i b l e ,  b u t  t h e  means of 

ach iev ing  t h i s  are n o t  y e t  s u f f i c i e n t l y  developed. 

Sludge wi th  a 34% moisture  con ten t  w a s  burned wi th  83% 

Coal w i th  50% o r  h i g h e r  moisture  con ten t  can b e  burned cont inuously 

wi th  usab le  h e a t  recovery;  s p e c i a l  equipment f o r  hand l ing  w e t  c o a l  w i l l  be 

r e q u i r e d ,  however. Where t h e  s ludge w i l l  be  used f o r  power product ion,  t h e  

s imples t  method might b e  t o  m i x  t h e  s ludge  w i t h  s u f f i c i e n t  dry c o a l  t o  re- 

duce t h e  moisture  t o  a level  accep tab le  f o r  s t anda rd  equipment. 

design appears  necessary i f  h ighe r  moisture  c o n t e n t s  are t o  be used and 

f u r t h e r  experimental  work may be r e q u i r e d .  

S p e c i a l  

A i r  p o l l u t i o n  c o n t r o l  requirements must be considered i n  any i n c i n e r a t o r  

design.  

amount of p a r t i c u l a t e  matter w i l l  have t o  be removed from t h e  s t a c k  gases 

p r i o r  t o  d i scha rge .  

i s t i n g  p a r t i c u l a t e  removal technology. A more s e r i o u s  problem, a t  tile 

p re sen t  t i m e ,  is t h e  r e g u l a t i o n s  governing t h e  s u l f u r  content  of c o a l  and 

al lowable s u l f u r  d i o x i d e  emissions.  An e f f i c i e n t  and economical s u l f u r  

removal system h a s  y e t  t o  be developed al though a number of systems are 

under s tudy.  

Depending on t h e  type  of i n c i n e r a t i o n  equipment and c o a l  used, some 

It i s  expected t h a t  t h i s  can b e  accomplished using ex- 

I n  l i e u  of emission c o n t r o l ,  many r e g u l a t o r y  agencies  have 

I 

' ,  
i 

J - 1  

i 

,- - 1 
I ?  

<- - , 

I- 

/-- 

L 

i-', 

L - '  

i- 

I- 

I -  



2.27 

"1 

8 ,  

I ' .J 

-7 

LLJ 

r -  

- 1  

l i m i t e d  t h e  a l lowable  concen t r a t ion  of  s u l f u r  i n  t h e  f u e l  c o a l .  The maximum 

a l lowable  concen t r a t ion  varies throughout t h e  count ry  up t o  2.0%. The s u l -  

f u r  concen t r a t ions  of bo th  t h e  c o a l  and t h e  f i l t e r e d  s o l i d s  must be  con- 

s i d e r e d  wi th  r e spec t  t o  a i r  p o l l u t i o n  requirements .  

Coal Feed Rates t o  t h e  Sewage P l a n t  

Some i d e a  of t rea tment  e f f i c i e n c i e s  can be  obta ined  from Table  2.9. 

It can be  seen  t h a t  suspended s o l i d s  removal is  about t h e  same f o r  r a w  o r  

s e t t l e d  sewage; however, more c o a l  is r equ i r ed  f o r  r a w  sewage. I n  t h e  case 

of secondary e f f l u e n t ,  92% of  t h e  s o l i d s  were a l r eady  removed and t h e  f i l t e r  

"polished" t h e  e f f l u e n t  t o  98% removal. 

w i l l  depend on l o c a l  c i rcumstances.  

Whether t h i s  s t e p  is  j u s t i f i a b l e  

Comparing t h e  removal e f f i c i e n c i e s  i n  Table 2.9 w i t h  EPA s t anda rds  as 

de f ined  under t h e  Water P o l l u t i o n  Cont ro l  A c t  of 1971,34 i t  can be  seen 

t h a t  on ly  t h e  f i l t e r e d  o r  u n f i l t e r e d  secondary e f f l u e n t  w i l l  meet c u r r e n t l y  

de f ined  s t anda rds  (85% removal of s o l i d s  and BOD).  Thus, a l though t h e  c o a l  

f i l t e r  i s  r a t h e r  e f f e c t i v e  i n  i t s e l f ,  p re t r ea tmen t  by b i o l o g i c a l  o r  chemical 

p rocess ,  o r  post- t reatment  by chemical means w i l l  be  r e q u i r e d .  

Coal consumption (amount purchased) i s  11.8 t o n s / m i l l i o n  g a l l o n s  f o r  

r a w  sewage, and 1 .7  tons /mi l l i on  g a l l o n s  of secondary e f f l u e n t  t r e a t e d .  

For 1000 r e s i d e n t i a l  u n i t s ,  t h e  d a i l y  volume of waste produced i s  about 

270,000 g a l  (1000 u n i t s  x 3.4 peop le /un i t  x 80 gas / cap i t a /day ) .  

r e q u i r e  a c o a l  consumption of  3.19 tons /day  f o r  r a w  sewage and 0.46 tons /day  

f o r  t r e a t i n g  secondary e f f l u e n t .  

This  would 

Summary of System Design Cons idera t ions  

I n  a r e p o r t  ana lyz ing  t h e  RDC s tudy ,  t h e  fo l lowing  conclus ions  w e r e  

r epor t ed :  35 

1. Coal f i l t r a t i o n  provides  e x c e l l e n t  suspended s o l i d s  removal, 

bu t  d i s so lved  o rgan ic s  are on ly  p a r t i a l l y  reduced. 

Coal f i l t r a t i o n  by i t s e l f  w i l l  n o t  provide  s u f f i c i e n t  treat-  

ment of domest ic  sewage t o  meet p re sen t  water q u a l i t y  cri-  

teria.  

waste t r ea tmen t  where only  suspended o rgan ic s  need be removed. 

2. 

The process  may be  a p p l i c a b l e  f o r  one-step i n d u s t r i a l  
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Table 2 . 9 .  Treatment E f f i c i e n c i e s  - Coal F i l t r a t i o n  Process  

Per cen t  Removals 

BOD COD Suspended 
S o l i d s  

Raw Sewage 

S e t t l e d  Sewage 

Secondary E f f l u e n t  

a 

b 

92 55 66 

92 7 4  80 

98 96 89 

a This  i s  t h e  t o t a l  removal f o r  bo th  s e t t l i n g  and f i l t r a -  
t i o n .  Primary s e t t l i n g  a lone  removed 50% of t h e  suspended 
s o l i d s ,  507; of t h e  BOD, and 51% of t h e  COD. 

This i s  t h e  t o t a l  removal f o r  secondary t reatment  and b 

f i l t r a t i o n .  The secondary t r ea tmen t  reduced suspended s o l i d s  
by 

3 .  

4 .  

5. 

9 2 % ,  BOD by 88%, and COD by 84%. 

The most promising a p p l i c a t i o n  of c o a l  f i l t r a t i o n  i s  a pre- 

o r  post- t reatment  s t e p  f o r  suspended s o l i d s  removal i n  

series with a t r ea tmen t  f o r  removing d i s so lved  o rgan ic s .  

App l i ca t ions  nay inc lude  t e r t i a r y  domestic sewage t r ea tmen t  

of f i l t r a t i o n  of i n d u s t r i a l  wastes h igh  i n  o rgan ic  suspended 

s o l i d s .  

The c o a l  f i l t r a t i o n  process  w i l l  be economically competi t ive 

only when h e a t  i s  recovered from a l l  of t h e  c o a l  used. This 

can be most p r a c t i c a l l y  accomplished by borrowing c o a l  from 

a pu lve r i zed  c o a l  u s e r .  

The concept of deep-bed p r e c o a l  f i l t r a t i o n  is  a p p l i c a b l e  t o  

wastewater treatment. One-step t r ea tmen t  may b e  p o s s i b l e  

i f  an o rgan ic  a d s o r p t i v e  medium such as c o a l  cha r  o r  a c t i v a t e d  

carbon i s  used. 
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Organic Wastes as a Fuel  Source 

, -1 

1 1  

-I 

J 

The q u a n t i t y  of r a w  o rgan ic  wastes produced each year  i n  t h e  United 

States i s  w e l l  i n  excess  of 2 b i l l i o n  tons .  I n  many cases  t h e s e  waste 

materials pose s e r i o u s  problems i n  proper d i s p o s a l .  Turning t h e  wastes t o  

u s a b l e  energy cou ld ,  i n  p r i n c i p l e ,  a l l e v i a t e  t h e  d i s p o s a l  problem as w e l l  

as reduce t h e  demand f o r  d e p l e t a b l e  energy r e sources .  

methods f o r  conve r t ing  o rgan ic  wastes t o  u s e f u l  energy: 

w i th  t h e  product ion of steam f o r  space cond i t ion ing ,  i n d u s t r i a l  u ses ,  o r  

power gene ra t ion  and (2)  chemical p rocess ing  t o  convert  wastes t o  h ighe r  

va lue  l i q u i d ,  gaseous,  o r  s o l i d  f u e l s .  

There are two gene ra l  

(1) d i r e c t  burning 

The product ion of steam and e l e c t r i c  power by d i r e c t  burning of urban 

s o l i d  wastes has  been p r a c t i c e d  t o  a l i m i t e d  e x t e n t  i n  t h e  United S t a t e s  

b u t  t h e  major experience is  i n  Europe, e s p e c i a l l y  i n  Germany. 36 

of a p p l i c a t i o n  i n  t h e  U.S. has  been in f luenced  by t h e  low c o s t  of f o s s i l  

f u e l s  and low popu la t ion  d e n s i t y  r e l a t i v e  t o  Europe. Continued urbaniza- 

t i o n  w i t h  a t t e n d a n t  waste d i s p o s a l  problems and t h e  impending s h o r t a g e  of 

some f o s s i l  f u e l s  have se rved  t o  s t i m u l a t e  i n t e r e s t  i n  t h e  p o t e n t i a l  f o r  

energy recovery from waste products .  Recently a number of demonstration 

p r o j e c t s  i nvo lv ing  h e a t  recovery from urban waste i n c i n e r a t i o n  have been 

undertaken. For example, i n  N a s h v i l l e ,  Tennessee, a waste i n c i n e r a t o r -  

b o i l e r  p rov id ing  energy f o r  h e a t i n g  and coo l ing  of mid-city b u i l d i n g s  w i l l  

go i n t o  o p e r a t i o n  i n  1974.37 The c i t y  of S t .  Louis ,  i n  a coope ra t ive  

v e n t u r e  wi th  t h e  Union Elec t r ic  Company, i s  p rov id ing  municipal s o l i d  

waste f o r  use i n  power p l a n t  b o i l e r s . 3 8 , 3 9  

The l a c k  

Chemical p rocess ing  of s o l i d  wastes i n t o  h igh  q u a l i t y  f u e l s ,  a l though 

t e c h n i c a l l y  f e a s i b l e ,  i s  n o t  p r a c t i c e d  on a commercial s c a l e  s i n c e  p rocesses  

have no t  been f u l l y  developed. 

conducted on s e v e r a l  p rocesses .  3 6 9 4 0  

Research and development i s  c u r r e n t l y  be ing  

The q u a n t i t i e s  of wastes from v a r i o u s  s o u r c e s ,  as e s t ima ted  by 

Anderson,40 are shown i n  Table 2.10. 

o rgan ic  matter. 

and t h e  second column shows t h e  q u a n t i t y  t h a t  might b e  a v a i l a b l e  f o r  energy 

product ion.  

concen t r a t ed  by f e e d l o t  o p e r a t i o n ,  municipal  c o l l e c t i o n ,  e t c . ,  t o  such an 

The l i s t e d  d a t a  are f o r  d ry ,  ash-free,  

The f i r s t  column of Table 2.10 gives  t h e  q u a n t i t y  generated 

Wastes i n  t h e  second category are those  t h a t  are p r e s e n t l y  
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Table 2.10. Dry, Ash-Free, Organic Wastes Generated and 
P o t e n t i a l l y  C o l l e c t a b l e  f o r  1971 

Source 

Animal Wastes 
Urban Refuse 
Logging and Other Wood Refuse 
A g r i c u l t u r a l  and Food Wastes 
I n d u s t r i a l  Wastes 
Sewage S o l i d s  
Miscellaneous 

T o t a l  

Quant i ty  ( m i l l i o n  tons /yea r )  
T o t a l  Generated T o t a l  Avai lable  

200 26.0 
129 71.0 
55 5.0 

390 22.6 
44 5.2 
12  1.5 
50 5.0 

8 80 136.3 
- 

(Source: Larry L. Anderson, Energy P o t e n t i a l  from Organic Wastes: A 
Review of t h e  Q u a n t i t i e s  and Sources,  Bureau of Mines Information C i r -  
c u l a r  IC-8549, 1972.) 

Table 2.11. P o t e n t i a l  E l e c t r i c i t y  and O i l  Product ion from 
C o l l e c t a b l e  Organic Wastes f o r  1971 

Source 

Annual Annual 
P o t e n t i a l  0 ' 1  

Product ion Product ion 
B i l l i o n  % of Mi l l i on  % of 

kWhr Demand Barrels Demand 

6 P o t e n t i a l  Power a 

i 

1 ,  

'-1 

I 

1- 

1 1  

1 r - 1  

i. I 

I 

Animal Wastes 
Urban Refuse 
Logging and Wood Wastes 
A g r i c u l t u r a l  and Food Wastes 
I n d u s t r i a l  Wastes 
Sewage S o l i d s  
Miscellaneous 

T o t a l  

39 -0 
107.0 

7.5 
33.9 

7.8 
2.3 
7.5 

205.0 

2.4 
6.6 
0.5 
2.1 
0.5 
0 .1  
0.5 

12.7 

32.5 
88.8 
6 . 3  

28.3 
6.5 
1.9 
6 . 3  

170.6 

0.6 . 
1.5 
0 .1  
0.5 
0 .1  
n i l  
0 .1  

2.9 
- 

r- 

I 

- 
I '  

! . '  

a 
Based on 8000 B tu / lb  of d ry ,  ash-free wastes and conversion t o  elec- 
t r i c i t y  a t  32% e f f i c i e n c y .  

Based on n e t  product ion of 1.25 b a r r e l s  p e r  t o n  of w a s t e .  b 
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-1 
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--1 

7.q 

ii 

e x t e n t  t h a t  recovery may be f e a s i b l e .  A s  w i l l  be no ted ,  animal and farm 

wastes c o n s t i t u t e  a major p o r t i o n  of o rgan ic  materials generated b u t  re- 

covery of t h e s e  wastes i s  d i f f i c u l t .  

abundant r ecove rab le  source of o rgan ic  wastes. Since a l l  r a w  wastes are 

r a t h e r  low i n  energy con ten t  p e r  u n i t  weight and volume, t h e i r  conversion 

t o  e i t h e r  e l e c t r i c i t y  o r  o t h e r  forms of energy would need t o  be accomplished 

l o c a l l y ;  otherwise t r a n s p o r t a t i o n  c o s t s  would be p r o h i b i t i v e .  

The energy product ion p o t e n t i a l  of o rgan ic  wastes, reasonably c o l l e c t -  

a b l e  i n  1971, is  i l l u s t r a t e d  i n  Table 2.11. I f  a l l  c o l l e c t a b l e  wastes were 

converted t o  e l e c t r i c i t y  a t  t h e  n a t i o n a l  average conversion e f f i c i e n c y  of 

32%, t h e  power product ion f o r  1971 would have been 205 b i l l i o n  kWhr o r  

n e a r l y  13% of t h e  n a t i o n a l  demand. 

t o  o i l  a t  a n e t  product ion of 1.25 b a r r e l s  p e r  t on  of w a s t e , 4 0  t he  o i l  

product ion f o r  1971 would have been about 1 7 1  m i l l i o n  b a r r e l s  o r  2.9% of 

t h e  n a t i o n a l  consumption f o r  t h a t  y e a r .  

Urban r e f u s e  r e p r e s e n t s  t h e  most 

I f  a l l  c o l l e c t a b l e  wastes w e r e  converted 

The b e s t  cand ida te s  f o r  e l e c t r i c i t y  product ion are t h e  wastes generated 

i n  urban areas s i n c e  t h e r e  e x i s t s  a system f o r  c o l l e c t i o n ,  and waste gener- 

a t i o n  corresponds geograph ica l ly  t o  t h e  need f o r  e l e c t r i c i t y .  The urban 

r e l a t e d  wastes (urban r e f u s e ,  i n d u s t r i a l  wastes, and sewage s o l i d s )  would 

have accounted f o r  about 7% of t h e  n a t i o n a l  e l e c t r i c i t y  demand f o r  1971. 

Looking t o  t h e  f u t u r e ,  t h e  usab le  urban wastes w i l l  i n c r e a s e  b u t  no t  a t  t h e  

rate of e l e c t r i c i t y  demand. 

urban waste c o l l e c t i o n  w i l l  i n c r e a s e  by about 3.4% per  yea r  t o  1980 whereas 

e l e c t r i c i t y  demand w i l l  i n c r e a s e  a t  a ra te  roughly twice t h i s  amount. 

i t  appears  t h a t  t h e  p o t e n t i a l  e l e c t r i c i t y  product ion from wastes w i l l  de- 

c l i n e  i n  r e l a t i o n  t o  t h e  t o t a l  e lec t r ica l  demand. 

For example, EPA estimates38 i n d i c a t e  t h a t  

Thus, 

A s  i n d i c a t e d  ear l ier ,  h e a t  recovery and power gene ra t ion  from wastes 

have n o t  been p r a c t i c e d  e x t e n s i v e l y  i n  t h e  United S t a t e s  p r i m a r i l y  because 

f o s s i l  f u e l  c o s t s  have been s u f f i c i e n t l y  low t o  make energy recovery from 

wastes uneconomical. However, w i th  f o s s i l  f u e l  p r i c e s  i n c r e a s i n g  ve ry  

r a p i d l y ,  i t  seems reasonab le  t o  assume t h a t  energy recovery from wastes 

w i l l  become competi t ive.  I n  a d d i t i o n  t o  p rov id ing  an  important supplement 

t o  energy s u p p l i e s  f o r  urban areas, t h e  use of o rgan ic  wastes f o r  energy 

could h e l p  r e s o l v e  t h e  d i s p o s a l  problem. Never the l e s s ,  energy from o rgan ic  

wastes w i l l  never have a l a r g e  impact simply because t h e  q u a n t i t y  of energy 

contained i n  c o l l e c t a b l e  wastes i s  s m a l l  i n  r e l a t i o n  t o  t h e  energy demand. 
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For MIUS systems probably t h e  most s e n s i b l e  approach would be t o  burn 

t h e  s o l i d  wastes from t h e  b u i l d i n g  complex. These could be reduced t o  t h e  

r e q u i r e d  p a r t i c l e  s i z e ,  mixed wi th  t h e  c o a l ,  and f e d  w i t h  t h e  c o a l  t o  t h e  

f l u i d i z e d  bed combustion chamber. This would not  only serve t o  d i spose  of 

t h e  s o l i d  wastes, b u t  i t  would a l s o  provide from 5 t o  8% of t h e  f u e l  re- 

quirements.  Experience w i t h  s o l i d  waste i n c i n e r a t o r  systems h a s  shown 

problems wi th  clogging of t h e  f u e l  f eed  system wi th  unusual forms of s c rap  

material. 

e r a t o r  i n  a t t endance  du r ing  pe r iods  when s o l i d  waste w a s  i n  use as a f u e l .  

The burning of t h e  s o l i d  waste could b e  taken care of i n  a few hours du r ing  

t h e  day s h i f t  t o  minimize personnel  c o s t s .  

These problems would probably make i t  necessa ry  t o  have an op- r 
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CHAPTER 3 

COMPARISON OF TYPES OF COMBUSTION SYSTEM 

I 

I 

1 

Many types  of combustion system have been evolved. Usual ly  each type 

h a s  been developed because i t  showed s p e c i a l  advantage f o r  burning a par- 

t i c u l a r  type o f  f u e l ,  o r  because i t  w a s  found t o  be p a r t i c u l a r l y  s u i t e d  t o  

a p a r t i c u l a r  t ype  of power conyersion system. This c h a p t e r  summarizes t h e  

c h a r a c t e r i s t i c s  of t hose  systems developed p r i m a r i l y  t o  burn c o a l  o r  c o a l  

de r ived  f u e l s  w i t h  s p e c i a l  a t t e n t i o n  t o  t h e  f e a t u r e s ,  problems, and merits 

p e c u l i a r  t o  t h e  f l u i d i z e d  bed c o a l  combustion system. These i n c l u d e  t h e  

e f f i c i e n c y  of combustion h e a t  release rates o b t a i n a b l e ,  s t a c k  gas emissions,  

h e a t  t r a n s f e r  s u r f a c e  des ign ,  and t h e  problems p e c u l i a r  t o  p a r t i c u l a r  types 

of power conversion system. 

Basic Combustion Considerat ions 

. ' # ,  .. i 

' !I i 

,' i 

%-. .! 

Combust i on  E f f i c i e n c y  

An important c o n s i d e r a t i o n  i n  e v a l u a t i n g  t h e  performance of a combus- 

t i o n  system i s  t h e  combustion e f f i c i e n c y ,  i .e . ,  t h e  f r a c t i o n  of t h e  chemical 

energy a v a i l a b l e  i n  t h e  f u e l  t h a t  i s  a c t u a l l y  r e l e a s e d  i n  t h e  combustion 

process .  

complete combustion as evidenced by t h e  presence of s u b s t a n t i a l  amounts of 

CO i n  t h e  s t a c k  gas.  

ox id i zed  hydrocarbons o r  p a r t i c l e s  of unburned carbon l e a v i n g  wi th  t h e  

s t a c k  gas. To reduce t h e s e  l o s s e s  t o  a minimum t h e  u s u a l  p r a c t i c e  is  t o  

o p e r a t e  wi th  a s m a l l  amount of excess  a i r  and provide s u f f i c i e n t  t i m e  i n  

t h e  combustion zone t o  g ive  ample oppor tun i ty  f o r  a l l  of t h e  f u e l  p re sen t  

t o  react with t h e  oxygen. 

The combustion e f f i c i e n c y  may be reduced, f o r  example, by i n -  

There may b e  o t h e r  l o s s e s  i n  t h e  form of p a r t i a l l y  

E f f e c t s  of Excess A i r  on S tack  Losses 

A number of p r a c t i c a l  c o n s i d e r a t i o n s  t o  b e  d i scussed  later make i t  

e s s e n t i a l  t o  reject t h e  p roduc t s  of combustion t o  t h e  s t a c k  a t  a tempera- 

t u r e  i n  t h e  range of 200 t o  300'F. 

from ambient a i r  temperature  t o  t h e  s t a c k  gas temperature commonly repre-  

s e n t s  10 t o  20% of t h e  h e a t  a v a i l a b l e  from t h e  f u e l .  A s  t h e  amount of 

excess  a i r  is  inc reased  beyond t h e  i d e a l  s t o i c h i o m e t r i c  amount r equ i r ed  

The h e a t  r e q u i r e d  t o  ra ise  t h e s e  gases  
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f o r  r e a c t i o n  of t h e  f u e l ,  t h e  amount of h e a t  l o s t  i n  t h e  s t a c k  gases i s  

inc reased .  

l o s s e s .  Thus, t h e r e  i s  a s t r o n g  i n c e n t i v e  t o  make use of a combustion 

system t h a t  w i l l  g ive  complete combustion wi th  a minimum amount of excess  

a i r ,  hope fu l ly  no more than 10%. 

That is ,  going from 0% t o  100% excess  a i r  w i l l  double t h e  stack 

NO Emissions 
X 

An important c o n s i d e r a t i o n  i n  choosing a combustion system i s  t h e  

amount of NO t o  be expected i n  t h e  s t a c k  gases .  Power p l a n t s  are generally 

having d i f f i c u l t y  meeting t h e  new a i r  q u a l i t y  s t a n d a r d s .  Some i n s i g h t  i n t o  

t h e  problem is given by Fig.  3.1 which shows t h e  e q u i l i b r i u m  NO concentra- 

t i o n  as a f u n c t i o n  of flame temperature  f o r  a range of excess  a i r  flow 

rates . l  

w i l l  be less than i n d i c a t e d  by Fig.  3.1 because i t  w a s  c a l c u l a t e d  f o r  equi- 

l i b r i u m  conditionsl .  Depending on t h e  flame temperature ,  t h e  t i m e  r equ i r ed  

f o r  t h e  formation of NO is  o r d i n a r i l y  of roughly t h e  same o r d e r  as t h e  

t r a n s i t  t i m e  f o r  t h e  gases  through t h e  h o t  p o r t i o n  of a s h o r t  f lame, hence 

e q u i l i b r i u m  cond i t ions  are no t  reached. A s  i n d i c a t e d  i n  Fig.  3 . 1  t h e  NO 

concen t r a t ion  i n  t h e  s t a c k  gas can be reduced by reducing t h e  flame t e m -  

p e r a t u r e ,  o r  reducing t h e  amount of excess  a i r .  The l a t te r  approach has  

been found e f f e c t i v e  f o r  c e r t a i n  s p e c i a l  t ypes  of burner  f u e l e d  with 

n a t u r a l  gas ,  b u t  f o r  t h e  f u e l s  of prime i n t e r e s t  i n  t h i s  s tudy  t h e  most 

X 

X 

I n  po in t  of f a c t ,  t h e  NO con ten t  of t h e  combustion gases o f t e n  
X 

X 

X 

e f f e c t i v e  approach i s  t o  reduce both t h e  excess  a i r  and t h e  flame temper- 

a t u r e .  For open flame burners  t h e  l a t te r  can be accomplished by r e c i r c u -  

l a t i n g  some cooled exhaust gas ,  and t h i s  approach is  being used i n  some 

steam power p l a n t s . 2  

t h e  excess  a i r .  

Under any circumstances i t  i s  important  t o  minimize 

Stack Gas Temperature L imi t a t ions  

A major f a c t o r  i n  l i m i t i n g  t h e  amount of h e a t  t h a t  can be removed 

from t h e  s t a c k  gases  be fo re  r e j e c t i n g  them from a p r a c t i c a l  system is t h e  

tendency of SO2 t o  react wi th  t h e  H 2 0  from combustion t o  form s u l f u r o u s  

a c i d  whose dew p o i n t  i s  much h ighe r  t han  t h a t  of water vapor s o  t h a t  i t  

w i l l  condense on t h e  w a l l s  of t h e  s t a c k  where i t  w i l l  a t t a c k  e i t h e r  metal 

o r  ceramic s u r f a c e s .  A s  a consequence, one of t h e  key c o n s i d e r a t i o n s  i n  
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b u s t i o n  products .  
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t h e  design of a system is  t h e  expected maximum SO2 con ten t  of t h e  s t a c k  

gas and hence t h e  lower s t a c k  gas temperature  l i m i t  t h a t  can be employed 

i n  t h e  design.  It is  i n t e r e s t i n g  t o  no te  t h a t  i f  a f l u i d i z e d  bed c o a l  

combustion system i s  employed t o  remove t h e  bu lk  of t h e  s u l f u r  i n  a f l u i d -  

i z e d  bed so  t h a t  t h e  SO2 con ten t  of t h e  s t a c k  gases  i s  markedly reduced, 

t h i s  w i l l  permit a lower s t a c k  gas temperature  and hence a h i g h e r  p l a n t  

thermal e f f i c i e n c y  . Figure 3.2 shows t h i s  e f f e c t  . 

Types of Burner 

S t a t i o n a r y  Grates 

The ear l ies t  steam power p l a n t s  made use of a s t a t i o n a r y  g r a t e  over 

which c o a l  w a s  sp read ,  a i r  w a s  admit ted from below through openings i n  

t h e  g r a t e ,  and t h e  c o a l  w a s  burned i n  l a r g e  open f l a t  beds.  This  system 

f u n c t i o n s  b e s t  i f  c o a l  i s  added t o  t h e  bed i n  t h e  form of lumps of an 

a p p r o p r i a t e  s i z e  - u s u a l l y  1 t o  3 i n .  -because  f i n e s  are  i n c l i n e d  t o  

f u s e  i n t o  a t a r r y  cake t o  g ive  a non-uniform a i r  flow d i s t r i b u t i o n  through 

t h e  bed and uneven combustion. The system is  commonly hand-f i red t o  

maintain a uniform bed th i ckness  and a shes  are p e r i o d i c a l l y  scraped o f f  

t o  t h e  s i d e .  Automatic f i r i n g  systems have been devised;  they u s u a l l y  

invo lve  pushing f r e s h  c o a l  out onto t h e  s t a t i o n a r y  g r a t e .  

g r a t e  systems do not  l end  themselves w e l l  t o  c l o s e  c o n t r o l  of t h e  f u e l -  

a i r  r a t i o  (an important f a c t o r  t o  be d i scussed  l a t e r )  and work w e l l  only 

wi th  s e l e c t e d  grades of lump c o a l .  

more, and t h e  combustion e f f i c i e n c y  is  o f t e n  only about 80% because many 

of t h e  f i n e s  i n  t h e  c o a l  f a l l  ou t  w i th  t h e  a sh  and some of t h e  v o l a t i l e s  

escape up t h e  s t a c k  unburned. 

The s t a t i o n a r y  

The excess  a i r  i s  commonly 60% o r  

Trave l ing  Grates 

E f f o r t s  t o  automate c o a l  f i r i n g  of b o i l e r s  and permit  t h e  use of a 

wider range of grades of c o a l  l e d  t o  t h e  development of t r a v e l i n g  g r a t e  

s t o k e r s .  I n  t h e s e  a bed of c o a l  6 t o  1 2  i n .  t h i c k  is  f e d  wi th  an auto- 

mat ic  s t o k e r  from one end of t he  t r a v e l i n g  g r a t e  and a shes  are dumped o f f  

t h e  o t h e r  end. 

break up r eg ions  i n  which caking occurs .  

Movement of t h e  g r a t e  a g i t a t e s  t h e  bed a bit, t end ing  t o  

The system is  c u r r e n t l y  used 
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no t  only f o r  burning c o a l  bu t  a l s o  f o r  bu rn ing  mixtures  of c o a l  and s o l i d  

waste. A disadvantage is  t h a t  t h e  high o p e r a t i n g  temperature  of t h e  

t r a v e l i n g  g r a t e  l e a d s  t o  a s u b s t a n t i a l  amount of maintenance. Control  

of t h e  f u e l - a i r  r a t i o  is b e t t e r  t han  f o r  a s t a t i o n a r y  g r a t e  system bu t  

i t  s t i l l  leaves much t o  be d e s i r e d  because of v a r i a t i o n s  i n  t h e  a i r  flow 

r e s i s t a n c e  of t h e  bed from one l o c a l  r eg ion  t o  ano the r .  The excess  a i r  

u s u a l l y  runs 40% o r  more.'l. 

Open Flame Burners 

R e l a t i v e l y  simple and compact bu rne r  geometries can b e  used t o  mix 

S i m i l a r l y ,  l i q u i d  o r  gaseous f u e l s  w i th  a i r  t o  g ive  l a r g e  open flames. 

f i n e l y  powdered c o a l  can be blown through an open flame burner  t o  g i v e  an 

e s s e n t i a l l y  s i m i l a r  flame. This makes i t  p o s s i b l e  t o  des ign  and b u i l d  a 

l a r g e  steam b o i l e r  s o  t h a t  i t  can o p e r a t e  wi th  whatever f u e l  is  most 

economical o r  a v a i l a b l e  a t  any p a r t i c u l a r  t i m e  simply by changing out  t h e  

bu rne r s  and t h e  f u e l - a i r  r a t i o  can be c o n t r o l l e d  c l o s e l y  t o  g ive  %99% 

combustion e f f i c i e n c y  w i t h  only 10% t o  20% excess  a i r .  

ency can be improved f u r t h e r  by u s i n g  a r egene ra to r  t o  p rehea t  t h e  com- 

b u s t i o n  a i r .  Thus, a l a r g e  f r a c t i o n  of modern steam p l a n t s ,  p a r t i c u l a r l y  

on t h e  east c o a s t ,  have been designed and b u i l t  s o  t h a t  t hey  can burn 

e i t h e r  r e s i d u a l  f u e l  o i l  o r  powdered c o a l  almost e q u a l l y  w e l l ,  and can 

be converted t o  use n a t u r a l  gas wi th  only  a s m a l l  l o s s  i n  performance. 

The l o s s  i n  performance stems from t h e  f a c t  t h a t  i n  t h e s e  fu rnaces  much 

of t h e  h e a t  is  t r a n s m i t t e d  from t h e  h o t  gases  t o  t h e  fu rnace  w a l l s  by 

thermal r a d i a t i o n  from hot  glowing carbon p a r t i c l e s  i f  r e s i d u a l  f u e l  o i l  

o r  powdered c o a l  are employed. However, i f  n a t u r a l  gas i s  used, i t  burns 

with a p a l e  b l u e  flame from which r e l a t i v e l y  l i t t l e  energy i s  emi t t ed  by 

thermal  r a d i a t i o n .  I n  fu rnaces  designed p r i m a r i l y  f o r  o p e r a t i o n  on c o a l  

o r  r e s i d u a l  f u e l  o i l  w i th  t h e  water-cooled w a l l s  of t h e  fu rnace  s e r v i n g  

a t  t h e  b o i l e r  p o r t i o n  of t h e  steam g e n e r a t o r ,  t h e  c a p a c i t y  of t h e  u n i t  

i s  reduced when gas is  employed as t h e  f u e l .  

The p l a n t  e f f i c i -  

F lu id i zed  Bed Combustion of Coal 

The development of f l u i d i z e d  bed c a t a l y t i c  c rack ing  and reforming 

processes  based on f l u i d i z e d  beds made up of p a r t i c l e s  of c l a y  c a t a l y s t  

1 

1 

i 
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began i n  t h e  1930's and has  l e d  t o  t h e  e x t e n s i v e  development of f l u i d i z e d  

beds f o r  processes  r e q u i r i n g  t h e  r e a c t i o n  of s o l i d s  and gases .5  The system 

depends on t h e  f a c t  t h a t  when a i r  is  blown up through a bed of small p a r t i -  

cles a t  an a p p r o p r i a t e  v e l o c i t y ,  t h e  p a r t i c l e s  begin t o  f l o a t  and t h e  bed 

behaves as i f  i t  were a t u r b u l e n t  l i q u i d .  The bed o r d i n a r i l y  does no t  

have a s h a r p l y  de f ined  f r e e  upper s u r f a c e ,  b u t ,  as t h e  s o l i d  f r a c t i o n  de- 

creases i n  t h e  upper r eg ions  of t h e  bed, t h e  a i r  v e l o c i t y  a l s o  dec reases  

and t h e  a i r  dynamic f o r c e s  t end ing  t o  l i f t  t h e  p a r t i c l e s  are reduced. Gas 

c i r c u l a t i o n  upward through t h e  bed i s  n o t  p e r f e c t l y  uniform b u t  tends t o  

be somewhat i r r e g u l a r  w i th  l a r g e  bubbles forming h e r e  and t h e r e .  These 

tend t o  move upward a t  a h ighe r  t han  average v e l o c i t y  and blow some p a r t i -  

cles out  of t h e  bed a t  s u f f i c i e n t  v e l o c i t y  so  t h a t  t hey  tend t o  arc through 

t r a j e c t o r i e s  w e l l  above t h e  nominal upper s u r f a c e  of t h e  bed. 

s u r f a c e  area and continuous a g i t a t i o n  of  t h e  bed g ives  a high r e a c t i o n  rate 

and a uniform d i s t r i b u t i o n  of both t h e  r e a c t i o n  rate and t h e  temperature  

throughout t h e  bed. This  work on f l u i d i z e d  beds f o r  chemical process  system 

l e d  t o  t h e  discovery t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  f l u i d i z e d  beds 

is  h igh  - of t h e  o r d e r  of 50 t o  100 B tu /h r* f t2*OF.  

t h e  p o s s i b i l i t y  of des ign ing  a f l u i d i z e d  bed c o a l  combustion system f o r  a 

steam b o i l e r ,  t h e  i d e a  be ing  t h a t  t h e  b o i l e r  s i z e  and c o s t  could be much 

reduced by t a k i n g  advantage of t h e  high h e a t  t r a n s f e r  c o e f f i c i e n t  charac- 

t e r i s t ic  of f l u i d i z e d  beds.  

s i o n s  became a major c o n s i d e r a t i o n ,  t h e  n o t i o n  of employing a f l u i d i z e d  

bed of l imestone t o  remove t h e  s u l f u r  as calcium s u l f a t e  w a s  i n v e s t i g a t e d  

w i t h  h i g h l y  encouraging r e s u l t s .  Concurrently wi th  t h i s  f l u i d i z e d  beds 

were developed f o r  burning both i n d u s t r i a l  and r e s i d e n t i a l  s o l i d  wastes. 6 y 7  

Other work demonstrated t h a t  t h e  f l u i d i z e d  bed combustion system could be 

used t o  burn cha r ,  high s u l f u r  r e s i d u a l  f u e l  o i l ,  o r  any of a number of 

gaseous f u e l s  w i th  a combustion e f f i c i e n c y  of over 99% wi th  t h e  excess  

a i r  running less than  10%. 

The l a r g e  

This i n  t u r n  suggested 

When p u b l i c  p r e s s u r e  t o  reduce s u l f u r  e m i s -  

Summary 

The major c o n s i d e r a t i o n  i n  t h e  choice of a burner  o r  combustion system 

f o r  any a p p l i c a t i o n  is  its s u i t a b i l i t y  f o r  use with a wide range of f u e l s  

t o  give a h igh  combustion e f f i c i e n c y  wi th  r e l a t i v e l y  l i t t l e  excess  a i r .  
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Fur the r ,  f o r  MIUS a p p l i c a t i o n s ,  i t  i s  important  t o  employ a combustion sys-  

t e m  t h a t  w i l l  burn h igh  s u l f u r  c o a l  and y e t  reduce t h e  s u l f u r  emissions i n  

t h e  s t a c k  gases  t o  a l e v e l  c o n s i s t e n t  w i t h  bo th  p re sen t  and probably f u t u r e  

EPA s t anda rds .  A s  w i l l  be  d iscussed  l a t e r  i n  t h i s  c h a p t e r ,  t h e r e  is  no 

process  c u r r e n t l y  a v a i l a b l e  t h a t  would be  e f f e c t i v e  i n  removing s u l f u r  from 

s t a c k  gases  fo l lowing  combustion of h igh  s u l f u r  c o a l  and y e t  would be  

economically accep tab le  f o r  MIUS a p p l i c a t i o n s ,  p a r t i c u l a r l y  when opera t iona l  

and maintenance requirements  are considered.  

I n  a t t empt ing  t o  g ive  pe r spec t ive  t o  t h e  many problems a s s o c i a t e d  wi th  

a choice  of combustion system f o r  MIUS a p p l i c a t i o n s ,  Table  3.1 w a s  prepared 

t o  i n d i c a t e  t h e  s u i t a b i l i t y  of t h e  t y p i c a l  combustion systems desc r ibed  

Table  3.1.  S u i t a b i l l t y  of Typica l  Combustion Systems f o r  Use wi th  
Di f f e ren t  Types of Fuel  f o r  I n s t a l l a t i o n s  Designed t o  Meet 

from t h e  S tack  Gases 
EPA Standards Without Equipment f o r  Removing S u l f u r  

Type of Fuel  
S t a t i o n a r y  Moving Open F lu id i zed  

Grate Grate Burner Bed 

High s u l f u r  bituminous c o a l  X 

Low s u l f u r  bituminous c o a l  X X X X 

L i g n i t e  X X X X 

An th rac i t e  X X X X 

Char (from c o a l  conversion ? X 
p l a n t s  ) 

Natu ra l  and h igh  Btu gas  
Medium Btu gas 
Low Btu gas  

No. 2 f u e l  o i l  
Residual  f u e l  oi l - low s u l f u r  
Residual  f u e l  o i l -h igh  s u l f u r  
Liquid f u e l  from c o a l  

Domestic s o l i d  waste + c o a l  
Sewage s ludge  + c o a l  
Wood waste + c o a l  

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

? 
? 
? 

X 

X 

X 

above f o r  use wi th  t h e  d i f f e r e n t  types  of f u e l  t h a t  might be  used i n  a MIUS 

a p p l i c a t i o n .  Note t h a t  on ly  t h e  f l u i d i z e d  bed combustion system appears  t o  

show promise f o r  handl ing t h e  f u l l  range of f u e l  types  s p e c i f i e d  f o r  t h i s  

f 

i 

I 

r-- 

G-, 

,--, 

L -  
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s t u d y ,  i . e . ,  h igh  and low s u l f u r  bituminous c o a l ,  l i g n i t e ,  a n t h r a c i t e ,  

gaseous and l i q u i d  f u e l  de r ived  from c o a l ,  mixtures  of r e s i d e n t i a l  o r  

i n d u s t r i a l  waste wi th  c o a l ,  o r  mixtures  of sewage s ludge  and c o a l  de r ived  

from f i l t e r  beds i n  s m a l l  sewage p l a n t s .  

Question marks have been placed i n  t h e  column f o r  t h e  f l u i d i z e d  bed 

combustion system f o r  r e s i d u a l  f u e l  o i l  and l i q u i d  f u e l  from c o a l .  This  

has  been done because t h e r e  has  been some d i f f i c u l t y  w i t h  coking of t h e  

f u e l  nozz le s  i n  t h e  course of e f f o r t s  t o  burn h igh  s u l f u r  f u e l  o i l  i n  a 

f l u i d i z e d  bed c o a l  combustion system. There i s  i n s u f f i c i e n t  experience i n  

t h i s  area t o  draw a f i r m  conclusion wi th  r e s p e c t  t o  f e a s i b i l i t y .  

Developmental S t a t u s  of F lu id i zed  Bed Combustion Systems 

Inasmuch as t h i s  r e p o r t  i s  e s p e c i a l l y  concerned wi th  f l u i d i z e d  bed 

c o a l  combustion systems, i t  seems i n  o r d e r  a t  t h i s  p o i n t  t o  i n c l u d e  a 

s p e c i a l  s e c t i o n  t o  review t h e  developmental background of t h e  system. 

- '  -\ 

1 

Coal Combustion System Development E f f o r t s  

Work on f l u i d i z e d  bed combustion of c o a l  began i n  t h e  1950's. I n  some 

i n s t a n c e s  t h e  o b j e c t i v e  w a s  t o  burn f u e l s  such as a n t h r a c i t e  f i n e s ,  l i g n i t e ,  

and washery t a i l i n g s  t h a t  d i d  n o t  burn w e l l  i n  o t h e r  t ypes  of combustion 

systems. The bulk of t h e  work w a s  d i r e c t e d  a t  t r y i n g  t o  g e t  lower c o s t  

steam b o i l e r s  by t a k i n g  advantage of t h e  h igh  h e a t  t r a n s f e r  c o e f f i c i e n t  

i n  a f l u i d i z e d  bed. The most s i g n i f i c a n t  e f f o r t  w a s  s t a r t e d  about 10 y e a r s  

ago i n  t h e  U.K. by t h e  C e n t r a l  E l e c t r i c i t y  Generating Board,8 and has  been 

continued a t  t h e  B r i t i s h  Coal U t i l i z a t i o n  Research Assoc ia t ion  L a b o r a t ~ r y . ~ , ~  

Most of t h e  work a t  BCURA has  been with beds having a c r o s s - s e c t i o n a l  area 

of about 8 f t 2 .  

BCURA's program is  con t inu ing  under a r e c e n t  OCR c o n t r a c t .  

Pope, Evans, and Robbins i n  Alexandria ,  V i r g i n i a ,  under both OCR and EPA 

funding, has  ope ra t ed  several beds a t  atmospheric p r e s s u r e ,  i nc lud ing  a 

bed having a c r o s s - s e c t i o n a l  area of 10 f t 2  and f i t t e d  wi th  a carbon-burnup 

c e l l .  l o  9 l 1  The o b j e c t i v e  i n  work on t h e  l a t te r  h a s  been t o  develop a s m a l l  

f l u i d i z e d  bed combustion chamber and b o i l e r  of about 100 MW(t> ou tpu t  t h a t  

would l e n d  i t s e l f  t o  shop f a b r i c a t i o n  and shipment by r a i l .  The work has  

Some of t h e  B r i t i s h  e f f o r t  w a s  supported by EPA, and 

I n  t h e  U.S. 
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emphasized t h e  s o l u t i o n  of p r a c t i c a l  design and o p e r a t i n g  problems. 

h e a t  t r a n s f e r ,  flow, and performance d a t a  accumulated by t h e  B r i t i s h  have 

more r e c e n t l y  been supplemented w i t h  EPA funding by sma l l - sca l e  s t u d i e s  

(us ing  beds 6 i n .  t o  1 2  i n .  i n  diameter) a t  t h e  Argonne Na t iona l  Laboratory12 

and Esso Research13 on t h e  b a s i c  problems of f l u i d i z e d  beds wi th  t h e  prime 

emphasis on opt imizing t h e  p o l l u t i o n  c o n t r o l  c a p a b i l i t i e s  and developing 

a method f o r  r e c o n s t i t u t i n g  t h e  l i m e  so  t h a t  one would n o t  b e  confronted 

wi th  a w a s t e  d i s p o s a l  problem f o r  t h e  l a r g e  amounts of calcium s u l f a t e  t h a t  

w i l l  be produced. Pope, Evans, and Robbins has  a l s o  worked on t h e  l i m e  re- 

gene ra t ion  problem. l o  

ou t  p l a n t  design s t u d i e s ,  and a t  t h e  t i m e  of w r i t i n g  F o s t e r  Wheeler i s  

working wi th  Pope, Evans, and Robbins on t h e  f l u i d i z e d  bed steam gene ra to r  

mentioned above. 9 l 4  

Basic 

Both Westinghouse and F o s t e r  Wheeler have c a r r i e d  

F lu id i zed  beds have been used e x t e n s i v e l y  f o r  r o a s t i n g  s u l f i d e  o r e s .  l 5  

Over 200 u n i t s  are c u r r e n t l y  i n  o p e r a t i o n ,  sometimes p r i m a r i l y  t o  make s u l -  

f u r i c  a c i d  o r  sodium s u l f i t e  ( f o r  paper m i l l s )  and sometimes p r i m a r i l y  t o  

o b t a i n  metal oxides  f o r  r educ t ion  t o  t h e  metal, b u t  u s u a l l y  f o r  both pur- 

poses.  The h e a t  r e l e a s e d  i n  t h e  r o a s t i n g  o p e r a t i o n  o f t e n  r e q u i r e s  hea t  re- 

moval from t h e  bed; t h i s  is  accomplished wi th  b o i l e r  tubes i n  t h e  bed. 

Work on f l u i d i z e d  bed combustion i n  t h e  U.S. has  a l s o  included t h e  

i n c i n e r a t i o n  of s o l i d  wastes, both i n d u s t r i a l  and. domestic. Copeland Sys- 

t e m s  Incorporated has about 30 u n i t s  i n  service f o r  d i s p o s a l  of i n d u s t r i a l  

wastes i n c l u d i n g  no t  only obvious f u e l  materials such as sawdust bu t  a l s o  

s l u r r i e s  such as paper pulp m i l l  w a s t e  l i q u o r  with as l i t t l e  as 35%  solid^.^ 
The l a t t e r  are sprayed downward i n t o  a f l u i d i z e d  bed of r ed  h o t  sand, 

and t h e  h e a t  of combustion of t h e  s o l i d s  is  s u f f i c i e n t  t o  s u s t a i n  t h e  re- 

a c t i o n .  

mostly i n d u s t r i a l  and domestic sewage s ludge  i n  aqueous suspension.  ' 6  

c e n t r a t i o n  of t h e  material t o  g ive  about 35% organ ic  con ten t  is  achieved 

by s e t t l i n g .  A f l u i d i z e d  bed f o r  burning municipal s o l i d  w a s t e  has  been 

under development a t  Combustion Power I n c . ,  under EPA c o n t r a c t s  f o r  about 

8 years . "  I n  t h i s  system t h e  compressor of a gas t u r b i n e  f eeds  a i r  t o  a 

f l u i d i z e d  bed of sand i n t o  which shredded s o l i d  waste (mostly paper) i s  

i n j e c t e d .  

e l e c t r i c a l  power ou tpu t .  

t h e  f u e l  under a c o n t r a c t  w i th  OCR. l 7  

Dorr-Oliver has  about 80 i n c i n e r a t o r  u n i t s  i n  s e r v i c e ,  burning 

Con- 

The h o t  gases l e a v i n g  t h e  bed d r i v e  t h e  t u r b i n e  t o  produce a n e t  

The system has  a l s o  been ope ra t ed  w i t h  c o a l  as 

I 
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3 . 3 .  E f f e c t  of bed temperature of SO2 r e d u c t i o n  f o r  P i t t s b u r g h  
c o a l .  (Ref. 18). 
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Some notion of the amount of operating experience that has been gained 

with fluidized bed coal combustion systems is given by Table 3.2. 

Table 3.2. Summary of Operating Experience with 
Fluidized Bed Combustion Systems 

Organizat ion Responsible f o r  
Design and Construction 

Copeland Systems, Inc.  

Dorr-Oliver , Inc.  

BCURA 

Pope, Evans, and Robbins, i n c .  

Argonne Nat ional  Laboratory 

Combustion Power, i n c .  

Esso Research 

Fuel 

Wood waste, pulp 
m i l l  waste, misc. 
organic wastes 

Sewage sludge 

P y r i t e s  

C o a l  

Coal 

Coa 1 

Municipal s o l i d  
waste, wood waste 
and coal  

Coal 

0 b j e c t i v e  
Sum Tota l  
Operating 
Time-hour 

Inc inera t ion ,  i n  some -18 
cases hea t  recovery 

Inc inera t ion  -106 

Roasting t o  y i e l d  SO, 
f o r  ac id  o r  s u l f i t e  
and/or metal oxide 
f o r  reduct ion 

R&D on f l u i d i z e d  bed -104 
combustion of coa l  
and high s u l f u r  res id-  
u a l  f u e l  o i l  

R&D on f l u i d i z e d  bed -9000 
combustion of coa l  

R&D on f l u i d i z e d  bed 700 
combustion of  coa l  and 
lime regenerat ion 

Inc inera t ion  with 
e l e c t r i c a l  energy a s  a 
by-product 

R&D on coa l  combustion -100 
and lime regenerat ion 

-3 x 106 

471 ( t o t a l  on bed) 
271 (with turb ine)  

Sulfur Removal 

The effectiveness with which SO2 emissions can be reduced by removing 

sulfur as CaSOL, in a fluidized bed combustion system depends on many factors. 

The two most important are the calcium-sulfur feed ratio and the fluid 

bed operating temperature. The effects of these two parameters on SO2 

emissions are shown in Figs. 3.3 and 3.4. 

the fact that limestone from different strata vary substantially in their 

characteristics including their effectiveness in removing sulfur. l 8  

The matter is complicated by 

Regeneration of the Lime 

It would be advantageous to regenerate the lime in the bed and thus 
reduce both the consumption of limestone and the quantity of ash that must 
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3.4. E f f e c t  of  Ca/S r a t i o  and a d d i t i v e  p a r t i c l e  s i z e  on SO2 
r educ t ion  (high f l u i d i z i n g  v e l o c i t y )  f o r  P i t t s b u r g h  c o a l  and Limestone 18. 
( R e f .  18). 
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be hauled away. 

ment s u l f u r ,  a s a l e a b l e  product .  While somewhat d i f f e r e n t  processes  have 

been contemplated i n  t h e  l i m e  r e g e n e r a t i o n  work c a r r i e d  o u t  by ANL, ESSO, 

and Pope, Evans, and Robbins as mentioned above, t hey  a l l  depend on roast ing 

calcium s u l f a t e  under mi ld ly  reducing c o n d i t i o n s  t o  evolve a gas r i c h  i n  

s u l f u r  d iox ide .  Because of t h e  h igh  temperature  necessa ry  f o r  t h e  r o a s t ,  

about 1950"F, t h e  r egene ra t ed  l i m e  has  s h a r p l y  less r e a c t i v i t y  t h a n  f r e s h  

l i m e .  Fresh s t o n e  must b e  supp l i ed  a t  a rate amounting t o  a n  a p p r e c i a b l e  

f r a c t i o n  of t h e  s u l f u r  t o  b e  cap tu red ,  on a s t o i c h i o m e t r i c  b a s i s ,  and a 

comparable amount of l i m e  must b e  withdrawn f o r  sale o r  d i s p o s a l .  To avoid 

t h i s  disadvantage,  workers a t  The C i t y  College of New York have proposed a 

r egene ra t ion  scheme which would depend on r e d u c t i o n  o f  t h e  calcium s u l f a t e  

by a gas  con ta in ing  hydrogen o r  carbon monoxide t o  y i e l d  calcium s u l f i d e ,  

and on subsequent r e a c t i o n  of t h e  calcium s u l f i d e  w i t h  steam and CO, t o  

produce CaC03 and H2S, from which s u l f u r  may be produced i n  e l emen ta l  form 

more r e a d i l y  than  from S02.'' 

s t u d i e s  t h a t  have included a f avorab le  economic assessment of The C i t y  

College scheme. l 4  

Processes  have been i n v e s t i g a t e d  t h a t  would y i e l d  ele- 

Westinghouse h a s  c a r r i e d  o u t  p l a n t  design 

NO Formation 
X 

The low combustion temperature c h a r a c t e r i s t i c  of f l u i d i z e d  bed combus- 

t i o n  tends t o  keep t h e  formation of NO t o  a low l e v e l ,  b u t  t h e  gas t r a n s i t  

t i m e  through t h e  h igh  temperature r eg ion  i s  s u f f i c i e n t l y  long t h a t  t h e  

e q u i l i b r i u m  c o n c e n t r a t i o n  of NO can be reached. A s  shown i n  Fig.  3.5 t h i s  

makes t h e  NO concen t r a t ion  i n  t h e  s t a c k  gas q u i t e  s e n s i t i v e  t o  t h e  amount 

of excess  a i r , '  and t h i s  i n  t u r n  p l a c e s  a premium on t h e  use of a c o n t r o l  

scheme t h a t  w i l l  hold t h e  amount of excess a i r  t o  a low l e v e l .  

X 

X 

X 

Control  of F l u i d i z e d  Bed Combustion Systems 

F lu id i zed  bed combustion systems can be ope ra t ed  over a wide range of 

bed temperatures  and amounts of excess  a i r ,  bu t  F igs .  3 . 3 ,  3 . 4 ,  and 3.5 

i n d i c a t e  t h a t  t h e r e  i s  a s t r o n g  i n c e n t i v e  t o  keep t h e  excess  a i r  t o  less 

than  10% and t h e  bed temperature  t o  around 1600°F. 

c o n t r o l  problems i f  steam b o i l e r  tubes are used t o  remove h e a t  from t h e  

bed because t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  between t h e  bed and t h e  tubes  

These cond i t ions  pose 



3 .15  

. 
0 

, 

e 0 o  

0% I 1 1 4 1 

ORNL DWG. 75-16534 
', 

i 

\ 

1 

- \  

1 

. 'I 

I 

Data was obtained from 0, and NO records during a 60 
minute period of unsteady c o a l  f eed ing .  

0 
0 

o o  0 

0 
0 0  

0 0 0 

O O O  

O O  

0 

0 

0 0  
0 

00 

0 0  
a 



3.16 

is  high and i s  e s s e n t i a l l y  independent of t h e  combustion a i r  flow rate, 

wh i l e  a t  t h e  same t i m e  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  water b o i l i n g  

i n  tubes i s  ve ry  h igh  and e s s e n t i a l l y  independent of t h e  water flow rate .  

A s  a consequence, t h e  ou tpu t  w i l l  n o t  be reduced from t h e  f u l l  power de- 

s i g n  c o n d i t i o n  by reducing e i t h e r  t h e  combustion a i r  flow ra te  o r  t h e  

f eed  water flow rate. The temperature  d i f f e r e n c e  between the  bed and 

t h e  b o i l e r  could be reduced by reducing t h e  bed temperature ,  b u t  t h i s  

would have an  adve r se  e f f e c t  on s u l f u r  removal. (See F ig .  3.3.)  The 

only courses  t h a t  can be followed are t o  reduce t h e  ou tpu t  by reducing 

t h e  c o a l  feed rate and providing a l a r g e  amount of excess  a i r  ( t h u s  re- 

ducing the  b o i l e r  thermal e f f i c i e n c y )  o r  by t h e  more awkward s t e p  of 

reducing t h e  amount of bed material by removing some t o  an  a u x i l i a r y  

s t o r a g e  hopper. This may be accomplished by changing t h e  bed depth o r  

by compartmentalizing t h e  bed. E i t h e r  approach reduces t h e  e f f e c t i v e  

h e a t  t r a n s f e r  s u r f a c e  area i n  t h e  bed, and thus  reduces t h e  h e a t  removal 

ra te .  However, e i t h e r  approach poses s e r i o u s  problems i n  c o n t r o l l i n g  

t h e  water flow d i s t r i b u t i o n  through t h e  b o i l e r  t ubes .  

The c o n t r o l  problem is  v a s t l y  eased i f  a f l u i d i z e d  bed c o a l  combus- 

t i o n  chamber i s  cooled w i t h  a tube  bank t h a t  serves as t h e  h e a t e r  i n  a 

gas t u r b i n e  system. The h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  gas i n s i d e  t h e  

tubes is  roughly p r o p o r t i o n a l  t o  t h e  gas mass flow rate,  hence t h e  power 

ou tpu t  of t h e  system can be v a r i e d  cont inuously over a wide range. This  

is  p a r t i c u l a r l y  important under s t a r t u p ,  i d l e ,  and shutdown cond i t ions  

where quenching of combustion p r e s e n t s  a problem i f  t h e r e  are b o i l e r  

tubes p r e s e n t  i n  t h e  bed t h a t  w i l l  tend t o  reduce t h e  bed temperature  

below t h e  i g n i t i o n  p o i n t .  These are such v i t a l  problems t h a t  t h e  con- 

t r o l  concept envis ioned f o r  t h e  gas t u r b i n e  system i s  d i scussed  la ter  i n  

a s e p a r a t e  c h a p t e r .  

E f f e c t s  of Bed Operat ing P r e s s u r e  

Most of t h e  work on f l u i d i z e d  bed combustion has  been c a r r i e d  o u t  a t  

atmospheric p re s su re .  

release rates can be ob ta ined  i f  t h e  bed i s  p r e s s u r i z e d .  

However, work a t  BCURA has  shown t h a t  h ighe r  h e a t  

F u r t h e r ,  t h e  
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depth of t h e  bed can be inc reased  e s s e n t i a l l y  i n  d i r e c t  p ropor t ion  t o  t h e  

bed o p e r a t i n g  p r e s s u r e  wh i l e  ho ld ing  t h e  pumping power l o s s e s  c o n s t a n t .  

This  type of system is  p a r t i c u l a r l y  advantageous i f  t h e  bed i s  used i n  a 

combined gas turbine-steam c y c l e  wi th  h e a t  removed from t h e  bed f o r  t h e  

steam system and t h e  ho t  gases  from t h e  bed allowed t o  expand through a 

gas t u r b i n e .  The p r i n c i p a l  ques t ion  a s s o c i a t e d  wi th  t h i s  approach i s  t h e  

e x t e n t  t o  which co r ros ion  and e r o s i o n  of t h e  t u r b i n e  buckets  may prove t o  

be a problem. 

Combustion Gas-Side Corrosion 

The ra te  of c o r r o s i v e  a t t a c k  on t h e  combustion gas s i d e o f  iron-chrome- 

n i c k e l  a l l o y  tubes i n  a f l u i d i z e d  bed c o a l  combustion chamber has  r ece ived  

l i t t l e  a t t e n t i o n .  Viewed from t h e  s t andpo in t  of b a s i c  c o n s i d e r a t i o n s  t h e  

s i t u a t i o n  looks ve ry  promising because t h e  bu lk  of t h e  c o r r o s i o n  i n  steam 

g e n e r a t o r s ,  gas t u r b i n e s ,  and petroleum r e f i n e r y  equipment s t e m s  from t h e  

v a p o r i z a t i o n  of s u l f a t e s  and vanadates  i n  h igh  temperature  flames (2500 t o  

3000°F) and t h e i r  subsequent d e p o s i t i o n  as l i q u i d s  on h e a t  exchanger sur-  

f a c e s  t h a t  o p e r a t e  i n  t h e  temperature  range from 1200 t o  1500°F. 

r e l a t i v e l y  low o p e r a t i n g  temperature  of t h e  f l u i d i z e d  bed (%1600"F) t h e  

vapor p r e s s u r e  of s u l f a t e s  and vanadates  is s o  l o w  t h a t  t h i s  mode of a t t a c k  

should n o t  occur.  

A t  t h e  

There are some experimental  d a t a  from B r i t i s h  t es t s  c a r r i e d  out  a t  

1550°F wi th  a v a r i e t y  of iron-chrome-nickel a l l o y s .  These tests showed 

t h a t  t h e  300 series s t a i n l e s s  steels gave a weight l o s s  i n  a 500 h r  test 

equ iva len t  t o  1 mi l /yea r .  

expect  t h a t  a g i t a t i o n  of t h e  bed would act  t o  abrade t h e  p r o t e c t i v e  oxide 

f i l m  from t h e  s t a i n l e s s  steel .  The B r i t i s h .  a l s o  found evidence of s u l f u r  

This  i s  s u r p r i s i n g l y  low because one would 

p e n e t r a t i o n  i n  some of t h e  s t a i n l e s s  steel  specimens b u t  t h e  d a t a  are 

i n s u f f i c i e n t  f o r  eva lua t ion .  

Deve 1 ODment P r ob l e m s  

The major problems t h a t  have been experienced i n  t h e  development work 

o u t l i n e d  above have been wi th  t h e  f eed  of t h e  c o a l  and l imestone i n t o  t h e  

bed, blowthrough of f i n e s  and s e p a r a t i o n  of t h e s e  f i n e s  from t h e  gases  

l e a v i n g  t h e  bed, and e i t h e r  t h e  r e g e n e r a t i o n  of t h e  calcium s u l f a t e  t o  
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calcium oxide o r  f i n d i n g  some commercial use f o r  t h e  calcium su l f a t e -a sh  

mixture  produced from t h e  process .  

experienced i n  g e t t i n g  good combustion i n  t h e  bed,  t h e  p r i n c i p a l  problem 

being t h e  avoidance of excess ive  burning rates and ho t  s p o t s  a t  t h e  p o i n t s  

where t h e  c o a l  i s  introduced i n t o  t h e  bed. Note t h a t  t h e  bulk of t h e  work 

c a r r i e d  ou t  t o  d a t e  has  been wi th  beds having areas of 1 t o  10 f t 2  where 

a g i t a t i o n  of t h e  bed is  reasonably e f f e c t i v e  i n  d i s t r i b u t i n g  t h e  c o a l .  

However, t h e  beds envis ioned i n  t h i s  s tudy w i l l  have areas of 30 t o  50 

f t 2  , hence scale-up u n c e r t a i n t i e s  i n c l u d e  problems a s s o c i a t e d  wi th  d e v i s i n g  

p rov i s ions  f o r  a l a r g e  number of c o a l  f eed  p o i n t s  a c r o s s  t h e  bed, t h e  d i s -  

t r i b u t i o n  of c o a l  and l imestone a c r o s s  t h e  bed, t h e  upper l i m i t s  of gas 

v e l o c i t y  and bed depth,  t h e  s i z e  and spac ing  of h e a t  t r a n s f e r  t ubes ,  t h e  

c o n t r o l  of power level,  and t h e  d e c r e p i t a t i o n  rates and r e a c t i v i t i e s  of 

v a r i o u s  l imestones and dolomites a f t e r  r ecyc l ing .  

R e l a t i v e l y  l i t t l e  d i f f i c u l t y  has  been 

r 

I 

S u l f u r  Removal 

The Clean A i r  A c t ,  as amended i n  1970, provides  t h a t  t h e  Environmental 

P r o t e c t i o n  Agency (EPA) s h a l l  e s t a b l i s h ,  f o r  new s t a t i o n a r y  sources ,  na- 

t i o n a l  performance s t anda rds  t h a t  r e f l e c t  t h e  b e s t  system of emission re- 

duc t ion  t h a t  has  been adequately demonstrated. 

been i s sued  f o r  t h e  emission of s u l f u r  d iox ide  f o r  f o s s i l - f i r e d  steam plants 

t h a t  have a r a t i n g  of 250,000,000 Btu/hr  o r  g r e a t e r .  The emission s t anda rd  

f o r  c o a l - f i r e d  p l a n t s  of t h i s  s i z e  w a s  set a t  1 . 2  l b / m i l l i o n  Btu of h e a t  

i n p u t .  Fu r the r ,  under t h e  p rov i s ions  of t h e  1970 amendments t o  t h e  Clean 

A i r  A c t ,  each s t a t e  i s  r equ i r ed  t o  develop and submit an implementation 

These s t anda rds20  have 

p l a n  f o r  approval  by t h e  EPA. 

s i o n  c o n t r o l  r e g u l a t i o n s  designed t o  achieve and ma in ta in  n a t i o n a l  ambient 

a i r  q u a l i t y  s t anda rds .  To meet t h i s  requirement ,  many states have adopted 

s t a n d a r d s  covering t h e  emission of  s u l f u r  d iox ide  from f o s s i l - f u e l  burning 

p l a n t s .  

t h e  s ta tes  have se t  s t a n d a r d s  f o r  t h e  emission of s u l f u r  d i o x i d e  from coal-  

f i r e d  p l a n t s  a t  about t h e  EPA s t a n d a r d ,  1 . 2  l b / m i l l i o n  Btu. 

a l low a h ighe r  l e v e l  of emission. 

f o r  such emission, and i n  t h r e e  of t h e s e  s ta tes  t h e  lower l i m i t s  apply only 

The implementation p l an  must i nc lude  emis- 

A review2l of t h e  r e g u l a t i o n  i n  25 states reveals t h a t  most of 

A few s ta tes  

Only s i x  s ta tes  have set lower l i m i t s  

i- 

1- 
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i n  ve ry  l a r g e  c i t i e s .  One of t h e  str ictest  s t a n d a r d s  has been adopted i n  

New J e r s e y ,  t h a t  has  a s t a t e w i d e  l i m i t  of 0.2% s u l f u r  i n  t h e  c o a l  burned, 

which i s  equ iva len t  t o  a s u l f u r  d iox ide  emission rate of about 0 .3  l b / m i l  

Btu. 

The r e s u l t i n g  s i t u a t i o n  is  t h a t  i n  most states only c o a l  w i th  a s u l f u r  

con ten t  of from 0.2 t o  1%, o r  2% i n  a few states,  may be burned f o r  f u e l  

without  removal of some p a r t  of t h e  s u l f u r  e i t h e r  from t h e  c o a l  o r  as s u l -  

f u r  d iox ide  from t h e  f l u e  gases .  The r e q u i r e d  r e t e n t i o n  of t h e  s u l f u r  

d iox ide  t o  m e e t  emission l i m i t s  of  0 .3  and 1 .2  l b / m i l l i o n  Btu as a f u n c t i o n  

of t h e  weight pe rcen t  of s u l f u r  i n  t h e  c o a l  is  shown f o r  c o a l  w i th  a heating 

va lue  of 12,500 Btu/ lb  i n  Fig.  3.6. For example, t h e  h i g h e r  l i m i t  r e q u i r e s  

a 75% r e t e n t i o n  of SO;! and t h e  lower l i m i t  r e q u i r e s  a 94% r e t e n t i o n  f o r  3% 

s u l f u r  i n  t h e  c o a l .  

Conventional Furnaces 

Several methods f o r  removal of s u l f u r  o r  s u l f u r  d iox ide  from c o a l  and 

o i l  burned i n  convent ional  fu rnaces  have been i n v e s t i g a t e d .  The major p a r t  

of t h i s  work has  been devoted t o  two processes:  l imestone i n j e c t i o n  i n t o  

t h e  fu rnace  followed by w e t  scrubbing of t h e  f l u e  gases ,  and wet-limestone 

scrubbing of t h e  f h e  gases .  21 

I n  t h e  f i r s t  p rocess ,  ground l imestone i s  mixed with t h e  c o a l  and in -  

j e c t e d  a long  wi th  t h e  c o a l  i n t o  t h e  burning zone of t h e  furnace.  P a r t  of 

t h e  s u l f u r  i n  t h e  c o a l  is  absorbed by calcium i n  t h e  l imestone i n  t h e  same 

manner as i s  done i n  t h e  f l u i d i z e d  bed furnace.  There i s  one ve ry  important 

d i f f e r e n c e  i n  t h e  process  i n  t h e  convent ional  fu rnace  and t h e  f l u i d i z e d  

bed, and t h a t  is  t h e  temperature  of t h e  coal-l imestone mixture  i n  t h e  com- 

b u s t i o n  zone. 

furnace.  Experience wi th  t h e  f l u i d i z e d  bed has  shown t h a t  f o r  t h e  most 

e f f e c t i v e  s u l f u r  removal, t h e  bed must be maintained a t  between 1400 and 

1700°F.18 

tubes  i n  t h e  bed where combustion occurs .  

tests of l imestone i n j e c t i o n  i n  convent ional  fu rnaces  have shown t h a t  

only about 40 t o  50% s u l f u r  removal can b e  achieved. 

f u r  must be removed as SO2 by w e t  scrubbing of t h e  f l u e  gases .  Also,  

problems w i t h  ash bui ldup on b o i l e r  s u r f a c e s  w e r e  encountered. These 

The temperature  is  i n  excess  of 2000°F i n  t h e  convent ional  

This i s  accomplished by p l a c i n g  t h e  b o i l e r  o r  h e a t  t r a n s f e r  

Resu l t s21  ,22 of p i l o t - p l a n t  

The remaining s u l -  
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r e s u l t s  have l e d  t o  a reduced i n t e r e s t  i n  l imestone i n j e c t i o n  and t o  a 

g r e a t e r  emphasis on wet-limestone scrubbing of t h e  f l u e  gases  as t h e  method 

of SOz removal i n  convent ional  fu rnaces .  

The wet-limestone scrubbing process22 employs a s l u r r y  of ground l i m e -  

s t o n e  to r e a c t  with t h e  SO2 i n  t h e  f l u e  gases .  

are u s u a l l y  f i r s t  con tac t ed  i n  a v e n t u r i  scrubber  f o r  f l y  a s h  removal and 

then i n  two o r  more s t a g e s  of packed c o n t a c t e r s .  The gas from t h e  f i n a l  

scrubber  passes  through a demis t e r ,  a r e h e a t e r  and induced-draft  boos t e r  

The s l u r r y  and f l u e  gas 

f ans .  The used l imestone i s  removed as s ludge  and t h e  w a t e r  i s  r ecyc led  

t o  e l i m i n a t e  any l i q u i d  discharge.  A flow diagram is  shown i n  Fig.  3 . 7 .  

Almost a l l  of t h e  scrubbing processes  remove SO2 (an a c i d i c  gas)  w i th  

an aqueous s o l u t i o n  o r  s l u r r y  of a l k a l i n e  material. 

q u i r e  a scrubber  wi th  l i q u i d  r e c i r c u l a t i o n  and m i s t  e l i m i n a t i o n ,  gas f a n s ,  

duct-work and dampers, and gas r e h e a t  t o  r e s t o r e  plume buoyancy. I f  f l y  

a sh  p a r t i c u l a t e  are no t  removed by 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 ,  t h e  

scrubber  system g e n e r a l l y  must be expanded t o  a l low f o r  p a r t i c u l a t e  as 

well as SO2 removal, e s p e c i a l l y  wi th  r egene rab le  scrubbing,  because par- 

t i c u l a t e s  are u s u a l l y  unacceptable  i n  t h e  r egene ra t ion  system. 

These p rocesses  re- 

The scrubbing processes  a l l  r e q u i r e  a l k a l i  handl ing systems t o  pro- 

v ide  f o r  a l k a l i  makeup and f o r  product recovery o r  d i s p o s a l .  The throw- 

away processes  gene ra l ly  d i spose  of removed s u l f u r  as a waste s ludge  of 

calcium sal ts  and r e q u i r e  g r e a t e r  than s t o i c h i o m e t r i c  i n p u t  of a l k a l i .  

The regenerable  processes  convert  product s o l u t i o n s  o r  s o l i d s  t o  s u l f u r  

o r  s u l f u r i c  a c i d  and r e c y c l e  a l k a l i ,  so  ve ry  l i t t l e  a l k a l i  makeup i s  

r e q u i r e d .  

I 

Throwaway Scrubbing 

The l i m e  and l imestone s l u r r y  scrubbings p rocesses  have t h e  g r e a t e s t  

The f l u e  gas i s  scrubbed w i t h  a commercial appeal  t o  t h e  U.S. u t i l i t i e s .  

5-15% s l u r r y  of calcium s u l f i t e / s u l f a t e  con ta in ing  s m a l l  amounts of con- 

t i nuous ly  added l i m e  (CaO) o r  l imestone (CaC03). The s o l i d s  are con t in -  

uously sepa ra t ed  from t h e  s l u r r y  and u s u a l l y  disposed of i n  a s e t t l i n g  

pond. 

c r y s t a l l i z a t i o n  of t h e  s o l i d s  i n  t h e  scrubber .  

ging can occur i n  t h e  scrubber  and demis t e r ,  and s u f f i c i e n t  r e s i d e n c e  

The processes  are complicated by simultaneous d i s s o l u t i o n  and 

Calcium s c a l i n g  and plug- 
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t i m e  and l i q u i d  r e c i r c u l a t i o n  must be provided f o r  r e a c t i o n  of t h e  s o l i d s  

wi th  S02. 

ment e r o s i o n  and co r ros ion .  Not t h e  least of t h e  problems is  d i s p o s a l  

of t h e  " so l id"  waste, u s u a l l y  a s ludge "mud" composed of t i n y  c r y s t a l s  

and con ta in ing  about 50% water wi th  d i s so lved  calcium and trace metals 

from t h e  f l y  ash.  

I n  a d d i t i o n  t h e  high s o l i d s  concen t r a t ion  t ends  t o  cause equip- 

The l ime/ l imestone scrubbing p rocesses  are being o f f e r e d  by a number 

of developers ,  and systems are being planned and cons t ruc t ed  f o r  over  20 

p l a n t s .  

A number of developers  are working on double a l k a l i  systems t h a t  re- 

gene ra t e  t h e  scrubbing s o l u t i o n  by r e a c t i n g  it wi th  l i m e  o r  l imestone t o  

form waste calcium s u l f i t e / s u l f a t e  s ludge and r e c y c l e  a l k a l i n e  s o l u t i o n .  

The waste s o l i d s  should be washed t o  remove d i s s o l v e d  sodium sal ts  b u t  

otherwise p re sen t  t h e  same waste d i s p o s a l  problem as s l u r r y  scrubbing.  

The h i g h l y  e f f i c i e n t  sodium a l k a l i  s o l u t i o n  pe rmi t s  u se  of ve ry  s imple 

sc rubbe r s  such as s ing le - s t age  v e n t u r i i  t o  remove both SO2 and p a r t i c u -  

lates. General Motors Corporation and C a t e r p i l l a r  T rac to r  Company are 

designing and c o n s t r u c t i n g  i n d u s t r i a l  b o i l e r  a p p l i c a t i o n s  of double a l k a l i  

systems us ing  l i m e  r egene ra t ion .  Major development of l imestone regenera- 

t i o n  has  been c a r r i e d  on by Showa Denko and Kureha i n  Japan. 

Japanese a p p l i c a t i o n  w a s  scheduled t o  start  up i n  1973.  

p i l o t  p l a n t  work by A. D. L i t t l e  t o  gene ra t e  des ign  d a t e  on a l t e r n a t e  

double a l k a l i  processing schemes. 

A 200-MW 

EPA is suppor t ing  

Chiyoda of Japan has  developed a throwaway scrubbing p rocess  w i t h  a 

d i f f e r e n t  mode of S o p  removal. 

a c i d  con ta in ing  f e r r i c  i o n  which complexes w i t h  i t .  I n  a s e p a r a t e  vessel 

t h e  r e t a i n e d  SO2 is a i r -ox id ized  t o  s u l f u r i c  a c i d .  The product  stream of 

d i l u t e  a c i d  is  n e u t r a l i z e d  wi th  l i m e  o r  l imestone t o  form a h igh  q u a l i t y ,  

l a r g e  c r y s t a l  s i z e  gypsum product t h a t  i s  e a s i l y  disposed of and may even 

be marketable.  The system h a s  been t e s t e d  on an  o i l - f i r e d  b o i l e r  and 

w i t h  s imulated c o a l  f l y  aSh i m p u r i t i e s .  

a t i n g  i n  Japan and s e v e r a l  more are under c o n s t r u c t i o n .  

The SO2 is  absorbed i n  d i l u t e  s u l f u r i c  

One commercial system is  oper- 
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Regenerable Scrubbing 

There are t h r e e  b a s i c  techniques f o r  r e g e n e r a t i o n  of a spen t  a l k a l i  

scrubbing s o l u t i o n  o r  s l u r r y .  

1. 

2. 

D i rec t  thermal t reatment  t o  produce S O 2 .  

Acid decomposition of t h e  a l k a l i  t o  SO2 and s u l f a t e s  followed 

by secondary conversion of t h e  s u l f a t e s  t o  a c i d  and a l k a l i .  

3. D i r e c t  r e a c t i o n  of t h e  sc rubb ing  s o l u t i o n  wi th  hydrogen s u l f i d e  

(H2S) o r  CO t o  produce s u l f u r  o r  H2S. 

Thermal t r ea tmen t  is t h e  most d i r e c t  approach and i s  a l s o  b e t t e r  developed. 

React ion wi th  H2S o r  CO w i l l  probably be t h e  most c o s t  e f f e c t i v e  approach 

s i n c e  i t  can d i r e c t l y  produce s u l f u r  r a t h e r  t han  SO2. 

Many of t h e  r egene rab le  p rocesses  produce concen t r a t ed  gaseous SO2 

as an  in t e rmed ia t e  product .  Conversion of t h e  SO2 t o  s u l f u r i c  a c i d  i s  

s t r a i g h t f o r w a r d  v i a  r e a c t i o n  with a i r  i n  a c o n t a c t  a c i d  p rocess .  Con- 

v e r s i o n  t o  s u l f u r  i s  more d i f f i c u l t .  A l l i e d  Chemical Company has  success-  

f u l l y  ope ra t ed  a ve ry  l a r g e  p l a n t  (500 LT/day) producing s u l f u r  by r e a c t i o n  

of methane wi th  a smelter gas c o n t a i n i n g  15% SO2 a t  temperatures  g r e a t e r  

t han  816°C (1500'F). 

up Claus system r e a c t i n g  r e s i d u a l  H2S and SO2 t o  s u l f u r .  

should work e q u a l l y  w e l l  on gases  c o n t a i n i n g  95% S 0 2 .  

s u l f u r  i nvo lves  r e a c t i n g  SO2 wi th  H 2  a t  371'C (700OF) t o  form H2S, followed 

by r e a c t i o n  of t h e  remaining SO2 wi th  H2S i n  a Claus system. Sulfur can 

a l s o  be produced by r e a c t i o n  w i t h  CO a t  371'C (700OF). Regenerable pro- 

cesses t h a t  produce H2S can use t h e  convent ional  Claus technology t o  make 

s u l f u r .  

The primary r e a c t o r  i s  followed by a secondary clean- 

The process  

Another approach t o  

The Wellman-Lord process  uses  d i r e c t  thermal  r e g e n e r a t i o n  of sodium 

s u l f i t e / b i s u l f i t e  scrubbing s o l u t i o n .  

t o  c r y s t a l l i z e  sodium s u l f i t e  f o r  a l k a l i  makeup and gene ra t e  water vapor 

con ta in ing  t h e  removed S 0 2 .  

of t h e  w a t e r .  

low p r e s s u r e  t u r b i n e  steam o r  a h e a t  pump. 

SO3 pickup o r  o x i d a t i o n  i n  t h e  scrubber  cannot be r egene ra t ed  and i s  

u s u a l l y  purged as sodium s u l f a t e  s o l i d s  con ta in ing  5-10% of t h e  s u l f u r  

removed from t h e  s t a c k  gas.  

The s o l u t i o n  i s  completely evaporated 

The SO2 is  concen t r a t ed  t o  95% by condensation 

Heat a t  121'C (250OF) f o r  t h e  evaporator  can be supp l i ed  by 

Residual  s u l f a t e  formed by 
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Wellman-Lord systems have been t r e a t i n g  s t a c k  gas from a s u l f u r i c  a c i d  

p l a n t  s i n c e  1970 and a Claus p l a n t  ( s u l f u r  recovery) and o i l - f i r e d  b o i l e r  

s i n c e  1971 ( i n  Japan) .  Two new u n i t s  t r e a t i n g  s u l f u r i c  a c i d  and Claus t a i l  

gas are be ing  s t a r t e d  up i n  t h e  U.S. EPA is co-funding a 100-MW u t i l i t y  

demonstrat ion w i t h  Northern Ind iana  P u b l i c  Se rv ice  t h a t  i s  due t o  start  up 

i n  l a te  1974. 

t h e  A l l i e d  Chemical process .  

The demonstration w i l l  i n c o r p o r a t e  product ion of s u l f u r  by 

The magnesium oxide (MgO) scrubbing p rocess ,  developed i n  t h e  U.S. by 

t h e  Chemico Corporation d i f f e r s  from t h e  l i m e  scrubbing system i n  t h a t  a 

MgO s l u r r y  i s  used as t h e  absorbent .  The spen t  s l u r r y  i s  t r e a t e d  t o  recover 

t h e  MgO f o r  r e u s e ,  and by-product s u l f u r i c  a c i d  is  produced. A s  desc r ibed  

by Chemico, t h e  spen t  s l u r r y  from a number of p l a n t s  would be processed a t  

a c e n t r a l  l o c a t i o n ,  and t h e  r egene ra t ed  MgO would be r e t u r n e d  t o  t h e  u s e r .  

They b e l i e v e  t h a t  t h e  sale of s u l f u r i c  a c i d  would pay f o r  t h e  r educ t ion  

s t e p  and s t i l l  g i v e  a s a t i s f a c t o r y  r e t u r n  on investment t o  t h e  u s e r .  

With EPA co-funding, Chemico has  cons t ruc t ed  a MgO scrubbing system 

f o r  a 150-MM o i l - f i r e d  b o i l e r  a t  Boston Edison Company. The c a l c i n e r  and 

a c i d  p l a n t  are l o c a t e d  a t  Runford, R . I .  A similar system has  been con- 

s t r u c t e d  f o r  Potomac Electr ic  Company f o r  a c o a l - f i r e d  b o i l e r .  It t o o  w i l l  

u se  t h e  c a l c i n i n g  f a c i l i t i e s  a t  Rumford. Operation of t he  system a t  Boston 

has  demonstrated u t i l i z a t i o n  of t h e  r ecyc led  MgO and b e t t e r  t han  90% SO2 

removal, a l though numerous minor problems have been encountered w i t h  

hand l ing  of s o l i d s .  

The Stone & Webster / Ionics  and t h e  NH3-bisulfate p rocesses  u s e  a c i d  

decomposition. The spen t  a l k a l i n e  s o l u t i o n  (mostly b i s u l f i t e  salts) i s  re- 

a c t e d  w i t h  s t r o n g  b i s u l f a t e  a c i d  t o  produce concen t r a t ed  SO2 gas and s u l -  

f a t e  salts. The Stone & Webster / Ionics  p rocess  uses  e l e c t r o l y s i s  t o  convert 

sodium s u l f a t e  s o l u t i o n  t o  sodium hydroxide and s u l f u r i c  a c i d  ( o r  sodium 

b i s u l f a t e ) .  

ammonium s u l f a t e  t o  ammonium b i s u l f a t e  and NH3. S u l f a t e s  produced i n  t h e  

sc rubbe r s  cannot be r egene ra t ed  by a c i d  decomposition, b u t  can be removed 

by n e u t r a l i z i n g  a p o r t i o n  of t h e  b i s u l f a t e  a c i d  w i t h  l imestone t o  produce 

gypsum waste. 

Webster / Ionics  p rocess  can purge s u l f a t e s  as d i l u t e  s u l f u r i c  a c i d  f o r  a c i d  

p l a n t  water makeup. 

The NH3-bisulfate process  u s e s  thermal  decomposition of molten 

I f  s u l f u r i c  a c i d  is  produced from t h e  S 0 2 ,  t h e  Stone & 

EPA and Wisconsin Electr ic  Company are c u r r e n t l y  
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co-funding a pilot plant demonstration of the Stone & Webster/Ionics pro- 
cess. Tennessee Valley Authority (TVA) has piloted ammonia scrubbing and 

acid decomposition. NH3 scrubbing has a problem with the formation of an 

ammonium salt particulate fume that escapes from the scrubber. Table 3.3 

summarizes the various processes and their state of commercial development. 

Table 3.3. Comparative Levels of Development-Commercial Systems 

Process Representative Commercial 
Applications Technology Gaps 

Lime Scrubbing 25 MW Oil - 1970 
150 MW Coal - 1972 
430 MW Coal - 1971a 

MgO Scrubbing 150 MW Oil - 1972a 
125 W Coal - 1973 

Wellman-Lord Acid and sulfur plants 
70 MW Oil - 1971 
100 MW Coal - 1973 

Double Alkali BaSO Kiln - 1971 
40 MJ Coal - 1973 
200 MW Oil - 1973 

Scaling and plugging 
Erosion 
Waste disposal 

Demo sulfur production 
Solids handling 

Na2S0, purge reduction 
Demo sulfur production 

Waste disposal 
Solids handling 

a These systems have not yet successfully started up. 

Environmental Impact 

Generally, all of the systems can achieve 90-95% SO2 control, so this 

is not a valid consideration for ranking. Table 3.4 ranks the systems pri- 

marily on the basis of the form of the sulfur product. In order of increas- 

ing environmental insult the products are elemental sulfur, sulfuric acid, 

gypsum (CaSO,), and calcium sulfite/sulfate sludge. Sulfuric acid is less 

desirable than sulfur because it is more difficult to ship and market and 

is not a disposable waste. 

able because of its chemical oxygen demand and large volume per ton of sul- 

fur. Other considerations of environmental impact include the quantity and 

quality of waste materials from sorbent degradation. 

MgO is the cleanest process; no waste products are expected from its 

Calcium sulfite/sulfate sludge is least desir- 

operation. Limestone scrubbing would have the largest quantity of waste 
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material wi th  8-13 t o n s  of w e t  s ludge  pe r  t on  of s u l f u r .  The f l u i d i z e d  

bed would be much s u p e r i o r  i n  t h a t  i t  would no t  only g i v e  a much reduced 

tonnage but  a l s o  i t  would 

calcium s u l f i t e .  

Table 3.4. 

1. MgO 

2. Regenerable sodium a1 

1 

I 

i 1  

I 

I 

.. 2 

3. Regenerable ammonia s 

4. Acid n e u t r a l i z a t i o n  
(Chiyoda o r  H i t a c h i  

5. L i m e  throwaway scrubb 
( S l u r r y  o r  double a 

6. Limestone throwaway s 

The q u a l i t y  and quan 

of throwaway process .  Th 

a h igh  q u a l i t y  marketable 

Throwaway processes  us ing  

because of g r e a t e r  u t i l i z  

zive d r y  calcium s u l f a t e  r a t h e r  t han  g e l a t i n o u s  

Dmparative Environmental Impact 

Products  and Waste 
P e r  Ton S u l f u r  Abated 

3 t o n s  H2SO4 (100%) 
o r  1 t o n  s u l f u r  

s l i  scrubbing 0.95 tons  s u l f u r  
0.25 tons  Na2S04 o r  Cas04 

rubbing 0.95-1.0 t o n s  s u l f u r  
0.0-0.15 t o n s  (NH4)2 SO4 

5.5 tons  d r y  Cas04 
carbon) 

ng 
k a l i )  

rubbing 

6-9 tons  CaS03/S04 
w e t  s ludge  

8-13 tons  CaS03/SOh 
w e t  s ludge 

i t y  of calcium sludge product va ry  w i t h  t h e  type  

Chiyoda and H i t a c h i  p rocesses  d i r e c t l y  produce 

gypsum by n e u t r a l i z a t i o n  of d i l u t e  s u l f u r i c  a c i d .  

l i m e  make less s ludge  than  one us ing  l imestone 

t i o n  (lower s to i ch iomet ry )  of t h e  calcium value.  

Improvements are under development i n  t h e  s ludge  volume and q u a l i t y  from 

l ime/ l imestone scrubbing systems. I n  d i s p o s a l  ponds, s e t t l e d  s ludge  from 

l imestone scrubbing is  40-50% water and occupies  300 f t 3  p e r  t o n  of con- 

t a i n e d  s u l f u r .  

The r egene rab le  scrubbing p rocesses  us ing  sodium o r  ammonium a l k a l i  

produce some s u l f a t e  t h a t  cannot be r egene ra t ed .  

marketed as such o r  converted t o  calcium s u l f a t e  f o r  s o l i d  waste d i s p o s a l .  

Ammonium s u l f a t e  can b e  marketed o r  decomposed t o  N 2  and S02.  

Sodium s u l f a t e  can be 
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Ammonia scrubbing processes may suffer from sulfitelsulfate fume for- 

mation. There appear to be solutions to this problem but their costs are 

not included in current cost estimates and their feasibility has not been 

tested. In addition, ammonia scrubbing will emit 25-100 ppm of gaseous 

NH3. 

Almost all of the systems have potential for particulate emissions as 

entrained solids, slurry, or solution, but such entrainment is easily elim- 

inated with solution scrubbing and can be eliminated for slurry scrubbing 

and solids contacting by the proper design of mist eliminators and cyclones. 

Most of the commercial applications of stack gas cleaning are being 

designed for 80-90% SO2 removal, but potentially most processes could 

achieve up to 90% removal. 

cesses are immediately capable of 99% SO2 removal. 

hydroxide scrubbing were added, Wellman-Lord and double alkali could 

achieve up to 99% removal. Such effective SO2 removal may be necessary 

for future abatement of sulfur pollutants. 

The Stone & Webster/Ionics and Sulfoxel pro- 

If a stage of sodium 

Economic Analysis 

The cost of stack gas cleaning is an important criterion in process 

evaluation because it will ultimately determine the process to be used if 

other considerations are equal. At the same time, process economics is 
the most difficult criterion to generalize on a comparative basis. On the 
basis of cost information from contractors and other sources, the Control 

Systems Laboratory, EPA, prepared and presented information representing 

the costs of the major wet scrubbing processes.23 This information base 
has been expanded to include the double alkali and citrate processes.24 

Essentially all economic comparisons published to date have been aimed 

at utility systems based on 500 MW generating capacity (or larger), 3.5% 

S coal, a retrofit system and 60% load factor. On this basis EPA6 esti- 

mates installed capital costs of $24-36/kW for throwaway systems and $39-55 

per kW for recovery systems. These costs include particulate waste removal 

at $l/ton, no credit for sulfur product and no costs for waste disposal 

facilities which are usually $5-10/kW. 

ably lower than recent estimates prepared by the TVA for throwaway lime or 

limestone slurry systems.25 

These published costs are consider- 

The TVA estimates are shown in Table 3.5. 
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Table 3.5. TVA Cost Estimates of Lime/Limestone 
Stack G a s  Cleaning Systems” 

S ize ,  Type I n s t a l l e d  Cost 
$ /kW 

500 Mw - R e t r o f i t  60 

500 MW - New I n s t a l l a t i o n  50 

100 Mw - R e t r o f i t  70-90 

9~1975 d o l l a r s ,  assumes developed technology. TVA 
estimates t o t a l  o p e r a t i n g  c o s t  f o r  a 500-Mw r e t r o f i t  
system, a t  14.9% f i x e d  charge ra te ,  t o  be 2.7 mils/kWhr, 
about h a l f  of which i s  o p e r a t i n g  c o s t .  

The v a r i a t i o n  of c o s t s  w i th  source parameters ( s i z e ,  s u l f u r  c o n t e n t ,  

load f a c t o r ,  e tc . )  is  much g r e a t e r  than t h e  v a r i a t i o n  of c o s t s  between 

p rocesses .  Depending on source c o n d i t i o n s ,  t h e  annual ized c o s t  of l i m e -  

s t o n e  scrubbing may conceivably vary from 4O-99c/1O6 Btu. 

c o s t s  i nc lude  o p e r a t i n g  c o s t s  and 22.2% c a p i t a l  charges  f o r  d e p r e c i a t i o n  

and r e t u r n  on investment.  

The annual ized 

Throwaway p rocesses  are favored by simultaneous p a r t i c u l a t e  s c rubb ing  

and SO2 removal, low c o s t s  of waste d i s p o s a l ,  and l a c k  of a s u l f u r  prod- 

uc t  market; r egene rab le  processes  are favored by high w a s t e  d i s p o s a l  c o s t s ,  

and a major impact on c o s t s .  The throwaway p rocesses  c o s t  about t h e  same 

as the  r egene rab le  processes  because t h e  added complexi t ies  of calcium 

s l u r r y  scrubbing ba lance  the requirement f o r  so rben t  r e g e n e r a t i o n  and 

product recovery.  

A s  viewed by EPA, t h e  least  c o s t l y  processes  are t h o s e  newer systems 

under development r ep resen ted  by t h e  double a l k a l i  p rocess .  However t h e s e  

new systems are only expected t o  reduce annual ized c o s t s  15-20%. 

The annual ized c o s t s  are p r i m a r i l y  composed of c a p i t a l  charges f o r  

d e p r e c i a t i o n ,  r e t u r n  on investment ,  and maintenance, but  u t i l i t i e s  and 

materials c o s t s  are s i g n i f i c a n t .  The energy requirements of t h e  processes  

are r ep resen ted  i n  Table 3.6. 

energy requirements bu t  t h e  g r e a t e s t  material requirements.  

scrubbing process  would r e q u i r e  a t o t a l  i n c r e a s e  i n  f u e l  consumption a t  

t h e  power p l a n t  of about 3.5%; Stone & Webster / Ionics ,  10.7%. 

The throwaway processes  have t h e  lowest 

The l i m e  
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Table 3 . 6 .  Process  Energy Requirementsa 

Rep r e s e n t  a t  i v e  
Process 

Energy as % of Power P l a n t  Output 
Power Fuel  

Throwaway Scrubbing 

Limestone Scrubbing 

L ime  Scrubbing 

Chiyoda 

Kegenerable Scrubbing ( t o  S) 

Wellman-Lord 

MgO 
Stone & Webster/Ionics 

NH3-Bisulfate 

Citrate, Su l foxe l  

2.2 

1 . 9  

2.2 

b 4.5 

2.2 

7.6 

1 .9  

2.0 

1 . 6  

1 . 6  

1 . 6  

3.1 

5.6 

3.1 

5 . 1  

3.1 
~~ 

Based on c o a l  w i t h  3.5% s u l f u r .  a 

b Inc ludes  2.5% d e r a t i n g  of power ou tpu t  f o r  steam consumption (5% 
at  15 p s i g ) .  

Thus i t  may be concluded t h a t  f o r  i n d u s t r i a l  b o i l e r s :  

1. Reasonably waste-free f l u e  gas c l e a n i n g  p rocesses  are o r  w i l l  soon 
< 

b e  a v a i l a b l e  a t  annual ized c o s t s  of = 5Oc/1O6 Btu. 

2. L i m e  scrubbing and t h e  Wellman-Lord system are i n  commercial prac- 

t i ce .  Other processes  have s p e c i f i c  development problems. 

3 .  Cost d i f f e r e n c e s  between p rocesses  are r a r e l y  g r e a t e r  t han  15%. 

Throwaway processes  are s i g n i f i c a n t l y  less c o s t l y  on ly  where waste d i s p o s a l  

is  cheap. 

4 .  Regenerable processes  o f f e r  less p o t e n t i a l  f o r  environmental  deg- 

r a d a t i o n  by waste p roduc t s ,  a l though sale of t h e  by-product could be a 

problem. 

Fluidized-Bed Furnaces 

The motion of t h e  p a r t i c l e s  i n  a f l u i d i z e d  bed p rov ides  an  i d e a l  en- 

vironment f o r  c o n t a c t i n g  l imestone wi th  s u l f u r  oxides  i n  t h e  bed. The 

movement of t h e  p a r t i c l e s  provides  uniform c o n t a c t  w i t h  t h e  s u l f u r  oxides  
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Table 3.7. Estimated Annual Operating Cost of a Limestone 
S l u r r y  System f o r  S u l f u r  Dioxide Removal 
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Basis: 830,000 l b  s team/hr ,  49 t o n s / h r  c o a l  (23.8 x l o 6  B tu / ton ) ,  3.5% 
s u l f u r ,  80% p l a n t  f a c t o r  (292 days /y r )  75% scrubbing e f f i c i e n c y ,  
equipment c a p i t a l  c o s t  $6,210,000. 
9014 t o n s / y r  of s u l f u r  removed. 

49 x 24 x 292 x 0.035 x 0.75 = 

C a p i t a l  charges  @ 22.2% f i x e d  charge ra te  $1,378,620 

Limestone (5 T / T  s u l f u r )  @ $8 /T  360,560 

Grinding and s l u r r y  p r e p a r a t i o n  (100 kWhr/T l imestone)  
@ 15 mils/kWhr 1,352 

Water (3000 G a l / T  s u l f u r  removed) @ 15c/1000 g a l  4,056 

Repairs  and maintenance materials (3% of c a p i t a l )  

Disposal  (15 T of 50% s o l i d s  per  T of s u l f u r )  @ $ 4 / T  

Labor ($14,52O/yr per  man) 2.5 men/sh i f t  

F r inges  @ 40% of l a b o r  

186 , 300 
540 , 840 
108 , 900 
43,560 

T o t a l  annual  o p e r a t i n g  c o s t  $2,624,188 

Cost p e r  T of s u l f u r  removed - $291 

Cost p e r  m i l l i o n  Btu - 32c 

and creates e r o s i o n  of t h e  s u l f a t e d  s h e l l  and exposes unreacted s u r f a c e s .  

The bed o p e r a t i n g  temperature  range is  favorab le  f o r  t h i s  chemical r e a c t i o n .  

A cons ide rab le  amount of experimental  work has  been done wi th  f l u i d -  

i z e d  beds du r ing  t h e  p a s t  few yea r s  and t h i s  has  shown t h a t  t h i s  system has 

ve ry  good p o t e n t i a l  as a method of s u l f u r  removal from f o s s i l  f u e l s .  Re- 

s u l t s  ob ta ined  by Pope, Evans and Robbins, 

and t h e  Na t iona l  Coal Board18 of England demonstrate t h a t  up t o  97% of t h e  

s u l f u r  content  of t h e  c o a l  burned i n  a f l u i d i z e d  bed can be r e a c t e d  wi th  

l imestone and t h u s  be removed as an  a i r  p o l l u t a n t  i n  t h e  form of SO2.  

of t h e s e  i n v e s t i g a t o r s  has  found t h a t  t h e  degree of s u l f u r  removal v a r i e s  

q u i t e  widely depending upon a r a t h e r  l a r g e  number of v a r i a b l e s .  

p e a r s  t o  be good agreement as t o  which are t h e  more important v a r i a b l e s  and 

most of t h e  r e s u l t s  ag ree  on t h e  e f f e c t  of a p a r t i c u l a r  f a c t o r .  A compre- 

hens ive  a n a l y s i s  of t h e s e  v a r i a b l e s  and t h e i r  e f f e c t s  i s  given i n  Ref. 18. 

Argonne Na t iona l  Laboratory,  26 

Each 

There ap- 
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The e f f e c t s  of n i n e  of t h e  more important  v a r i a b l e s  are considered i n  

t h e  fol lowing d i s c u s s i o n  i n  o r d e r  t o  p o i n t  up t h e i r  importance i n  a r r i v i n g  

a t  a system t h a t  can achieve t h e  d e s i r e d  ra te  of s u l f u r  removal. These 

v a r i a b l e s  inc lude :  

1. Ca/S r a t i o  

2 .  Coal type 

3 .  Addit ive type 

4 .  Combustion temperature  

5. F l u i d i z i n g  v e l o c i t y  

6. Addit ive p a r t i c l e  s i z e  

7.  Fines  r e c y c l e  

8. Bed h e i g h t  

9 .  Operating p r e s s u r e  

Ca/S Ra t io  

The Ca/S mole r a t i o  i s  t h e  most s i g n i f i c a n t  v a r i a b l e  determining t h e  

r educ t ion  i n  SO2 emission. The SO2 emission is  reduced and approaches ze ro  

as t h e  r a t i o  of calcium t o  s u l f u r  i s  i n c r e a s e d .  The s u l f u r  r e t e n t i o n  i s  

almost independent of t h e  s u l f u r  con ten t  of t h e  c o a l  a t  a given va lue  of 

t h e  Ca/S mole r a t i o .  The % s u l f u r  r e t e n t i o n  as a f u n c t i o n  of Ca/S r a t i o  

i s  i l l u s t r a t e d  i n  Fig.  3.8. The pe rcen t  s u l f u r  r e t e n t i o n  i s  de f ined  as: 

x 100 S u l f u r  i n  c o a l  - S u l f u r  i n  gas  
S u l f u r  i n  c o a l  

This  i nc ludes  t h e  b e n e f i t  of t h e  n a t u r a l  tendency of t h e  c o a l  t o  r e t a i n  

some of i t s  s u l f u r  even without  any l imes tone  a d d i t i o n ,  which may o f t e n  

amount t o  about 10%. The s u l f u r  r e t e n t i o n  i n c r e a s e s  from 6 1  t o  93% as t h e  

Ca/S r a t i o  is  inc reased  from 1 .3  t o  3.3.  These d a t a  are from R e f .  18 f o r  

P i t t s b u r g h  c o a l  and Limestone 1 8  wi th  a p a r t i c l e  s i z e  of 1680 um o r  less 

a t  a bed temperature  of 1560"F, a f l u i d i z i n g  v e l o c i t y  of 4 f p s ,  a bed 

he igh t  of 2 . 2  f t .  and without  f i n e s  r e c y c l e .  

The s u l f u r  r e t e n t i o n  a t  a given Ca/S mole r a t i o  is  dependent upon t h e  

o t h e r  v a r i a b l e s .  For a given c o a l  and type  of calcium-bearing a d d i t i v e ,  

t h e  s u l f u r  r e t e n t i o n  is  improved wi th  lower f l u i d i z i n g  v e l o c i t i e s ,  a bed 

temperature  of around 1500"F, smaller a d d i t i v e  p a r t i c l e  s i z e ,  i nc reased  

bed he igh t  and wi th  r e c y c l e  of t h e  f i n e s  l a r g e r  t han  about 10 urn. 
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Type of Coal 

The most important c o a l  p rope r ty  is  t h e  s u l f u r  c o n t e n t ,  s i n c e  t h e  quan- 

t i t y  of a d d i t i v e  r e q u i r e d  f o r  a given percentage of s u l f u r  r e t e n t i o n  is 

approximately p r o p o r t i o n a l  t o  t h i s  and t h e  percentage SO2 r educ t ion  t h a t  

must be achieved i n  o rde r  t o  o b t a i n  a p a r t i c u l a r  SO2 emission i s  lower wi th  

a low-sulfur c o a l .  A d i r e c t  comparison of c o a l s  with d i f f e r e n t  s u l f u r  

content  may be made by p l o t t i n g  t h e  percentage SO2 r e d u c t i o n  a g a i n s t  t h e  

Ca/S mole r a t i o .  

SO2 removal i s  a f u n c t i o n  of t h e  Ca/S r a t i o  only and independent of t h e  

s u l f u r  content  i t s e l f .  

of c o a l  are shown i n  Fig.  3 . 9 .  The r e s u l t s  f o r  t h r e e  of t h e  c o a l s  f a l l  

t o g e t h e r  gene ra l ly  b u t  t h e  r e s u l t s  f o r  t h e  Welbeck c o a l  are up t o  15% 

h ighe r .  

bu t  t h e  Welbeck c o a l  had only 1 . 3 %  S.  

probable  exp lana t ion  of t h e  h ighe r  SO2 r educ t ion  wi th  Welbeck c o a l  is  i ts  

low s u l f u r  con ten t ,  which had t h e  consequence t h a t  t h e r e  w a s  a low a d d i t i v e  

feed rate. The low feed  rate l e d  t o  a longer  r e s idence  t i m e  and could have 

r e s u l t e d  i n  a h ighe r  degree of s u l f a t i o n ,  p a r t i c u l a r l y  i f  p a r t i c l e  a t t r i -  

t i o n  w a s  an important e f f e c t .  

A l l  t h e  c o a l  t ypes  should f a l l  on t h e  same curve i f  t h e  

Data from t h e  Nat ional  Coal Board18 f o r  f o u r  types 

The o t h e r  t h r e e  c o a l s  had s u l f u r  con ten t s  ranging from 2 t o  4 .4%,  

The i n v e s t i g a t o r s  s ta te  t h a t  t h e  

Another p o s s i b l e  exp lana t ion  f o r  v a r i a t i o n  i n  SO2 r e d u c t i o n  among d i f -  

f e r e n t  t ypes  of c o a l  has  been proposed by workers a t  Westinghouse.14 They 

analyzed d a t a  from t h e  Na t iona l  Coal Board tes ts  and f e l t  t h a t  t h e  r e s u l t s  

showed a t r end  wi th  t h e  s w e l l i n g  index  of t h e  c o a l  r a t h e r  t han  t h e  s u l f u r  

con ten t .  

shown i n  Fig.  3.10. They show a d i s t i n c t  curve f o r  each of f o u r  types of 

c o a l  with t h e  s u l f u r  r e t e n t i o n  i n c r e a s i n g  wi th  a dec rease  i n  t h e  s w e l l i n g  

index ,  

t h e  r e s u l t s  of t h e  o t h e r  t h r e e  d i d  n o t  c o r r e l a t e  w i th  s u l f u r  con ten t .  The 

e f f e c t  of s w e l l i n g  index i s  exp la ined  by t h e  f a s t e r  release of v o l a t i l e s  

from t h e  c o a l s  w i t h  low s w e l l i n g  i n d i c e s .  

and Westinghouse i n d i c a t e  t h e  s u l f u r  removal may be in f luenced  by t h e  r a t i o  

of i no rgan ic  t o  o rgan ic  s u l f u r  i n  t h e  c o a l .  

Their  smoothed curves of % S r e t e n t i o n  a g a i n s t  Ca /S  r a t i o  are 

The Welbeck c o a l  gave t h e  b e s t  r e s u l t s  of t h e  f o u r  types ,  but  

Both t h e  Na t iona l  Coal Board 

Another c o a l  p rope r ty  t h a t  is  thought t o  probably be of importance i s  

t h e  composition of t h e  ash material  i n  t h e  c o a l .  

make r e f e r e n c e  t o  r e s u l t s  ob ta ined  by t h e  Bureau of Mines where they  found 

Westinghouse14 workers 
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Fig. 3.9. Comparison of SO2 reduction f o r  different 
coals with U.K. limestone. (Ref. 18). 
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that with a high-ash coal containing silicate materials the formation of a 

glassy coating from the reaction of the lime and silicates occurred. This 
glassy coating reduced the sulfur removal to about 15%. 

was washed, reducing the amount of ash material, sulfur removals of 89 to 

94% were obtained. 

When the same coal 

Type of Additive 

Limestones and dolomites from several sources have been used as addi- 

tives to provide the calcium for tests in coal-burning fluidized beds. The 

National Coal Board18 ran tests with Dolomite 1337 (28.9% CaO), Limestone 

18 (45.7% CaO), Limestone 1359 (55.7% CaO) and U.K. Limestone (55.4% CaO). 

It was found that on a molar basis the four additives can be placed in 
descending order of effectiveness as follows: 

Limestone 18  

U.K. Limestone and Dolomite 1337 

Limestone 1359 

A plot of percent sulfur retention against Ca/S ratio is given in 

Fig. 3.11 for Limestone 18 and Dolomite 1337 with Pittsburgh coal at a tem- 

perature of 1470°F and a velocity of 4 fps. 

dolomites is lower than that of limestones the effectiveness of dolomite 

on a weight basis is lower than limestone of the same effectiveness on a 

molar basis. Thus, on a weight basis, the above order of effectiveness is 

changed to: 

Since the calcium content of 

Limestone 18 

U.K. Limestone 
Limestone 1359 

Dolomite 1337 

Pope, Evans, and Robbinsll ran a number of experiments with Dolomite 
1337 and Limestone 1359 in a fluidized bed burning Ohio No. 8 seam Pitts- 

burgh coal. 

basis, but the limestone was more effective on a weight basis, which agrees 

with the National Coal Board's results. 

They found that the dolomite was more effective on a molar 

J 
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Combustion Temperature 

S t u d i e s  of t h e  e f f e c t  of t h e  combustion temperature of t h e  f l u i d i z e d  

bed on s u l f u r  r e t e n t i o n  by t h e  Na t iona l  Coal Board18 i n d i c a t e  t h a t  f o r  most 

o p e r a t i n g  cond i t ions  t h e r e  i s  an optimum temperature  between 1400'F and 

1600°F a t  which t h e  pe rcen t  s u l f u r  r e t e n t i o n  i s  a maximum, dec reas ing  from 

t h a t  va lue  a t  both lower and h ighe r  temperatures .  The i n f l u e n c e  of bed 

temperature  appears t o  be r e l a t e d  t o  f i n d i n g s  from l a b o r a t o r y  s t u d i e s  of 

Limestone 18 t h a t  t h e  r e a c t i o n  rate cons t an t  v a r i e s  w i th  temperature  i n  a 

manner t h a t  depends on t h e  f r a c t i o n  of t h e  l i m e  u t i l i z e d .  With less than 

20% of t h e  l i m e  converted,  t h e  r e a c t i o n  rate cons t an t  con t inues  t o  rise 

wi th  temperature  up t o  a t  least 1650"F, b u t  as t h e  f r a c t i o n  of l i m e  r e a c t e d  

i n c r e a s e s ,  a peak develops i n  t h e  curve,  and becomes more pronounced as t h e  

percent  l i m e  u t i l i z e d  i s  inc reased  as shown i n  Fig.  3.12. The pe rcen t  s u l -  

f u r  r e t e n t i o n  vs temperature i s  shown f o r  Limestone 18 and Dolomite 1337 

f o r  a f l u i d i z i n g  v e l o c i t y  of 4 f p s  i n  Fig.  3.13. It may be observed t h a t  

t h e  curve peaks much more s h a r p l y  f o r  l imestone than  f o r  dolomite.  

It w a s  found t h a t  t h e  dec rease  i n  s u l f u r  r e t e n t i o n  above t h e  optimum 

temperature  i s  somewhat less f o r  lower f l u i d i z i n g  v e l o c i t i e s  and f o r  h i g h e r  

values of Ca/S r a t i o .  The l a t te r  e f f e c t  is  probably due t o  t h e  decrease 

i n  l i m e  u t i l i z a t i o n  wi th  h i g h e r  v a l u e s  of Ca/S  r a t i o .  

F l u i d i z i n g  Veloci ty  

The s u l f u r  r e t e n t i o n  w a s  found t o  dec rease  as t h e  f l u i d i z i n g  v e l o c i t y  

w a s  i nc reased  i n  t h e  experiments performed by t h e  Na t iona l  Coal Board.18 

Some of t h e  d a t a  t h a t  show t h i s  t r e n d  are p resen ted  i n  F ig .  3 -14  f o r  P i t t s -  

burgh Coal and Limestone 18 f o r  t h r e e  combinations of a d d i t i v e  p a r t i c l e  

s i z e  and Ca/S r a t i o .  

of 2-11 f p s  f o r  a cons t an t  set of c o n d i t i o n s ,  t h e  r e s u l t s  i n d i c a t e  t h a t  

t h e  s u l f u r  r e t e n t i o n  would decrease cont inuously as t h e  v e l o c i t y  i s  i n -  

c r eased  over t h a t  range wi th  a l l  t h e  o t h e r  v a r i a b l e s  being he ld  c o n s t a n t .  

While t h e  v e l o c i t y  w a s  no t  v a r i e d  over t h e  f u l l  range 

The e f f e c t  of t h e  f l u i d i z i n g  v e l o c i t y  is a t t r i b u t e d  t o  t h e  dec rease  

i n  gas r e s idence  t i m e  and a r e d u c t i o n  i n  s o l i d s  r e s idence  t i m e  due t o  

h ighe r  bed voidage wi th  inc reased  gas v e l o c i t y .  
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Fig. 3.12 .  Variation of reaction rate constant with 
temperature and percent utilization of Limestone 18 for a 
particle size of 1000 - 2060 pm. 
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Addit ive P a r t i c l e  S i z e  

Reduction i n  a d d i t i v e  p a r t i c l e  s i z e  could be expected t o  improve su l -  

f u r  r e t e n t i o n  i n  f l u i d i z e d  beds from t h e  i n c r e a s e  i n  s u r f a c e  area. However, 

smaller p a r t i c l e  s i z e  may r e s u l t  i n  i nc reased  carryover  from t h e  bed and 

hence reduce t h e  a d d i t i v e  r e s idence  t i m e ,  l e a d i n g  t o  reduced SO2 removal. 

Fu r the r  r educ t ion  i n  p a r t i c l e  s i z e  below t h a t  where r a p i d  ca r ryove r  occurs  

w i l l  n o t  g r e a t l y  a f f e c t  t h e  r e s i d e n c e  t i m e  i n  t h e  bed and would be expected 

t o  i n c r e a s e  s u l f u r  r e t e n t i o n .  Thus, t h e r e  may be a c r i t i c a l  p a r t i c l e  s i z e  

f o r  a given v e l o c i t y  where t h e  s u l f u r  r e t e n t i o n  r eaches  a minimum va lue ,  

and then  i n c r e a s e s  f o r  f i n e r  p a r t i c l e  s i z e s .  

The r e s u l t s  found i n  tests by t h e  Na t iona l  Coal Board1* i n d i c a t e  t h a t  

such a minimum va lue  may e x i s t .  

f o r  Limestone 18 w i t h  p a r t i c l e  s i z e s  of 150 and 3175 um a t  a gas v e l o c i t y  

of 8 f p s  i n  Fig. 3.15. I n  t h i s  case t h e  smaller p a r t i c l e  s i z e  l e d  t o  a 

r e d u c t i o n  i n  s u l f u r  r e t e n t i o n .  I n  Fig.  3.16 t h e  r e s u l t s  f o r  Limestone 1359 

wi th  p a r t i c l e  s i z e s  of 125 and 1680 urn a t  a gas v e l o c i t y  of 3 f p s  are 

shown. A t  t h i s  v e l o c i t y  t h e  reduced p a r t i c l e  s i z e  l e d  t o  an  improvement 

i n  s u l f u r  r e t e n t i o n .  The r e s u l t s  f o r  Limestone 18 f o r  p a r t i c l e  s i z e s  of 

1680 and 3175 um and 8 f p s  are shown i n  Fig.  3.17. The smaller p a r t i c l e s  

gave improved performance, i n d i c a t i n g  a b e n e f i t  from inc reased  s u r f a c e  

area, w i t h  no l o s s  due t o  more ca r ryove r  f o r  t h i s  s i z e  change. No e f f e c t  

from p a r t i c l e  s i z e  w a s  found f o r  Dolomite 1337. 

The r e d u c t i o n  i n  SO2 emission is  shown 

Pope, Evans and Robbinsl l  found an i n c r e a s e  i n  s u l f u r  r e t e n t i o n  when 

t h e  p a r t i c l e  s i z e  of Limestone 1359 w a s  reduced from 74 pm t o  44 Vm a t  a 

v e l o c i t y  of 1 2  f p s .  This  f u r t h e r  i n d i c a t e s  t h e  p o s s i b i l i t y  of a p a r t i c l e  

s i z e  g i v i n g  minimum s u l f u r  r e t e n t i o n .  

It appears  from t h e  d a t a  a v a i l a b l e  thus  f a r  t h a t  one could expect  t o  

f i n d  t h e  h i g h e s t  v a l u e s  of s u l f u r  r e t e n t i o n  by us ing  l imestone p a r t i c l e s  

ground a t  least as f i n e  as 44 Vm i n  s i z e .  

Fines  Recycle 

Fine p a r t i c l e s  t h a t  are c a r r i e d  over from t h e  coal-burning f l u i d i z e d  

bed c o n t a i n  unburned carbon r e s u l t i n g  i n  a l o s s  i n  combustion e f f i c i e n c y .  

This  l o s s  of carbon can be reduced by pass ing  t h e  d i scha rge  stream through 

a mechanical s e p a r a t o r  and r e c y c l i n g  t h e  p a r t i c l e s  back t o  t h e  bed. The 
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Fig. 3.15. Effect of additive particle size 
on SO2 reduction for Pittsburgh coal and Limestone 
18 at 1550°F. (Ref. 18). 
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f i n e s  c a r r i e d  ou t  of t h e  bed a l s o  con ta in  incompletely u t i l i z e d  l i m e  so  

t h a t  i t  might be expected t h a t  f i n e s  r e c y c l i n g  w i l l  improve t h e  s u l f u r  

r e t e n t i o n  f o r  a given va lue  of Ca/S r a t i o  of t h e  f r e s h  f eed  material. 

An improvement i n  s u l f u r  r e t e n t i o n  wi th  f i n e s  r e c y c l e  w a s  found by t h e  

Na t iona l  Coal Board.18 

he igh t  of 3 . 8  f t ,  v e l o c i t y  of 2 f p s ,  Ca/S r a t i o  of 1 .6  and bed tempera- 

t u r e  of 1470'F t h e  pe rcen t  s u l f u r  r e t e n t i o n  w a s  i nc reased  from 76 t o  99% 

when t h e  d i scha rge  p a r t i c l e s  above 10 pm were recycled.  

c o a l  and Limestone 1 8  wi th  a bed he igh t  of 2 f t ,  v e l o c i t y  of 8 f p s ,  Ca/S 

r a t i o  of 2.45 and bed temperature of 1560°F of f i n e s  i s  probably less 

e f f e c t i v e  a t  h ighe r  temperatures ,  s i n c e  t h e  r e a c t i o n  ra te  cons t an t  decreases 

f o r  temperatures  above 1500°F as t h e  percent  of l i m e  u t i l i z e d  i s  inc reased .  

For P i t t s b u r g h  c o a l  and Dolomite 1337 wi th  a bed 

For P i t t s b u r g h  

Bed Height 

I n c r e a s e  i n  t h e  h e i g h t  of t h e  f l u i d i z e d  bed i n c r e a s e s  t h e  r e s idence  

t i m e  of both gas and s o l i d s  and would b e  expected t o  improve t h e  s u l f u r  

r e t e n t i o n .  

h e i g h t  i n  a few tests and found a s m a l l  i n c r e a s e  i n  s u l f u r  r e t e n t i o n  as 

t h e  bed he igh t  is inc reased .  With P i t t s b u r g h  c o a l  and Dolomite 1337 a t  

a v e l o c i t y  of 8 f p s ,  Ca/S r a t i o  of 5 .4  and a bed temperature  of 1560°F 

t h e  s u l f u r  r e t e n t i o n  inc reased  from 88 t o  90% when t h e  bed h e i g h t  w a s  

i nc reased  from 2 . 7  t o  4 f t .  With I l l i n o i s  c o a l  and Limestone 1359 a t  a 

v e l o c i t y  of 3 f p s ,  Ca/S r a t i o  of 2.2 and a bed temperature  of 1470'F a 

change i n  bed he igh t  from 2 t o  3 f t  r e s u l t e d  i n  an i n c r e a s e  i n  t h e  s u l f u r  

r e t e n t i o n  from 64 t o  73%. 

The Na t iona l  koa1 Board18 i n v e s t i g a t e d  t h e  e f f e c t s  of bed 

Bed h e i g h t s  of about 2 f t  are recommended a t  atmospheric p r e s s u r e  t o  

i n s u r e  good mixing of t h e  c o a l  and a low f l u i d i z i n g  v e l o c i t y  of about 2 f p s  

w i l l  g ive  good s u l f u r  r e t e n t i o n  a t  reasonable  v a l u e s  of Ca/S r a t i o .  I f  i t  

i s  d e s i r e d  t o  i n c r e a s e  t h e  power d e n s i t y  by i n c r e a s i n g  t h e  v e l o c i t y ,  t h e  

bed he igh t  should be inc reased  i n  p ropor t ion  t o  t h e  v e l o c i t y  t o  avoid t h e  

requirement of high v a l u e s  of Ca/S r a t i o .  However, t h e  p r e s s u r e  drop may 

become excess ive  a t  atmospheric p re s su re  i f  t h e  bed h e i g h t  is  inc reased  

g r e a t l y .  I f  t h e  system p r e s s u r e  i s  inc reased  i n  p ropor t ion  t o  t h e  bed 

h e i g h t ,  t h e  p r e s s u r e  drop may be k e p t  a t  an a c c e p t a b l e  f r a c t i o n  of t h e  

i n l e t  p re s su re .  
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Operat ing P res su re  

I n c r e a s e  i n  o p e r a t i n g  p res su re  a t  t h e  same gas v e l o c i t y  and bed he igh t  - 
reduces t h e  s o l i d s  r e s idence  t i m e  i n  t h e  bed i n  p ropor t ion  t o  t h e  i n c r e a s e  

i n  p re s su re .  This  might be expected t o  reduce s u l f u r  r e t e n t i o n  below t h a t  

f o r  atmospheric p re s su re .  

I n c r e a s e  i n  p r e s s u r e  can a l s o  be expected t o  i n h i b i t  c a l c i n a t i o n .  This  

is  because a t  atmospheric p r e s s u r e  t h e  p a r t i a l  p r e s s u r e  of C02 i s  below t h e  

e q u i l i b r i u m  va lue  wi th  CaCOa a t  temperatures  above about  1380°F. A t  pres-  

s u r e s  g r e a t e r  than 2 a t m ,  t h e  p a r t i a l  p r e s s u r e  of C02 is  above e q u i l i b r i u m  

at  1470°F and c a l c i n a t i o n  cannot occur .  This  would p reven t  po re  formation 

i n  l imestone and reduce s u l f u r  r e t e n t i o n .  The e q u i l i b r i u m  p a r t i a l  p r e s s u r e  

of G O 2  w i th  MgCO3 is  very h igh ,  so  t h a t  t h e  MgC03 i n  dolomite  can be ex- 

pec ted  t o  c a l c i n e  a t  inc reased  p r e s s u r e  g iv ing  access t o  i n t e r n a l  s u r f a c e s  

and g i v e  b e t t e r  s u l f u r  r e t e n t i o n  f o r  dolomite than  f o r  l imestone.  

Resu l t s  from tests repor t ed  by t h e  Na t iona l  Coal Board18 on t h e  e f f e c t s  

of p r e s s u r e  showed a r e d u c t i o n  i n  s u l f u r  r e t e n t i o n  f o r  P i t t s b u r g h  c o a l  w i th  

Limestone 18 from 77 t o  66% when t h e  p r e s s u r e  w a s  i nc reased  from 1 t o  5 atm. 

For t h e  same i n c r e a s e  i n  p re s su re ,  t h e  s u l f u r  r e t e n t i o n  inc reased  from SO 

t o  98% wi th  Dolomite 1337 without  r e c y c l e  of c a n y o v e r  f i n e s .  

t h e  s u l f u r  r e t e n t i o n  w a s  reduced from 99 t o  94% w i t h  Dolomite 1337 going 

from 1 t o  5 a t m  p re s su re .  

and t o t a l  weight b a s i s  t han  Limestone 18 when o p e r a t i n g  a t  5 a t m  p re s su re .  

With r e c y c l e ,  

Dolomite 1337 w a s  more e f f e c t i v e  on both a molar 

I- 

Other Operating Var i ab le s  

I n  a d d i t i o n  t o  t h e  n i n e  v a r i a b l e s  above t h e r e  are o t h e r  f a c t o r s  t h a t  

may a f f e c t  t h e  s u l f u r  r e t e n t i o n  of a f luidized-bed furnace.  These inc lude  

t h e  spac ing  of t h e  c o a l  f eed  p o i n t s ,  t h e  diameter  and spac ing  of t h e  h e a t  

t r a n s f e r  t u b e s ,  and t h e  he igh t  of t h e  freeboard above t h e  t u b e - f i l l e d  bed. 

I f  t h e  c o a l  f eed  p o i n t s  are spaced much more widely a p a r t  t han  t h o s e  

used i n  t h e  tests, a v a r i a t i o n  i n  l o c a l  temperature  might l e a d  t o  a r a d i a l  

v a r i a t i o n  of s u l f u r  r e t e n t i o n  r e s u l t i n g  i n  an  o v e r a l l  h i g h e r  SO2 emission 

f o r  a given Ca/S r a t i o  of t h e  f eed  material. 

The diameter and spac ing  of t h e  h e a t  t r a n s f e r  t ubes  i n  t h e  bed may 

a f f e c t  both t h e  degree of mixing i n  t h e  bed and t h e  s i z e  of gas bubbles 

t h a t  form i n  t h e  bed. 

tact  between gas and s o l i d s .  

The s i z e  of t h e  gas  bubbles  i n  t u r n  a f f e c t  t h e  con- 
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The he igh t  of t h e  freeboard above t h e  bed proper  may a f f e c t  t h e  s u l -  

f u r  r e t e n t i o n  s i n c e  p a r t i a l l y  r e a c t e d  calcium can con t inue  t o  absorb S O 2  

i n  t h e  f r eeboa rd  and c o n t r i b u t e  t o  t h e  e f f e c t i v e  r e s idence  t i m e  of t h e  

p a r t i c l e s .  

Estimated S u l f u r  Retent ion i n  F lu id i zed  
Bed f o r  Gas Turbine P l a n t  

In  o r d e r  t o  achieve good thermal  e f f i c i e n c y ,  t h e  p l a n t  must o p e r a t e  

wi th  a f a i r l y  h igh  a i r  temperature  a t  t h e  gas t u r b i n e  i n l e t .  A tempera- 

t u r e  of 1500°F w a s  s e l e c t e d  as a good compromise between c o n s i d e r a t i o n s  of 

e f f i c i e n c y  and r e l i a b i l i t y .  This i n  t u r n  r e q u i r e s  t h a t  i n  o r d e r  t o  h e a t  

t h e  a i r  i n  t h e  tubes t h e  f l u i d i z e d  bed must o p e r a t e  a t  about 1650°F. The 

bed w i l l  o p e r a t e  a t  atmospheric p r e s s u r e  and a bed h e i g h t  of about 1 1 / 2  

f t  and f l u i d i z i n g  v e l o c i t y  of 2 f p s  w e r e  s e l e c t e d .  Using Limestone 18 

ground t o  a s i z e  of 44 vm o r  less wi th  t h e  carryover  p a r t i c l e s  recycled 

back t o  t h e  bed w i l l  probably g ive  t h e  b e s t  s u l f u r  r e t e n t i o n .  Based on 

t h e  experimental  r e s u l t s  p rev ious ly  d i scussed ,  i t  is  es t ima ted  t h a t  f o r  

t h i s  system a 75% s u l f u r  r e t e n t i o n  can be achieved a t  a Ca/S r a t i o  of 2 ,  

and about 90% a t  a Ca/S r a t i o  of 3 .  Fur the r  i n c r e a s e  i n  t h e  Ca/S r a t i o  

should y i e l d  s u l f u r  r e t e n t i o n  approaching 100%. 

P a r t i c u l a t e  Emission Control  

P a r t i c u l a t e  Emission Regulat ions 

The Environmental P r o t e c t i o n  Agency (EPA) on December 23, 1971, pub- 

l i s h e d  Standards of Performance f o r  New S t a t i o n a r y  Sources.  2 o  

r e g u l a t i o n s  imposed c e r t a i n  r e s t r i c t i o n s  on emissions from f o s s i l - f i r e d  

steam gene ra to r s  scheduled t o  be cons t ruc t ed  o r  modified a f t e r  August 17 ,  

1971. I n  a d d i t i o n ,  t h e  i n d i v i d u a l  states are t o  enac t  l e g i s l a t i o n  s p e l l i n g  

out  r u l e s  and r e g u l a t i o n s  t h a t  would implement t h e  n a t i o n a l  program of 

ach iev ing  t h e  a i r  q u a l i t y  s t a n d a r d s  e s t a b l i s h e d  by EPA. 

These 

Each s ta te  may adopt t h e  new EPA emission s t a n d a r d s  as w r i t t e n  o r  

impose h ighe r  s t anda rds  of c o n t r o l .  

emission,  t h e  i n d i v i d u a l  s ta tes  may apply more r e l axed  s t anda rds .  Even- 

t u a l l y  t h e  s t anda rds  f o r  a l l  sou rces  w i l l  probably have t o  be brought up 

t o  t h e  new EPA l e v e l .  

For p r e s e n t l y  o p e r a t i n g  sources  of 
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The EPA s t anda rd  f o r  t h e  d ischarge  of p a r t i c u l a t e  matter i n t o  t h e  

atmosphere w a s  set a t  a maximum of 0 . 1  l b  per  m i l l i o n  Btu h e a t  i npu t  per  

h r  and t h e  emissions are n o t  t o  exceed 20% capac i ty .  However, t h e s e  s t an -  

dards  apply only t o  f o s s i l - f u e l  f i r e d  steam gene ra t ing  u n i t s  of >250 million 

Btu/hr  hea t  i npu t .  

Table 3 . 8  summarizes d a t a  f o r  i n d i v i d u a l  states on p a r t i c u l a t e  e m i s -  

s i on .  Note t h a t  t h e  average va lue  f o r  t h e  pe rmis s ib l e  emission of s o l i d s  

from smaller power p l a n t s  ( < l o  m i l l i o n  Btu /hr )  is  approximately 0.6 lb /Btu  

inpu t  . 
Continued research27 on t h e  e f f e c t  of p a r t i c l e s  under 2 vm has  shown 

t h a t  t h e s e  p a r t i c l e s  are t h e  most damaging t o  human h e a l t h .  The t r end  i s  

toward more s t r i n g e n t  r e g u l a t i o n s  regard ing  t h e  removal of f i n e  p a r t i c l e s  

from s t a c k  emissions.  Here tofore  most emission c o n t r o l  has  r e s t r i c t e d  t h e  

t o t a l  mass of p a r t i c u l a t e  d i scharge  wi th  no regard  t o  t h e  f i n e  p a r t i c l e s .  

The State  of New Mexico's Environmental Improvement Agency has  i s sued  

new r e g u l a t i o n s  governing t h e  emissions on new coa l - f i r ed  furnaces  placed 

i n  s e r v i c e  a f t e r  December 31, 1974. They are l i m i t i n g  t o t a l  emission t o  

0.05 lb /106  Btu h e a t  i npu t  and f u r t h e r  l i m i t i n g  t h e  emission of p a r t i c l e s  

under 2 vm i n  s i z e  t o  no more than  0.02 lb /106  Btu.26 

P a r t i c u l a t e  Cont ro l  Methods 

The s e p a r a t i o n  of t h e  p a r t i c u l a t e s  from t h e  f l u e  gas i s  made p o s s i b l e  

by c e r t a i n  d i f f e r e n c e s  i n  p r o p e r t i e s :  1) t h e  l a r g e  s i z e  of t h e  f l y  ash  

p a r t i c l e s  ( 1 micron t o  over  100 microns) as compared t o  t h e  f lue-gas  mole- 

c u l e s ,  2 )  t h e  d e n s i t y  of t h e  f l y  a sh  ( 0.03 l b / f t 3 ) ,  3 )  t h e  e l e c t r i c a l  

p r o p e r t i e s  pe rmi t t i ng  s e p a r a t i o n  by i o n i z a t i o n  and migra t ion  t o  charged 

p l a t e s .  

The techniques  used i n  t h e  s e p a r a t i o n  of p a r t i c u l a t e s  from f lue-gas  

r e l y  upon t h e s e  d i f f e r e n c e s .  

t h e  fo l lowing  gene ra l  c a t e g o r i e s :  

1. Dry i n e r t i a l  c o l l e c t o r s .  

2 .  Wet scrubbers .  

3 .  Fabr ic  f i l t e r s  

4 .  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 .  

The c o l l e c t i o n  equipment can be grouped i n t o  

Table 3 . 9  lists t h e  c h a r a c t e r i s t i c s  of va r ious  types  of c o l l e c t o r s .  
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Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nevada 

North Dakota 

New Jersey 

New Mexico 

New York 

iJorth Carolina 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Tennessee 

Vermont 

Virginia 

Wyoming 

Table 3 . 8 .  Regulat ions i n  S e l e c t e d  S t a t e s  f o r  Maximum Allowed S o l i d s  
Emission from Fue l  Burning i n  I n d i r e c t  Heat Exchangers 

Solids Emission 
lb/Million Btu Input 

Heat Input 
Million Btu/hr 

Georgia <lo 0.7 
>2,000 0.24 
<250 Latest technology Florida 
>250 0.1 

Alabama <lo 
>250 0.12 

Chicago All 0.1 
I1 1 ino is <lo 1.0 

>250 0.1 
Connecticut All 0 .2  
Idaho <lo 0.6 

>10,000 0.12 
Iowa Below Max u5-1 

0.5, 0.8 

allowable (ASME) 
Ilax. urban 6.6 
Max suburban 0.8 

Kentucky d o  0.56, 0.75, 0.80 
>lo, 000 0.11, 0.15, 0.18 

Louisiana All 0.6 
Maine <lo 0.6 

>150 
<loo, ooo* 
>100,000* 
Urban 
Suburban 
<lo (old) 
<lo (new) 
>10.000 (old) 
>10,000 (new) 
<10 
>10,000 (old) 
>2,000 (new) 
<lo 
>lo, 000 (old) 
>10,000 (new) 
<lo 
>10,000 
>100,000 
<10 (new) 
>10,000 (new) 
>100,000 (new) 
<lo 
>1,000 
<30 
>30 
<lo 
>10 
<lo 
>lo, 000 
<lo (1) 

>1,000 (1) 

<10 
>10,000 

(11) 

(11) 

All (old) 
(new) 

<50 
>600 
>10 
>10,000 
<lo 
>300 
>1,000 (new) 
<25 
>10,000 
<lo 
>10,000 (old) 

(new) 

0.3 
0.3 lbs/lOOO lbs g2s 
to 0.19 lbs/1000 lbs gas 
0 . 4  
0.6 
0.8 
0.6 
0 . 2 4  
0.19 
0.6 
0.18 
0.10 
0.6 
0.19 
0.12 
0.6 
0.09 
0.024 
0.6 
0 . 2 4  
0.18 
0.6 
0.1 
0.70 
0.50 
0.60 
1.02 R0'781 lbs/hr 
0.6  
0.1 
0 . 4  
0.6 
0.1 
0.15 
0.6 
0.1 
0 . 2  gr/scf 
0.1 gr/scf 
0 . 4  
0.1 
0.6 
0.1 
0.5 
0.1 
0.02 
0.6 
0.15 
0.6 
0.19 
0.10 

*lbs steam/hr. 

Source: Journal of the Air Pollution Control Association, May, 1973. 



Table 3 . 9 .  Dust C o l l e c t i v e  Equipment 

Pres su re  Loss 
P a r t i c l e  Loading Co l l ec t ion  U t i l i t i e s  Gas S ize  Space 

Types of Dust S ize  Grains/  E f f i c i ency  Gas, Liquid Pe r  1,000 Veloc i ty  , Range L i m i t s ,  Required, 
(Rela t ive)  1,000 Cfm. Co l l ec t ing  Equipment Microns Cu. F t .  Weight % In .  W.G. P s i .  Cfm. Fpm. 

Dry i n e r t i a l  c o l l e c t o r s  
S e t t l i n g  chamber 
Baf f l e  chamber 
Skimming chamber 
b u v e  r 
Cyclone 
Mul t ip le  cyc lone  
Impingement 
Dynamic 

W e t  sc rubbers  
Gravi ty  spray  
Cen t r i fuga l  
Impingement 
Packed bed 
Dynamic 

Submerged nozz le  
Jet 

Ventur i  

Fabr ic  f i l t e r s  
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  

S O  
>50 
>20 
>20 
>10 

>5 
>10 
>10 

>10 
>5 
>5 
>5 
>1 

>2 
0.5-5 

X . 5  

x . 2  
a 

>5 
>5 
>1 
>1 
>1 
>1 
>1 
>1 

>1 
>1 
>1 

x.1 
>1 

3 . 1  
X.l 

YJ.1 

X. 1 
X.1 

<50 
<5 0 
<70 
<so 
<85 
<95 
<90 
<90 

<70 
<90 
<95 
<90 
<95 

<90 
<90 

<99 

<99 
<99 

<0.2 
0.1-0.5 

<1 
0.5-2 
0.5-3 

2-6 
1-2 

Provides  
head 

<1 
2-6 
2-8 
1-10 

Provides  
head 
2-6 

Provides  
head 

10-30 

2-6 
0.2-1 

- - - - - - - - 
20-100 
20-100 
20-100 

5-30 
5-30 

None 
50-100 

5-30 

- 

300-600 

2,000-4,000 
2,000-4,000 
2,000-4,000 
2,000-4,000 
3,000-6,000 

1,000-2,000 

- 

0.5-2 gpm. 100-200 
1-10 gpm. 2,000-4,000 
1-5 gpm. 3,000-6,000 
5-15 gpm. 100-300 

1-5 gpm., 3,000-4,000 
3-20 hp. 
N o  pumping 3,000 
50-100 gpm. 2,000-20,000 

3-10 gpm. 12,000-42,000 

- 1-20 
0.1-0.6 kw. 100-600 

None 
None 

50 
30 
50 

200 
None 

50 

100 
100' 
100 
50 
50 

50 
100 

100 

200 
10-2.000 

Large 
Medium 
Small 
Medium 
Medium 
Small 
Small 

Medium 
Medium 
Medium 
Medium 
s m  1.1 

Medium 
Small 

Small 

Large 
Large 

Note: The terms expres s ing  concen t r a t ion ,  o r  loading ,  can be  def ined  as l i g h t  = f - 2,  moderate = 2 - 5, and heavy = 5+ g r a i n d c u .  f t  
P a r t i c l e  s i z e :  f i n e ,  50% i n  f - 7 micron s i z e  range; medium, 50% i n  7 - 15 micron size range;  coarse, 50% over  15 microns. 

~ 

Source: January 27,1969/ Chemical Engineering 
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Dry I n e r t i a l  C o l l e c t o r s  

Dry i n e r t i a l  c o l l e c t o r s  are o b t a i n a b l e  i n  many forms; g r a v i t y  s e t t l i n g  

chambers, b a f f l e  chambers, skimming chambers, impingement s e p a r a t o r s ,  cy- 

c lone  c o l l e c t o r s ,  e t c .  Because of t h e i r  s i m p l i c i t y  of des ign ,  low c o s t  and 

r e l i a b i l i t y  t h e  cyclone c o l l e c t o r  (Fig.  3.18) i s  f r e q u e n t l y  used as a f i r s t  

s t a g e  c o l l e c t o r  f o r  coal-burning fu rnaces .  I n  t h i s  r o l e  i t  can be c l a s s i -  

f i e d  as a low c o s t ,  low e f f i c i e n c y  design capable  of e l i m i n a t i n g  t h e  l a r g e r  

(>lo micron) p a r t i c l e s  as a f i r s t - c u t  i n  t h e  s e p a r a t i o n  p rocess .  

The p h y s i c a l  arrangement of t h e  cyclone c o l l e c t o r  f o r c e s  t h e  i n l e t  gas 

i n t o  a v o r t e x  i n  which t h e  i n e r t i a l  f o r c e  ( r a d i a l  component) s e p a r a t e s  t h e  

dense p a r t i c l e s  from t h e  flue-gas.  I n  t h e  c o l l e c t o r  shown, t h e  i n l e t  gas 

forms a s p i r a l  v o r t e x  downward. A s  i t  p rogres ses  down t h e  narrowing co re ,  

i t  r e v e r s e s  i t s  downward pa th  and forms a narrow ascending core towards 

t h e  e x i t  i n  t h e  top  of t h e  c o l l e c t o r .  

Cyclone c o l l e c t o r s  o p e r a t e  i n  t h e  80 t o  90% o v e r a l l  e f f i c i e n c y  range. 

The e f f i c i e n c y  of s e p a r a t i o n  i s  g e n e r a l l y  dep ic t ed  on a f r a c t i o n a l  e f f i -  

c iency curve as i n d i c a t e d  i n  Fig.  3.19. I n  a c t u a l  p r a c t i c e  t h e  curve i s  

determined by a c t u a l  performance t e s t i n g  on a known p a r t i c u l a t e  suspension.  

Favorable i n c r e a s e s  i n  e f f i c i e n c y  may b e  obtained by an i n c r e a s e  i n  p a r t i -  

c le  s i z e  and d e n s i t y ,  a n  i n c r e a s e  i n  t h e  t a n g e n t i a l  v e l o c i t y ,  o r  by a de- 

c r e a s e  i n  gas v i s c o s i t y  o r  cyclone diameter .  By dec reas ing  t h e  c o l l e c t o r  

diameter t h e  t a n g e n t i a l  v e l o c i t y  i n c r e a s e s  (assuming a cons t an t  volume 

through-put) and t h e  combination of e f f e c t s  produces an  i n c r e a s e  i n  c o l l e c -  

t i o n  e f f i c i e n c y .  This  p rocess ,  of course,  i s  l i m i t e d  by t h e  i n c r e a s e  i n  

p r e s s u r e  drop t h a t  is  accep tab le .  

drops o f f  r a p i d l y  f o r  t h e  removal of par t ic les  below 10 microns i n  s i z e .  

It should b e  noted t h a t  t h e  e f f i c i e n c y  

For a r easonab le  i n c r e a s e  i n  c o s t ,  i nc reased  e f f i c i e n c y  i n  s e p a r a t i o n  

and a dec rease  i n  space and head room needed can b e  achieved by t h e  use of 

a multi-cyclone as p i c t u r e d  i n  Fig.  3.20. 

are mounted i n  p a r a l l e l  and are provided wi th  a common i n l e t  plenum. 

of t h i s  t ype  are a b l e  t o  c o l l e c t  p a r t i c l e s  down t o  5 microns wi th  good 

e f f i c i e n c y  and i f  f a b r i c a t e d  of h i g h  a l l o y  steels, they may be ope ra t ed  up 

t o  1200°F. 

Banks of s m a l l  d iameter  cyclones 

Un i t s  
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Wet Scrubbers  

W e t  c o l l e c t o r s  r e l y  on two mechanisms f o r  removing p a r t i c u l a t e  matter. 

1. Providing a l i q u i d  d r o p l e t  f o r  w e t t i n g  of t h e  p a r t i c l e  which 

i n c r e a s e s  t h e i r  e f f e c t i v e  s i z e ,  enab l ing  easier s e p a r a t i o n .  

Impingement of t h e s e  p a r t i c l e s  on c o l l e c t i n g  s u r f a c e s  where 

they  can b e  f lu shed  o f f .  

2. 

Types of w e t  c o l l e c t o r s  commonly used a r e  sp ray  chambers, impingement p l a t e  

s c rubbe r s ,  v e n t u r i  s c rubbe r s ,  cyclone-type sc rubbe r s ,  o r i f i c e - t y p e  scrub- 

b e r s ,  and packed bed scrubbers .  

Wet c o l l e c t o r s  ma in ta in  a cons t an t  AP (at  cons t an t  a i r  volume). How- 

ever, i n  o r d e r  t o  o b t a i n  t h e  high degree of e f f i c i e n c y  i n  t h e  s e p a r a t i o n  

of f i n e s  ( < 2  microns) ,  a high-pressure drop i s  r e q u i r e d  (40  i n .  t o  100 i n .  

H20) which is  p r o h i b i t i v e  i n  pumping power r equ i r ed .  

handle  c o r r o s i v e  gases  o r  a e r o s o l s  and space requirements are s m a l l .  

have no secondary dus t  d i s p o s a l  problems b u t  t h e  s ludge  d i s p o s a l  problem 

is formidable.  A t y p i c a l  wet-ventur i  scrubber  and a s s o c i a t e d  curve showing 

e f f i c i e n c y  v s  p a r t i c l e  removal s i z e  i n  terms of p r e s s u r e  drop r e q u i r e d  i s  

shown i n  Fig.  3.  2 1 . 2 9  The c o s t  of w e t  s c rubbe r s  i s  i n  t h e  medium range. 

They are seldom used i n  f ly-ash s e p a r a t i o n  from flue-gas because of t h e  

h igh  c o s t  of o p e r a t i o n  and t h e  problems of s ludge  d i s p o s a l .  They are most 

u s e f u l  i n  a p p l i c a t i o n s  where t h e  s ludge  can b e  r e t u r n e d  t o  t h e  primary pro- 

cess and p a r t i a l l y  recovered. 

They are a b l e  t o  

They 

Fabr i c  F i l t e r s  

The s i m p l e s t  c o l l e c t o r  i n  p r i n c i p l e  and maintenance and t h e  o l d e s t  i n  

concept i s  t h e  f a b r i c  f i l t e r .  This  f i l t e r  is  a l s o  i n h e r e n t l y  e f f i c i e n t ,  

removing p a r t i c l e s  over 1 micron i n  s i z e  w i t h  e f f i c i e n c i e s  of 99% o r  

h ighe r .  

micron i n  s i z e .  

maintain and r e q u i r e  moderate power t o  o p e r a t e .  The c a p i t a l  c o s t s  are i n  

t h e  medium p r i c e  range. 

F i l t e r s  are a l s o  a b l e  t o  s e p a r a t e  ou t  p a r t i c l e s  as s m a l l  as 0 . 1  

They are t h e  easiest of a l l  c o l l e c t o r s  t o  o p e r a t e  and 

The major disadvantage is  t h e  temperature  l i m i t a t i o n  (500' maximum 

f o r  c u r r e n t l y  a v a i l a b l e  f a b r i c s ) ,  and t h e  inc reased  c o s t  pe r  yard f o r  high 

temperature-rated f a b r i c .  

disadvantageous i n  t h e  "caking" of t h e  p a r t i c u l a t e  matter tends t o  c l o g  

t h e  f i l t e r  bag. 

A high dew p o i n t  i n  t h e  carrier gas a l s o  i s  

1 
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l o ad ing  and/or t h e  flow rate 

i n  Fig.  3.23.30 

- i 

i n  a compartmentalized baghouse i s  i l l u s t r a t e d  

3.59 

F i l t e r  bags are normally t u b u l a r  o r  envelope shaped and are hung i n  

t h e  d u s t  l oose  by v ibra t ion .  

rows i n  what is  known as a baghouse. The number of bags v a r i e s  according 

Flexing of t h e  bags is  g e n e r a l l y  accomplished 

temperature ,  chemical a t t a c k ,  and humidity.  Also t o  consider  are t h e  two 



3.60 

75-1 1736 

VA LV E 

CLEAN GAS zt 

COLLECTED 
DUST 

GAS 

Fig.  3.22. Continuously cleaned f a b r i c  f i l t e r  and Baghouse u s i n g  
Timed jets of a i r  t o  remove accumulated d u s t .  

r- 

r 
L 

F? 

i 



ORNL DWG. 75-11737 

---T-- 
- 
t 

REFERENCE 30 
4 6 

0 
0 2 

TIME, HRS 
Fig .  3.23 .  The e f f e c t  of changing t h e  f low rate and /o r  t h e  d u s t  

loading  on t h e  c l ean ing  c y c l e  and p r e s s u r e  drop of a bay f i l t e r .  
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For t h e  h ighe r  temperatures  newer type f i l t e r  bags of g l a s s  f i b e r s  and 

t h e  aromatic  polyamides are used. 

t h e  c a r r i e r - g a s ,  seal welded baghouses are used wi th  f a n s  l o c a t e d  on t h e  

c l e a n  gas s i d e .  

When t h e r e  i s  h igh  relative humidity of 

The c o s t  of i n s t a l l e d  c l o t h - f i l t e r s  is  i n  t h e  medium p r i c e  range,  t h e  

c o n t r o l l i n g  f a c t o r  being t h e  material. F i l t e r  f a b r i c  c h a r a c t e r i s t i c s  are 

t a b u l a t e d  i n  Table 3.10. 

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  

The high-vol tage 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  is  a h igh ly  favored type  

of c o l l e c t o r  because of i t s  h igh  o v e r a l l  e f f i c i e n c y  and i t s  a b i l i t y  t o  

c o l l e c t  p a r t i c l e s  of less than  1 micron i n  s i z e .  

99% are a t t a i n a b l e .  It is  a proven, r e l i a b l e  c o l l e c t o r  f o r  c o a l - f i r e d  

b o i l e r s .  Because of t h e  h ighe r  i n i t i a l  and o p e r a t i n g  c o s t  most e l e c t r i c a l  

p r e c i p i t a t o r s  are g e n e r a l l y  employed i n  l a r g e r  i n s t a l l a t i o n s ,  i . e . ,  50,000 

t o  2,000,000 cfm gas volume. 

s p h e r i c  t o  150 l b  i n . 2  guage, and are capable  of o p e r a t i n g  a t  temperatures  

t o  750'F. The p r e s s u r e  drop i s  low, seldom exceeding 0.5 i n .  of water. 

E f f i c i e n c i e s  exceeding 

Operating p r e s s u r e s  range from below atmo- 

The p r i n c i p l e  of o p e r a t i o n  invo lves  t h e  p l a c i n g  of an  e l e c t r o n  charge 

on t h e  p a r t i c u l a t e  suspended i n  t h e  f l u e  gas .  

applying high v o l t a g e  t o  an e l e c t r o d e  suspended i n  t h e  gas stream. 

i n t e n s e  corona produced between t h i s  e l e c t r o d e  and t h e  grounded c o l l e c t o r  

p l a t e  f u r n i s h e s  t h e  nega t ive  i o n s  t h a t  bombard t h e  suspended p a r t i c l e s .  

The mig ra t ion  of t h e  p a r t i c l e s  then proceeds t o  t h e  c o l l e c t o r  p l a t e s  where 

they are c o l l e c t e d  and then dis lodged by v i b r a t i o n  o r  f l u s h i n g  by l i q u i d  t o  

a r e c e i v i n g  hopper. 

t ion .  

This i s  accomplished by 

The 

F igu re  3 . 2 4  shows schemat i ca l ly  t h e  p r i n c i p l e  of opera- 

The high i n i t i a l  c o s t  r e q u i r e s  an investment cons ide rab ly  h ighe r  t han  

f o r  o t h e r  types of c o l l e c t o r s ;  however, t hey  are r e l i a b l e  and r e q u i r e  lit- 

t l e  maintenance over long pe r iods  of t i m e .  Space requirements are compar- 

a b l e  t o  t h a t  r equ i r ed  f o r  a baghouse. 

The major disadvantage of t h e  e l e c t r i c  p r e c i p i t a t o r  i s  i t s  i n a b i l i t y  

t o  s e p a r a t e  p a r t i c u l a t e  matter of high r e s i s t i v i t y .  

range of r e s i s t i v i t y  f o r  t h e  e f f i c i e n t  s e p a r a t i o n  of f l y  ash is  about l o 8  
t o  10'' ohm-cm. 

The r e l a t i v e l y  narrow 

I n  t h e  "cold" p r e c i p i t a t o r  (one t h a t  o p e r a t e s  a t  

i- 

f- 

L, 

r? 

L-i 

r', 

.ii 



Table 3.10. F i l t e r  F a b r i c  C h a r a c t e r i s t i c s  

~ ~~ 

Operating Supports A i r  
Fiber Exposure Combustion permea- 

OF b i l i t y a  

Resist anceb 
Abras- Mineral Organic CostC 

ion Acids Acids Alkali  Rank 
Long Short c fm/ f t 2 Composition 

Cotton 180 225 Yes 10-20 Cellulose G P G G 1 

Wool 200 250 no 20-60 Protein G G F P 7 

200 250 Yes 15-30 Polyamide E P F G 2 Nylon 
240 275 Yes 20-45 Polyacryloni t r i le  G G G F 3 Orlon 

Nomex 
Fiberglass 550 600 Yes 10-70 Glass P-F E E P 5 

450 500 no 15-65 Polyfluoroethylene F E E E 9 

d 

d 

d 425 500 no 25-54 Polyamide E F E G 8 

d Teflon 

C cfm/ft2 a t  0.5 in .  W.G. Cost rank, 1 = lowest, 9 = highest cos t  

P = Poor, F = Fair, G = Good, E = Excellent Dupont regis tered trademark 

a 

Source: A i r  Pollution Control, Guidebook t o  U.S. Regulations, Hertzendorf, Martin S .  
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approximately 250 to 300'F) coal must have 2 to 3% sulfur content to insure 

that the resistivity is low enough for efficient separation. 

By operating at 400°F or above the conductivity is no longer dependent 

on surface conditions (see Fig. 3.25) but on the volume conduction inherent 

in the fly ash itself.31 This enables one to burn low sulfur content coal 

and still maintain efficient separation. If desired the electric precipi- 

tator may precede the regenerator (Fig. 3.26). 

Summary 
Table 3.11 is a compilation of the major advantages and disadvantages 

of commonly used collection devices. The first step in the selection of a 

collector system for the separation of particulate matter requires a care- 

ful compilation of information and data on the carrier gas and the suspended 

particulate matter. Most important is the correct determination of the 

dust concentration in grains/ft3 and the dust particle size in microns as 

well as the distribution of each size in percentage by weight. 

Knowing what goes into the collector system and what emissions are per- 

missible from the stack, one can then take an educated look at collectors 

and/or collection systems. 

volved (initial cost, operating and maintenance cost, collection efficiency, 

pressure loss, etc.) one can then select the optimum system for the partic- 

ular application. Due to the recent environmental impact upon industry, 

many dust removal systems have been too quickly installed without proper 

attention to tailoring the design to the conditions. 

Taking into account all of the variables in- 

Another important consideration is the selection of equipment that 

will adequately do the job at minimum cost. 

installed cost of major types of   collector^.^^ 
Figure 3.27 shows comparative 

In comparing costs one must 
also take into account the annual operating and maintenance costs 
as the life expectancy. 

A look at the total annual cost in percent of installed cost 

follows : 

Dry Inertial Collectors (Cyclones) Q19X 
Wet Scrubbers ~ 2 5 %  

Fabric Filters %22% 

Electrostatic Precipitators Qll% 

as well 

is as 
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Table 3.11. Advantages and Disadvantages of Collection Devices 
~ ~ 

Collector  Advantages Disadvantages 

Gravi t a  t i ona  1 

CY .clone 

Wet Collectors  

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  

E l e  c t r o s t a  ti c Pre  c i  p i  t a  t o r  

Fabric  F i l t r a t i o n  

Low pressure loss ,  s i m p l i c i t y  of design Much space required.  Low c o l l e c t i o n  
and maintenance. e f f i c i ency .  

S j  
Lj  
DZ 
di 
Lc 
15 
HE 
T€ 

.mplicity o f  design and maintenance. Much head room required.  Low co l l ec -  

. t t l e  f l o o r  space required.  t i o n  e f f i c i e n c y  of small p a r t i c l e s .  
'y continuous d i sposa l  of  co l l ec t ed  Sens i t i ve  t o  v a r i a b l e  dus t  loadings 
1sts. and flow r a t e s .  
)w t o  moderate pressure loss .  Handles 
irge p a r t i c l e s .  
indles high dus t  loadings.  
mperature independent. 

Simultaneous gas absorpt ion and par-  
t i c l e  removal. 

A b i l i t y  t o  cool and clean high- 
temperature, moisture-laden gases.  
Corrosive gases and mists can be re- 
covered and neu t r a l i zed .  
Reduced dus t  explosion r i s k .  
Eff ic iency can be var ied.  

99+ percent e f f i c i e n c y  obtainable .  
Very small p a r t i c l e s  may be co l l ec t ed .  

P a r t i c l e s  may be co l l ec t ed  w e t  o r  dry.  
Pressure drops and power requirements 
a r e  small compared t o  o the r  high- 
e f f i c i e n c y  c o l l e c t o r s .  

Maintenance i s  nominal unless corrosive 
o r  adhesive mater ia ls  a r e  handled. 
Few moving p a r t s .  Can be operated a t  
high temperatures (550" t o  850'F). 

Dry co l l ec t ion  poss ib l e .  Decrease o f  
performance i s  no t i ceab le .  Col lect ion 
o f  small  p a r t i c l e s  poss ib l e .  High 
e f f i c i e n c i e s  possible .  

Corrosion, erosion problems. Added 
cos t  of wastewater t reatment  and re- 
clama t i o n .  
Low e f f i c i e n c y  on submicron p a r t i c l e s .  

Contamination of e f f l u e n t  stream by 
l i q u i d  entrainment.  
Freezing problems i n  cold weather. 
Reduction i n  buoyancy and plume r ise .  
Water vapor con t r ibu te s  t o  v i s i b l e  
plume under some atmospheric condi t ions.  

R e l a t i v e l y  high i n i t i a l  cos t .  P rec ip i -  
t a t o r s  a r e  s e n s i t i v e  t o  v a r i a b l e  dus t  
loadings or flow r a t e s .  
R e s i s t i v i t y  causes some ma te r i a l  t o  be 
economically uncol lectable .  Precaut ions 
a r e  required t o  safeguard personnel f rom 
high vol tage.  

Col lect ion e f f i c i e n c i e s  can d e t e r i o r a t e  
gradual ly  and i mpre c ep t  i b l y  . 

S e n s i t i v i t y  t o  f i l t e r i n g  ve loc i ty .  High 
temperature gases must be coolec t o  200 t o  
550°F. 
densat ion) .  S u s c e p t i b i l i t y  of  f a b r i c  t o  
chemical a t t a c k .  

Affected by r e l a t i v e  humidity (con- 

w 
0 
Q\ 
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Fig.  3 .27 .  I n s t a l l e d  c o s t s  of c o l l e c t o r s .  
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It i s  ev iden t  t h a t  t h e  s e l e c t i o n  of t h e  optimum d u s t  c o l l e c t i o n  system 

should be  based on a c a r e f u l  s tudy  and e v a l u a t i o n  of a l l  t h e  v a r i a b l e s  in -  

volved as w e l l  as g iv ing  p o s s i b l e  cons ide ra t ion  t o  changing t h e  o v e r a l l  

system conf igu ra t ion .  

P a r t i c u l a t e  Removal from Flue-Gas of a Typica l  
F lu id i zed  Bed Combustion System 

A r e a l i s t i c  goa l  f o r  p a r t i c u l a t e  removal would be  t h e  0.6 l b / m i l l i o n  

Btu h e a t  i npu t  per  hour maximum emission now s t anda rd  i n  most states.  I n  

a d d i t i o n  t h e  concern over  t h e  atmospheric  and h e a l t h  e f f e c t s  of t h e  smaller 

(< 2 microns) p a r t i c l e s  i s  p e r t i n e n t  and should be  ~ o n s i d e r e d . ~ ~  

in f luence  t h e  des ign  of a l l  p a r t i c u l a t e  removal equipment inco rpora t ed  i n  

f u t u r e  t o t a l  energy systems. Another important  c o n t r o l l i n g  f a c t o r  i n  t h e  

s e l e c t i o n  of c o l l e c t o r s  is  t h e  c o s t  and space requirements .  F igure  3.28 

is  a flow s tudy  of  a t y p i c a l  p a r t i c u l a t e  c o l l e c t i o n  system s u i t a b l e  f o r  use 

i n  a f o s s i l  f u e l - f i r e d  f l u i d i z e d  bed combustion p l a n t .  The flow chart 

shows f o u r  f l u i d i z e d  bed combustion modules i n t e g r a t e d  i n t o  a s i n g l e  power 

p l a n t .  Each module would have i t s  own f i r s t  s t a g e  cyclone s e p a r a t o r  and 

r egene ra to r .  The flue-gas from t h e  bed would f i r s t  pass  through a cyclone 

s e p e r a t o r  i n  which ~ 8 9 %  of t h e  p a r t i c u l a t e  matter would be  c o l l e c t e d .  A 

p o r t i o n  of t h e  c o l l e c t e d  dus t  would be r e i n j e c t e d  into t h e  bed and the re- 

mainder removed. The emission of f lue-gas  from t h e  cyclone s e p a r a t o r  then 

would p a s s  through a r egene ra to r ,  h e a t i n g  t h e  ambient a i r  feed t o  t h e  bed, 

thence t o  a compartmentalized baghouse s e r v i n g  a l l  fou r  modules. 

This  w i l l  

Table 3.12 is  a c a l c u l a t i o n 3 3  of c o l l e c t o r  e f f i c i e n c y  f o r  a high- 

e f f i c i e n c y  cyclone followed by a f a b r i c  f i l t e r .  

from t h e  f l u i d i z e d  bed of 10.8 g r a i n s / f t 3 ,  t h e  f r a c t i o n a l  e f f i c i e n c i e s  from 

Figs .  3.2914 and 3.3034, and t h e  s i z e  d i s t r i b u t i o n  of p a r t i c l e s 1 4  from Fig.  

3.31 are t h e  b a s i s  f o r  c a l c u l a t i n g  t h e  amount of s t a c k  emiss ions .  

The assumed d u s t  l oad ing  

These d a t a  are f a i r l y  r e p r e s e n t a t i v e  of d a t a  surveyed from s e v e r a l  

sources .  

I f  one were t o  assume a power p l a n t  of 2 .4  megawatt ou tput  and a gas 

flow rate of 16,000 cfm, t h e  maximum p a r t i c u l a t e  emission allowed can be  

c a l c u l a t e d  as fol lows:  

r -  

1 
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Table 3 . 1 2 .  Summary of Ca lcu la t ions  f o r  C o l l e c t o r  E f f i c i e n c y  

P a r t  i c  le P a r t i c l e  F r a c t i o n  of Cyclone Cyclone Cyclone F a b r i c  F i l t e r  Fabr i c  

D i s t r i b u t i o n  Midpoint i n  Range* a t  Midpoint ** Col l ec t ed  Emitted Midpoint * Col l ec t ed  
S i z e  S i z e  T o t a l  Dust E f f i c i e n c y  Dust Dust E f f i c i e n c y  a t  F i l t e r  Dust 

Microns Microns % % % % % % 

<2 

2-5 

5-10 

10-20 

20-30 

30-40 

40-60 

60-80 

80-100 

100-200 

200-300 

300-400 

400-500 

500-1000 

1000+ 

1 

2+ 

74 

15 

25 

35 

50 

70 

90 

150 

250 

350 

450 

750 

6 

3 

3 

5 

5 

4 

6 

6 

5 

18 

10 

7 

8 

13 

1 

0 

0 

65 

88 

93.5 

96.1 

98.4 

99.6 

99.85 

100 I 

0 53.6 99.5 

0 26.8 100 

2.0 8 .9  

4.4 5.3 , 
4.7 2.7 

3.8 1.8 

5 . 9  . 9  

6.0 

5.0 

18.0 

10 .o 
7.0 

8.0 

13 .0  

1 . 0  

53.3 

26.8 

8.9 

5 .3  

2.7 

1.8 

. 9  

*Data from F i g .  2.13, 

* * D a t a  from F ig .  2.12. 

w I 
I 

4 
N 



- 1  

__J 

3.73  

ORNL DWG. 75-11731 

99 
EFFICIENCY, O/o BY WEIGHT 

Fig.  3.29.  Typica l  f r a c t i o n a l  e f f i c i e n c y  curve for a cyclone s e p a r a t o r .  
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1 min - l b  r a i n s  
8.2 x l o 6  Btu x 0.6" x 7000 % x 16,000 f t 3  x 

I hy - 0.03 g r a i n s / f t 3  60 min 

Assuming a d u s t  l oad ing  i n t o  t h e  c o l l e c t i o n  system of 10.8 g r a i n s / f t 3 ,  

(Ref. 14 )  and a c a l c u l a t e d  o v e r a l l  e f f i c i e n c y  of 99.97% (Table 3 .12) ,  t h e  

emission t o  t h e  s t a c k  would be approximately 0.003 g r a i n s / f t 3 .  

The choice of a cyclone s e p a r a t o r  f o r  t h e  f i r s t  s t a g e  i s  based on t h e  

a b i l i t y  of t h e  cyclone t o  remove t h e  medium and course p a r t i c l e s  w i th  good 

e f f i c i e n c y  a t  low c o s t .  It is  a l s o  capable  of o p e r a t i o n  a t  t h e  h igh  t e m -  

p e r a t u r e  coming from t h e  bed (%l20O0F). For t h e  f i n a l  s e p a r a t i o n  add i t iona l  

cyclones are u n s u i t a b l e  f o r  t h e  c o l l e c t i o n  of f i n e  p a r t i c l e s .  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  are a p o s s i b i l i t y  b u t  t h e i r  e f f i c i e n c y  is  no t  so  good a t  t h e  

lower gas flow rate  and t h e i r  c o s t  i s  h igh ,  e s p e c i a l l y  below 50,000 cfm. 

The e lec t r ica l  r e s i s t i v i t y  of t h e  d u s t  i s  a l s o  h igh .  

p o s s i b i l i t y  and are moderate i n  i n s t a l l e d  c o s t  b u t  o p e r a t i n g  expense is  

high and t h e  w e t  d u s t  d i s p o s a l  i s  a problem. 

Wet sc rubbe r s  are a 

It appears  then t h a t  a f a b r i c  f i l t e r  is  a good cho ice  f o r  t h e  following 

reasons : 

1. Its i n s t a l l e d  c o s t  is  lower than  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  

a t  t h e  gas flow rate and temperature  being considered.  

2 .  It has  t h e  a b i l i t y  t o  remove f i n e  (1/2 - 7 micron) p a r t i c l e s  

ve ry  e f f i c i e n t l y  (>99X). 

3. Operat ing c o s t  i s  r easonab le  and compe t i t i ve  w i t h  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 .  

The d u s t  c o l l e c t e d  is  d ry  and t h e r e f o r e  easier t o  d i spose  o f .  

Drop i n  e f f e c t i v e n e s s  i s  e a s i l y  d e t e c t a b l e .  

It is  easy  t o  maintain because of i t s  s i m p l i c i t y .  

4 .  

5. 

6.  

Meeting t h e  new emission s t a n d a r d s  w i l l  r e q u i r e  a much c l o s e r  s c r u t i n y  

of a l l  t h e  f a c t o r s  involved and would n a t u r a l l y  e n t a i l  a more d e t a i l e d  

s tudy  than  t h e  above p re l imina ry  comparisons. 

I '  

I 

, 
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*Average va lue  ob ta ined  from Table 3.8. 
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CHAPTER 4 

COIQARISON OF THE PERFORMANCE AND COST OF TYPICAL 
POWElR UNITS W I T H  DIFFERENT FUELS 

. The e v a l u a t i o n  of v a r i o u s  power p l a n t  systems f o r  MIUS a p p l i c a t i o n s  

p re sen ted  i n  t h i s  chap te r  took as i t s  p o i n t  o f  depa r tu re  t h e  e x t e n s i v e  work 

a t  ORNL c a r r i e d  o u t  f o r  HUD i n  r e c e n t  y e a r s .  This work h a s  inc luded  t h e  

use of c e n t r a l  s t a t i o n s  coupled t o  d i s t r i c t  h e a t i n g  systems, l  o p e r a t i o n  of 

abso rp t ion  a i r  cond i t ion ing  systems coupled t o  d i s t r i c t  h e a t i n g  systems , 
s o l i d  waste c o l l e c t i o n  and d i s p o s a l  problems , and a c r i t i c a l  examination 

and e v a l u a t i o n  of a wide v a r i e t y  of components and systems f o r  MIUS i n s t a l -  

l a t i o n s .  4-1 l 

p o r t a b l e  n u c l e a r  power p l a n t s  f o r  m i l i t a r y  a p p l i c a t i o n s  t o g e t h e r  w i t h  an 

examination of a wide range of advanced concepts f o r  use wi th  both f o s s i l  

and n u c l e a r  f u e l s  as w e l l  as s o l a r  power p l a n t s  h a s  provided a wea l th  of 

material and l o c a l  e x p e r t i s e  d i r e c t l y  a p p l i c a b l e  t o  t h e  problem a t  

hand. 2-1 

I n  a d d i t i o n ,  t h e  background gained a t  ORNL i n  work on small 

MIUS Requirements 

Unit  S i z e  

The b u i l d i n g  complex s i z e  t h a t  appears  t o  have been of g r e a t e s t  i n t e r -  

est  t o  HUD has  been i n  t h e  range of 500 t o  1000 r e s i d e n t i a l  mi t s .  (The 

l a r g e s t  complex b u i l t  t o  d a t e  under HUD ausp ices  h a s  n o t  exceeded 1000 

r e s i d e n t i a l  u n i t s . )  However, t h e  range of i n t e r e s t  i n  s t u d i e s  f o r  HUD has  

extended t o  complexes of 2000 t o  3000 u n i t s .  Much of t h e  s tudy work h a s  

cen te red  on a r e f e r e n c e  design system of 720 u n i t s ,  commonly r e f e r r e d  t o  

as t h e  Model A System.5 The peak summer and w i n t e r  demands f o r  energy f o r  

v a r i o u s  purposes i n  t h e  Model A r e f e r e n c e  design complex t o g e t h e r  w i t h  t h e  

annual  usage i n  each case are summarized i n  Table 4.1. 

system has been used so  e x t e n s i v e l y  i n  previous s t u d i e s  c a r r i e d  ou t  f o r  

HUD, i t  has been chosen as t h e  r e f e r e n c e  design b u i l d i n g  complex f o r  a com- 

p a r i s o n  of t h e  v a r i o u s  systems considered i n  t h i s  chap te r .  Note t h a t  t h e  

e l e c t r i c a l  demand f o r  t h i s  model peaks i n  t h e  summer because over  500 kW(e) 

Inasmuch as t h i s  

4.1 
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Table 4.1. Summary of Model A Demands and Usage 
(Table from Ref. 5) 

Summer Winter Annual 
Demand Demand U s  age 

Apartments (Normal) 

Electr ical ,  kW, kWhr 756 

Cooling, t o n ,  ton-hr 907 

Heating, B tu /h r ,  Btu 

Domestic h o t  water, Btu 

Apartments (Auxil iary)  

Fan-coils,  kW, kWhr 113 

Apartment Bui lding Equipment Room' 

Hot water pumps, kW, kWhr 1 2  

Ch i l l ed  water pumps, kW, kWhr 12 

Cen t ra l  Equipment Bui lding 

Hot water pumps, kW, kWhr 17 

Ch i l l ed  w a t e r  pumps, kW, kWhr 50 

Cooling tower f a n s  and pumps, kW, 
kW/hr 90 

C e n t r i f u g a l  c h i l l e r s ,  kW, kWhr 438 

Miscellaneous equipment, kW, kWhr 20 

T o t a l  Electr ical  Demand, kW 1508 

T o t a l  Electr ical  Usage, kWhr 

756 4.91 x l o 6  
1 . 4 1  x lo6  

18.9 x l o 6  29.1 109 

15.5 109 

113 

1 2  

34 

.99 x 106 

.ll x 106 

.04 x LO6 

.18 x l o 6  

.10 x 106 

.20 x 106 

.56 x lo6  
15 

9 30 

7.09 x lo6  
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'Demands and usages i n  t h e  apartments  o r  apartment b u i l d i n g  inc lude  

a 5% d i s t r i b u t i o n  l o s s .  
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are r e q u i r e d  f o r  t h e  a i r  cond i t ion ing  system. Over h a l f  of t h i s  l oad  might 

be c a r r i e d  by an abso rp t ion  a i r  cond i t ion ing  system. 

A s  i n d i c a t e d  i n  Chapter 1, ex tens ive  experience has  i n d i c a t e d  t h a t ,  t o  

o b t a i n  good r e l i a b i l i t y ,  i t  i s  necessa ry  t o  make use of a number of power 

p l a n t  u n i t s  o p e r a t i n g  i n  p a r a l l e l  t o  provide redundancy. The usua l  pro- 

cedure i s  t o  have two u n i t s  On-stream most of t h e  t i m e  w i t h  a t h i r d  u n i t  

on s tandby t o  c a r r y  peak loads  wh i l e  t h e  f o u r t h  u n i t  could be out of ser- 

vice f o r  maintenance. On t h i s  b a s i s  t h e  s i z e  of t h e  i n d i v i d u a l  power p l a n t  

un i t  f o r  t h e  Model A b u i l d i n g  complex would be about 500 kW(e). 

t h e  purposes of t h i s  s tudy  t h e  design power ou tpu t  range p e r  t u rb ine -  

g e n e r a t o r  u n i t  i n  t he  power p l a n t  has  been taken as 500 t o  1000 kW(e). 

Thus, f o r  

Average Load Fac to r  

Both ana lyses  and reviews of o p e r a t i n g  expe r i ence  i n d i c a t e  t h a t  t h e  

l o a d  on i n d i v i d u a l  power p l a n t  u n i t s  w i l l  u s u a l l y  run from 50% t o  90% of 

f u l l  load,  and w i l l  average c l o s e  t o  70%. This  w i l l  l e a d  t o  a l o s s  i n  

thermal  e f f i c i e n c y  by an amount t h a t  w i l l  depend on t h e  type of power 

p l a n t .  Figure 4 . 1  shows t h i s  e f f e c t  f o r  some t y p i c a l  cases. 

Maintenance 

Previous s t u d i e s  have shown t h a t  o p e r a t i n g  c o s t s  w i l l  be excess ive  un- 

less t h e  power p l a n t  u n i t s  can be ope ra t ed  i n  a semi-unattended mode w i t h  

r e l a t i v e l y  l i t t l e  d i f f i c u l t y  w i t h  outages o r  requirements f o r  maintenance. 

Unfortunately,  i t  i s  extremely d i f f i c u l t  t o  assess t h e  degree t o  which a 

new system w i l l  prove capable  of meeting t h i s  e s s e n t i a l  requirement.  

Comparison of t h e  Performance and Cost 
of Typical  Systems 

A v a r i e t y  of t y p i c a l  s m a l l  power p l a n t s  adapted t o  MIUS a p p l i c a t i o n s  

have been eva lua ted  and compared i n  Table  4.2 wi th  convent ional  systems 

t h a t  depend on c e n t r a l  s t a t i o n s  f o r  t h e i r  supply of e l e c t r i c i t y .  

r e f e r e n c e  purposes f i v e  systems based on c e n t r a l  s t a t i o n s  are given a t  t h e  

t o p  of Table 4.2. The f i r s t  of t h e s e  would be coupled t o  a housing com- 

p l e x  us ing  a gas - f i r ed  steam b o i l e r  f o r  p rov id ing  domestic h o t  water and 

b u i l d i n g  h e a t i n g .  A i r  cond i t ion ing  would be provided by i n d i v i d u a l  room 

For 
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T a b l e  4 .2  Summary of  Major Cons idera t ions  i n  Choosing a Power Conversion System f o r  Bui ld ing  Complexes 
P h i l a d e l p h i a  area $400/kW(e) = c a p i t a l  c o s t  of f o s s i l  f u e l  c e n t r a l  
s t a t i o n  and e l e c t r i c a l  t r ansmiss ion  system. Domestic h o t  w a t e r  
consumption = 600 Btu /yr  r e s i d e n t i a l  u n i t  a t  150°F. 

Major cond i t ions :  

System 

Estimated U n i t  
Cost f o r  

Operating Fuels Useab le  Developmanta1 Problems 

Average Estimated Fuel 

Efficiency from per year per cap i t a l  cos t  Range of Pr inc ipa l  
beid Conversion Consumption 

Fuel t o  Res ident ia l  

J --le Btu 

E s t i m  ted 

$/Residential Un i t  Pereonnel 
Unit mils/kWhr Elec t r i c i ty  

Central  s t a t i o n ,  gas-fired steam boi le r  
Central  s t a t ion ,  e l e c t r i c a l  res i s tance  heat 
Central  e t a t ion ,  e l e c t r i c  motor driven hea t  

Central  s t a t ion ,  d i s t r i c t  heating system 

LWR cen t r a l  s t a t i o n ,  d i s t r i c t  heating 

PWP 

sys tern 

Gas engine-natural gas 
Gas engine-on-site coa l  gas i f ica t ion  

Diesel engine-fuel o i l  
Diesel engine-on-site coal Liquefaction 

Conventional gas turbine-natural  gas or  oil 
Conventional gas turbine-on-site coal gasin- 

Open cycle gas turbine with f l u i d  bed 

Closed cycle gas turbine with f lu id  bed 

Steam turbine-conventional furnace 

Steam turbine-fluidized bed 

Steam engine-conventional furnace 
Steam engine-fluidized bed 

cation 

32 
32 
32 

32 

28 

29 
20 

32 
23 

23 
16 

23 

29 

16 

16 

16 
16 

185 
228 
170 

149 

164 

148 
211 

u 4  
19 

176 
2 4  

176 

140 

254 

254 

2 54 
2 54 

3 ,000 
4,700 
4,250 

3,785 

4,100 

3,260 
16,760 

3,260 
16,760 

3,260 
16,760 

4,100 

4,000 

7 
4 
6 

10 
160 

10 
148 

10 
160 

15 

15  

15 

15 

15 
15 

S removal 
S removal 
S removal 

I n s t a l l a t i o n  of huge 
d i s t r i c t  heating syetem 
I n s t a l l a t i o n  of'huge 
d i s t r i c t  heating system 

None 
Re l i ab i l i t y ,  corrosion, 
S removal 
None 
Re l i ab i l i t y ,  corrosion, 
S removal 
None 
Re l i ab i l i t y ,  corroeion, 
S removal 
Re l i ab i l i t y ,  hot corro- 
s ion  in bed 
Re l i ab i l i t y ,  hot corro- 
sion i n  bed 
New turbine-generator 
required r e l i a b i l i t y  
Re l i ab i l i t y ,  control,  
ho t  corrosion 
None 
Re Ma b i l i  t y  , corroeion , 
S removal 

+Legend fo r  Fuel Type - Cs High su l fur  coal 

c L o w  su l fur  coal 
G Cas 
0 No. 2 fue l  o i l  
W Solid wastes 
U Uranium 
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a i r  cond i t ion ing  u n i t s .  

except t h a t  e lec t r ica l  r e s i s t a n c e  h e a t  would be employed f o r  bo th  b u i l d i n g  

h e a t i n g  and domestic h o t  water. 

of h e a t  pumps wi th  e lectr ic  motor-driven Freon compressors f o r  both bu i ld -  

i n g  h e a t i n g  and a i r  cond i t ion ing .  The f o u r t h  system would m a k e  u se  of a 

c e n t r a l  s t a t i o n  t o  provide n o t  only e l e c t r i c i t y  b u t  a l s o  h o t  water via a 

d i s t r i c t  h e a t i n g  system. The f i r s t  f o u r  c e n t r a l  s t a t i o n s  w e r e  assumed t o  

be coa l - f i r ed ;  t h e  f i f t h  i s  based on a l i g h t  water f i s s i o n  r e a c t o r  (LWR). 

The second system considered would be t h e  same 

The t h i r d  system considered would make use 

The f i r s t  of t h e  s m a l l  power p l a n t s ,  o r  MIUS systems, employs gas 

engine-generator sets wi th  waste h e a t  recovery from t h e  engine coo l ing  

j a c k e t s  and exhaust systems. Two v e r s i o n s  of such an i n s t a l l a t i o n  w e r e  

i nc luded ,  t h e  f i r s t  making use  of n a t u r a l  gas and t h e  second making u s e  of 

gas from an o n s i t e  c o a l  g a s i f i c a t i o n  p l a n t .  The nex t  two systems consid- 

e r e d  were similar b u t  would use d i e s e l  r a t h e r  t han  gas eng ines .  The n e x t  

system i s  a convent ional  open c y c l e  gas t u r b i n e  f u e l e d  w i t h  gas o r  o i l .  

Over 100 such systems are i n  ope ra t ion  i n  b u i l d i n g  complexes i n  t h e  U.S. 

A s  wi th  t h e  gas and d i e s e l  eng ines ,  a v a r i a t i o n  on t h i s  system making use 

of gas from an on - s i t e  c o a l  g a s i f i c a t i o n  p l a n t  w a s  a l s o  included.  I n  ad- 

d i t i o n  t o  these ,  a s m a l l  steam tu rb ine -gene ra to r  m i t  coupled f i r s t  t o  a 

convent ional  furnace and then t o  a f l u i d i z e d  bed c o a l  combustion system 

w a s  considered,  and, s i m i l a r l y ,  a r e c i p r o c a t i n g  steam engine coupled t o  a 

gene ra to r ,  again wi th  f i r s t  a convent ional  furnace and then  w i t h  a f l u i d -  

i z e d  bed c o a l  combustor. F i n a l l y ,  both an open c y c l e  gas t u r b i n e  and a 

c losed  c y c l e  gas tu rb ine -gene ra to r  u n i t  coupled t o  a f l u i d i z e d  bed c o a l  

combustor were considered and compared w i t h  t h e  o t h e r  systems. Table 4.2 

summarizes t h e  major c o n s i d e r a t i o n s  of i n t e r e s t  i n  choosing a power con- 

ve r s ion  system f o r  a b u i l d i n g  complex. 

Est imat ion of Electr ical  and Heat Loads 

The electrical  and h e a t  loads on a b u i l d i n g  complex va ry  wi th  t h e  t i m e  

of day, t h e  season of t h e  yea r ,  from weekdays t o  Saturdays o r  Sundays, w i th  

t h e  o u t s i d e  a i r  temperature ,  t h e  humidity,  and w i t h  t h e  l o c a t i o n  i n  t h e  

country.  F u r t h e r ,  i n  a t t empt ing  t o  c a r r y  out  any set of c a l c u l a t i o n s  t h a t  

compare t h e  c h a r a c t e r i s t i c s  

many a r b i t r a r y  assumptions. 

of d i f f e r e n t  MIUS systems, one needs t o  make 

For example, t h e  energy r e q u i r e d  f o r  h e a t i n g  
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domestic h o t  water is  commonly taken as from 4000 t o  6000 kWhr/yr. 

u s u a l l y  assumed t h a t  t h e  w a t e r  would be hea ted  t o  150°F. 

than i s  necessa ry  f o r  almost a l l  a p p l i c a t i o n s ,  and one obvious way t o  save 

energy i s  t o  reduce t h e  temperature of t h e  domestic h o t  water supply t o  

120°F; t h i s  should c u t  t h e  h e a t  l o s s e s  s u b s t a n t i a l l y .  

ry ing  out c a l c u l a t i o n s  i t  is  o f t e n  assumed t h a t  t h e  temperature  i n  the  

r e s i d e n t i a l  units would be h e l d  a t  a cons t an t  level of 75'F. 

s av ings  i n  energy can be r e a l i z e d  i f  a deadband of 5 t o  10 F is  provided,  

e .g . ,  i f  t h e  a i r  cond i t ion ing  system i s  n o t  t u rned  on u n t i l  t h e  a i r  temper- 

a t u r e  drops below 70°F. Even g r e a t e r  savings could be e f f e c t e d  i f  a s t i l l  

lower room temperature  were accepted f o r  t h e  w i n t e r  months. F u r t h e r ,  i n  

view of t h e  r a p i d l y  r i s i n g  c o s t  of energy, i t  seems l i k e l y  t h a t  much be t -  

ter  thermal  i n s u l a t i o n  w i l l  be provided f o r  b u i l d i n g s ,  and t h i s  i n  t u r n  

w i l l  l e a d  t o  s u b s t a n t i a l  energy sav ings  f o r  bo th  h e a t i n g  and coo l ing .  

S t i l l  ano the r  f a c t o r  f o r  MIUS a p p l i c a t i o n s  h a s  t o  do w i t h  t h e  use of h o t  

water s t o r a g e  t o  permit s av ing  h e a t  from those  p e r i o d s  du r ing  t h e  day i n  

w i n t e r  when t h e  requirements f o r  e l e c t r i c i t y  y i e l d  more waste h e a t  t h a n  

can be used immediately f o r  b u i l d i n g  h e a t i n g ,  and then t h e  s t o r e d  h e a t  can 

be used a t  n i g h t  when t h e  requirements f o r  h e a t  w i l l  be g r e a t e r  than t h e  

amount of h e a t  a v a i l a b l e  from t h e  gene ra t ion  of e l e c t r i c i t y .  With t h e  

r i s i n g  c o s t  of energy, h o t  water s t o r a g e  during t h e  daytime w i l l  make pos- 

s i b l e  a marked savings i n  o v e r a l l  energy u t i l i z a t i o n .  

t o  t h e  magnitude of t h i s  energy savings i s  given by t h e  s tudy  p resen ted  

i n  Appendix I of t h i s  r e p o r t .  

might be e f f e c t e d  i n  t h i s  way appears  t o  be around 10%. It should be men- 

t i o n e d  t h a t  ex tens ive  use  of t he rma l  energy s t o r a g e  i n  t h e  form of super- 

hea t ed  water i s  employed i n  t h e  t o t a l  energy system of t h e  c i t y  of Munich, 

where it h a s  been found t o  be very attractive economically.  

I t  i s  

This  is  h o t t e r  

S i m i l a r l y ,  i n  car- 

A s u b s t a n t i a l  
0 

Some i n d i c a t i o n  as 

The p o s s i b l e  annual  energy sav ings  t h a t  

A major f a c t o r  i n f l u e n c i n g  t h e  e lec t r ica l  h e a t  load on t h e  prime mover 

i s  whether o r  n o t  t h e  a i r  cond i t ion ing  system makes use of abso rp t ion  type 

a i r  cond i t ion ing  equipment. However, even i f  f u l l  u se  of t h e  waste h e a t  

from t h e  prime mover is  employed f o r  abso rp t ion  a i r  cond i t ion ing ,  f o r  

most c i t i es  t h e  peak a i r  cond i t ion ing  loads  make i t  necessa ry  t o  employ 

some e lec t r ic  motor-driven Freon compressors. 

abso rp t ion  a i r  cond i t ion ing  equipment. must be supplemented wi th  e lectr ic  

The degree t o  which t h e  
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motor-driven compressors i s  ve ry  much a func t ion  of t h e  l o c a t i o n  i n  t h e  

United S t a t e s ,  b u t  t h e  c a p a c i t y  of t h e  two systems i s  commonly roughly t h e  

same. 

Es t ima t ion  of E f f i c i e n c i e s  and Costs  

Any e f f o r t  t o  compare d i f f e r e n t  MIUS systems from t h e  s t a n d p o i n t  of 

t h e  e f f i c i e n c y  w i t h  which they  make use of t h e  energy i n  t h e  f u e l  and t h e  

c a p i t a l  and o p e r a t i n g  c o s t s  f o r  t h e  system of n e c e s s i t y  r e q u i r e  t h a t  one 

m a k e  a l a r g e  number of somewhat a r b i t r a r y  assumptions.  E f f o r t s  t o  c a r r y  

ou t  such s t u d i e s  n o t  only at OWL b u t  a t  t h e  Bureau of Standards and a t  

t h e  NASA Johnson Space Center a t  Houston have e n t a i l e d  s u b s t a n t i a l l y  d i f -  

f e r e n t  v a l u e s  f o r  many of t h e  i n p u t  assumptions. I n  s p i t e  of t h e s e  d i f -  

f e r ences ,  t h e  r e s u l t s  g e n e r a l l y  f a l l  w i t h i n  10% of a mean where t h e  s t u d i e s  

are f o r  similar p l a n t  l o c a t i o n s .  I n  f a c t ,  even s h i f t i n g  t h e  p l a n t  l o c a t i o n  

from s a y  P h i l a d e l p h i a  t o  Dallas, Texas o r d i n a r i l y  does n o t  l e a d  t o  a dras- 

t i c  d i f f e r e n c e  i n  e i t h e r  t h e  e f f i c i e n c y  of energy u t i l i z a t i o n  o r  t h e  capi- 

t a l  c o s t .  

The d e t a i l e d  procedure followed i n  c a r r y i n g  o u t  a set of c a l c u l a t i o n s  

may d i f f e r  s u b s t a n t i a l l y  i n  t h e  d e t a i l  i n  which t h e  i n p u t  d a t a  on o u t s i d e  

a i r  temperature ,  e lectr ical  loads ,  etc. ,  are in t roduced  i n t o  t h e  ca l cu la -  

t i o n s .  The s tudy  p resen ted  i n  Appendix C i n d i c a t e s  t h a t  s u b s t a n t i a l  d i f -  

f e r ences  i n  t h e  e x t e n t  t o  which a d e t a i l e d  t r ea tmen t  i s  made r e a l l y  have 

r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  r e s u l t s .  I n  t h e  s t u d y  of Appendix C, f o r  

example, t h r e e  d i f f e r e n t  approaches y i e l d e d  d i f f e r e n c e s  i n  f u e l  consumption 

of only p l u s  o r  minus 4%. 

For purposes of t h i s  r e p o r t  i t  seemed t h a t  a reasonably r e p r e s e n t a t i v e  

comparison of d i f f e r e n t  systems could b e  ob ta ined  by making use  of a set of 

comparisons of MIUS systems i n  t h e  P h i l a d e l p h i a  area as p resen ted  i n  Ref. 

5. 

Table 4.2 t h a t  were not  included i n  t h e  o r i g i n a l  s tudy .  

assumptions made are l i s t e d  a t  t h e  top  of Table 4 .2 ;  f o r  f u r t h e r  d e t a i l s  

t h e  r e a d e r  i s  r e f e r r e d  t o  Ref. 5. 

i n  t h e  p r e s e n t  a n a l y s i s  w a s  t h e  cons ide ra t ion  of on - s i t e  c o a l  g a s i f i c a t i o n  

o r  l i q u e f a c t i o n  p l a n t s .  For  t h e s e  p l a n t s  i t  w a s  assumed t h a t  t h e  e f f i c -  

iency of conversion of t h e  c o a l  i n t o  gaseous o r  l i q u i d  f u e l  would run 70% 

P e r t u r b a t i o n s  were a p p l i e d  t o  t h e  o r i g i n a l  s tudy  t o  handle t h e  cases of 

The p r i n c i p a l  

The p r i n c i p a l  new element in t roduced  

i 

r -  
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from t h e  s t andpo in t  of t h e  a v a i l a b l e  energy i n  t h e  f u e l .  The c o a l - f i r e d  

gas t u r b i n e  p l a n t s  considered w e r e  t h e  r e p r e s e n t a t i v e  open c y c l e  and c losed  

c y c l e  p l a n t s  of Chapter 6 .  

Discussion of Resu l t s  

I n  reviewing t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  p re sen ted  i n  Table 4 . 2 ,  

probably t h e  most important p o i n t  t o  n o t e  is  t h a t  o n - s i t e  c o a l  g a s i f i c a t i o n  

o r  l i q u e f a c t i o n  l ead  t o  e s t ima ted  c a p i t a l  c o s t s  pe r  r e s i d e n t i a l  u n i t  of t h e  

o r d e r  of 4 t i m e s  t h e  v a l u e s  f o r  any of t h e  o t h e r  approaches except  t h a t  i n  

which e l e c t r i c i t y  from t h e  c e n t r a l  s t a t i o n  is  used t o  provide e lectr ical  

r e s i s t a n c e  h e a t  f o r  t h e  b u i l d i n g  h e a t i n g  requirements ,  i n  which case t h e  

f a c t o r  is  about 3 .  F u r t h e r ,  on - s i t e  c o a l  g a s i f i c a t i o n  o r  l i q u e f a c t i o n  

l e a d s  t o  a low conversion e f f i c i e n c y  from t h e  energy i n  t h e  f u e l  t o  elec- 

t r i c i t y ,  and as a consequence a high annual f u e l  consumption expressed as 

l o 5  Btu/yr  p e r  r e s i d e n t i a l  u n i t .  

s t a n d p o i n t s  of e f f i c i e n c y  of use of t h e  energy i n  t h e  f u e l  and c a p i t a l  

c o s t s  are t h e  c e n t r a l  s t a t i o n  coupled t o  a d i s t r i c t  h e a t i n g  system o r  t o  

e lec t r ic  motor d r iven  h e a t  pumps on t h e  one hand, and on t h e  o t h e r  MIUS 

systems wi th  convent ional  gas o r  d i e s e l  engines  o r  t h e  proposed c losed  

c y c l e  gas t u r b i n e  coupled t o  a f l u i d i z e d  bed c o a l  combustion chamber. The 

l a t te r  has  t h e  disadvantage t h a t  i t  w i l l  r e q u i r e  a s u b s t a n t i a l  amount 

of money f o r  development t o  determine f e a s i b i l i t y ,  b u t  i t  has  t h e  major 

advantage t h a t  i t  could o p e r a t e  on any type  of f u e l  i n c l u d i n g  s o l i d  wastes 

and high s u l f u r  c o a l .  These advantages appear t o  be s o  g r e a t  t h a t  t h e  

e f f o r t  r equ i r ed  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of t h e  system appears  t o  be 

very much i n  o rde r .  

The most promising contenders  from t h e  

Although s m a l l  steam turbine-generator  o r  engine-generator u n i t s  a t  

f i r s t  appear t o  be obvious contenders ,  t hey  are a c t u a l l y  i l l - s u i t e d  t o  MIUS 

a p p l i c a t i o n s  both because of t h e i r  low e f f i c i e n c y  i n  conve r t ing  t h e  energy 

i n  t h e  f u e l  i n t o  e l e c t r i c i t y  and t h e i r  h igh  c a p i t a l  c o s t s .  The low e f f i -  

c i ency  of t h e  s m a l l  steam t u r b i n e s  stems from t h e  f a c t  t h a t  i n  t h e s e  small 

s i z e s  i t  is necessary t o  make use of p a r t i a l  admission, and t h i s  l e a d s  t o  a 

low t u r b i n e  e f f i c i e n c y .  An a l t e r n a t i v e  would be t o  go t o  a ve ry  s m a l l  h igh  

speed u n i t  which could employ f u l l  admission, b u t  no such u n i t s  are commer- 

c i a l l y  a v a i l a b l e ,  and they would r e q u i r e  frequency conversion equipment. 
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Fur the r ,  even i n  t h e s e  s m a l l  h igh  speed units t h e  Reynolds number i s  rela- 

t i v e l y  low, and t h i s  l e a d s  t o  a s u b s t a n t i a l l y  lower t u r b i n e  e f f i c i e n c y  than 

can be obtained i n  l a r g e  c e n t r a l  s t a t i o n s .  The r e l a t i v e l y  poor e f f i c i e n c y  

of r e c i p r o c a t i n g  steam engines  s t e m s  from t h e  f a c t  t h a t  t hey  cannot use 

h igh  steam p r e s s u r e s  and temperatures  t o  good advantage because of d i f f i -  

c u l t i e s  w i t h  l u b r i c a t i n g  t h e  engine c y l i n d e r  w a l l s .  

Another f a c t o r  having a s e r i o u s  adverse e f f e c t  on t h e  o p e r a t i n g  c o s t s  

of s m a l l ,  on - s i t e  c o a l  g a s i f i c a t i o n  o r  l i q u e f a c t i o n  p l a n t s  f o r  MIUS systems 

i s  t h e  requirement of such p l a n t s  f o r  o p e r a t i n g  personnel .  A s  i n d i c a t e d  i n  

Chapter 2, Fig.  2.21, t h e  number of men r e q u i r e d  t o  o p e r a t e  a c o a l  g a s i f i -  

c a t i o n  o r  l i q u e f a c t i o n  p l a n t  i s  n o t  ve ry  much dependent on p l a n t  s i z e  be- 

cause t h e  number of c o n t r o l  func t ions  t h a t  must be c a r r i e d  out i s  t h e  same 

i r r e s p e c t i v e  of t h e  p l a n t  ou tpu t .  It i s  b e l i e v e d  t h a t  a f l u i d i z e d  bed 

c o a l  combustion system w i l l  e n t a i l  f a r  less d i f f i c u l t  p rocess  c o n t r o l  and 

requirements and w i l l  be r e l a t i v e l y  i n s e n s i t i v e  t o  d e v i a t i o n s  from d e s i r e d  

va lues ,  hence i t  w i l l  n o t  r e q u i r e  an o p e r a t i n g  crew i n  cons t an t  a t tendance.  

This,  of course,  remains t o  be demonstrated. 

Advanced Concepts 

The v a r i o u s  concepts p re sen ted  i n  Table 4.2 and d i scussed  i n  t h e  p re -  

v ious  s e c t i o n  a l l  make use of power conversion equipment i n  commercial use 

except  f o r  t h e  f l u i d i z e d  bed c o a l  combustion system. This  c l e a r l y  r e q u i r e s  

t h e  development of some advanced technology, and t h e  ques t ion  arises as t o  

how it  compares w i t h  o t h e r  advanced systems i n  performance p o t e n t i a l ,  de- 

g ree  of d i f f i c u l t y  of t h e  developmental problems envis ioned,  and t h e  t i m e  

r equ i r ed  t o  c a r r y  a developmental program t o  t h e  p o i n t  where a commercially 

v i a b l e  system could be b u i l t .  This  s e c t i o n  inc ludes  a d i s c u s s i o n  of each 

of t h e  p r i n c i p a l  cand ida te s  f o r  an advanced system. To provide some per- 

s p e c t i v e ,  t h e  amount of money and t i m e  t h a t  has  a l r e a d y  gone i n t o  R&D work 

on each system i s  a l s o  included t o g e t h e r  w i t h  a d i scuss ion  of t h e  p r i n c i p a l  

problems t h a t  have been encountered. 
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Fue l  Cells 

The d i r e c t  product ion of e l e c t r i c i t y  from t h e  combustion of hydrogen 

i n  f u e l  ce l l s  has  been t h e  s u b j e c t  of r e s e a r c h  and development f o r  t h e  p a s t  

h a l f  century.  

e f f o r t  w a s  funded i n  an at tempt  t o  o b t a i n  propuls ion systems f o r  submarines. 

Secret b u t  i n t e n s i v e  e f f o r t s  making use of some of t h e  wor ld ' s  ou t s t and ing  

p h y s i c a l  chemists were c a r r i e d  ou t  i n  t h e  U.S., t h e  UK, France,  and Germany 

from about 1930 up i n t o  t h e  e a r l y  1950's. A t  t h a t  t i m e  two t h i n g s  became 

e v i d e n t ;  on t h e  one hand t h e  p r a c t i c a l i t y  and ou t s t and ing  performance of 

t h e  n u c l e a r  submarine had been demonstrated so  t h a t  t h e  need f o r  f u e l  cel ls  

f o r  submarines faded,  and on t h e  o t h e r  hand t h e  f a i l u r e  of about 30 y e a r s  

of i n t e n s i v e  h igh  class r e s e a r c h  and development t o  y i e l d  a p r a c t i c a l  f u e l  

c e l l  made t h e  p r o b a b i l i t y  of a s u c c e s s f u l  u n i t  p r o g r e s s i v e l y  more remote. 

From t h e  l a t t e r  1920's t o  the  e a r l y  1950's t h e  bu lk  of t h e  

A t  about t h i s  t i m e  t h e  space program began t o  develop r a p i d l y  and the  

need f o r  a r e l a t i v e l y  s h o r t - l i v e d  e l e c t r i c a l  power source f o r  manned space 

missions became well-defined. A review of the  r e s u l t s  of t h e  f u e l  c e l l  

developmental e f f o r t  f o r  submarines l e d  t o  t h e  conclusion t h a t  i t  should 

be p o s s i b l e  t o  develop a s u i t a b l e  u n i t  f o r  space a p p l i c a t i o n s  where t h e  

r e q u i r e d  l i f e  would be only t h r e e  t o  f i v e  weeks. Note t h a t  one advantage 

env i s ioned  f o r  t h e  f u e l  ce l l s  w a s  t h a t  t h e  water produced could be used by , 

t h e  crew. An i n t e n s i v e  and expensive program w a s  launched t o  o b t a i n  a f u e l  

c e l l  t h a t  would s a t i s f y  t h e  requirements f o r  manned s p a c e c r a f t ,  and t h i s  

program w a s  s u c c e s s f u l .  Its c o s t  w a s  over $500,000,000. 

When t h e  R&D e f f o r t  on t h e  manned space program began t o  t a p e r  o f f  i n  

t h e  l a t te r  1 9 6 0 ' ~ ~  t h e  o r g a n i z a t i o n s  w i t h  t h e  g r e a t e s t  background of exper- 

i e n c e  with t h e  f u e l  cel ls  c losed  ou t  t h e i r  e f f o r t .  (These included Union 

Carbide, A l l i s  Chalmers, e tc . ) .  The only major program t o  cont inue has  

been t h a t  conducted by P r a t t  and Whitney A i r c r a f t  w i t h  funding l a r g e l y  from 

t h e  gas  and e l ec t r i c  u t i l i t y  companies. 

been roughly $5,000,000/yr; t h e  funding f o r  t h e  1973 t o  1977 p e r i o d  i s  pro- 

j e c t e d  t o  run about $40,000,000. 

u t i l i t i e s  and one-third from P r a t t  and Whitney. 

The funding i n  r ecen t  y e a r s  has  

Of t h i s  about two-thirds would come from 

I n  t u r n i n g  t o  t e c h n i c a l  accomplishments, one f i n d s  t h a t  P r a t t  and 

Whitney has  b u i l t  90 u n i t s  f o r  NASA t h a t  were designed t o  y i e l d  1.5 kW(e). 

Some of t h e s e  have ope ra t ed  f o r  as much as 2,000 h r .  P r a t t  and Whitney 
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is  c u r r e n t l y  working on a 15 kW(e) module which i s  t o  be followed by a 

1 W(e) module t h a t  would be assembled i n t o  26 MW(e) u n i t s .  

The developmental problems have included some extremely d i f f i c u l t  i n -  

s t rumen ta t ion  and c o n t r o l  problems, p a r t i c u l a r l y  monitor ing and maintain-  

i n g  wi th in  c l o s e  l i m i t s  t h e  concen t r a t ion  and PH of t h e  e l e c t r o l y t e s .  l 5  

The in s t rumen ta t ion  a v a i l a b l e  f o r  t h i s  purpose i s  s u b j e c t  t o  d r i f t  and re- 

q u i r e s  f requent  r e c a l i b r a t i o n .  The most s e r i o u s  problem, however, i s  posed 

by t h e  requirement f o r  a p rec ious  m e t a l  c a t a l y s t .  S i l v e r  has  been used 

wi th  some success ,  b u t  t h e  only r e a l l y  s a t i s f a c t o r y  performance ob ta ined  

t o  d a t e  h a s  been from ce l l s  us ing  plat inum as t h e  c a t a l y s t .  The lowest 

platinum inventory ob ta ined  TO d a t e  i n  P r a t t  and Whitney cells wi th  a rea- 

sonably long l i f e  h a s  amounted t o  250 mg/W. The c u r r e n t  market p r i c e  of 

plat inum (June 1974) i s  about $200/troy ounce, o r  $6.43/g. This  amounts 

t o  a c a p i t a l  investment of about $1600/kW(e) j u s t  f o r  t h e  platinum. P r a t t  

and Whitney hopes t o  reduce t h i s  plat inum inven to ry  by a f a c t o r  of 10; 

when viewed from t h e  p e r s p e c t i v e  of t he  last  h a l f  century of e f f o r t ,  t h e  

p r o s p e c t s  f o r  accomplishing t h i s  do n o t  appear promising. However, i f  they 

do succeed i n  producing such a ce l l  wi th  a long l i f e  and a h igh  r e l i a b i l i t y ,  

t hey  have c o n t r a c t s  w i th  a number of u t i l i t i e s  t o  supply 26 MW(e) modules 

a t  a p r i c e  o f  $185/kW(e). The a n t i c i p a t e d  l i f e  of t h e s e  modules would be 

40,000 h r .  

For MIUS a p p l i c a t i o n s  P r a t t  and Whitney estimates t h a t  t h e  thermal  

e f f i c i e n c y  of t h e i r  u n i t s  i n  producing e lectr ical  power w i l l  be about 40%. 

They estimate t h a t  about 28% of t h e  energy i n  t h e  f u e l  can be removed as 

h e a t  a t  a temperature  of around 250°F, about 6% can be removed as h e a t  a t  

about 150°F, and about 12% can be removed as h e a t  a t  115'F. The balance 

w i l l  be  l o s t  t o  t h e  surrounding atmosphere by the rma l  r a d i a t i o n  and con- 

vec t ion .  It should be no ted  t h a t  i n c r e a s i n g  t h e  temperature has  an ad- 

verse e f f e c t  on cel l  l i f e .  

I n  summary, an  enormous amount of money has  been spen t  i n  t h e  p a s t  

h a l f  cen tu ry  on t h e  development of f u e l  cel ls .  

t a r g e t s  for c o s t ,  performance, l i f e ,  and r e l i a b i l i t y  can be m e t ,  t h e  u n i t s  

would b e  very a t t ract ive f o r  MIUS a p p l i c a t i o n s .  

gram i s  underway; a t  t h i s  s t a g e  i t  appears  prudent  t o  w a i t  and see t o  what 

degree it may prove s u c c e s s f u l .  

I f  t h e  P r a t t  and Whitney 

A l a r g e  development pro- 
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It has been suggested t h a t  f u e l  ce l l s  might be made t o  ope ra t e  us ing  

coa l .  The s e n s i t i v i t y  of t h e  c a t a l y s t  i n  t h e  f u e l  cel ls  t o  trace amounts 

of i m p u r i t i e s  i s  s o  g r e a t  t h a t  i t  appears t h a t  t he  developmental problems 

w i l l  be v a s t l y  more s e r i o u s  i f  t h e  hydrogen f o r  f u e l  cel ls  i s  de r ived  from 

c o a l  r a t h e r  t han  from n a t u r a l  gas  o r  l i g h t  petroleum d i s t i l l a t e s .  

S o l a r  Energy 

E f f o r t s  t o  develop s o l a r  energy have been underway f o r  about a cen tu ry  

The l a r g e s t  s o l a r  power p l a n t  b u i l t  t o  d a t e  w a s  b u i l t  i n  Egypt i n  1912 and 

produced 50 hp f o r  pumping i r r i g a t i o n  water. Many modest programs on s o l a r  

energy have been c a r r i e d  o u t  i n  t h e  U.S. and Europe s i n c e  1930, of which 

perhaps t h e  most s u c c e s s f u l  w a s  a program at M.I .T .  aimed p r i m a r i l y  a t  t h e  

s o l a r  h e a t i n g  of houses.16 A b a s i c  d i f f i c u l t y  i s  t h a t  t h e  e f f i c i e n c y  wi th  

which s o l a r  energy can be converted i n t o  h e a t  f a l l s  o f f  r a p i d l y  as t h e  col-  

l e c t i o n  temperature i s  inc reased .  A s  a consequence, t h e  only e f f o r t s  t h a t  

have been commercially s u c c e s s f u l  have been t h o s e  t h a t  produce domestic 

ho t  water a t  120 t o  150°F. 

underway a t  t h e  t i m e  of w r i t i n g  under t h e  d i r e c t i o n  of t h e  N a t i o n a l  Science 

Foundation; t h e r e  is  g r e a t  hope t h a t  t h i s  r e sea rch  w i l l  y i e l d  an economi- 

c a l l y  competi t ive commercial system s u i t a b l e  f o r  h e a t i n g  and a i r  condi t ion-  

i n g  homes as w e l l  as supplying domestic h o t  water. The p r o s p e c t s  f o r  col-  

l e c t i n g  s o l a r  energy a t  a s u f f i c i e n t l y  h igh  temperature  t o  y i e l d  an at- 

tractive thermodynamic cyc le  appear much less promising, b u t  a s u b s t a n t i a l  

e f f o r t  i s  a l s o  d i r e c t e d  toward t h i s  end. 

A l a r g e  program on s o l a r  energy systems i s  

I n  comparing a s o l a r  h e a t i n g  system wi th  a f o s s i l  f u e l  MIUS system 

one f i n d s  t h a t  t h e r e  are pronounced d i f f e r e n c e s  i n  t h e  areas of app l i ca -  

t i o n .  The i n s t a l l a t i o n  wi th  s o l a r  h e a t i n g  system s t i l l  needs power from 

an e lec t r ic  u t i l i t y ,  t h e  b u i l d i n g  design must be t a i l o r e d  c a r e f u l l y  t o  

t a k e  maximum advantage of t h e  i n c i d e n t  s o l a r  energy, and t h e  economics 

are h e a v i l y  dependent on t h e  climate a t  t h e  s i te .  

o t h e r  hand, can be r e t r o f i t t e d  t o  any e x i s t i n g  b u i l d i n g  complex, i t  i s  

i n s e n s i t i v e  t o  t h e  d e t a i l  design and o r i e n t a t i o n  of t h e  b u i l d i n g s ,  and de- 

r i v e s  i t s  at t ract ive f e a t u r e s  from t h e  f a c t  t h a t  i n  producing the  e l e c -  

t r i c i t y  r e q u i r e d  it has  p r o v i s i o n s  f o r  recovering t h e  waste h e a t  from t h e  

A MIUS system, on t h e  
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thermodynamic cyc le  f o r  use i n  h e a t i n g  and a i r  cond i t ion ing  t h e  b u i l d i n g  

complex . 
Direct conversion of s o l a r  energy i n t o  e lec t r ica l  energy appears  s o  

a t t ract ive t h a t  i t  has  r ece ived  a g r e a t  d e a l  of a t t e n t i o n .  Under t h e  space 

program NASA has spen t  hundreds of m i l l i o n s  of d o l l a r s  on t h i s  approach, 

and t h e  s o l a r  ce l l s  used i n  s p a c e c r a f t  have been ou t s t and ing ly  s u c c e s s f u l .  

However, t h e  e f f i c i e n c y  wi th  which t h e s e  s o l a r  cells convert  t h e  i n c i d e n t  

s o l a r  energy i n t o  e l e c t r i c i t y  i s  only about  6 % ,  and t h e i r  c o s t  is  roughly 

$l,OOO,OOO/kW(e). 

i f  t hey  prove as s u c c e s s f u l  as t h e  e n t h u s i a s t s  hope, t h e  r e s u l t s  could 

y i e l d  some commercial u n i t s  f o r  MIUS a p p l i c a t i o n s .  However, t h e r e  seems 

t o  be g e n e r a l  agreement t h a t  such an achievement i s  decades away. 

A number of l a r g e  programs are cont inuing i n  t h i s  area; 

Magnetohydrodynamic Generators 

S u b s t a n t i a l  programs on t h e  development of magnetohydrodynamic genera- 

t o r s  have been underway i n  t h e  U.S., Western Europe, and t h e  U.S.S.R. f o r  

t h e  p a s t  20 y e a r s .  

$40,000,000. 

few hundred hours wi th  an ou tpu t  of about 150 kW(e). The maximum thermal  

e f f i c i e n c y  ob ta ined  has  been of t h e  o r d e r  of 1%. 

us ing  l i q u i d  oxygen w i t h  a hydrocarbon f u e l ,  b u t  some have employed powder- 

ed coal. A few units have been ope ra t ed  wi th  a i r  r a t h e r  t han  l i q u i d  oxygen 

by us ing  a r e g e n e r a t i v e  h e a t  exchanger. 

The investment i n  t h e  U.S. program a lone  h a s  been over  

The l o n g e s t  o p e r a t i n g  t i m e  achieved i n  t h e  U.S. t o  d a t e  i s  a 

Uni t s  normally o p e r a t e  

The experimental  u n i t s  t o  d a t e  have no t  borne a c l o s e  resemblance t o  

u n i t s  t h a t  could be commercially a t t ract ive.  For example, f o r  commercial 

a p p l i c a t i o n s  l i q u i d  oxygen would be p r o h i b i t i v e l y  expensive.  Fu r the r ,  t o  

o b t a i n  a long l i f e  t h e  w a l l s  of t h e  g e n e r a t o r  would have t o  be cooled; 

t h i s  would r e s u l t  i n  s u b s t a n t i a l  hea t  l o s s e s ,  and would degrade t h e  thermal  

e f f i c i e n c y .  

impossible ,  b u t  i f  they are cooled, thermal stress problems become extreme- 

l y  d i f f i c u l t .  A l a r g e  f r a c t i o n  of t h e  t e c h n i c a l  e x p e r t s  who have reviewed 

t h e  s i t u a t i o n  are d o u b t f u l  t h a t  a commercially v i a b l e  u n i t  can be develop- 

e d  i n  t h e  n e x t  10 o r  20 yea r s .  I f  i t  should prove p o s s i b l e ,  t h e  u n i t  would 

probably be much t o o  l a r g e  f o r  MIUS a p p l i c a t i o n s .  

I f  t h e  w a l l s  are n o t  cooled, t h e  co r ros ion  problem becomes 

I 
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H e l i u m  Gas Turbine 

The c losed  cyc le  gas t u r b i n e  w i l l  y i e l d  a s l i g h t l y  h i g h e r  thermal  

e f f i c i e n c y  i f  operated on helium r a t h e r  than a i r ,  and t h e  c o s t  of t h e  h e a t  

exchanger equipment can be reduced. l 7 , l 8  However, t h e  p ropor t ions  of t h e  

compressor and t u r b i n e  would be very d i f f e r e n t  from those  f o r  a i r ,  and no 

helium gas t u r b i n e  equipment i s  c u r r e n t l y  a v a i l a b l e  commercially. I n  t h e  

s m a l l  s i z e  system of i n t e r e s t  f o r  MIUS a p p l i c a t i o n s ,  p re l imina ry  estimates 

i n d i c a t e  t h a t  t h e  inc reased  c o s t  t o  a s s u r e  t h e  high degree of l eak  t i g h t -  

n e s s  r e q u i r e d  f o r  a helium system would more than  o f f s e t  t h e  sav ings  i n  i h e  

c o s t  of t h e  h e a t  exchangers t h a t  would be made p o s s i b l e  by going from a i r  t o  

helium as t h e  working f l u i d .  Thus, i t  seems b e s t  a t  t h i s  s t a g e  t o  concen- 

t ra te  t h e  e f f o r t  a v a i l a b l e  on an a i r  cyc le  system. I f  t h i s  proves success- 

f u l ,  

b e t t e r  e v a l u a t i o n  of t h e  relative c o s t  of t h e  helium and a i r  systems can be 

made than i s  p o s s i b l e  at  t h i s  da t e .  

f i r m  c o s t  d a t a  f o r  t h e  h e a t  exchangers w i l l  be a v a i l a b l e  and a much 

Potassium Vapor Cycle 

Analyses and experiments i n d i c a t e  t h a t  a potassium ( o r  cesium) vapor 

topping cyc le  superimposed on a convent ional  steam cyc le  should m a k e  pos- 

Two s i b l e  a thermal  e f f i c i e n c y  i n  excess  of 50% i n  l a r g e  power p l a n t s .  l 8  

s t u d i e s  i n d i c a t e  t h a t  such a system looks p a r t i c u l a r l y  a t t ract ive i f  a 

f l u i d i z e d  bed c o a l  combustion chamber i s  employed t o  hea t  t h e  potassium 

b o i l e r .  19,20 

t h e  low Reynolds number i n  t h e  t u r b i n e s  would l e a d  t o  a d r a s t i c  drop i n  t h e  

e f f i c i e n c y  of t h e  t u r b i n e s .  

t e m  would l e a d  t o  e x c e s s i v e l y  h igh  c a p i t a l  charges .  

However, i n  t h e  s m a l l  s i z e s  r e q u i r e d  f o r  MIUS a p p l i c a t i o n s  

Even more s e r i o u s ,  t h e  complexity of t h e  sys- 

D i s s o c i a t i n g  G a s  Cycles 

It i s  p o s s i b l e  t o  reduce t h e  compressor work i n  a gas t u r b i n e  cyc le  

by making use of a d i s s o c i a t i n g  gas such as aluminum c h l o r i d e  o r  

That is ,  a t  t h e  r e l a t i v e l y  low temperatures  t h a t  p r e v a i l  i n  t h e  compressor, 

aluminum c h l o r i d e  w i l l  be p r e s e n t  as A12C16,  b u t  i t  w i l l  d i s s o c i a t e  i n  t h e  

h e a t e r  t o  A X 1 3  and hence t h e  volume of gas p a s s i n g  through t h e  t u r b i n e  

w i l l  be  doubled by d i s s o c i a t i o n  and t h e  work ou tpu t  of t h e  t u r b i n e  w i l l  be 

inc reased  relative t o  t h e  va lue  o b t a i n a b l e  i f  d i s s o c i a t i o n  d i d  n o t  occur  i n  
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t h e  h e a t e r .  The d i s s o c i a t i n g  gas c y c l e s  have t h e  f u r t h e r  advantage t h a t  

t h e  d i s s o c i a t i o n  process  l e a d s  t o  h i g h e r  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  bo th  

t h e  h e a t e r  and t h e  coo le r .  However, t h e  d i s s o c i a t i n g  gases  t h a t  appear  

at tractive as thermodynamic cyc le  working f l u i d s  are no t  a t t ract ive from 

t h e  s t andpo in t  of co r ros ion  and chemical thermodynamics. The NO2-N204 

cyc le ,  f o r  example, imp l i e s  hand l ing  a gas at r e d  h e a t  w i t h  t h e  c o r r o s i v e  

c h a r a c t e r i s t i c s  of h o t  fuming n i t r i c  ac id .  S i m i l a r l y ,  f r e e  c h l o r i n e  from 

t h e  aluminum c h l o r i d e  cyc le  poses  s e r i o u s  co r ros ion  problems. Although 

p r o t e c t i v e  coa t ings  may a t  f i r s t  appear  as a t t rac t ive  p o s s i b i l i t i e s ,  t h e  

rate of s o l i d  s ta te  d i f f u s i o n  through such c o a t i n g s  a t  h igh  temperature  

i s  s u f f i c i e n t l y  h igh  so  t h a t  i t  is  doub t fu l  t h a t  c o a t i n g s  would prove 

e f f e c t i v e  i n  y i e l d i n g  t h e  l i f e  r e q u i r e d  f o r  a t r u l y  p r a c t i c a l  u n i t .  

S u p e r c r i t i c a l  GO7 Cycle 

One way of improving t h e  e f f i c i e n c y  of a thermodynamic cyc le  by reduc- 

i n g  t h e  compressor work is  t o  make use  of GO2 and o p e r a t e  at o r  n e a r  t h e  

s u p e r - c r i t i c a l  p r e s s u r e  and temperature at  t h e  i n l e t  t o  t h e  compressor. 

Such a cyc le  has  been considered f o r  both n u c l e a r  and f o s s i l  f u e l  power 

 plant^.^^,^^ 
d i f f e r e n t  from t h a t  o b t a i n a b l e  from a steam cyc le ,  and, as i n  t h e  steam 

cycle ,  t h e  Reynolds number i n  t h e  t u r b i n e  and compressor i n  s m a l l  power 

u n i t s  i s  low s o  t h a t  i t  i s  d i f f i c u l t  t o  o b t a i n  a good e f f i c i e n c y  from 

t h e s e  components. A s  a consequence, f o r  t h e  power output  range of i n t e r e s t  

f o r  MIUS a p p l i c a t i o n s  t h i s  c y c l e  does n o t  appear t o  b e  a t t ract ive.  

However, i t  happens t h a t  t h e  e f f i c i e n c y  o b t a i n a b l e  i s  l i t t l e  

Summary 

Table 4.2 summarizes t h e  p r i n c i p a l  f i g u r e s  of m e r i t  t h a t  are of i n t e r -  

es t  when a p p r a i s i n g  t h e  merits of t h e  v a r i o u s  advanced power conversion 

systems d i scussed  above. Note t h a t ,  except  f o r  t h e  gas t u r b i n e  coupled t o  

a f l u i d i z e d  bed c o a l  combustion system, e i t h e r  t h e  fundamental c h a r a c t e r i s -  

t ics  of t h e  system m a k e  it u n s u i t a b l e  f o r  t h e  small power o u t p u t s  r e q u i r e d  

f o r  MIUS a p p l i c a t i o n s ,  o r  t h e  developmental problems appear  t o o  formidable  

f o r  t h e  system t o  be a good cand ida te  f o r  HUD sponsorship f o r  MIUS app l i -  

c a t i o n s .  

i- 
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However d i f f i c u l t  i t  may be t o  estimate t h e  c o s t  of cand ida te  systems 

f o r  MIUS a p p l i c a t i o n s ,  i t  i s  even more d i f f i c u l t  t o  estimate t h e i r  relia- 

b i l i t y .  It i s  ha rd  t o  f i n d  good d a t a  on t h e  r e l i a b i l i t y  of systems t h a t  

are i n  use,  b u t ,  where a new system such as t h e  proposed c losed  cyc le  gas  

t u r b i n e  coupled t o  a f l u i d i z e d  bed combustion chamber i s  t o  be employed, 

one has  an even tougher problem and can only at tempt  t o  i n f e r  t h e  relia- 

b i l i t y  from o p e r a t i n g  experience w i t h  similar components f o r  s imilar  sys- 

t e m .  Thus t h e  problem becomes one of assembling as much p e r t i n e n t  d a t a  as 

p o s s i b l e ,  and then  a t t empt ing  t o  assess it. This  procedure has  been f o l -  

lowed h e r e .  

Closed Cycle Gas Turbine 

Ten c losed  cyc le  gas t u r b i n e  p l a n t s  have been b u i l t  and ~ p e r a t e d ~ ~ , ~ ~  

The f i r s t  of t h e s e  w a s  s t a r t e d  up i n  1 9 4 1 n e a r  Zurich,  Switzer land,  and 

ope ra t ed  f o r  over 20 y e a r s  w i t h  an  e x c e l l e n t  r eco rd  f o r  r e l i a b i l i t ~ . ' ~  

Data f o r  t h e  n e x t  e i g h t  t h a t  have been b u i l t  and which are s t i l l  o p e r a t i n g  

are p resen ted  i n  Table  4 . 3 .  I n s u f f i c i e n t  d a t a  have been ob ta ined  w i t h  t h e  

t e n t h  p l a n t  t o  inc lude  it  i n  t h e  Table 4 . 3 .  Note t h a t  t h r e e  of t h e  e i g h t  

p l a n t s  i n  Table 4 . 3  o p e r a t e  on c o a l ,  two on b l a s t  fu rnace  gas ,  one on mine 

gas p l u s  c o a l ,  and one on l i g n i t e .  While n o t  e x p l i c i t e d l y  s t a t e d  i n  t h e  

t a b l e ,  a major reason f o r  t h e  use of c losed  cyc le  systems i n  t h e s e  p l a n t s  

w a s  t o  provide good pa r t - load  f u e l  economy. 

Fig.  4.1, a p l a n t  t h a t  must o p e r a t e  much of t h e  t i m e  a t  reduced loads w i l l  

s u f f e r  a marked l o s s  i n  thermal  e f f i c i e n c y .  Another major reason f o r  t h e  

use  of a c losed  cyc le  i n  many of t h e s e  p l a n t s  w a s  t h e  use of f u e l s  t h a t  

could n o t  be employed i n  an open cyc le  gas t u r b i n e ,  i .e. ,  c o a l  o r  l i g n i t e .  

An i n d i c a t i o n  of t h e  r e l i a b i l i t y  of t h e s e  p l a n t s  i s  given by t h e  last l i n e  

i n  t h e  t a b l e  which i n d i c a t e s  t h e  f r a c t i o n  of t h e  t o t a l  t i m e  t h e  p l a n t s  

have been on-stream. These va lues  may b e  compared wi th  t h e  average f o r  

steam c e n t r a l  s t a t i o n  units i n  t h e  U.S. f o r  which t h e  a v a i l a b i l i t y  a l s o  

runs about 80%. Thus, i t  i s  ev iden t  t h a t  t h e  r e l i a b i l i t y  of c losed  cyc le  

gas t u r b i n e s  i s  comparable t o  t h a t  of c e n t r a l  s t a t i o n  steam p l a n t s .  

A s  i n d i c a t e d  earlier i n  



Table 4 . 3 .  Current  Closed-Cycle Gas Turbine P l a n t s  
(Data from Ref. 26) 

Ravensbury, Toyotomi, Oberhausen, Coburg Nippon Kokan Kashira, Haus Aden, Gelsenkirchen, 
Germany Japan Germany Germany Japan Russia Germany Germany Plant 

Working medium Air Air Air Air Air Air Air Air 

Fuel Coal Na t ur a1 Coal Coal Blast furnace Lignite Mine gas Blast furnace 
gas gas plus coal gasloil 

Compressor i.nlet temperature, O c  

Compressor inlet pressure, atm 

Turbine inlet temperature, OC 

Turbine inlet pressure, atm 

Speed turbo set, rpm 

Speed alternator, rpm 

Continuous output, FW 
Efficiency at terminals, X 

Heat supply, lo9 cal/hr 

Compressor type 

Turbine type 

Commissioning date 

Operating hr as of end 1971 

Fraction of time on stream, % 

20 

7.2 

660 

27 

12,750 

3,000 

2.3 

25 

2.1-3.5 

Radial 

Axial 

1956 

89,300 

73 

20 

7.2 

660 
27 

13,000 

3,000 

2 

26 
-- 

Radial 

Axial 

195 7 

90,000 

79 

30 

8 
710 

32 

6,640 
3,000 

13.75 

29.5 

16-24 

Axial 

Axial 

1960 

72,000 

82 

20 

7.3 

6 80 
27-112 

8,820 

3,000 

6.6 

28 

7-14 

Axial/ 
Radial 

Axial 

1961 

71,700 

82 

25 

6.7 

680 
29 

6,600 

3,000 

12 

29 
-- 

Axial 

Axial 

1961 
54,500 

62 

20 

7 

680 
29 

6,640 

3,000 

12 

28 

8-10 
Axial 

Axial 

1962 

54,500 

69 

20 

9.3 

680 
31 

8', 220 

1,500 

6.4 

29.5 

6.7 

Axial 

Axial 

1963 

67,500 

96 

20 
10.2 c- 

I--' 
ca 711 

38-112 

6,650 

3,000 

i7.25 

30 

17-25 

Axial 

Axial 

1967 

24,000 

68 
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Conventional Open Cycle Gas Turbines  

Quite  a number of s m a l l  power p l a n t s  employing f o u r  t o  e i g h t  open 

cyc le  gas turbine-generator  u n i t s  of 350 kW(e) t o  1000 kW(e) have been 

ope ra t ed  i n  t h e  U.S. during t h e  p a s t  15 years .  One p a r t i c u l a r l y  s i g n i f i -  

can t  a p p l i c a t i o n  from t h e  r e l i a b i l i t y  s t andpo in t  has  been power s u p p l i e s  

f o r  major computer c e n t e r s . 2 6  

f a i l u r e s  causing a fo rced  outage of t h e  computer has  been found t o  be lower 

by a f a c t o r  of 4 t o  20 than had been t h e  expe r i ence  when power w a s  supp l i ed  

from a p u b l i c  u t i l i t y .  

l i g h t n i n g  o r  storm damage.) 

w i t h  f o u r  such i n s t a l l a t i o n s .  

l a t e d  i n  o t h e r ,  non-computer a p p l i c a t i o n s  wi th  t h e  same model gas t u r b i n e -  

g e n e r a t o r  u n i t  t o t a l s  over  2 x l o 6  h r .  

For t h i s  a p p l i c a t i o n  t h e  inc idence  of power 

(Outages i n  the  l a t t e r  case u s u a l l y  stemmed from 

Table 4.4 summarizes t h e  o p e r a t i n g  experience 

Note t h a t  t h e  t o t a l  o p e r a t i n g  t i m e  accumu- 

F l u i d i z e d  Bed Waste I n c i n e r a t o r s  

There has  been no e f f o r t  t o  o p e r a t e  a f l u i d i z e d  bed c o a l  combustion 

system i n  a commercial p l a n t ,  hence t h e r e  are no d a t a  a v a i l a b l e  from t h i s  

q u a r t e r .  However, over 200 f l u i d i z e d  bed combustion systems are i n  opera- 

t i o n  i n  t h e  U.S. f o r  r o a s t i n g  p y r i t e  o r e s  and over  100 are used as i n c i n e r -  

a t o r s  f o r  t h e  d i s p o s a l  of s o l i d  wastes and/or  s l u r r i e s  w i th  a h igh  o rgan ic  

s o l i d s  con ten t .  D e t a i l e d  d a t a  on t h e  r e l i a b i l i t y  of t h e s e  systems are n o t  

a v a i l a b l e ,  b u t  t h e  manufacturers of t h e  systems s t a t e  t h a t  t h e i r  systems 

s t a y  on-stream 24 hr /day,  seven days a week throughout t h e  y e a r  w i t h  very 

few fo rced  outages.  

Coal S toke r s  

Coal s t o k e r s  employing a f eed  system similar t o  t h a t  contemplated f o r  

t h e  proposed MIUS system have been i n  ope ra t ion  i n  t h e  U.S. f o r  t h e  p a s t  

50 y r .  Hundreds of thousands of t h e s e  u n i t s  have been i n s t a l l e d  i n  p r i v a t e  

r e s idences ,  apartment b u i l d i n g s ,  and commercial e s t ab l i shmen t s ,  many i n  t h e  

s i z e  range r e q u i r e d  f o r  t h e  MIUS system. 

h e r e  have employed a worm feed  system t h a t  conveys c o a l  from a b i n  o r  

hopper t o  an a p e r t u r e  through which t h e  c o a l  f a l l s  i n t o  a moderately high 

v e l o c i t y  a i r  stream which carries t h e  c o a l  p a r t i c l e s  i n t o  an open cup 

burner .  

The u n i t s  of p a r t i c u l a r  i n t e r e s t  

Discussions wi th  an eng inee r  who has  been i n t i m a t e l y  involved i n  



Table 4.4. Summary of Operating Experience w i t h  Mult iengine Open Cycle G a s  Turbine Power 
P l a n t s  Used at I n s t a l l a t i o n s  Employing Large Computers* 

(Numbers given without pa ren theses  are f o r  t h e  t o t a l  o p e r a t i n g  t i m e .  
I n  most cases t h e  engines  have never  been overhauled. Where they  
have been overhauled, t h e  maximum t i m e  between ove rhau l s  is g iven  
i n  pa ren theses . )  

Organ iza t ion  Western C o n t i n e n t a l  WAF ADWS United 

Turbine No. 1 42 , 777 41,523 42,480 3,729 
(38 , 121) 

42,022 42,697 15 , 542 Turbine No. 2 42 , 892 

1 4  , 092 Turbine No. 3 858 

Turbine No. 4 14 , 885 

85 ,177  48 , 248 T o t a l  85 , 669 84 , 403 

A s  O f  12/1/72 12/9/72 12/2/72 12/4/72 

NOTE: Grand t o t a l  303,497 h r .  
Grand t o t a l  of a l l  engine model 831 t u r b o g e n e r a t o r  
i n s t a l l a t i o n s  is  1,938,095 h r .  

* D a t a  Courtesy of Garrett Corporat ion.  
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work on t h e s e  systems f o r  n e a r l y  50 y r  i n d i c a t e  t h a t  r e l a t i v e l y  l i t t l e  d i f -  

f i c u l t y  h a s  been encountered wi th  t h e s e  u n i t s  except  when p i e c e s  of tramp 

i r o n  (such as r a i l r o a d  s p i k e s )  come i n  wi th  t h e  c o a l ,  g e t  i n t o  t h e  worm, 

and j a m  i t .27 

Fraas )  who w a s  c l o s e l y  a s s o c i a t e d  wi th  a number of t h e s e  systems i n  apa r t -  

ment houses i n  t h e  1930's where t h e  u n i t s  were normally looked a f t e r  only 

t w i c e  a day f o r  removal of c l i n k e r s  from t h e  burner  cup; a t t e n t i o n  o t h e r  

t h a n  t h i s  w a s  r a r e l y  required.  

This  experience i s  c o n s i s t e n t  w i th  t h a t  of t h e  writer (A. P .  

R e l i a b i l i t y  of Multiengine Power P l a n t s  

A good i n d i c a t i o n  of t h e  r e l i a b i l i t y  of bo th  p i s t o n  engines  and gas 

t u r b i n e s  i n  mul t i eng ine  power p l a n t s  is  given by a comprehensive s tudy  made 

f o r  t h e  U.S. Army i n  connection wi th  deployment of t h e  Nike-X missile sys- 

t e m .  I n  t h i s  s tudy an o v e r a l l  a v a i l a b i l i t y  of about 0.96 w a s  r e p o r t e d  f o r  

both p i s t o n  engine and gas t u r b i n e  p r i m e  movers.28 O f  t h e  4% average down 

t i m e  observed, about 1% was a t t r i b u t e d  t o  fo rced  outages and 3% t o  sched- 

u l ed  maintenance a c t i o n s .  The s u r p r i s i n g  a spec t  of t h e s e  d a t a  i s  t h a t  f o r  

t h e  p i s t o n  engines ,  t h e  mean t i m e  between f a i l u r e  was only s l i g h t l y  over 

500 h r  and t h e  mean t i m e  t o  r e p a i r  about 2.5 h r .  

f o r  i t e m s  such as f a i l u r e s  i n  water hose connect ions,  l ube  o i l ,  and coo l ing  

water p i p i n g  and i g n i t i o n  systems. The d a t a  f o r  t u r b i n e s  ranged from a 

mean t i m e  between f a i l u r e  of 700 h r  w i th  a 6.4 h r  mean t i m e  t o  r e p a i r  f o r  

1000-hp u n i t s  t o  a mean t i m e  between f a i l u r e  of 16,000 h r  and a mean t i m e  

t o  r e p a i r  of 25.3 f o r  6700-hp u n i t s .  

Most of t h e  outages were 

Another source of information on o p e r a t i n g  experience wi th  gas ,  die- 

sel ,  and dua l - fue l  engines  i s  a set of ASME r e p o r t s  on d i e s e l  and gas en- 

g i n e  i n s t a l l a t i o n s .  29  However, i n  t h e s e  r e p o r t s ,  t h e  manner i n  which t h e  

d a t a  are shown i s  ambiguous. 

of units r e p o r t  t h e  t o t a l  hours  t h a t  some of t h e  u n i t s  were o u t  of service 

and use a dash o r  leave a blank f o r  t h e  o t h e r  u n i t s ,  while  o t h e r  i n s t a l l a -  

t i o n s  r e p o r t  "none" f o r  units t h a t  were n o t  o u t  of s e r v i c e .  

clear whether t h e  dash o r  blank means n o t  a v a i l a b l e  o r  no t r o u b l e .  I n  t h e  

fol lowing a n a l y s i s  of t h e s e  i n s t a l l a t i o n s ,  t h e  conse rva t ive  assumption w a s  

made t h a t  a dash o r  blank means "not a v a i l a b l e . "  The 1 9 7 1  r e p o r t  l ists  a 

t o t a l  of 40 engines  o u t  of s e r v i c e  f o r  a t o t a l  of 10,255 h r  f o r  emergency 

For example, some i n s t a l l a t i o n s  w i t h  a number 

It i s  n o t  
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r e p a i r s  and 105 engines  wi th  no emergency outage.  

r e p a i r s  w a s  226 h r  f o r  t hose  engines  r e q u i r i n g  r e p a i r  and t h e  average t i m e  

out of service f o r  a l l  engines  w a s  71 h r  during t h e  y e a r  (8760 h r ) .  

The average t i m e  f o r  

S i m i l a r  d a t a  are a l s o  r e p o r t e d  f o r  t i m e  o u t  of service f o r  normal 

maintenance. I n  t h i s  case, a t o t a l  of 84 engines  were o u t  of service a 

t o t a l  of 23,149 h r  of which 78 engines  were no t  out of service f o r  normal 

maintenance. The average t i m e  o u t  of service f o r  t he  engines  r e q u i r i n g  

normal maintenance w a s  276 h r  and t h e  average t i m e  f o r  a l l  engines  w a s  

143 h r .  

The f r a c t i o n  of t h e  t i m e  o u t  of service should be based on t h e  t o t a l  

running hours p e r  y e a r  ( r a t h e r  t han  8760 h r / y e a r ) ,  which, f o r  t h e  above 

p l a n t s ,  averages about 3500 h r .  

terms of emergency outages i s  0.98 and i n  terms of normal maintenance i s  

0.960. 

Thus t h e  a v a i l a b i l i t y  of t h e  units i n  

The o v e r a l l  a v a i l a b i l i t y  i s  0.94. 

These d a t a  are f o r  l a r g e ,  low-speed u n i t s  and may be somewhat pes s i -  

m i s t i c .  I n  a d d i t i o n  t o  t h e  problems of i n t e r p r e t i n g  t h e  d a t a ,  30% of t h e  

t o t a l  outage t i m e  w a s  accumulated by only t h r e e  u n i t s ,  and i t  i s  n o t  known 

whether t h e s e  prolonged outages were necessa ry  o r  stemmed from a l a c k  of 

i n c e n t i v e  t o  p l a c e  t h e  u n i t s  back i n  ope ra t ion .  Reference 30 states t h a t  

a t o t a l  a v a i l a b i l i t y  ( i n c l u d i n g  t i m e  o u t  f o r  maintenance) of over  96% i s  

commonplace f o r  l a r g e  marine d i e s e l s .  

concerning mean t i m e  between f a i l u r e  without  g iv ing  t h e  t i m e  r e q u i r e d  t o  

repair  t h e  u n i t .  

p e r  11,236 h r .  

speed p i s t o n  eng ines  used i n  t o t a l  energy p l a n t s .  

f o r  one manufacturer ,  t h e  f a i l u r e  rate w a s  1 p e r  9460 h r ,  and, f o r  a second 

manufacturer ' s  engines ,  t h e  f a i l u r e  rate w a s  1 p e r  3020 h r .  I f  one assumes 

an average r e p a i r  t i m e  of 100 h r  f o r  t h e s e  smaller engines ,  t h e  a v a i l a b i l -  

i t y  i n  terms of emergency of unscheduled outage i s  between 0.99 and 0.967. 

Most of t h e  downtime f o r  normal maintenance w i l l  be f o r  minor and 

Two o t h e r  r e p s r t s 3 1  9 32 g ive  d a t a  

Reference 32 r e p o r t s  a f a i l u r e  rate of 89 p e r  1Q6 h r  o r  1 

Reference 33 r e p o r t s  t h e  r e s u l t s  of a survey of s m a l l  high- 

These d a t a  showed t h a t ,  

major overhauls .  General ly ,  an engine w i l l  r e q u i r e  two minor and one 

major overhaul  every 30,000 t o  40,000 running hour s ,  o r  on t h e  o r d e r  of 

50,000 e l a p s e d  hours .  The t o t a l  downtime during t h i s  50,000 h r  w i l l  be  

between 1000 and 1500 h r ,  and t h e  a v a i l a b i l i t y  w i l l  be  0.98 t o  0.97. 

However, t h e r e  w i l l  probably be some overlapping of t h e  above estimates of 
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downtime; f o r  example, i f  an  engine goes down f o r  emergency r e p a i r  about  

t h e  t i m e  an overhaul  i s  due, t h e  two would be combined. 

Q u a n t i t a t i v e  Analysis  of R e l i a b i l i t y  

The meaning of t h e  expres s ion  " the r e l i a b i l i t y  of a system" depends 

on t h e  func t ion  and purpose of t h e  system. I f  t h e  system i s  i n a c c e s s i b l e  

f o r  r e p a i r  o r  maintenance, t h e  r e l i a b i l i t y  can be expressed as (1) t h e  mean 

t i m e  between f a i l u r e s ,  which depends on t h e  mean t i m e  between f a i l u r e s  of 

t h e  i n d i v i d u a l  components of t h e  system, o r  (2) t h e  p r o b a b i l i t y  of some 

number of hours  of ope ra t ion  be fo re  a f a i l u r e .  For systems t h a t  can be 

r epa i r ed ,  r e l i a b i l i t y  i s  u s u a l l y  expressed as t h e  a v a i l a b i l i t y  of t h e  sys- 

t e m ,  which depends on both t h e  mean t i m e  between f a i l u r e s  and t h e  t i m e  re- 

q u i r e d  t o  r e p a i r  t h e  system; t h a t  i s ,  a v a i l a b i l i t y  i s  t h e  f r a c t i o n  of t i m e  

( a l s o  t h e  p r o b a b i l i t y )  t h a t  t h e  system i s  capable  of performing i t s  intend-  

e d  func t ion .  

A MIUS power-generation system w i l l  c o n s i s t  of several p a r a l l e l  gener- 

a t o r  u n i t s ,  and the  o v e r a l l  system r e l i a b i l i t y  o r  a v a i l a b i l i t y  w i l l  depend 

on t h e  a v a i l a b i l i t y  of t h e  i n d i v i d u a l  u n i t s ,  t h e  number of u n i t s ,  and t h e  

excess capac i ty  i n s t a l l e d .  

t o r  u n i t s ,  a l l  w i th  an  a v a i l a b i l i t y  A ,  and w i t h  t h e  a v a i l a b i l i t y  of t h e  

u n i t s  independent of each o t h e r ,  t h e  p r o b a b i l i t y  of x and only x u n i t s  

be ing  out  of service i s  

For a gene ra t ion  system c o n s i s t i n g  of N genera- 

P =  N! A(N - x ) ( l  - z)x x (N - x):  X! 

The dependence of Px on N ,  x ,  and A i s  i l l u s t r a t e d  i n  F ig .  4.2.  

Figure 4.2 can b e  used t o  determine t h e  p r o b a b i l i t y  of having some 

number of engines  (N - x) o p e r a t i o n  o r ,  as shown i n  Fig.  4 . 3 ,  t h e  probabi l -  

i t y  of having x o r  more engines  ou t  of service. 

t h e  p r o b a b i l i t y  of occurrence of t h e  v a r i o u s  combinations, assuming t h e  

p r o b a b i l i t y  t o  be uniform wi th  t i m e ,  a l s o  r e p r e s e n t s  t h e  f r a c t i o n  of t i m e  

t h a t  t h i s  combination occurs .  Thus t h e  p r o b a b i l i t y  c a l c u l a t i o n s  shown i n  

Fig.  4 . 3  are expressed as hours  p e r  yea r .  

I n  o r d e r  t o  i l l u s t r a t e  t h e  manner i n  which t h e  above information can 

It  should be noted t h a t  

be app l i ed ,  assume an i n s t a l l a t i o n  having fou r  500 kW gene ra to r s  and a 
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a v a i l a b i l i t y .  
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c r i t i c a l  e lec t r ica l  load  of 1000 kW, i . e . ,  t h e  maximum a n t i c i p a t e d  un in te r -  

r u p t a b l e  load.  

can b e  i n t e r r u p t e d  i n  an emergency wi th  no s e r i o u s  consequences.) The 

a v a i l a b i l i t y  of t he  gene ra to r s  i n  r e l a t i o n  t o  emergency outages may be 

taken as 0.98 and, f o r  normal maintenance, as 0.97. With a l l  f o u r  genera- 

t o r s  i n  service ( o r  on standby) t h e  c r i t i c a l  l o a d  can be s u p p l i e d  un le s s  

t h r e e  o r  more u n i t s  go o u t .  The p r o b a b i l i t y  of t h i s  happening can be de- 

termined by adding t h e  p r o b a b i l i t i e s  of f o u r  and t h r e e  engines  being ou t  

of service. The va lue  i s  0.0000315 and i s  shown i n  Fig.  4 . 3  as 0.28 h r /  

yea r .  This  va lue  i s  t o o  low because i t  does n o t  cons ide r  normal mainte- 

nance. Inc lud ing  t h e  t i m e  down f o r  normal maintenance, t h e  p r o b a b i l i t y  

of n o t  being a b l e  t o  m e e t  t h e  c r i t i c a l  l o a d  is  t h e  p r o b a b i l i t y  of l o s i n g  

two of t h e  t h r e e  engines  i n  service, which i s  0.00118, t i m e s  t h e  f r a c t i o n  

of t i m e  t h a t  a gene ra to r  i s  ou t  o f  service f o r  normal maintenance, which 

i s  0.12. Thus t h e  p r o b a b i l i t y  i s  0.000142 o r  1.2 h r / y e a r ,  which i s  less 

than  t h e  5 h r / y e a r  experienced by e lec t r ic  u t i l i t y  customers i n  t h i s  

country.  

(This assumes t h a t  t h e  power r e q u i r e d  f o r  a i r  cond i t ion ing  

Obviously t h e r e  are a l a r g e  number of combinations of equipment s i z e s  

t h a t  may be used i n  a MIUS p l a n t ,  and t h e  s e l e c t i o n  of both t h e  number and 

t h e  s i z e  of t h e  u n i t s  w i l l  depend on t h e  p l a n t  l oad  c h a r a c t e r i s t i c s .  The 

above s e l e c t i o n  of f o u r  500-kW u n i t s  t o  m e e t  a 1000-kW c r i t i ca l  load  w a s  

based on a previous s tudy a t  ORNL f o r  a 720-apartment complex which i n d i -  

ca t ed  t h a t  a peak l o a d  of 1500 kW occurred i n  t h e  However, about 

500 kW w a s  due t o  compression a i r  cond i t ion ing ,  and, s i n c e  t h e  compressors 

w e r e  l o c a t e d  i n  t h e  equipment b u i l d i n g  and under c o n t r o l  of t h e  p l a n t  

ope ra to r ,  t h i s  l o a d  could be dropped i n  t h e  event  of a mult iple-engine 

f a i l u r e  and consequently w a s  n o t  considered as p a r t  of t h e  c r i t i c a l  l oad .  

Although t h e  above d i scuss ion  i s  f o r  t u r b i n e s  and p i s t o n  engines ,  t h e  

procedures  can be a p p l i e d  t o  o t h e r  equipment i t e m s  f o r  which a v a i l a b i l i t y  

d a t a  can be obtained. However, i n  o t h e r  systems, such as h e a t i n g  o r  a i r  

cond i t ion ing ,  one would a l s o  be i n t e r e s t e d  i n  t h e  p r o b a b i l i t y  of supplying 

p a r t  of t h e  load. The above type of a n a l y s i s  can a l s o  be extended t o  

i n c l u d e  t h e  mean time between m u l t i p l e  f a i l u r e s 3 3  and a l s o  t h e  e f f e c t s  of 

having engines  of d i f f e r e n t  s i z e s 3 4  r a t h e r  t han  a uniform s i z e .  
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CYCLE ANALYSIS FOR FLUIDIZED BED COMBUSTION 
GAS TURBINE SYSTEMS 

It w a s  thought i n i t i a l l y  t h a t  t h e  system could be s i m p l i f i e d  by em- 

p loying an open c y c l e  gas t u r b i n e .  

and one w a s  found t o  y i e l d  good performance a t  f u l l  load.  However, pa r t -  

load performance w a s  poor,  and t h i s  l e d  t o  examination of t h e  performance 

c h a r a c t e r i s t i c s  of c losed  c y c l e s .  These were found t o  give a t t r a c t i v e  

performance both a t  f u l l  load and p a r t  load.  

b r i e f  d e s c r i p t i o n  of t h e  p r i n c i p a l  cyc le s  considered t o g e t h e r  w i th  a d i s -  

cuss ion  of t h e  major problems and design compromises t h a t  became apparent  

as design s t u d i e s  w e r e  made i n  each case.  

Four c y c l e s  of t h i s  type were examined,l 

This  c h a p t e r  p r e s e n t s  a 

Desc r ip t ion  of Cycles Considered 

Open Cycles 

The f i r s t  c y c l e  considered w a s  chosen t o  provide a base  case f o r  ref- 

e rence  purposes.  This  c y c l e ,  shown i n  Fig.  5 .1 ,  d i r e c t s  t h e  e n t i r e  out-  

put  of t h e  compressor i n t o  a convent ional  c o a l - f i r e d  furnace from which 

t h e  h o t  gases pass  t o  t h e  t u r b i n e .  

f u e l  added would b e  l i m i t e d  t o  t h a t  r e q u i r e d  t o  raise t h e  mean gas t e m -  

p e r a t u r e  t o  t h e  d e s i r e d  t u r b i n e  i n l e t  temperature ,  i . e . ,  t h e  system 

would o p e r a t e  wi th  ~ 4 0 0 %  excess  a i r .  

t u r e  a t  f u l l  power would thus  b e  l i m i t e d  t o  about 900°C (1700"F), t h e  

temperature  l i m i t  imposed by t h e  t u r b i n e  buckets .  

b o i l e r  would remove h e a t  from t h e  s t a c k  gases  so  t h a t  they would l eave  

t h e  system a t  300°F. 

For t h i s  approach, t h e  amount of 

The average combustion gas tempera- 

A waste h e a t  recovery 

The second cyc le  considered i s  similar t o  t h a t  commonly used f o r  

c losed  c y c l e  gas t u r b i n e s  i n  t h a t  t h e  a i r  from t h e  compressor is heated 

i n  a tube matrix b e f o r e  e n t e r i n g  t h e  t u r b i n e .  

5 .2 ,  d i r e c t s  about 20% of t h e  ou tpu t  of t h e  gas t u r b i n e  i n t o  a conventional 

c o a l - f i r e d  furnace from which t h e  h o t  gases  pass  over t h e  tube  m a t r i x  used 

This  cyc le ,  shown i n  Fig.  

5.1 
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t o  h e a t  t h e  t u r b i n e  a i r .  The ba lance  of t h e  h o t  a i r  l eav ing  t h e  t u r b i n e  

goes t o  a h e a t  recovery u n i t .  For t h i s  approach, t h e  amount of f u e l  added 

could be c l o s e  t o  t h e  s t o i c h i o m e t r i c  amount. Note t h a t  c a r e  must be taken 

i n  t h e  design of t h e  h e a t e r  tube matrix t o  avoid endangering t h e  tubes i n  

t h e  a i r  h e a t e r  as a consequence of l o c a l  v e l o c i t y  and temperature  e f f e c t s  

t h a t  might cause h o t  s p o t s .  The h e a t  t r a n s f e r  matrix f o r  t h i s  h e a t e r  would 

serve t h e  d u a l  f u n c t i o n  of absorbing t h e  h e a t  from combustion and a l s o  as 

a r ecupe ra to r  t o  recover  a f r a c t i o n  of t h e  h e a t  i n  t h e  h o t  a i r  l e a v i n g  t h e  

gas t u r b i n e .  It w a s  assumed t h a t  t h i s  h e a t  exchanger would be designed 

s o  t h a t  t h e  ho t  combustion gases  would l e a v e  i t  a t  a temperature of 235°F 

above t h e  compressor o u t l e t  temperature .  

then remove a d d i t i o n a l  h e a t  from t h e  s t a c k  gases s o  t h a t  they would l e a v e  

t h e  system a t  300°F. 

A waste h e a t  recovery b o i l e r  would 

The t h i r d  system considered,  t h a t  showi i n  Fig.  5 . 3  i s  similar t o  t h a t  

desc r ibed  above except t h a t  i t  employs a f l u i d i z e d  bed combustion chamber 

i n s t e a d  of a convent ional  fu rnace  and t h u s  -reduces t h e  s i z e  and c o s t  of t h e  

furnace and h e a t e r .  

f l u i d i z e d  bed t o  t r a n s f e r  as much h e a t  as p o s s i b l e  from the  combustion gas 

t o  t h e  c y c l e  and thus  improve t h e  c y c l e  e f f i c i e n c y .  With t h i s  arrangement, 

about 25% of t h e  a i r  l e a v i n g  t h e  t u r b i n e  would be f ed  t o  t h e  f l u i d i z e d  bed,  

and t h e  balance would go d i r e c t l y  t o  a w a s t e  h e a t  b o i l e r .  

t h e  advantage t h a t  i t  provides  f o r  t h e  removal of about 90% of t h e  s u l f u r  

i n  t h e  c o a l  burned and a l s o  g ives  a high h e s t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  

a i r  h e a t e r  without  danger of h o t  s p o t s .  

of t h e  h e a t  i n  t h e  a i r  l eav ing  t h e  t u r b i n e  and f e d  d i r e c t l y  t o  t h e  waste 

h e a t  b o i l e r  could have been used t o  o b t a i n  a h ighe r  f r a c t i o n  of t h e  energy 

i n  t h e  f u e l  as e l e c t r i c i t y  by employing i t  t o  p rehea t  t h e  a i r  from t h e  com- 

p r e s s o r  b e f o r e  f eed ing  i t  t o  t h e  heater-furnace u n i t .  

could be c o r r e c t e d  by employing t h e  system shown i n  Fig.  5.4 i n  which t h e  

p o r t i o n  of t h e  t u r b i n e  d i scha rge  a i r  n o t  f ed  t o  t h e  f l u i d i z e d  bed combustion 

chamber would pass  f i r s t  through a r e c u p e r a t l x  b e f o r e  flowing t o  t h e  waste 

h e a t  b o i l e r .  

can b e  ob ta ined  than f o r  t h e  system of Fig.  .5.3. Howlever, i t  has  t h e  d i s -  

advantage of somewhat g r e a t e r  complexity and a somewhat h i g h e r  c a p i t a l  c o s t  

Note t h a t  an  economizeir r eg ion  i s  employed above t h e  

This system has 

It  has t h e  disadvantage t h a t  some 

This shortcoming 

With t h i s  system an  even h i g h e r  o v e r a l l  thermal e f f i c i e n c y  
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t h an  t h e  system of Fig.  5 . 4 ,  but  i t  probably would g ive  a lower c a p i t a l  

c o s t  t han  t h e  system of Fig.  5 .2 .  

Closed Cycles 

For MIUS a p p l i c a t i o n s  much of t h e  o p e r a t i n g  t i m e  must be a t  p a r t  load 

wi th  a s u b s t a n t i a l  amount of r e s e r v e  c a p a c i t y  immediately a v a i l a b l e .  I n  an 

open cyc le  t h e  only way t o  reduce t h e  power output  i s  t o  reduce t h e  t u r b i n e  

i n l e t  temperature ,  and t h i s  reduces t h e  c y c l e  e f f i c i e n c y .  F u r t h e r ,  i t  re- 

duces the  volume flow rate  through t h e  t u r b i n e .  Thus, a gas t u r b i n e  w i t h  

f i x e d  r o t o r  and s t a t o r  b l ades  running a t  cons t an t  speed t o  maintain a con- 

s tan t  gene ra to r  output  frequency w i l l  be  s u b j e c t  t o  s u b s t a n t i a l  s h i f t s  i n  

t h e  o p e r a t i n g  p o i n t s  f o r  t h e  gas flow through t h e  compressor and t u r b i n e ,  

and t h i s  w i l l  l e ad  t o  r educ t ions  i n  e f f i c i e n c y .  These l o s s e s  could be 

avoided w i t h  v a r i a b l e  ang le  s t a t o r  b l ades  i n  t h e  compressor and/or  t u r b i n e ,  

but  commercial u n i t s  w i th  such f e a t u r e s  are n o t  a v a i l a b l e .  I n  t h e  c losed  

c y c l e  system, on t h e  o t h e r  hand, t h e  temperature s t r u c t u r e  through t h e  

e n t i r e  system can be kep t  e s s e n t i a l l y  cons t an t  and hence t h e  r e l a t i v e  veloc- 

i t i e s  i n  t h e  r o t o r s  and s t a t o r s  of t h e  compressor and t u r b i n e  can be kep t  

f i x e d  s o  t h a t  t h e  e f f i c i e n c y  w i l l  n o t  change; t h e  power ou tpu t  can b e  

changed simply by va ry ing  t h e  b a s i c  p re s su re  i n  t h e  system. 

accomplished by a l t e r n a t e l y  d i scha rg ing  a i r  from t h e  compressor o u t l e t  t o  

reduce t h e  output  o r  from t h e  s t o r a g e  tank back t o  t h e  system t o  va ry  t h e  

b a s i c  p r e s s u r e  level i n  t h e  gas t u r b i n e  system. 

compressor o p e r a t i n g  p o i n t s  can be kept  c l o s e  t o  t h e i r  peak v a l u e s ,  and a 

high c y c l e  e f f i c i e n c y  can be obtained over a wide range of l oads .  

I 

This can b e  

Thus, both t h e  t u r b i n e  and 

The f i r s t  c lo sed  cyc le  considered w a s  t h a t  shown i n  Fig.  5.5. It i s  

e s s e n t i a l l y  similar t o  t h e  open cyc le  of Fig.  5 . 4  except  t h a t  a l l  of t h e  

t u r b i n e  output  is  d i r e c t e d  through t h e  r e c u p e r a t o r ,  and a coo le r  i s  added 

downstream of t h e  r ecupe ra to  s o  t h a t  t h e  a i r  can be recycled through t h e  

compressor i n l e t .  This  arra gement w a s  found t o  g ive  performance comparable 

wi th  t h a t  of t h e  cyc le  of Fig.  5 . 4 ,  b u t  i t  w a s  clear t h a t  i t  would b e  desir- 

a b l e  t o  have a l a r g e r  f r a c t i o n  of t h e  h e a t  of combustion go i n t o  t h e  a i r  

hea ted  by t h e  f l u i d i z e d  bed and a smaller f r a c t i o n  go i n t o  t h e  waste h e a t  

b o i l e r .  

t i o n  gas stream s o  t h a t  t h e  a i r  admit ted t o  t h e  f l u i d i z e d  bed could be 

1 
This can be accomplished by applying a r egene ra to r  i n  t h e  combus- 
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preheated.  This  would have t h e  a d d i t i o n a l  advantages of g iv ing  improved 

combustion cond i t ions  i n  t h e  f l u i d i z e d  bed. A system of t h i s  type is  shown 

i n  Fig.  5.6.  Note t h a t  i t  has  t h e  f u r t h e r  advantage t h a t  t h e r e  is  only a 

s i n g l e  waste h e a t  b o i l e r ,  t hus  s i m p l i f y i n g  bo th  t h e  f a b r i c a t i o n  and t h e  con- 

t r o l  problems. 

has  t h e  a d d i t i o n a l  advantage of g i v i n g  improved combustion cond i t ions  i n  

t h e  f l u i d i z e d  bed, a t  least up t o  a po in t .  The p r i n c i p a l  l i m i t a t i o n s  on 

t h e  use of a r egene ra to r  is  t h e  e x t e n t  t o  which t h e  combustion a i r  can be 

hea ted  p r i o r  t o  admission t o  t h e  bed. BCUEU experience i n d i c a t e s  t h a t  t e m -  

P rehea t ing  t h e  a i r  admit ted t o  t h e  f l u i d i z e d  bed combustor 

p e r a t u r e s  up t o  about 600°F y i e l d  good cond i t ions ,  b u t  i t  may be t h a t  a 

temperature as h igh  as 1000°F might g ive  t r o u b l e s  such as coking i n  t h e  fuel 

l i n e s  going i n t o  t h e  bed. 

t h a t  t h i s  would no t  c o n s t i t u t e  a l i m i t a t i o n .  

For purposes of t h i s  a n a l y s i s  i t  w a s  assumed 

The seventh cyc le  considered is similar t o  t h a t  above except  t h a t  two 

s t a g e s  of compression wi th  an i n t e r c o o l e r  were employed t o  reduce t h e  com- 

p r e s s i o n  work. This c y c l e  is  shown i n  Fig.  5.7. The i n t e r c o o l e r  between 

t h e  two s t a g e s  of compression reduces t h e  compressor work and thereby in -  

creases t h e  f r a c t i o n  of f u e l  energy t h a t  i s  converted t o  e lectr ical  power. 

The i n t e r c o o l e r  provides  a p o s s i b l e  a d d i t i o n a l  c o n t r o l  parameter i n  t h a t  a 

r educ t ion  i n  t h e  amount of i n t e r c o o l i n g  r e s u l t s  i n  a r educ t ion  of electri- 

c a l  power product ion without  changing o t h e r  o p e r a t i n g  v a r i a b l e s .  

The e i g h t h  cyc le  considered is  similar t o  t h a t  above except t h a t  two 

t u r b i n e  s t a g e s  wi th  r e h e a t  were employed t o  a l low a h ighe r  u n i t  energy in-  

pu t  t o  t h e  a i r  s t r e a m  w i t h o u t  i n c r e a s i n g  t h e  maximum air  temperature.  

c y c l e  i s  shown i n  Fig.  5.8.  

pound of working a i r  stream f o r  a given compressor work i n p u t ,  t h u s  a 

g r e a t e r  f r a c t i o n  of f u e l  energy goes i n t o  t h e  product ion of e l e c t r i c  power. 

This  

The r e h e a t  a l lows a h i g h e r  energy i n p u t  pe r  

Induced Dra f t  Fan 

I n  t h e  systems of F igs .  5.5 t o  5 .8  i t  may b e  noted t h a t  an  induced 

I n  o t h e r  cases s t u d i e d ,  induced d r a f t  f ans  w e r e  d r a f t  f a n  i s  r equ i r ed .  

added t o  t h e  systems of F igs .  5 . 3  and 5.4 t o  reduce t h e  back p r e s s u r e  on 

t h e  t u r b i n e  and thus  i n c r e a s e  t h e  thermal  e f f i c i e n c y .  The reason f o r  t h i s  

is t h a t  only about 1 /5  of t h e  a i r  flow from t h e  t u r b i n e  w i l l  pass  through 

t h e  f l u i d i z e d  bed c o a l  combustion system wi th  i t s  h igh  back p r e s s u r e b  Thus, 
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Fig.  5 .6 .  Flow s h e e t  f o r  a gas  c losed  c y c l e  t u r b i n e  w i t h  a f l u i d i z e d  
bed c o a l  combustion chamber supp l i ed  w i t h  combustion a i r  prehea ted  w i t h  a 
r egene ra to r ,  and f i t t e d  wi th  a r ecupe ra to r ,  a w a s t e  heat recovery u n i t ,  
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i t  i s  b e t t e r  t o  have a s e p a r a t e  f a n  t o  overcome t h i s  p r e s s u r e  drop because 

i t  must work on on ly  o n e - f i f t h  of t h e  a i r  flow through t h e  t u r b i n e .  I n  t h e  

systems of Figs .  5 . 5  and 5.6 i t  would have been p o s s i b l e  t o  employ a forced 

d r a f t  f an  which would have had t h e  advantage of reducing t h e  f a n  power re- 

quirement by about 35%. However, i t  is  d e s i r a b l e  t o  maintain t h e  p re s su re  

i n  t h e  dus ty  p o r t i o n s  of t h e  system below atmospheric s o  t h a t  a i r  leakage 

w i l l  be i n t o  t h e  system r a t h e r  t han  out  of i t .  This should h e l p  g r e a t l y  t o  

prevent  t h e  d i s p e r s a l  of f i n e  c o a l  d u s t  and a s h ,  and hence much of t h e  un- 

p l e a s a n t r i e s  commonly a s s o c i a t e d  wi th  coa l - f i r ed  p l a n t s .  

System Performance Analysis  

It w a s  ev iden t  from t h e  beginning of t h e  s tudy  t h a t  a number of objec- 

t i v e s  must be m e t  i n  evolving a design.  A s  i n d i c a t e d  i n  t h e  previous chap- 

ter i f  t h e  system i s  t o  be competi t ive wi th  c e n t r a l  s t a t i o n s ,  t h e  thermal  

e f f i c i e n c y  from t h e  e l e c t r i c a l  power gene ra t ion  s t andpo in t  should be over 

25% and p r e f e r a b l y  over 30% f o r  t y p i c a l  par t - load o p e r a t i n g  c o n d i t i o n s ,  and 

a l a r g e  f r a c t i o n  of t h e  waste h e a t  from t h e  thermodynamic c y c l e  should be 

recovered a t  a temperature  of about 250°F. 

c l e a r l y  use a r egene ra to r  o r  r ecupe ra to r  because t h e  simple open cyc le  gas 

t u r b i n e  could n o t  meet t h i s  o b j e c t i v e .  There i s  no q u e s t i o n  t h a t  a gas 

t u r b i n e  wi th  s u i t a b l e  h e a t  exchangers could b e  b u i l t  t o  g ive  t h e  d e s i r e d  

e f f i c i e n c y ,  b u t  i t  is  a l s o  e s s e n t i a l  t h a t  t h e  c o s t  of t h e s e  h e a t  exchangers 

n o t  b e  excess ive ,  and t h e r e i n  l ies  a ve ry  d i f f i c u l t  se t  of design problems. 

Thus, a major ques t ion  t o  be answered i n  t h e  design a n a l y s i s  w a s  whether i t  

would be p o s s i b l e  t o  s a t i s f y  bo th  t h e  thermal e f f i c i e n c y  requirements and 

t h e  c o s t  requirements.  

s imple and r e l i a b l e  so t h a t  i t  can b e  operated semi-unattended t o  keep t h e  

o p e r a t i n g  c o s t s  t o  an a c c e p t a b l e  level. 

To accomplish t h i s  one must 

I n  a d d i t i o n ,  t h e  system must be designed t o  b e  

Choice of Turbine C h a r a c t e r i s t i c s  

The performance of a gas t u r b i n e  cyc le  i s  q u i t e  s e n s i t i v e  t o  t h e  

choices  of p r e s s u r e  r a t i o ,  compressor e f f i c i e n c y ,  and t u r b i n e  e f f i c i e n c y ,  

wh i l e  t h e  c o s t  of t h e  h e a t  exchangers i n  a c losed  cyc le  system i s  ve ry  much 

dependent on t h e  choice of t h e  p r e s s u r e  f o r  peak load ope ra t ion .  Thus, i t  
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w a s  h igh ly  important  t h a t  t h e  choice of t h e s e  parameters be  c o n s i s t e n t  wi th  

t h e  corresponding va lues  t h a t  could be obta ined  i n  commercially a v a i l a b l e  

equipment. The problem w a s  d i scussed  wi th  a number of gas t u r b i n e  expe r t s  

and t h e  c h a r a c t e r i s t i c s  of both U.S. and European u n i t s  c u r r e n t l y  a v a i l a b l e  

were examined. The manufacturers  of u n i t s  t h a t  appeared t o  b e  most a t t r a c -  

t i v e  were then contac ted  f o r  f u r t h e r  in format ion .  It w a s  p a r t i c u l a r l y  

important  t h a t  a u n i t  be  chosen t h a t  would lend i t s e l f  t o  i n s t a l l a t i o n  i n  

a c losed  cyc le  without  apprec i ab le  modi f ica t ion .  This  i n  t u r n  meant t h a t  

u n i t s  i n  which t h e  combustion chamber w a s  mounted e x t e r n a l l y  t o  t h e  b a s i c  

c y l i n d r i c a l  envelope of t h e  gas t u r b i n e  were t h e  p r i n c i p a l  contenders .  

Only a few such u n i t s  i n  t h e  s i z e  range des i r ed  - 300 t o  1000 kW(e) - 

could be  found. Data f o r  r e p r e s e n t a t i v e  performance c h a r a c t e r i s t i c s  of 

t h e s e  u n i t s  w e r e  then  obta ined  and used f o r  paramet r ic  s t u d i e s .  Two sets 

of such s t u d i e s  were c a r r i e d  o u t ,  one f o r  a c t u a l  u n i t s  t h a t  have been b u i l t  

and a second se t  f o r  t h e  somewhat h ighe r  performance c h a r a c t e r i s t i c s  of 

u n i t s  under development but  no t  y e t  on t h e  market.  For t h e  l a t t e r ,  d a t a  

presented  i n  Ref. 2 on t h e  compressor and t u r b i n e  e f f i c i e n c i e s  t o  be ex- 

pected w e r e  employed. 

All of the  t u r b i n e s  i n  t h e  proper  s i z e  range t h a t  are c u r r e n t l y  a v a i l -  

able were designed f o r  ope ra t ion  i n  a s imple Dpen cyc le  and hence make use 

of  a r e l a t i v e l y  h igh  p res su re  r a t i o ,  i . e . ,  between 6 t o  1 and 1 2  t o  1. 

However, our  c u r r e n t  paramet r ic  s t u d i e s  showed t h e  same r e s u l t s  as a hos t  

of ea r l ie r  s t u d i e s  by o t h e r  groups; namely, t h a t ,  f o r  a c losed  cyc le  wi th  

r ecupe ra t ion ,  t h e  optimum pres su re  r a t i o  i s  between 3 and 4 t o  1. The 

p res su re  r a t i o  ob ta inab le  from any given engine ,  of course ,  varies wi th  t h e  

speed s o  t h a t  a product ion engine could be  opera ted  a t  a reduced speed t o  

g ive  a lower p re s su re  r a t i o .  This  would r e q u i r e  a change i n  t h e  gear box 

between t h e  t u r b i n e  and gene ra to r ,  b u t  t h i s  i s  a r e l a t i v e l y  s t r a igh t fo rward  

s t e p .  It has  t h e  important  imp l i ca t ion  t h a t ,  i f  a 1 2  t o  1 pres su re  r a t i o  

engine i s  opera ted  wi th  a p re s su re  r a t i o  of 4 t o  1 bu t  i n  a system i n  which 

t h e  p re s su re  a t  t h e  i n l e t  t o  t h e  compressor i s  r a i s e d  t o  3 atmospheres,  t h e  

compressor d i scharge  p res su re  w i l l  b e  t h e  same as f o r  t h e  s t anda rd  open 

cyc le  wi th  a p r e s s u r e  r a t i o  of 1 2  t o  1. This  i n  t u r n  i n d i c a t e s  t h a t  t h e  

s t r e n g t h  of t h e  cas ings  and o the r  e lements  i n  t h e  system should be  adequate  

f o r  ope ra t ion  i n  a p res su r i zed  system. 
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The p r i n c i p a l  problems envis ioned i f  a gas t u r b i n e  designed f o r  open 

cyc le  ope ra t ion  i s  employed i n  a c losed  cyc le  system are p o s s i b l e  d i f f i -  

c u l t i e s  w i th  t h r u s t  bea r ing  loads  stemming from a x i a l  p re s su re  imbalances 

and p o s s i b l e  d i f f i c u l t i e s  w i th  a gradual  bui ldup of a coke d e p o s i t  on t h e  

h e a t  t r a n s f e r  s u r f a c e s  i n  t h e  r ecupe ra to r  caused by t r a c e  amounts of o i l  

leakage from t h e  bea r ings  i n t o  t h e  compressor i n l e t  a i r  stream. I f  i t  

should prove d i f f i c u l t  t o  keep t h i s  s o r t  of o i l  leakage t o  an accep tab le  

l e v e l ,  i t  may prove p o s s i b l e  t o  burn out  t h e  coke d e p o s i t s  by r a i s i n g  t h e  

o p e r a t i n g  temperature of t h e  r ecupe ra to r  from t i m e  t o  t i m e .  I n  t h i s  con- 

n e c t i o n  i t  should be noted t h a t  coke d e p o s i t s  i n  some of t h e  "self-cleaning" 

ovens on domestic e l e c t r i c  ranges are cleaned out  by an hour o r  s o  of oper- 

a t i o n  a t  575'F. 

Rotary Regenerators vs. Fixed Matrix Recuperators 

C e n t r a l  s t a t i o n s  commonly employ r o t a r y  r e g e n e r a t o r s  f o r  p rehea t ing  

t h e  combustion a i r .  These c o n s i s t  of a r o t a t i n g  h e a t  t r a n s f e r  m a t r i x  wi th  

t h e  ho t  s t a c k  gas flowing through one p o r t i o n  where t h e  h e a t  is  t r a n s f e r r e d  

from t h e  gas t o  t h e  s o l i d  matr ix .  The h o t  s o l i d  is  then c a r r i e d  by ro t a t ion  

of t h e  ma t r ix  i n t o  t h e  cold f l u i d  where i t  g ives  up i t s  h e a t  t o  t h e  a i r  

supp l i ed  t o  t h e  furnace.  This  g ives  a s u b s t a n t i a l l y  less expensive h e a t  

exchanger than convent ional  t u b u l a r  o r  p l a t e  f i n  h e a t  exchangers i n  which 

t h e  two f l u i d  streams are on oppos i t e  s i d e s  of a common w a l l .  The p r i n c i -  

p a l  d i f f i c u l t y  wi th  t h e  r o t a t i n g  r egene ra to r  is  leakage from t h e  high pres-  

sure stream t o  t h e  lower p r e s s u r e  stream. This  is  no t  s e r i o u s  i f  t h e  pres- 

s u r e  d i f f e r e n t i a l  is  small as is  t h e  case f o r  t h e  r egene ra to r  i n  t h e  com- 

b u s t i o n  gas stream of Fig.  5.6. However, t h e  use of such a u n i t  t o  exchange 

h e a t  from t h e  t u r b i n e  exhaust stream t o  t h e  compressor d i scha rge  stream is 

l i k e l y  t o  l ead  t o  s u b s t a n t i a l  a i r  leakage l o s s e s  between t h e  two because i t  

i s  d i f f i c u l t  t o  maintain a good seal a c r o s s  t h e  f aces  of t h e  r o t a t i n g  drum, 

p a r t i c u l a r l y  i n  view of thermal  expansion problems. For t h i s  reason our 

s t u d i e s  t o  d a t e  have been p red ica t ed  on t h e  use of a convent ional  t u b u l a r  

h e a t  t r a n s f e r  ma t r ix  f o r  t h e  r ecupe ra to r  r a t h e r  t han  a r o t a r y  gene ra to r  f o r  

t h e  h e a t  t r a n s f e r  s t e p  between t h e  t u r b i n e  a i r  d i scha rge  and t h e  compressor 

a i r  discharge.  A r o t a r y  gene ra to r  has  been used, however, f o r  p rehea t ing  

t h e  combustion a i r  because t h e  p r e s s u r e  d i f f e r e n t i a l  t h e r e  i s  s m a l l  ( s e e  

Fig.  5 .6 ) .  
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Choice of Temperatures 

A s  i n d i c a t e d  i n  t h e  s e c t i o n  on f l u i d i z z d  bed c o a l  combustion systems, 

s u l f u r  removal cons ide ra t ions  l i m i t  one ' s  c i o i c e  of f l u i d i z e d  bed o p e r a t i n g  

temperature  t o  t h e  range from 810 t o  930°C (1500 t o  1700°F). 

t h e  t u r b i n e  performance improves wi th  i n c r e a s i n g  temperature  up t o  t h e  point 

a t  which t h e  t u r b i n e  l i f e  i s  adve r se ly  a f f e c t e d  by h i g h e r  temperatures  - 
%816"C (1500°F) - i t  w a s  decided t o  c a r r y  lout t h e  design s t u d i e s  on t h e  

b a s i s  of an 816°C (1500°F) t u r b i n e  i n l e t  temperature  wi th  a f l u i d i z e d  bed 

o p e r a t i n g  temperature  of 900°C (1650°F). With an a i r  p r e s s u r e  of 1 2  a t m  

i n s i d e  t h e  tubes and t h e  good h e a t  t r a n s f e r  c o e f f i c i e n t  c h a r a c t e r i s t i c  of 

t h e  f l u i d i z e d  bed s i d e ,  t h i s  g ives  an  adequate temperature d i f f e r e n t i a l  

between t h e  bed and t h e  heated a i r  stream t lo  keep t h e  s u r f a c e  area requ i r e -  

ments of t h e  h e a t  t r a n s f e r  ma t r ix  i n  t h e  f l J i d i z e d  bed t o  a reasonable  

level.  

Inasmuch as 

Previous s t u d i e s  i n  t h e  MIUS program i n d i c a t e  t h a t  t h e  waste h e a t  re- 

covery u n i t  should be operated a t  a temperature  of about 120°C (250°F). 

For good cyc le  e f f i c i e n c y  i t  i s  d e s i r a b l e  t o  reduce t h e  temperature  of t h e  

a i r  e n t e r i n g  t h e  compressor i n  t h e  c losed  c y c l e  t o  as low a temperature  

as p o s s i b l e  c o n s i s t e n t  w i th  t h e  c o s t  of t h e  coo le r .  Scouting c a l c u l a t i o n s  

i n d i c a t e d  t h a t  f o r  a s t anda rd  o u t s i d e  a i r  o r  coo l ing  water temperature  of 

15°C (60"F), a 27°C (90°F) compressor i n l e t  temperature  r e p r e s e n t s  a good 

compromise. It should b e  noted i n  connect ion wi th  t h e  design of t h e  c o o l e r  

t h a t  no t  a l l  of t h e  h e a t  r e j e c t e d  i n  t h e  c o o l e r  would be wasted; a p o r t i o n  

of i t  can b e  used f o r  h e a t i n g  t h e  domestic h o t  water which i s  normally sup- 

p l i e d  a t  a temperature  of 65°C (150°F). It could a l s o  be used as a f eed  

h e a t e r  f o r  t h e  main w a s t e  h e a t  recovery u n i t .  However, f o r  purposes of t h e  

i n i t i a l  s tudy  c r e d i t  w a s  taken only f o r  i t s  use  f o r  h e a t i n g  domestic h o t  

water. 

The temperature  of t h e  gas discharged t o  t h e  s t a c k  was taken t o  be 

150°C (300°F) i n  o r d e r  t o  a s s u r e  t h a t  condensation of moisture  i n  t h e  gases  

coupled wi th  SO;! (which would d i s s o l v e  i n  t h e  condensed moisture)  would no t  

l ead  t o  s e r i o u s  a t t a c k  of t h e  material i n  t h e  s t a c k .  

System Pres su re  Loss  Components 

A range of p r e s s u r e  losses between t h e  compressor and t u r b i n e  w a s  

considered i n  t h e  pa rame t r i c  s t u d i e s .  The (approach taken w a s  t o  con- 

s i d e r  t h r e e  cases, i.e., t u r b i n e  p r e s s u r e  r a t i o s  equa l  t o  85, 90, 95, 
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and 100% of t h e  compressor p r e s s u r e  r a t i o .  

l o s s e s  equ iva len t  t o  15, 10,  5, and 0% of t h e  p r e s s u r e  r a t i o .  

This  gave system p r e s s u r e  

Waste Heat Recovery 

I n  t h a t  p o r t i o n  of t h e  ana lyses  concerned wi th  waste h e a t  recovery 

t h e  earlier c a l c u l a t i o n s  were c a r r i e d  o u t  assuming t h e  use  of b o i l e r s  

t h a t  would produce 250°F steam. 

t o  an abso rp t ion  r e f r i g e r a t i o n  system, b u t  f o r  b u i l d i n g  h e a t i n g  i t  is  

g e n e r a l l y  b e t t e r  t o  employ a h o t  water c i r c u l a t i o n  system. Analyses 

i n d i c a t e d  t h a t  when a l l  f a c t o r s  are considered i t  w i l l  probably prove 

b e s t  t o  des ign  t h e  waste h e a t  recovery system t o  y i e l d  250°F h o t  water. 

Inasmuch as t h i s  y i e l d e d  l i t t l e  d i f f e r e n c e  i n  t h e  c o s t  of t h e  h e a t  re- 

covery u n i t s  and made p o s s i b l e  b o t h  a r e d u c t i o n  i n  t h e  c o s t  of t h e  c o o l e r  

and a more f a v o r a b l e  d i s t r i b u t i o n  of h e a t  recovery between t h e  domestic 

h o t  w a t e r  system and t h e  b u i l d i n g  h e a t i n g  and a i r  cond i t ion ing ,  t h e  ana lyses  

f o r  t h e  c losed  c y c l e s  were made f o r  waste h e a t  recovery wi th  water h e a t e r s  

r a t h e r  t han  water b o i l e r s .  This e l i m i n a t e s  t h e  need f o r  a vapor s e p a r a t o r ,  

s i m p l i f i e s  t h e  design of t h e  h e a t  exchanger, makes i t  easy t o  s t o r e  thermal 

energy as superheated w a t e r  t o  accommodate d i u r n a l  v a r i a t i o n s  i n  t h e  r a t i o  

of hea t  t o  e l e c t r i c a l  l o a d s ,  and provides  g r e a t e r  f l e x i b i l i t y  i n  c o n t r o l  

of t h e  e n t i r e  system t o  accommodate seasona l  v a r i a t i o n s  i n  t h e  load d i s t r i -  

b u t i o n .  

This  i s  a n  e x c e l l e n t  way t o  supply h e a t  

- 

E f f e c t s  of RecuDerators. Regenerators.  
I n t e r c o o l i n g ,  and Reheat 

The i d e a l  cyc le  e f f i c i e n c i e s  f o r  t h e  e i g h t  c y c l e s  considered have been 

p l o t t e d  i n  Fig.  5.9 as a f u n c t i o n  of p r e s s u r e  r a t i o .  I n  a l l  cases, t h e  

c a l c u l a t i o n s  f o r  Fig.  5.9 w e r e  f o r  a s i n g l e  set of design c o n d i t i o n s ,  i . e . ,  

a t u r b i n e  i n l e t  temperature  of 1500"F, an 80°F compressor i n l e t  temperature, 

a 90% recupe ra to r  e f f e c t i v e n e s s ,  a 10% system p r e s s u r e  l o s s ,  and t u r b i n e  

and compressor e f f i c i e n c i e s  of 87% and 84% r e s p e c t i v e l y .  

nounced improvement i n  c y c l e  e f f i c i e n c y  is  ob ta ined  when a r ecupe ra to r  i s  

added t o  t h e  c y c l e ,  and t h a t  t h e  peak cyc le  e f f i c i e n c y  i s  obtained wi th  a 

r e l a t i v e l y  l o w  p r e s s u r e  r a t i o  f o r  t h e  recuperated as opposed t o  t h e  non- 

recuperated cyc le s .  Note, t o o ,  t h a t  adding a r egene ra to r  i n  going from t h e  

c y c l e  of Fig.  5.5 t o  t h a t  of Fig.  5.6 y i e l d s  a pronounced ga in  i n  efficiency. 

Note t h a t  a pro- 
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5.1  Simple open cycle 
5.2 Simple open cycle heated with a conventional coal-fired furnace 
5.3 
5.4 
5.5 
5.6 
5.7 

5.8 

Simple open cycle heated with a fluidized bed 
Recuperated open cycle heated with a fluidized bed 
Recuperated closed cycle heated with a fluidized bed 
Recuperated closed cycle heated with a fluidized bed with a regenerator 
Recuperated closed cycle with intercooling heated with a f lu id ized  bed 
with a regenerator 
Recuperated closed cycle with intercooling and reheat heated with a 
fluidized bed with a regenerator 
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Fig. 5.9. Comparison of the cycle efficiency of representative gas turbine systems. 
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Addition of i n t e r c o o l i n g  and r e h e a t i n g  a l s o  improves t h e  thermal e f f i c i e n c y  

b u t  r e l a t i v e l y  less than  f o r  t h e  o t h e r  changes, and t h e  e x t r a  c o s t s  would 

be s u b s t a n t i a l .  Fu r the r ,  t h e  a d d i t i o n a l  p r e s s u r e  drop p e n a l t i e s  a s s o c i a t e d  

wi th  i n t e r c o o l i n g  and/or  a f t e r c o o l i n g  were n o t  included;  t h e s e  would reduce 

t h e  apparent  advantage i n  e f f i c i e n c y .  A s  a consequence, i t  appears t h a t  

t h e  c y c l e  of Fig.  5.6 w i t h  a r e c u p e r a t o r ,  economizer, and r egene ra to r  repre-  

s e n t s  a good compromise between c y c l e  e f f i c i e n c y  and c a p i t a l  c o s t .  

Closed vs Open Cycles 

There i s  no d i f f e r e n c e  i n  e f f i c i e n c y  between i d e a l  open and c losed  

c y c l e s  t h a t  are o the rwise  s i m i l a r  except  t h a t  t h e  i n t r o d u c t i o n  of a c o o l e r  

causes  both an a d d i t i o n a l  p r e s s u r e  drop i n  t h e  system and an i n c r e a s e  i n  

t h e  compressor i n l e t  temperature.  

l i g i b l e ,  b u t  t h e  l a t t e r  i s  apprec iab le .  

a c y c l e  wi th  a r ecupe ra to r  and r egene ra to r .  

F i g s ,  5.11 and 5.12 f o r  c y c l e s  w i t h  i n t e r c o o l i n g  and r e h e a t .  

The former l o s s  can be made almost neg- 

Figure 5.10 shows t h i s  e f f e c t  f o r  

S i m i l a r  curves  are given i n  

A s  i n d i c a t e d  above, i n  a c t u a l  c y c l e s  wi th  commercially a v a i l a b l e  

engines  t h e r e  i s  a pronounced l o s s  i n  e f f i c i e n c y  i n  going from f u l l  l oad  

t o  pa r t - load ,  p r i m a r i l y  because t h i s  r e q u i r e s  a r educ t ion  i n  t h e  t u r b i n e  

i n l e t  temperature.  It w a s  p r i m a r i l y  f o r  t h i s  reason t h a t  t h e  c losed  c y c l e  

w a s  considered f o r  MIUS a p p l i c a t i o n s .  However, a f u r t h e r  major advantage 

t o  t h e  c losed  cyc le  w a s  found t o  be t h e  pronounced r educ t ion  i n  t h e  c o s t  

of t h e  h e a t  exchangers t h a t  becomes p o s s i b l e  i f  t h e  c losed  cyc le  system i s  

p r e s s u r i z e d .  

E f f e c t s  of P r e s s u r e  R a t i o  on N e t  Work Output 

The curves f o r  c y c l e  e f f i c i e n c y  i n  F ig .  5.10 f avor  a compression r a t i o  

between 3 and 4 .  However, ano the r  important  f a c t o r  is  t h e  n e t  work ou tpu t  

p e r  pound of a i r ;  t h i s  parameter has  been p l o t t e d  as a func t ion  of p r e s s u r e  

r a t i o  i n  Fig.  5.13. These curves i n d i c a t e  t h a t  i n c r e a s i n g  t h e  p r e s s u r e  

r a t i o  from 3.5 t o  6 would y i e l d  an i n c r e a s e  i n  work ou tpu t  of 15% from a 

given turbine-compressor u n i t .  However, going t o  a p r e s s u r i z e d  c losed  cyc le  

system may i n c r e a s e  t h e  ou tpu t  of an e x i s t i n g  machine t o  t h e  l i m i t s  of t h e  

load  c a r r y i n g  a b i l i t y  of t h e  s h a f t ,  p a r t i c u l a r l y  when allowances are made 

f o r  t h e  e f f e c t s  of d e r a t i n g  t h e  speed t o  reduce t h e  p r e s s u r e  r a t i o .  
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f f e ct ivene s s 

COMPRESSOR PFESSURE RATIO 
Fig. 5.10. Effects of component efficiency and compressor inlet 

temperature upon the gross electrical efficiency for a regenerative 
cycle without intercooling or reheat. 
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Fig. 5.11. Effect of component efficiency and compressor inlet 
temperature upon the gross  electrical efficiency for a regenerative 
cycle with intercooling. 
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Fig. 5.12. Effect of component efficiency and compressor inlet 
temperature upon the gross electrical efficiency f o r  a regenerative 
cycle with both intercooling and reheat. 
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F ig .  5.13. E f f e c t s  of pressure  r a t i o  on t h e  n e t  work output  
p e r  pound of a i r  from a recuperated cyc le  wi th  no allowances f o r  

I a u x i l i a r i e s .  
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E f f e c t s  of Recuperator E f f e c t i v e n e s s  and 
System P r e s s u r e  Losses 

Scout ing c a l c u l a t i o n s  i n d i c a t e d  t h a t  w i t h i n  t h e  r e s t r a i n t s  o u t l i n e d  

above t h e  most important  f a c t o r s  a f f e c t i n g  t h e  c y c l e  e f f i c i e n c y  are t h e  

p r e s s u r e  r a t i o ,  t h e  r ecupe ra to r  e f f e c t i v e n e s s ,  and t h e  p r e s s u r e  l o s s e s  i n  

t h e  system components between t h e  compressor and t h e  t u r b i n e .  

of t h e s e  parameters are shown i n  F igs .  5.14 t o  5.25 f o r  t h e  t h r e e  c y c l e s  

of Figs .  5 .6 ,  5 .7 ,  and 5.8. Sepa ra t e  curves are given f o r  each combination 

of cyc le ,  compressor i n l e t  temperature ,  and ,set  of t u r b i n e  and compressor 

e f f i c i e n c i e s .  

The e f f e c t s  

E f f e c t s  of Design Parameters; on Costs_ 

It i s  clear from t h e  preceding s e c t i o n  t h a t  a c losed  c y c l e  wi th  a 

r ecupe ra to r  and r e g e n e r a t o r  would give a syst:em t h a t  would convert  a t  least 

25%, and p o s s i b l y  over 30%, of t h e  energy i n  t h e  f u e l  i n t o  e l e c t r i c i t y  i f  

t he  r e c u p e r a t o r  e f f e c t i v e n e s s  i s  h igh  and t h e  system p r e s s u r e  drop i s  low. 

To achieve t h e s e  va lues  i t  i s  necessa ry  t o  employ l a r g e  h e a t  exchangers.  

Thus, t h e  ques t ion  becomes one of ba l anc ing  t h e  i n c r e a s i n g  c a p i t a l  c o s t  of 

t h e  l a r g e  h e a t  exchangers a g a i n s t  t h e  i n c r e a s e s  i n  thermal  e f f i c i e n c y .  

This i nvo lves  n o t  only many s u b t l e  compromises i n  heat exchanger design b u t  

a l s o  problems in c o s t  e s t i m a t i o n  and ques t ions  of o v e r a l l  system design.  

In c a r r y i n g  out  t h e  s tudy  t h e  many compromises r e q u i r e d  were a r r i v e d  a t  by 

a process  of i t e r a t i o n  with e x t e n s i v e  feedback between t h e  performance 

a n a l y s i s  covered i n  t h i s  chap te r  and t h e  system design s t u d i e s  covered i n  

t h e  n e x t  chap te r .  

compromises, and procedures  were p l aced  i n  thiz nex t  chap te r  on system de- 

s ign  and t h e  design c h a r t s  evolved were placet3 i n  Appendix A .  

w a s  t h e  b a s i s  f o r  t h e  a n a l y s i s  of t h e  r e l a t i o n s  between h e a t  exchanger 

c o s t s  and c y c l e  performance p resen ted  i n  t h i s  s e c t i o n .  

h e r e  t h a t  i n  choosing r e p r e s e n t a t i v e  h e a t  t r a n s f e r  matrices f o r  t h e  v a r i o u s  

h e a t  exchangers i n  t h e  system, t h e  problems w e r e  discussed wi th  a number 

of vendors. It  w a s  t hen  decided t h a t ,  f o r  r e f e r e n c e  design purposes ,  i t  

would be b e s t  t o  make use of s imple round tubes h e a t  t r a n s f e r  matrices f o r  

t h e  r ecupe ra to r ,  economizer, and f l u i d i z e d  bec.  For t h e  waste h e a t  b o i l e r  

and c o o l e r  i t  w a s  decided t o  use 1 i n .  diameter  round t.ubes wi th  c i r c u l a r  

f i n s .  

I n  p repa r ing  t h i s  r e p o r t  t h e  d e t a i l s  of design d e c i s i o n s ,  

That work 

S u f f i c e  i t  t o  say 
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Fig. 5.14.  Gross electrical efficiency for a regenerative cycle without intercooling or 
reheat as a function of the recuperator effectiveness, the system total pressure losses. and 
the compressor pressure ratio at a compressor inlet temperature of 60"F, a compressor adiabatic 
efficiency of 81%, a turbine inlet temperature of 1500"F, and a turbine adiabatic efficiency of 
86%. 
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Discussions wi th  vendors i n d i c a t e d  t h a t  t h e  performance of t h e  recup- 

e r a t o r  might be improved by us ing  a p l a t e  f i n  u n i t ,  and t h a t  t h i s  probably 

could be ob ta ined  a t  a lower c o s t  t h a n  f o r  t h e  t u b u l a r  r e f e r e n c e  design.  

For t h e  i n i t i a l  s tudy ,  however, t h e  s imple r  round tube conf igu ra t ion  was 

employed. 

General  E f f e c t s  

Good p e r s p e c t i v e  on t h e  o v e r a l l  problem i s  given by t h e  set of curves  

i n  Fig.  5.26 showing t h e  thermal  e f f i c i e n c y  and h e a t  exchanger c o s t s  f o r  a 

r e p r e s e n t a t i v e  system of t h e  type shown i n  Fig.  5.6 as a f u n c t i o n  of t h e  

design va lue  chosen f o r  t h e  e f f e c t i v e n e s s  of t h e  h e a t  t r a n s f e r  matrix i n  

t h e  r e c u p e r a t o r ,  and t h e  waste h e a t  b o i l e r .  Curves are given f o r  t h r e e  

p r e s s u r e  l o s s  r a t i o s ,  i .e . ,  AP/P = 5, 7.5, and 10%. Note t h a t  a good de- 

s i g n  compromise from t h e  c o s t  and e f f i c i e n c y  s t a n d p o i n t s  i s  given by de- 

s i g n i n g  f o r  h e a t  exchanger e f f e c t i v e n e s s e s  of around 85% w i t h  a p r e s s u r e  

loss r a t i o  of 5 t o  7.5%. 

R e l a t i o n s  Between H e a t  Exchanger Cost and Cycle E f f i c i e n c y  

I n  a t t empt ing  t o  v i s u a l i z e  t h e  e f f e c t s  of design parameters on t h e  

two f i g u r e s  of m e r i t  of prime i n t e r e s t ,  i . e . ,  t h e  h e a t  exchanger c a p i t a l  

c o s t  and t h e  c y c l e  e f f i c i e n c y  i t  w a s  found h e l p f u l  t o  use t h e s e  q u a n t i t i e s  

as t h e  coord ina te s  f o r  p l o t t i n g  d a t a  from t h e  c y c l e  c a l c u l a t i o n s .  I n  t h e s e  

curves t h e  term " N e t  E lec t r ica l  Ef f i c i ency"  w a s  used t o  mean t h e  e f f i c i e n c y  

of t h e  i d e a l i z e d  c y c l e  wi th  allowances f o r  system p r e s s u r e  losses. N o  

allowances were made f o r  b e a r i n g  l o s s e s ,  l o s s e s  i n  t h e  gene ra to r ,  o r  power 

requirements f o r  a u x i l i a r i e s  such as the  induced d r a f t  f an .  These f a c t o r s  

would y i e l d  an e f f i c i e n c y  f o r  an a c t u a l  p l a n t  about t h r e e  p o i n t s  lower 

than t h e  n e t  e lec t r ica l  e f f i c i e n c y  as de f ined  he re .  

E f f e c t s  of Recuperator E f f e c t i v e n e s s .  The e f f e c t s  of r ecupe ra to r  

e f f e c t i v e n e s s  and system p r e s s u r e  l o s s e s  are shown i n  Fig.  5.27 f o r  t h e  

c y c l e  of Fig.  5.6. 

i nc reased  markedly by reducing t h e  system p r e s s u r e  l o s s e s  down t o  t h e  5% 

t o  7.5% range wi th  l i t t l e  e f f e c t  on t h e  h e a t  exchanger c o s t s .  

i n c r e a s i n g  the  r e c u p e r a t o r  e f f e c t i v e n e s s  up t o  90% gives  a pronounced 

These curves show t h a t  t h e  c y c l e  e f f i c i e n c y  can b e  

F u r t h e r ,  

r -i 
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E l e c t r i c i t y  + Useful Heat 

- 

i- Fig .  5.26. E f f e c t s  of hea t  exchanger e f f e c t i v e n e s s  i n  t h e  bed, 
economizer, r ecupe ra to r ,  and waste hea t  b o i l e r  on the  cyc le  e f f i c i e n c y  

of 4:1, compressor and t u r b i n e  e f f i c i e n c i e s  of 84 and 8'7% r e s p e c t i v e l y ,  
and a n  e l e c t r i c a l  power output  of 600 kW(e). 

and hea t  exchanger c o s t s  for t h e  cyc le  of F ig .  5.6 f o r  a p re s su re  r a t i o  r -  

I__ 
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Fig ,  5.27. C a p i t a l  c o s t  of t h e  hea t  exchangers used i n  a regen- 
e r a t i v e  c y c l e  wi thout  i n t e r c o o l i n g  o r  r e h e a t  as a func t ion  of t h e  
r ecupe ra to r  e f f e c t i v e n e s s ,  t h e  system t o t a l  p r e s s u r e  l o s s e s ,  and t h e  
n e t  e lec t r ica l  e f f i c i e n c y .  The system i s  opera ted  a t  a compressor 
p r e s s u r e  r a t i o  of 3 .5 : l  a t  an  i n l e t  temperature  of 80"F, a compressor 
a d i a b a t i c  e f f i c i e n c y  of 84%, a t u r b i n e  i n l e t  temperature  of 1500°F 
and a t u r b i n e  a d i a b a t i c  e f f i c i e n c y  of 87%. F lu id i zed  bed temperature  
= 1650°F. 

~~ 
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improvement i n  c y c l e  e f f i c i e n c y  w i t h  only a modest e f f e c t  on h e a t  exchanger 

c o s t s .  I n s p e c t i o n  of t h e  curves  f a v o r s  a r e c u p e r a t o r  e f f e c t i v e n e s s  of 90% 

and a system p r e s s u r e  loss  of 7.5%. 

E f f e c t s  of Turbine I n l e t  Temperature. F igu re  5.28 i n d i c a t e s  t h a t  

i n c r e a s i n g  t h e  t u r b i n e  i n l e t  temperature w i t h  a cons t an t  f l u i d  bed tempera- 

t u r e  of 1650°F n o t  only i n c r e a s e s  t h e  cyc le  e f f i c i e n c y  b u t  a l s o  a c t u a l l y  

reduces t h e  h e a t  exchanger c o s t s .  Th i s  occiirs i n  s p i r e  of t h e  inc reased  

h e a t  t r a n s f e r  s u r f a c e  area requ i r ed  i n  t h e  f l u i d i z e d  bed because t h e  c y c l e  

ou tpu t  p e r  pound of a i r  i n c r e a s e s ,  t hus  reducing t h e  c a p i t a l  charges f o r  

t h e  o t h e r  h e a t  exchangers. This  suggested t:hat t h e  e f f e c t s  o f  t u r b i n e  

i n l e t  temperature  should be i n v e s t i g a t e d  f o r  a cons t an t  temperature  d i f -  

f e r e n c e  of 150°F between t h e  t u r b i n e  a i r  i n l e t  and f l u i d i z e d  bed tempera- 

t u r e s .  Figure 5.29 shows t h e s e  e f f e c t s ,  and, as expected,  i n d i c a t e s  a 

g r e a t e r  c o s t  advantage f o r  t h e  h i g h e r  t u r b i n e  i n l e t  temperatures .  F igu re  

5.30 shows t h e  e f f e c t  of a s t i l l  d i f f e r e n t  p e r t u r b a t i o n ,  i . e . ,  changing 

t h e  f l u i d i z e d  bed temperature  while  ho ld ing  t h e  t u r b i n e  i n l e t  temperature  

c o n s t a n t .  This  has  r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  costs and none on t h e  

cyc le  e f f i c i e n c y .  

E f f e c t s  of P res su re  Rat io .  Figure 5.31 shows t h e  e f f e c t s  of compres- 

s o r  p r e s s u r e  r a t i o  on c o s t s  and e f f i c i e n c y .  This  c l e a r l y  f a v o r s  t h e  use 

of a p r e s s u r e  r a t i o  of 3.5:l f o r  h e a t i n g  e f f e c t i v e n e s s e s  ranging from 75% 

t o  90%. 

E f f e c t s  of Compressor I n l e t  Temperature. Figure 5.32 shows t h a t  re- 

ducing t h e  compressor i n l e t  temperature  from 100°F t o  60°F y i e l d s  an 

i n c r e a s e  i n  c y c l e  e f f i c i e n c y  of about two p o i n t s  and a r educ t ion  i n  h e a t  

exchanger c o s t s  of about 10%. 

of cold water f o r  t h e  coo le r .  

This emphasizes t h e  advantages of a supply 

E f f e c t s  of I n t e r c o o l i n g  and Reheat. F igu res  5.27 through 5.32 were 

prepared f o r  t h e  c losed  c y c l e  of F ig .  5.6 wi th  a r e c u p e r a t o r  and a regen- 

e r a t o r .  The e f f e c t s  of adding i n t e r c o o l i n g  m d  r e h e a t  can be seen by 

comparing F ig .  5.33 w i t h  F ig .  5 .27 .  A f u r t h ( 3 r  comparison can be made 

between Figs .  5.30 and 5.34; t h e s e  i n d i c a t e  t h a t  i f  i n t e r c o o l i n g  and r e h e a t  

are employed, t h e  p r e s s u r e  r a t i o  should be inc reased  from 3 . 5 : l  t o  about  

5: 1. 
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3.5 :1 Compressor Pressure  Rat io  
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Fig. 5 . 2 8 .  Capital cost of the heat exchangers used i n  a regen- 
erative cycle without intercooling or reheat as a function of the 
recuperator effectiveness,  the turbine i n l e t  temperature, and the net 
e l e c t r i c a l  e f f ic iency .  
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T o t a l  Pressure  Loss 

Turbine Adiaba t ic  Eff  i c i e n  
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NET EmCTRICAL EFFICIENClY (%) 
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. .  . 

Fig.  5.29. C a p i t a l  c o s t  of t h e  h e a t  exchangers used i n  a regen- 
e r a t i v e  c y c l e  without  i n t e r c o o l i n g  o r  r e h e a t  as a f u n c t i o n  of t h e  
r ecupe ra to r  e f f e c t i v e n e s s ,  t h e  t u r b i n e  i n l e t  temperature,  t h e  
f l u i d i z e d  bed temperature ,  and t h e  n e t  e l e c t r , i c a l  e f f i c i e n c y .  
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Capital costs of the heat exchangers used in a 

regenerative cycle without intercooling or reheat as a function 
of the recuperator effectiveness, the fluidized bed temperature, 
and the net electrical efficiency. 

Fig. 5.30. 
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Fig. 5.31. Capital cost of the heat exchangers used in a regenerative cycle without inter- 

cooling or reheat as a function of the recuperator effectiveness, the compressor pressure ratio, 
and the net electrical efficiency. 
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1500°F Turbine I n l e t  Temperature 

Compressor Adiabat ic  E f f i c i e n c y  
Turbine Adiaba t ic  E f f i c i e n c y  

22 24 26 28 30 32 
NET ELECTRICAL EFFICIENCY ( 3 )  

t i v e  cyc le  without  i n t e r c o o l i n g  o r  r e h e a t  as a func t ion  of t h e  r ecupe ra to r  
e f f e c t i v e n e s s ,  t h e  compressor i n l e t  temperature ,  and t h e  n e t  e lectr ical  
e f f i c i e n c y  . 

Fig.  5 . 3 2 .  C a p i t a l  c o s t  of t h e  h e a t  exchangers used i n  a regenera- 
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Fig .  5.33. C a p i t a l  c o s t  of t h e  hea t  exchangers used i n  an  in t e rcoo led  
r e g e n e r a t i v e  c y c l e  w i t h  r e h e a t  as a f u n c t i o n  of t h e  r ecupe ra to r  e f f e c t i v e -  
n e s s ,  t h e  system t o t a l  p re s su re  l o s s e s ,  and ):he n e t  e lec t r ica l  e f f i c i e n c y .  
The system i s  opera ted  a t  a compressor p r e s s u r e  r a t i o  of 3 . 5 : l  a t  an i n l e t  
temperature  of 80"F, a compressor a d i a b a t i c  e f f i c i e n c y  of 84%, a t u r b i n e  
i n l e t  temperature  of 1500'F and a t u r b i n e  a d i a b a t i c  e f f i c i e n c y  of 87%. 
F lu id i zed  bed temperature  = 1650'F. 
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Fia .  5.34 .  Capital  c o s t  of t h e  h e a t  exchangers used i n  an  i n t e r c o o l e d  v 

r e g e n e r a t i v e  c y c l e  k i t h  r e h e a t  as a f u n c t i o n  of f h e  r ecupe ra to r  e f f e c t i v e -  
n e s s ,  t h e  compressor p r e s s u r e  r a t i o ,  and t h e  n e t  e l e c t r i c a l  e f f i c i e n c y .  
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E f f e c t s  of Fuel  Costs  on Power C o s t s  

I n  a t t empt ing  t o  e v a l u a t e  t h e  m e r i t s  of increa.s ing t h e  ca i t a 1  c o s t  of 

t he  h e a t  exchangers t o  o b t a i n  an i n c r e a s e  i n  c y c l e  e f f i c i e n c y ,  a series of 

curves  w a s  prepared t o  g ive  t h e  p o r t i o n  of t h e  e l e c t r i c  power c o s t s  r ep re -  

s e n t e d  by t h e  f u e l  and t h e  c a p i t a l  c o s t  of t h e  h e a t  exchangers. Other capi-  

t a l  and ope ra t ing  charges were considered t o  b e  i n s e n s i t i v e  t o  t h e  design 

v a r i a b l e s  considered i n  t h i s  se t  of curves.  

Figure 5.35 p r e s e n t s  t h e  e f f e c t s  of f u e l  c o s t ,  r e c u p e r a t o r  e f f e c t i v e -  

n e s s ,  and system p r e s s u r e  l o s s e s  f o r  t h e  cycle of Fig.  5 .6  assuming c a p i t a l  

charges of 15%.  Figure 5.36  gives  a s i m i l a r  set  of curves  f o r  c a p i t a l  

charges of 20%. Note t h a t  t h e  e l e c t r i c  p w e r  c o s t  i s  r e l a t i v e l y  i n s e n s i -  

t ive  t o  the  r ecupe ra to r  e f f e c t i v e n e s s  and system p r e s s u r e  l o s s ,  bu t  i s  

h e a v i l y  dependent on f u e l  c o s t .  As  expected,  t h e  h i g h e r  t h e  f u e l  c o s t  t h e  

g r e a t e r  t h e  advantages acc ru ing  from i n c r e a s i n g  t h e  c y c l e  e f f i c i e n c y  by 

i n c r e a s i n g  t h e  r e c u p e r a t o r  e f f e c t i v e n e s s  and reducing t h e  system p r e s s u r e  

l o s s .  E s s e n t i a l l y  s i m i l a r  curves are shown i n  Figs.  5.37 and 5.38  f o r  t h e  

cyc le  of F ig .  5 . 8  wi th  i n t e r c o o l i n g  and r e h e a t .  To f a c i l i t a t e  a comparison 

between t h e  two c y c l e s ,  r e p r e s e n t a t i v e  curves  f o r  both c y c l e s  are p resen ted  

on t h e  s a m e  coord ina te s  i n  Fig.  5.39.  These show a s m a l l  advantage f o r  t h e  

use of i n t e r c o o l i n g  and r ehea t  i f  t h e  f u e l  c o s t  i s  high,  b u t  l i t t l e  advan- 

t a g e  f o r  t h e  lower f u e l  c o s t s .  Note t h a t  a t  least p a r t  of t h e  c o s t  reduc- 

t i o n  implied by F ig .  5.39 f o r  i n t e r c o o l i n g  and a f t e r c o o l i n g  would be o f f s e t  

by inc reased  c o s t s  a s s o c i a t e d  w i t h  t h e  g r e a t e r  complexity of t h e  system. 

E f f e c t s  of Part-Load Clperation 

The e f f e c t s  of pa r t - load  ope ra t ion  on t h e  o v e r a l l  thermal  performance 

of t h e  two systems of Figs .  5.6  and 5 . 8  when o p e r a t i n g  wi th  a system t o t a l  

p r e s s u r e  l o s s  of 5% and a 90% e f f e c t i v e  r e c u p e r a t o r  are shown i n  F igs .  5.40 

and 5.41.  The b a s i s  of t h e s e  c a l c u l a t i o n s  w a s  t h a t  t h e  h o t  water demand 

w a s  c o n s t a n t  a t  a thermal  equ iva len t  of 60;: of 70% of t h e  maximum e lec t r i -  

cal  load  and t h a t  t h e  space h e a t i n g  requirements were a maximum of 175% of 

70% of t h e  maximum e l e c t r i c a l  l oad .  I n  t h e s e  c a l c u l a t i o n s ,  t h e r e f o r e ,  

a f t e r  t h e  h o t  water demand w a s  s a t i s f i e d  any u s e f u l  thermal  energy remain- 

i n g  w a s  a p p l i e d  t o  t h e  175% requirement.  When t h e  :L75% requirement w a s  

s a t i s f i e d ,  t h e  remaining energy w a s  discarded.  These c a l c u l a t i o n s  were 
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Fig .  5.35. F r a c t i o n a l  e lectr ical  power c o s t  a s s o c i a t e d  w i t h  t h e  f u e l  and h e a t  
exchanger c o s t  f o r  a r e g e n e r a t i v e  c y c l e  wi thou t  i n t e r c o o l i n g  o r  r e h e a t  a t  a load  
f a c t o r  of 70% and 15% c a p i t a l i z a t i o n .  The system i s  ope ra t ed  a t  a compressor 
p r e s s u r e  r a t i o n  of 3 .5: l  and a n  i n l e t  temperature  of 80"F, a compressor a d i a b a t i c  
e f f i c i e n c y  of 84%, a t u r b i n e  i n l e t  t empera tu re  of 1500°F and a t u r b i n e  a d i a b a t i c  
e f f i c i e n c y  of 87%. F lu id i zed  bed temperature  = 1650°F. 
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Fig. 5 . 3 9 .  Comparative fractional electrical power costs associated with the fuel and heat 
exchanger cost for a regenerative cycle with and without intercooling and reheat at a load factor 
of 70% and 5% total pressure losses. The systems are operated at a compressor pressure ratio of 
3.5:l and an inlet temperature of 80°F, a compressor adiabatic efficiency of 84%,  a turbine inlet 
temperature of 1500'F and a turbine adiabatic efficiency of 87%. 
1650OF. 

Fluidized bed temperature = 
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Fig. 5.40 .  The distribution of the thermal utilization of fuel energy in a 
~. 

regenerative cycle without intercooling ore reheat: operating at a compressor ratio 
of 3.5:1, a recuperator effectiveness of 90% and a system total pressure loss of 
5%. 
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Fig. 5.41. The distribution of the thermal energy utilization of fuel energy - 
in an intercooled regenerative cycle with reheat operating at a compressor pres- 
sure ration of 3.5:1, a recuperator effectiveness of 90%, and a system total pres- 
sure l o s s  of 5%. 
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a l l  made f o r  a n e t  e lec t r ica l  e f f i c i e n c y  of 90% of t h e  g ross  e lec t r ica l  

e f f i c i e n c y ,  a system h e a t  l o s s  of 5%, and t h e  h i g h e r  h e a t i n g  va lue  of t h e  

i n p u t  c o a l  used as f u e l .  The space h e a t  w a s  supp l i ed  t o  water va ry ing  i n  

temperature  between 160°F and 200 F and t h e  h o t  w a t e r  h e a t  w a s  supp l i ed  

t o  water varying i n  temperature  between 60 F and 150 F. The i n l e t  tempera- 

t u r e  of t h e  compressor w a s  v a r i e d  between 80 F and 180 F t o  o b t a i n  e lectr i -  

cal  load  v a r i a t i o n s .  A t  an i n l e t  temperature  of 180 F, t h e  c y c l e  p r e s s u r e  

w a s  decreased t o  f u r t h e r  decrease t h e  e l e c t r i c a l  l oad .  

0 

0 0 

0 0 

0 

I n s p e c t i o n  of F ig .  5.40 which g ives  t h e  r e s u l t s  of t h e  c a l c u l a t i o n  f o r  

t h e  r e g e n e r a t i v e  cyc le  without  e i t h e r  i n t e r c o o l i n g  o r  r ehea t  i n d i c a t e s  an 

i n t e g r a t e d  t o t a l  energy u t i l i z a t i o n  of 79.9% wi th  a v a r i a t i o n  of 76% t o  82% 

over  t h e  e l e c t r i c a l  l oad  range of 40% t o  100%. Figure 5.41 which g ives  t h e  

r e s u l t s  of t h e  c a l c u l a t i o n  f o r  t h e  i n t e r c o o l e d  r e g e n e r a t i v e  c y c l e  wi th  

r e h e a t  i n d i c a t e s  an i n t e g r a t e d  t o t a l  energy u t i l i z a t i o n  of 77.4% wi th  a 

v a r i a t i o n  of 65% t o  83% over t h e  e lectr ical  l o a d  range of 40% t o  100%. 

Costs  of Open and Closed Cycles 

There is  l i t t l e  d i f f e r e n c e  i n  e f f i c i e n c y  a t  f u l l  load between open and 

c losed  c y c l e s ,  b u t  t h e r e  are s u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  c a p i t a l  c o s t s  

f o r  a p l a n t  of a given f u l l  l o a d  capac i ty .  I €  one employs an e x i s t i n g  gas 

t u r b i n e  engine,  f o r  example, i t  w i l l  have been designed f o r  ope ra t ion  with- 

out a r ecupe ra to r .  Thus i t  w i l l  be necessa ry  t o  o p e r a t e  t h e  engine a t  a 

reduced speed and p r e s s u r e  r a t i o ,  and t h i s  wi .L l  c u t  i t s  n e t  output  about  i n  

h a l f  i f  i t  i s  ope ra t ed  i n  an open cyc le .  I f  : i t  i s  ope ra t ed  i n  a c losed  

cyc le ,  however, t h e  compressor i n l e t  p r e s s u r e  can be i n c r e a s e d  by a f a c t o r  

of 3.4 i f  i t s  o r i g i n a l  design p r e s s u r e  r a t i o  were 12 .  

pu t  i n  a c losed  c y c l e  can be i n c r e a s e d  by a f a c t o r  of about 3.4,  and t h i s  

w i l l  reduce t h e  c a p i t a l  c o s t  of t h e  t u r b i n e  arid compressor p e r  u n i t  of 

output by t h e  s a m e  f a c t o r .  The c o s t  of t h e  h e a t e r ,  economizer, r e c u p e r a t o r ,  

and waste h e a t  recovery u n i t  are a l s o  s t r o n g l y  a f f e c t e d .  A f t e r  a l lowing  f o r  

mass flow rate e f f e c t s ,  f o r  t h e  same e f f e c t i v e n e s s  and p r e s s u r e  drop r a t i o  

t h e  c o s t  of each h e a t  exchanger w i l l  be  40% as g r e a t  f o r  t h e  c losed  as f o r  

t h e  open cyc le .  

t a i n e d  i n  t h e  f l u i d i z e d  bed. 

Thus t h e  engine out-  

F u r t h e r ,  a more f avorab le  set of p ropor t ions  can be ob- 

On t h e  o t h e r  hand, t h e  c losed  c y c l e  r e q u i r e s  
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n o t  only a c o o l e r  b u t  a l s o  a supply of coo l ing  water, a l though about 60% 

of t h e  h e a t  r e j e c t e d  can be used t o  advantage f o r  h e a t i n g  domestic h o t  

water i f  t h e  l a t te r  is  hea ted  t o  150°F. 

t u r e  is  reduced t o  120°F, n e a r l y  a l l  of t h e  h e a t  r e j e c t e d  through t h e  c o o l e r  

can be used f o r  h e a t i n g  domestic h o t  water, and very l i t t l e  a d d i t i o n a l  cool- 

i n g  water w i l l  be r equ i r ed .  

I f  t h e  h o t  water supply tempera- 

Estimates i n d i c a t e  t h a t  a f t e r  a l lowing f o r  t h e  above f a c t o r s  t h e  over- 

a l l  c o s t  of t h e  r e f e r e n c e  design p l a n t  (desc r ibed  i n  t h e  nex t  chap te r )  

would be inc reased  by about one-third i n  going from a c losed  cyc le  t o  an 

open cyc le .  

from t h e  c a p i t a l  c o s t  s t a n d p o i n t ,  al though t h e  prime reason i n i t i a l l y  w a s  

t h e  much b e t t e r  thermal  e f f i c i e n c y  a t  p a r t  l oad .  

Thus i t  appears  w e l l  worth while  t o  employ a c losed  c y c l e  j u s t  
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CONCEPTUAL DESIGNS FOR FLUIDIZED BED GAS TURBI'LJE SYSTEMS 

A series of des igns  f o r  f l u i d i z e d  bed c o a l  combustion systems coupled 

t o  gas  t u r b i n e s  h a s  been devised  t o  meet t h e  b a s i c  MIUS requirements  of 

500 t o  1000 kW(e) p e r  u n i t  u s ing  t h e  r e s u l t s  from t h e  cyc le  a n a l y s i s  work 

of t h e  prev ious  s e c t i o n  as t h e  p o i n t  of depa r tu re .  S u l f u r  removal consid- 

e r a t i o n s  coupled wi th  a l lowable  stresses i n  a l l o y s  t h a t  seem s u i t a b l e  f o r  

use i n  t h e  f l u i d i z e d  bed l e d  t o  a choice  of a bed o p e r a t i n g  tempera ture  of 

1650°F f o r  r e f e r e n c e  des ign  purposes .  The p r i n c i p a l  c o n s i d e r a t i o n s  t h a t  

went i n t o  t h e  des ign  of t h e  f l u i d i z e d  bed i t s e l f  are i n d i c a t e d  i n  Chapter 

3 on combustion systems.  This  chap te r  is  concerned p r i m a r i l y  w i t h  t h e  

e v o l u t i o n  of t y p i c a l  l a y o u t s  designed t o  m e e t  a l l  o f  t h e  boundary condi- 

t i o n s  t h a t  could be envis ioned .  These cond i t ions  are summarized i n  Table 

6 . 1 .  

F lu id  Bed and Furnace Layouts 

Seve ra l  b a s i c  planforms f o r  t h e  f l u i d i z e d  bed were cons idered  inc lud-  

i n g  a c i r c u l a r  bed, a r e c t a n g u l a r  bed, and a squa re  bed. The c i r c u l a r  bed 

would have had t h e  advantage t h a t  i f  t h e  furnace  w e r e  p r e s s u r i z e d  t h e  c o s t  

of t h e  furnace  s h e l l  would be  kep t  t o  a minimum. However, t h e  sav ings  i n  

c o s t  a s s o c i a t e d  wi th  t h i s  appear  t o  be  l a r g e l y  o f f s e t  by t h e  extra com- 

p l e x i t y  of  t h e  tube  bending ope ra t ions  r equ i r ed .  For example, t o  a s s u r e  a 

f a i r l y  uniform c i r c u l a t i o n  of p a r t i c l e s  i n  t h e  f l u i d i z e d  bed, one would 

l i ke  t o  keep t h e  spac ing  between tubes  c o n s t a n t ,  and t h i s  i n  t u r n  impl i e s  

t h e  use  of an  i n v o l u t e  curve  such as t h a t  i n d i c a t e d  i n  F ig .  6 .1 .  Other 

f a c t o r s  i n c l u d i n g  assembly and p o s s i b l e  disassembly f o r  maintenance com- 

b ined  w i t h  c o s t  c o n s i d e r a t i o n s  t o  favor  t h e  use of  a square  furnace  wi th  

s imple h a i r  pin-shaped loops  i n  t h e  bed as i n  Fig.  6 .1 .  With t h i s  square  

conf igu ra t ion  t h e  tube  banks f o r  t h e  furnace  can be b u i l t  i n  f o u r  pane l s  

and assembled as i n d i c a t e d  i n  Fig.  6 .2 .  Note t h a t  t h e  h a i r  p i n  loops  f o r  

t h e  tubes  on t h e  east and t h e  w e s t  s i d e s  of t h e  furnace  l i e  a t  one level  i n  

t h e  bed wh i l e  t hose  f o r  t h e  n o r t h  and sou th  f a c e s  l i e  a t  ano the r  level. 

6.1 
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Table  6.1. Basic P recep t s  f o r  t h e  Design of t h e  
F lu id i zed  B e  d-Heater-Economizer Unit. 

1. 

2 .  

3 .  

4. 

5. 

7. 

8. 

9 .  

10. 

11. 

1 2 .  

13. 

14. 

15. 

16. 

17.  

18. 

The u n i t  would be employed with a closed c y c l e  gas  t u r b i n e  wi th  an 
economizer, r ecupe ra to r ,  and r e g e n e r a t o r .  

The economizer would be b u i l t  as an i n t e g r a l  p a r t  of t h e  h e a t e r .  

The bed ope ra t ing  temperature w i l l  be 1650°F, a va lue  t h a t  should 
keep the  maximum h e a t e r  tube w a l l  temperature below 160O0F. 

The combustion a i r  temperature i n t o  the  bed w i l l  be 1000°F. 

The compressor o u t l e t  p re s su re  w i l l  be 1 2  atm. 

The t u r b i n e  a i r  p r e s s u r e  drop w i l l  be no more than  18 p s i .  

The combustion a i r  p r e s s u r e  drop through t h e  bed should be k e p t  low 
t o  reduce t h e  pumping power. This  imp l i e s  a bed depth of no more 
than  40 i n .  

The s u p e r f i c i a l  v e l o c i t y  of t h e  combustion gas  l eav ing  t h e  bed 
should be between 2.5 and 10 f t / s e c .  

The maximum p a r t i c l e  s i z e  should be s m a l l  enough s o  t h a t  t h e  bed 
can be f l u i d i z e d  a t  25% of t h e  design va lue  f o r  t he  combustion a i r  
flow rate.  

The h e a t  t r a n s f e r  ra te  t o  the  t u r b i n e  a i r  should g ive  a proper  h e a t  
balance w i t h  t h e  h e a t  r e l e a s e d  by combustion. 

The h e a t e r  tube length-diameter r a t i o  should be such t h a t  t h e  tu r -  
bine a i r  w i l l  leave t h e  bed a t  1500°F wit:h a 1650'F bed tempera- 
t u r e .  

The combustion gas temperature l eav ing  t h e  economizer should ap- 
proach t h e  temperature of t h e  t u r b i n e  ail- e n t e r i n g  t h e  economizer 
w i th in  50°F. 

The tube c e n t e r l i n e  spacing i n  t h e  bed should be t h r e e  t i m e s  t h e  
tube diameter .  

The tube bend r a d i u s  should n o t  be less than  3 t ube  diameters  t o  
p e r m i t  cold bending of t h e  tubes.  

The number of h e a t e r  tubes i n  t h e  bed and t h e  s i z e  of t h e  bed 
should be such t h a t  t h e  w a l l s  of t h e  plenum chamber above t h e  bed 
should be covered wi th  one continuous layer of t u b e s .  

The tube w a l l  t h i ckness  should be s u f f i c i e n t  s o  t h a t  t h e  p r e s s u r e  
stress w i l l  be below t h a t  f o r  a creep-rupture  l i f e  of  l o 5  h r .  

The bends i n  t h e  tubes should a l l  be i n  t h e  same plane wherever 
p o s s i b l e .  

There should be no in t e rmed ia t e  manifolds  o r  welds i n  t h e  h e a t e r  
t ubes  between t h e  economizer i n l e t  and t h e  h e a t e r  o u t l e t .  
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Fig. 6.1. Typical arrangements of tubes in the fluidized bed. 
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Fig. 6.2. Panel configuration of tube banks designed to facilitate 
fabrication and assembly of the fluidized bed furnace-heater-economizer 
unit. 
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Plenum Chamber Walls 

It i s  d e s i r a b l e  t o  t a k e  advantage of t h e  h igh  r a d i a n t  h e a t  f l u x  from 

t h e  upper s u r f a c e  of t h e  bed by cover ing  t h e  w a l l s  of t h e  plenum chanber 

above t h e  bed wi th  tubes  t h a t  are an i n t e g r a l  p o r t i o n  of t h e  h e a t e r  system. 

Inasmuch as experiments  a t  BCURA i n d i c a t e  t h a t  t h e  tube  c e n t e r l i n e  spac ing  

should be  a t  l eas t  3 tube  d iameters  t o  g ive  good p a r t i c l e  c i r c u l a t i o n  i n  

t h e  bed, t h i s  means t h a t  i t  i s  d e s i r a b l e  t o  make use of t h r e e  levels of 

tube  bank i n  t h e  bed f o r  each w a l l  of t h e  plenum chamber s o  t h a t  t h e  tubes  

w i l l  be  immediately ad jacen t  t o  each o t h e r  i n  t h e  plenum chamber w a l l .  

This  approach h a s  t h e  advantage t h a t  t h e  r a d i u s  of cu rva tu re  i n  t h e  h a i r  

p i n  bend of t h e  bed can be  inc reased  t o  a leve l  such t h a t  t h e r e  should be  

no d i f f i c u l t y  i n  co ld  bending t h e  tubes .  Of cour se ,  i t  would be  p o s s i b l e  

t o  have t h e  tubes  spaced on c e n t e r s  of ~2 diam i n  t h e  plenum chamber w a l l  

and depend on a r e f r a c t o r y  l i n i n g  o u t s i d e  t h e  tubes  t o  absorb t h e  thermal  

r a d i a t i o n  coming through t h e  i n t e r s t i c e s  between t h e  tubes  and then  re- 

r a d i a t e  i t  back t o  t h e  back s i d e s  of t h e  tubes .  This  would have t h e  ad- 

vantage t h a t  i t  would i n c r e a s e  t h e  h e a t  i npu t  pe r  u n i t  of l e n g t h  of t h e  

tubes  i n  t h e  plenum chamber w a l l  and thus  tend  t o  g ive  a lower p r e s s u r e  

drop i n  t h e  tubes  f o r  a given h e a t  i npu t  ra te .  However, i t  h a s  t h e  d i s -  

advantage t h a t  t h e  r e f r a c t o r y  l i n i n g  would have t o  run  a t  a h ighe r  temper- 

a t u r e  than  would be  t h e  case i f  t h e  plenum chamber w a l l  were completely 

covered w i t h  tubes ,  and t h i s  would i n c r e a s e  both  i t s  c o s t  and t h e  h e a t  

l o s s e s  t o  t h e  surroundings.  

Bed Depth 

The a i r  v e l o c i t y  through t h e  bed r e q u i r e d  t o  f l u i d i z e  i t  i s  independ- 

e n t  of t h e  bed depth.  A s  a consequence, t h e  pumping power r equ i r ed  t o  

f o r c e  a i r  through t h e  bed is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  bed depth because 

t h e  bed acts  as i f  i t  r ep resen ted  a s t a t i c  head of f l u i d  t h a t  acts as a 

back p r e s s u r e  on t h e  a i r  supply p o r t s  i n  t h e  bed suppor t  p l a t e .  

t h e r e  is  a s t r o n g  i n c e n t i v e  t o  minimize t h e  bed depth t o  minimize t h e  pump- 

i n g  power l o s s e s  f o r  c i r c u l a t i n g  t h e  combustion a i r  through t h e  bed. On 

t h e  o t h e r  hand, t h e  amount of unburned carbon i n  t h e  f i n e s  blown through 

t h e  bed and out  i n t o  t h e  cyclone s e p a r a t o r  i n c r e a s e s  as t h e  bed depth i s  

reduced, hence t h e r e  is  an i n c e n t i v e  t o  use  as deep a bed as p r a c t i c a b l e .  

Thus, 
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I n  a d d i t i o n  t o  t h e s e  c o n s i d e r a t i o n s ,  one f i n d s  t h a t  geometr ic  problems i n  

g e t t i n g  tubes  i n t o  t h e  bed and i n t e g r a t e d  i n t o  t h e  plenum chamber w a l l  

above t h e  bed p l ace  l i m i t a t i o n s  on t h e  h e a t  removal o b t a i n a b l e  from a bed 

of a given s i z e .  These are c l o s e l y  t i e d  t o  h e a t  t r a n s f e r  and f l u i d  f low 

cons ide ra t ions  i n  t h e  t u r b i n e  a i r  stream as w i l l  be  d i scussed  la te r .  Ef- 

f o r t s  t o  evolve des igns  t h a t  would m e e t  a l l  of  t h e  boundary cond i t ions  have 

gene ra l ly  y i e l d e d  bed depths  i n  t h e  range from 18 t o  36 i n .  

Economizer 

To minimize t h e  number of tube-to-header j o i n t s  and t h u s  reduce c o s t s  

f o r  f a b r i c a t i n g  t h e  h e a t e r  assembly, i t  i s  advantageous t o  i n c o r p o r a t e  t h e  

economizer i n  t h e  fu rnace - f lu id i zed  bed-tube m a t r i x  system. Four config-  

u r a t i o n s  f o r  accomplishing t h i s  w e r e  cons idered .  I n  t h e  f i r s t  of  t h e s e  

t h e  economizer r eg ion  w a s  formed by running t h e  tubes  inward from t h e  t o p  

of t h e  plenum chamber and then  upward through a r e c t a n g u l a r  duc t  t h a t  w a s  

n o t  f a r  from be ing  square .  

se t  of out-of-plane bends t o  connect t h e  economizer r eg ion  t o  t h e  plenum 

chamber w a l l .  To avoid t h i s ,  a second layout  w a s  evolved i n  which t h e  

plenum chamber over  t h e  bed through a narrow annulus  sur rounding  a hol low 

square  as i n  F ig .  6.3b. This  gave a f a i r l y  h igh  v e l o c i t y  of t h e  combustion 

gases  over  t h e  o u t s i d e  of t h e  tubes  and hence a f a i r l y  good h e a t  t r a n s f e r  

c o e f f i c i e n t .  This  h e a t  t r a n s f e r  c o e f f i c i e n t  w a s  augmented by thermal  ra- 

d i a t i o n  from t h e  w a l l s  of t h e  passage which would be  hea ted  above t h e  tube  

temperature  by t h e  h o t  gases .  The d isadvantage  of t h i s  approach i s  t h a t  

i t  l e a d s  t o  a r a t h e r  bulky system wi th  a l a r g e r  s u r f a c e  area through which 

h e a t  would be  l o s t  t o  t h e  sur roundings  and would r e q u i r e  a s u b s t a n t i a l l y  

l a r g e r  amount of r e l a t i v e l y  expensive cerami-c l i n i n g  material. A t h i r d  

approach cons idered  w a s  t o  p l ace  t h e  economj-zer tubes  i n  a c ruc i form matrix 

as i n  F ig .  6 . 3 ~  t o  g ive  a double l a y e r  of t ubes  i n s t e a d  of t h e  s i n g l e  l a y e r  

of t h e  annular  arrangement shown i n  F ig .  6.3b. This  arrangement r e q u i r e s  

out-of-plane bends i n  only  a few of t h e  tubes ;  t h e  bu lk  of them can be  

p lane  bends.  The f o u r t h  arrangement cons idered  makes use  of t h e  square  

furnace ,  wh i l e  t h e  tubes  on t h e  n o r t h  and sou th  side:; would r e q u i r e  a 

d iagonal  out-of-plane s e c t i o n  t o  traverse t h e  t o p  of t h e  fu rnace  and b r i n g  

them i n t o  l i n e  wi th  t h e  tubes  f o r  t h e  east  and w e s t  s i d e s .  See F ig .  6 .3d.  

See  F ig .  6,,3a, This  r e q u i r e d  a r a t h e r  complex 
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Fig. 6 . 3 .  Top views of f o u r  d i f f e r e n t  arrangements of t h e  tube  
matrix f o r  the economizer as p o s i t i o n e d  relative t o  t h e  f l u i d i z e d  bed. 
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This  arrangement g ives  lower h e a t  l o s s e s  and a s imple r  and less expensive 

manifold system than  t h e  arrangement of F ig .  6 . 3 ~ .  It a l s o  h a s  t h e  advan- 

t a g e  t h a t  i t  lends  i t s e l f  t o  f a b r i c a t i o n  (3f s e p a r a t e  pane l s  f o r  each s i d e  

t h a t  can be  assembled i n  t h e  manner ind ic , s ted  i n  Fig.  6 .2 .  

Bed F l o a t a t i o n  L imi t a t ion  - 
For a f l u i d i z e d  bed t o  ope ra t e  p rope r ly  t h e  a i r  flow through t h e  bed 

must be  h igh  enough t o  f l o a t  t h e  p a r t i c l e , ;  and produce t h e  a g i t a t i o n  and 

c i r c u l a t i o n  a l luded  t o  above.' 

h igh  as t o  blow a l a r g e  f r a c t i o n  of t h e  smaller diameter  p a r t i c l e s  ou t  of 

t h e  bed s o  t h a t  they  are c a r r i e d  o f f  w i th  t h e  s t a c k  gas.  Some i n s i g h t  i n t o  

t h e s e  l i m i t a t i o n s  i s  given by Fig.  6.4 which shows t h e  r e l a t i o n  between 

p a r t i c l e  diameter  and t h e  s u p e r f i c i a l  v e l o c i t y  of t h e  gas l e a v i n g  t h e  bed 

f o r  t hese  two l i m i t s .  Curves are given f o r  t h r e e  d i f f e r e n t  d e n s i t i e s  of 

t h e  s e t t l e d  bed, i . e . ,  t h e  bed d e n s i t y  p r i o r  t o  f l u i d i z a t i o n .  It should  be  

noted  t h a t  when t h e  bed i s  f l u i d i z e d ,  exper ience  has  shown t h a t  i t s  depth 

t ends  t o  i n c r e a s e  by roughly 30%. The s e l t l e d  d e n s i t y  of t h e  bed depends 

mainly on t h e  d e n s i t y  of t h e  p a r t i c l e s ,  and t h i s  varies somewhat w i t h  t h e  

mine ra l  conten t  of t h e  coa l .  Inasmuch as t h e  p a r t i c l e  s i z e  i n  t h e  bed w i l l  

vary  s u b s t a n t i a l l y  about a mean v a l u e ,  t h e  range of s u p e r f i c i a l  v e l o c i t i e s  

f o r  s a t i s f a c t o r y  ope ra t ion  i s  s u b s t a n t i a l l y  less than  i s  impl ied  by Fig.  2 .  

For example, i f  one were t o  assume a mean p a r t i c l e  diameter  of 2500 microns 

( 0 . 1  i n . )  w i t h  a s e t t l e d  bed d e n s i t y  of 1 . 6  g/cm3, t h e  s u p e r f i c i a l  v e l o c i t y  

of t h e  combustion gas l e a v i n g  t h e  bed could be  v a r i e d  by a f a c t o r  of about 

20 wi thout  g iv ing  d i f f i c u l t y  w i t h  p a r t i c l e  ca r ryove r  o r  s e t t l i n g  of t h e  

bed. 

from blowing ou t  of t h e  bed,  t h e  range of s u p e r f i c i a l  a i r  v e l o c i t i e s  t h a t  

would be  pe rmis s ib l e  would be  reduced t o  it f a c t o r  of 6 ,  wh i l e  i f  p a r t i c l e s  

one - f i f th  t h e  average s i z e  are n o t  t o  be  hlown ou t  of t h e  bed t h e  super-  

f i c i a l  v e l o c i t y  could be  v a r i e d  by only a f a c t o r  of 4 between t h e  minimum 

f o r  f l u i d i z i n g  t h e  bed and t h e  maximum usab le  wi thout  excessive ca r ryove r .  

Thus, f o r  t h e  range of i n t e r e s t  i n  t h i s  case t h e  s u p e r f i c i a l  v e l o c i t y  

l e a v i n g  t h e  bed could be  v a r i e d  from about 1 m/sec t o  about 4 m/sec. 

u r e  6.4 i n d i c a t e s  t h a t  a somewhat wider  range of a i r  v e l o c i t y  might be  

However, the a i r  flow ra te  ought n o t  b e  s o  

However, i f  p a r t i c l e s  about one-thi-cd t h e  average s i z e  are t o  be  kept  

Fig- 
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Fig.  6.4 .  E f f e c t s  of p a r t i c l e  s i z e  on both t h e  minimum gas v e l o c i t y  l eav ing  t h e  

bed f o r  f u l l  f l u i d i z a t i o n  and f o r  t h e  v e l o c i t y  a t  which t h e  p a r t i c l e s  w i l l  be  c a r r i e d  
up through and o u t  of t h e  plenum above t h e  bed. 
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employed i f  t h e  p a r t i c l e  s i z e  were cu t  i n  h a l f ,  i . e . ,  t h e  c o a l  and l i m e -  

s t o n e  feed  crushed t o  1/16 mesh i n s t e a d  of  1/8- in .  mesh. 

Bed Support  P l a t e  

The p l a t e  o r  g r i d  upon which t h e  f l u i c i z e d  bed rests must i nc lude  

openings through which a i r  can f low i n t o  t h e  f l u i d i z e d  bed. These openings 

must be s u f f i c i e n t l y  s m a l l  s o  t h a t  p a r t i c l e s  from t h e  bed w i l l  n o t  pour 

downward through t h e  openings when t h e  a i r  f low i s  s topped ,  a l though they  

need n o t  b e  s o  s m a l l  t h a t  t hey  w i l l  prevent  a few f i n e  p a r t i c l e s  from 

s i f t i n g  through and f a l l i n g  down i n t o  t h e  plenum chamber under shutdown 

cond i t ions .  Thus, t h e  openings ought t o  be smaller than  t h e  l a r g e r  p a r t i -  

cles i n  t h e  bed so  t h a t  t h e s e  can act  t o  p lug  t h e  openings and t h u s  act as 

an e f f e c t i v e  dam t o  prevent  more than  a fetu of t h e  f i n e s  from s i f t i n g  

through. One way of accomplishing t h i s  would be t o  make use o€ porous 

p l a t e s  t h a t  might con ta in  e i t h e r  a l a r g e  number of  small h o l e s  o r  they  

might be  formed as has  been done by Combustion Power, Inc .  by us ing  a 

s t a i n l e s s  s t ee l  shee t  about 1/16-in.  t h i c k  t h a t  has  been s l i t  t o  form ex- 

panded metal g r i d  p l a t e s ,  t h e  openings expanded s l i g h t l y ,  and then  t h e  

p l a t e s  r o l l e d  t o  reduce t h e  s i z e  of t h e  openings.  A t h i r d  approach might 

be  t o  make ceramic o r  cast i r o n  t i l e s  perhaps 4-in. square  wi th  a c l o s e  

a r r a y  of round h o l e s  s imilar  t o  those  employed i n  gas  burner  p l a t e s .  The 

tapered  h o l e s  would f a c i l i t a t e  c a s t i n g  t h e  material as they  would provide  

good draw'' i n  making t h e  molds, and, by mounting them w i t h  t h e  s m a l l  ends 1 1  

of t h e  ho le s  upward, any p a r t i c l e s  t h a t  s i f t e d  i n t o  t h e  h o l e s  would be  a b l e  

t o  f a l l  f r e e l y  through them wi thout  b lock ing  them. Any of t h e s e  t h r e e  

types  of  porous p l a t e  could be  mounted on a suppor t  g r i d  t h a t  would be  

cooled by t h e  a i r  i n  t h e  plenum chamber s o  t h a t  i t  would run c l o s e  t o  t h e  

plenum chamber a i r  temperature  r a t h e r  t han  :lose t o  t h e  bed temperature .  

A n o t e  of cau t ion  t o  be added i s  t h a t  under shutdown cond i t ions  c i r c u l a t i o n  

of a i r  i n  t h e  plenum chamber w i l l  be  a lmost  n i l ,  and hence t h e  g r i d  w i l l  

approach t h e  temperature  of t h e  bed r a t h e r  c l o s e l y  so  t h a t  i t s  temperature  

might become excess ive  if t h e  shutdown procedure were t o  a l low t h e  bed t e m -  

p e r a t u r e  t o  cont inue  t o  be c l o s e  t o  t h e  normal o p e r a t i n g  tempera ture .  

A second approach t h a t  might be  taken  110 t h e  des ign  of a i r  p o r t s  i n  

t h e  bed p l a t e  i s  t h a t  i n d i c a t e d  i n  Fig.  6 . 5 ,  Any of  a v a r i e t y  of  canopies  
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can be  p laced  over t h e  a i r  p o r t s  t o  prevent  bed material from f lowing back 

down through them under shutdown cond i t ions .  

a s s u r e  adequate  a i r  f low passage area s o  t h a t  t h e  p r e s s u r e  drop w i l l  n o t  

be  excess ive .  

The p r i n c i p a l  problem i s  t o  

The p r e s s u r e  drop through t h e  bed suppor t  g r i d  should be  s u f f i c i e n t  t o  

provide a good a i r  f low d i s t r i b u t i o n  a c r o s s  t h e  bed. Experience wi th  oper- 

a t i o n  of f l u i d i z e d  beds i n d i c a t e s  t h a t ,  f o r  good p a r t i c l e  c i r c u l a t i o n  uni- 

formly a c r o s s  t h e  bed, i t  is  d e s i r a b l e  t o  des ign  the g r i d  p l a t e  s o  t h a t  t h e  

a i r  p r e s s u r e  drop ac ross  i t  w i l l  run  about h a l f  of t h e  p r e s s u r e  drop 

through t h e  bed i t s e l f .  This  imp l i e s  t h a t  t h e  equ iva len t  a i r  f low passage 

area i n  t h e  bed p l a t e  should be about 3% of t h e  t o t a l  area f o r  a tmospheric  

p re s su re  beds.  

The temperature  of t h e  bed suppor t  p l a t e  is l i k e l y  t o  run  substan-  

t i a l l y  above t h a t  of t h e  s t r u c t u r e  f o r  t h e  furnace  walls. A s  a conse- 

quence, p rov i s ion  must be  made f o r  d i f f e r e n t i a l  thermal  expansion between 

t h e s e  two components, and t h i s  p rov i s ion  should  inc lude  measures t o  min- 

imize a i r  bypass through whatever c l ea rances  are provided as w e l l  as pro- 

v i s i o n s  t o  prevent  f low of bed material back through t h e  c l ea rances  under 

shutdown cond i t ions .  

TvDical Layouts 

Five l ayou t s  f o r  t h e  furnace  and h e a t e r  assembly have been chosen 

from t h e  many l ayou t s  t h a t  have been prepared t o  i l l u s t r a t e  t h e  p r i n c i p a l  

problems and p o s s i b i l i t i e s .  These are p resen ted  i n  t h i s  s e c t i o n  t o g e t h e r  

wi th  a b r i e f  d e s c r i p t i o n  of t h e  p r i n c i p a l  f e a t u r e s  i n  each case. The f i r s t  

t h r e e  l a y o u t s  presented  i n  t h i s  s e c t i o n  were ?repared e a r l y  i n  t h e  s tudy  

and were based on an open cyc le  system w i t h  an  economizer and r ecupe ra to r .  

The o t h e r  two l ayou t s  presented  h e r e  were pre3ared n e a r  t h e  end of  t h e  

conceptual  design work and were based on a c losed  c y c l e  w i t h  an economizer, 

r ecupe ra to r ,  and r egene ra to r .  I n  each case t h e  c o n s i d e r a t i o n s  o u t l i n e d  

above were t h e  po in t  of  depa r tu re  f o r  t h e  des ign ,  and i n  t h e  l a t t e r  two 

cases t h e  des ign  t h i n k i n g  had progressed  t o  t h e  po in t  t h a t  t h e  p recep t s  

of Table 6 . 1  could be c l e a r l y  e s t a b l i s h e d .  
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The f i r s t  of t h e  f i v e  l a y o u t s  i s  t h a t  shown i n  F ig .  6.6. Note t h a t  

i n  t h i s  case t h e  tubes f o r  t h e  east and w e s t  banks of t he  furnace were 

looped through t h e  f l u i d i z e d  bed wi th  a l a r g e  v e r t i c a l  gap between t h e  

upper and lower l e g s  of t h e  loop. The tubes f o r  t h e  n o r t h  and sou th  s i d e s  

of t h e  fu rnace  have a smaller bend r a d i u s  and would be i n s e r t e d  i n t o  t h e  

region l y i n g  between the upper and lower l e g s  of t h e  tubes f o r  t h e  east 

and w e s t  s i d e s  of t h e  furnace.  The economizer r eg ion  i n  t h i s  i n s t a n c e  

i n c l u d e s  a c e n t r a l  duct w i th  a bypass valve i n  i t  t h a t  might be used f o r  

c o n t r o l l i n g  t h e  r a t i o  of hea t  t o  e l e c t r i c i t y  by al lowing a p o r t i o n  of t h e  

combustion gases t o  bypass t h e  economizer. This l ayou t  was evolved f o r  a 

system such as t h a t  of Fig.  5 . 3  t h a t  employed a waste h e a t  recovery u n i t  

i n  t h e  s t a c k  gas stream. The c r o s s  s e c t i o n  through t h e  economizer region 

of t h i s  unit  is  similar t o  t h a t  of F ig .  6.3a. 

A second t y p i c a l  l ayou t  i s  t h a t  of F ig .  6.7 which makes use of an 

economizer region s i m i l a r  t o  t h a t  of Fig.  6.3b. It c o n s i s t s  of f o u r  s i n -  

g l e  rowssets  of t ubes  t h a t  are l o c a t e d  i n  t h e  p l anes  of each of t h e  f o u r  

w a l l s  of t h e  f l u i d i z e d  bed. The tubes  are mounted s o  t h a t  t hey  are n o t  

i n  con tac t  w i th  t h e  o u t e r  w a l l  thereby l eav ing  a flow passage f o r  t h e  f l u e  

gas between t h e  o u t e r  w a l l  and t h e  tube row. 

flow passage f o r  t h e  f l u e  gas on the  bed s i d e  of t h e  economizer tubes.  

This  arrangement a l lows a l a r g e  f r a c t i o n  of t h e  h e a t  i n  t h e  f l u e  gas  t o  

be t r a n s f e r r e d  t o  t h e  economizer by r a d i a t i o n  from t h e  passage w a l l s .  

This  a l lows t h e  spacing i n  t h e  economizer t o  b e  i n c r e a s e d  wi th  a r e s u l t -  

i n g  decrease i n  system p r e s s u r e  losses. 

are given i n  Table 6.2. 

An i n n e r  l i n e r  d e f i n e s  t h e  

T h e  design d a t a  for t h e  p l a n t  

The design of t h i s  f l u i d i z e d  bed w a s  p r e d i c t e d  upon several assump- 

tions t h a t  w i l l  have t o  be v e r i f i e d  by experimentat ion.  The most im- 

p o r t a n t  of t h e s e  i s  t h a t  i n  t h e  plenum chamber over  t h e  f l u i d i z e d  bed 

t h e  t o t a l  disengaging h e i g h t  would be only about  2 f t .  

engaging h e i g h t  i s  necessa ry  so  t h a t  t h e  f l u e  gas e n t e r i n g  t h e  economizer 

s e c t i o n  shown i n  F ig .  6.7 w i l l  n o t  c a r r y  an excess ive  q u a n t i t y  of p a r t i c u -  

la te  matter t h a t  w i l l  have t o  be s e p a r a t e d  by t h e  cyclone s e p a r a t o r  and 

r e c i r c u l a t e d  t o  t h e  f l u i d i z e d  bed. 

An adequate d i s -  
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Table 6.2. Data f o r  t h e  Design of Fig.  6.7 f o r  a Coal Burning T o t a l  
Energy System Incorpora t ing  a F l u i d i z e d  Bed Combustion Chamber, 

Power wi th  an  A i r  Turbine Driven Generator 
A i r  Heater, and Recuperator Un i t s  and Producing Electr ic  

T o t a l  energy i n p u t ,  Btu/hr  
E lec t r ica l  power ou tpu t  , kW(e) 
Heat output  i n  250°F/15 p s i g  steam, Btu/hr  
Thermal e f f i c i e n c y  based on e lec t r ica l  ou tpu t ,  % 
Thermal e f f i c i e n c y  based on t o t a l  u s e f u l  ou tpu t ,  % 
Compressor p r e s s u r e  rat i o  
Compressor a d i a b a t i c  e f f i c i e n c y ,  % 
Turbine expansion r a t i o  
Turbine a d i a b a t i c  e f f i c i e n c y ,  % 
Overa l l  mechanical and gene ra to r  e f f i c i e n c y ,  2 
System t o t a l  p r e s s u r e  l o s s ,  % 
F l u i d i z e d  bed geometry and flow 

S u p e r f i c i a l  gas v e l o c i t y ,  f t / s e c  
Bed width and l eng th ,  f t  
Tube OD, i n  
Tube I D ,  i n  
Tube h o r i z o n t a l  c e n t e r l i n e  spacing,  i n  
Tube bank v e r t i c a l  c e n t e r l i n e  spacing,  i n  
Tube c e n t e r l i n e  spacing i n  fu rnace  w a l l ,  i n  
T o t a l  number of t ubes  
A i r  f low rate through tubes,  l b / s e c  
A i r  f low passage area i n  tube ,  f t 2  
A i r  m a s s  f low rate i n  tubes,  l b / s e c - f t 2  
Average tube l e n g t h ,  f t  

F l u i d i z e d  bed h e a t  t r a n s f e r  
Tube-side h e a t  t r a n s f e r  c o e f f i c i e n t ,  Btu/hr--f t2-  0 F 
Combustion gas-side h e a t  t r a n s f e r  coef f i c i e r t t  , 

Overa l l  h e a t  t r a n s f e r  c o e f f i c i e n t  based on tube  o u t s i d e  

T o t a l  tube s u r f a c e  area, o u t s i d e ,  f t  

Tube OD, i n  
Tube I D ,  i n  
T o t a l  number of U-tubes 
E f f e c t i v e  tube l e n g t h ,  f t  
Tube p i t c h  i n  a t r i a n g u l a r  a r r a y ,  i n .  
A i r  f low rate through tubes ,  l b / s e c  
A i r  flow passage area i n  t u b e s ,  f t 2  
A i r  mass flow rate i n  tube ,  l b / s e c - f t 2  
A i r  f low rate o u t s i d e  tubes,  l b / s e c  
A i r  f low passage area o u t s i d e  tubes ,  f t 2  
A i r  m a s s  f low rate o u t s i d e  tubes ,  l b / s e c - f t 2  

Tube-side h e a t  t r a n s f e r  c o e f f i c i e n t ,  Btu/hr-ft2-OF 
She l l - s ide  h e a t  t r a n s f e r  c o e f f i c i e n t  Btulhr-f  $-OF 

Btu/hr-f t2-OF 

s u r f a c e  area Btu/hr-f t2-OF 

Recuperator geometry and flow 

Recuperator h e a t  t r a n s f e r  

4.2 x l o 6  
350 

28.3 
72.4 
6 
85 
5 . 4  
89 
90 
10 

1.9 x 106 

2 . 3  
5 . 1  x 5.2 
1.0 
0.83 
3.0 
2.0 
1.5 
16 1 
5.92 
0.605 
9.79 
9.63 

32 

50 

17.2 
405 

1 
0.83 
16 4 
33 
1.436 
5.92 
0.616 
9.61 
4.92 
1.139 
4.32 

31.5 
15.7 

i 

i -  
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Table 6.2 (continued) 

l 1  
I '  

i--1 

!.-I 

Overall h e a t  t r a n s f e r  c o e f f i c i e n t  i a s e d  on tube  

T o t a l  tube e f f e c t i v e  s u r f a c e  area, o u t s i d e ,  f t  

Tube OD, i n  
Tube I D ,  i n  
T o t a l  number of t ubes  
E f f e c t i v e  tube l eng th ,  f t  
Tube c e n t e r l i n e  spacing along furnace w a l l ,  i n  
A i r  flow rate through tubes ,  l b / s e c  
Air flow passage area i n  tubes ,  f t  
A i r  mass flow rate i n  tubes ,  l b / s e c - f t  
Combustion gas flow rate o u t s i d e  tubes,  l b / s e c  
Combustion gas flow passage area o u t s i d e  tubes ,  f t  
Combustion gas mass flow rate o u t s i d e  tubes ,  l b / s e c - f t  

Economizer h e a t  t r a n s f e r  
Tube-side h e a t  t r a n s f e r  c o e f f i c i e n t ,  Btu/hr-f t  - F 
Combustion gas-side h e a t  t r a n s f e r  c o e f f i c i e n t  

Average r a d i a n t  h e a t  f l u x  t o  h e a t e r ,  Btu/hr-f t  
T o t a l  tube e f f e c t i v e  s u r f a c e  area, o u t s i d e ,  f t  

Compressor a i r  i n l e t ,  F 
Compressor a i r  o u t l e t ,  F 
High p r e s s u r e  a i r  e n t e r i n g  economizer, 
High p r e s s u r e  a i r  l eav ing  economizer, F 
High p r e s s u r e  a i r  e n t e r i n g  f l u i d i z e d  bedyo  F 
High p r e s s u r e  a i r  l eav ing  f l u i d i z e d  bedb 
Low p r e s s u r e  a i r  e n t e r i n g  r egene ra to r ,  
Low p res su re  a i r  l eav ing  r egene ra to r ,  F 
Combustion gas i n  f l u i d i z e d  bed, F 
Greatest temperature d i f f e r e n c e  i n  r egene ra to r ,  F 
Least temperature d i f f e r e n c e  i n  r e g e n e r a t o r ,  
W D  i n  r egene ra to r ,  F 
Greatest temperature  d i f f e r e n c e  i n  economizer, 
Least temperature d i f f e r e n c e  i n  economizer, F 
LMTD i n  economizer, F 
Greatest temperature  d i f f e r e n c e  i n  f l u i d i z e d  b e i ,  
L e a s t  temperature d i f f e r e n c e  i n  f l u i d i z e d  bed, F 
IJ4TD i n  f l u i d i z e d  bed, F 

o u t s i d e  s u r f a c e  area, B tu lh r - f t  - F 

Economizer geometry and flow 

0 

0 Btu /h r - f t  - F 

Temperature D i s t r i b u t i o n  i n  h e a t  exchangers 
0 
0 

0 F 
0 

0 

F 
F 

0 

0 

0 
0 F 

0 
0 F 

0 

0 
0 F 

0 

9.7 
1420 

1.0 
0 . 8 3  
16 1 
1 4  
1 . 5  
5.92 
0.605 
9.79 
1.1 
1.26 
1 .87  

31.6 

4.4 
62 3 
590 

80 
49 9 
760 
933 
933 
1500 
889 
5 78  
1700 
12  9 
79 
102 
767 
50  
263 
76 7 
200 
42 2 
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A second important  assumption involves  t h e  f u e l  c i r c u l a t i o n  i n  t h e  

bed. 

t h e r e f o r e  t h e  f u e l  must c i r c u l a t e  f r e e l y  i n  t h e  f l u i d i z e d  bed f o r  t h i s  t o  

be  accomplished. With t h e  c l o s e l y  spaced heat. exchanger tubes  i n  t h e  bed 

and t h e  low s u p e r f i c i a l  v e l o c i t y  of  2 . 2  f t / s ec .  i t  i s  n o t  c e r t a i n  t h a t  ade- 

qua te  c i r c u l a t i o n  of t h e  f u e l  w i l l  be  obta ined .  

The burning of t h e  f u e l  w a s  assumed t o  be  uniform i n  t h e  bed and 

The o v e r a l l  l ayout  as shown i n  Fig.  6 . 7  c l f fers  several  advantages.  

Among t h e s e  are t h e  i n h e r e n t  s i m p l i c i t y  of  an open c y c l e ,  t h e  e a s e  o f  f a b -  

r i c a t i o n  of t h e  economizer s i n c e  only one tu3e bend i s  r equ i r ed  i n  t h e  

t r a n s i t i o n  from t h e  f l u i d i z e d  bed exchanger t o  t h e  gas i n l e t  heade r ,  and 

t h e  o v e r a l l  e a s e  of assembly of  t h e  economizer and f l u i d i z e d  bed exchanger.  

A des ign  f e a t u r e  of s p e c i a l  no te  i s  t h a t  t h e  tubes  were run a l l  t h e  

way a c r o s s  t h e  f l u i d i z e d  bed wi th  a manifold f o r  t h e  n o r t h  and sou th  s i d e s  

s m a l l  enough s o  t h a t  they  could  be  pushed between t h e  upper and lower l e g s  

of  t h e  tubes  f o r  t h e  east  and w e s t  s i d e s  i n  t h e  cour se  of assembly of t h e  

furnace .  To h e l p  provide c l ea rance  f o r  t h i s  o p e r a t i o n ,  t h e  header  s h e e t  

would be  r e l a t i v e l y  t h i c k  but  would r e p r e s e n t  only about a 60 deg arc of 

t h e  c i r c u l a r  s e c t i o n  of t h e  manifold.  The w e l d s  between t h i s  thickened 

header  s h e e t  reg ion  and t h e  ba lance  of t h e  manifold would be  made a f t e r  

t h e  tube  bundles  had been assembled t o  form t h e  furnace .  This  approach 

has  t h e  advantage t h a t  i t  would be  extremely d i f f i c u l t  t o  disassemble t h e  

furnace  f o r  major r e p a i r s  i f  t h i s  should  prove necessary .  

Y e t  ano the r  layout  f o r  an  open cyc le  system i s  shown i n  F ig .  6 .8 .  

I n  t h i s  i n s t a n c e  t h e  r ecupe ra to r  w a s  made an  i n t e g r a l  p a r t  of t h e  fu rnace  

and economizer s o  t h a t  t h e  tubes  c a r r y i n g  t h e  h igh  p res su re  a i r  from t h e  

compressor t o  t h e  t u r b i n e  ex tend  cont inuous ly  .from t h e  p o i n t  where they  

e n t e r  t h e  r ecupe ra to r  a l l  t h e  way through t h e  assembly t o  t h e  manifold 

where they  leave t h e  f l u i d i z e d  bed. 

stream from t h e  a i r  stream through t h e  r ecupe ra to r  would be  accomplished 

by i n s e r t i n g  s p e c i a l l y  shaped s t r i p s  between t h e  l a y e r s  of t ubes  i n  t h e  

r e t u r n  bend reg ion  between t h e  economizer and r ecupe ra to r .  

economizer r eg ion  i s  s i m i l a r  t o  t h a t  of  F ig .  6.2d, i . e . ,  t h e  tubes  are 

ar ranged  i n  a r e l a t i v e l y  e longated  r e c t a n g l e .  

on ly  two l a y e r s  of t ubes  are used i n  a t r a v e r s e  of  t h e  bed and hence i f  

they  are t o  be  spaced on c e n t e r l i n e s  3 diam a p a r t ,  i t  i s  necessary  t o  make 

Sepa ra t ion  of t h e  combustion gas 

Note t h a t  t h e  

In t h i s  i n s t a n c e  n o t e  t h a t  
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Fig .  6.8.  F lu id ized  bed combustion chamber and a i r  heater u n i t  w i t h  
an i n t e g r a l  economizer and r ecupe ra to r .  
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use of a tube  c e n t e r l i n e  spac ing  i n  t h e  plenum chamber w a l l  of 1 1 1 2  tube  

diam. This  e f f e c t  can be  seen  i n  t h e  h o r i z o n t a l  c r o s s  s e c t i o n  of t h e  bed 

t h a t  i s  shown as a broken out  r eg ion  between t h e  upper and lower p o r t i o n s  

of t h e  plenum chamber i n  Fig.  6 .8 .  

The two p r i n c i p a l  l ayou t s  f o r  t h e  f l u i d i z e d  bed-furnace-economizer 

r eg ion  t h a t  were prepared f o r  t h e  c losed  cyc le  system are shown i n  F igs .  

6 .9  and 6.10. These l ayou t s  are essent ia l lqp  t h e  same except  f o r  t h e  method 

used i n  handl ing  t h e  problem of c a r r y i n g  t h e  tubes  from t h e  hollow square  

of t h e  plenum chamber i n t o  t h e  s l a b  economin,er arrangement of F ig .  6 .3d.  

There i s  l i t t l e  d i f f e r e n c e  i n  t h e  d i f f i c u l t y  of t h e  tube  bending opera- 

t i o n  between t h e s e  two arrangements.  For t k l e  l ayout  of F ig .  6.9 t h e  out-  

of-plane bend l i e s  i n  t h e  reg ion  between the, economizer and t h e  high- 

p r e s s u r e  a i r  i n l e t  manifold j u s t  above i t  whereas i n  t h e  layout  of Fig.  

6.10 t h e  out-of-plane bend l i e s  i n  t h e  regicln between t h e  plenum chamber 

and t h e  economizer. The p r i n c i p a l  advantage of t h e  l ayou t  of F ig .  6.10 

i s  t h a t  t h e  o u t e r  ca s ing  i s  s impler  and e n t a i l s  less s u r f a c e  area and 

hence somewhat lower h e a t  l o s s e s  t o  t h e  sur roundings .  

I n  reviewing t h e s e  va r ious  l ayou t s  i t  xvas decided t h a t  t h e  l ayou t  of 

Fig.  6.10 would be  employed as t h e  r e fe rence  des ign  f o r  purposes  of t h i s  

r e p o r t .  However, t h e r e  are many s u b t l e  problems involved and i t  is  ex- 

pected t h a t  more d e t a i l e d  s t u d i e s  i n  t h e  Phase I1 p o r t i o n  of  t h e  e f f o r t  

may l ead  t o  s u b s t a n t i a l  changes. 

Design d a t a  f o r  t h e  r e fe rence  des ign  of Fig.  6.10 are sumnarized i n  

Table  6.3.  

Heat Exchanger Design Char t s  f o r  a Coal-Fired Gas Turbine System 

The v i t a l  ques t ions  of o v e r a l l  system des ign  are c l o s e l y  i n t e r r e l a t e d  

wi th  t h e  c o s t s  of t h e  va r ious  h e a t  exchangers employed i n  t h e  system. The 

performance and c o s t  of any given h e a t  exchanger i n  t u r n  invo lves  a h o s t  

of v a r i a b l e s .  These v a r i a b l e s  inc lude  t h e  type  of h e a t  t r a n s f e r  ma t r ix ,  

t h e  re la t ive  mass f low rates on t h e  two s i d e s  of t h e  h e a t  exchanger,  t h e  

passage equ iva len t  d iameters  and spac ing ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  

each s i d e ,  t h e  p r e s s u r e  drop f o r  each s i d e ,  t h e  temperature  rise o r  temper- 

a t u r e  drop f o r  each s i d e ,  and t h e  loga r i thmic  mean tempera ture  d i f f e r e n c e .  

I 

I I _  

r -1 

i 

r- 

L- I  

r-I 

r-- 

, ,  .. . 

f '  

L 

L 



6.21 

ORNL DWG. 75-14469 

-1 

I1 

- -1 

i .I 

1 

I 

*IN- 

Fig. 6.9. Layout for a fluidized bed combustion system with an 
economizer region having the cruciform horizontal cross-iection shown 
in Fig. 6.3~. 
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Fig. 6.10. Layout for a fluidized bed combustion system with the 
economizer region in the form of a flat slab as indicated in Fig. 6.3d. 
(This layout was chosen as the Reference Design.) 
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Table 6 . 3 .  P r i n c i p a l  Parameters f o r  t h e  Reference Design Closed 
Cycle Gas Turbine wi th  a F lu id i zed  Bed Coal Combustion System 

Thermodynamic Cycle 

N e t  e lec t r ica l  ou tpu t ,  kW(e) 
Gross e lec t r ica l  output ,  kW(e) 
Turbine a i r  i n l e t  temperature,  F 
Compressor a i r  i n l e t  temperature,  F 
Compressor p r e s s u r e  r a t i o  
F u l l  l oad  compressor discharge p res su re ,  a t m  
P res su re  l o s s e s  i n  d u c t s  and h e a t  exchangers, 
Ad iaba t i c  e f f i c i e n c y  of t h e  t u r b i n e ,  % 
Adiaba t i c  e f f i c i e n c y  of t h e  compressor, % 
Thermodynamic c y c l e  e f f i c i e n c y ,  g ross ,  % 
Thermodynamic c y c l e  e f f i c i e n c y ,  n e t ,  % 
Turbine a i r  flow, l b / s e c  
Compressor work, B tu / lb  a i r  
Turbine work, B tu / lb  a i r  
N e t  work from t h e  cyc le ,  B tu / lb  a i r  

0 

0 

Furnace 

Higher h e a t i n g  va lue  of c o a l ,  B tu / lb  
Combustion a i r  flow, l b / s e c  
Flue gas flow, l b / s e c  
Coal flow rate, l b / s e c  
Coal flow rate, l b / h r  
Excess a i r ,  % 
A i r  temperature i n t o  the  bed, F 
F l u i d  bed ope ra t ing  temperature,  F 
F l u i d  bed ope ra t ing  d e n s i t y ,  l b / f t 3  
S u p e r f i c i a l  gas v e l o c i t y  l eav ing  bed, f t / s e c  
F l u i d  bed c ross - sec t iona l  area, f t 2  
F l u i d  bed depth,  i n .  
Weight of material i n  t h e  bed, l b  
No. of tubes i n  t h e  bed 
Tube OD, i n .  
Tube I D ,  i n .  
Tube l e n g t h  i n  bed, f t  
A i r  mass flow rate i n s i d e  tubes,  l b / s e c * f t 2  
Plenum chamber h e i g h t ,  f t  
Tube c e n t e r l i n e  spacing i n  plenum w a l l ,  i n .  
Weight of t ub ing  i n  bed and plenum w a l l s ,  l b  
T o t a l  s u r f a c e  area i n s i d e  tubes,  f t 2  

0 

0 

Re cupe rat  o r  

High p res su re  a i r  i n l e t  temperature ,  F 
High p r e s s u r e  a i r  o u t l e t  temperature ,  
High p r e s s u r e  a i r  m a s s  flow rate, l b / s e c * f t 2  
Low p r e s s u r e  a i r  m a s s  flow rate, l b / s e c . f t 2  

0 

0 F 

673 
748 
1500 
80 
3.5 
1 2  

87 
84 
31 .1  
27.9 
14.15 
66.35 
116.47 
50.12 

AP/P, % 10 

1 2  , 000 
1 .97  
2 .13  
0.188 
677 
10 
997 
1650 
55 
2.65 

20 
2 300 
628 
0.500 
0 .444 
6.5 
21.0 
8.0  
0.50 
1460 
1200 

35 5 
96 7 
21.5 
8.62 



Table 6.3  (cont inued)  

0 Low pres su re  a i r  i n l e t  temperature ,  F 
Low p res su re  a i r  o u t l e t  temperature ,  F 
No. of 0.50  i n .  OD, 0.444 i n .  I D  tubes  
Tube l eng th ,  f t  
High p res su re  a i r  mean dens i ty ,  l b / f t 3  
Low p res su re  a i r  mean d e n s i t y ,  l b / f t 2  
Low p res su re  a i r  p re s su re  drop, AP/P 
High p res su re  a i r  p re s su re  drop, AP/P 
Combined p res su re  drop, AP/P, % 
T o t a l  s u r f a c e  area i n s i d e  tubes ,  f t 2  

0 

Economizer 

High p res su re  a i r  i n l e t  temperature ,  F 
High p res su re  a i r  o u t l e t  temperature ,  F 
High p res su re  a i r  m a s s  f low rate, lb / sec - f t "  
Flue gas mass flow rate, lb /gec - f t2  
Flue gas  i n l e t  temperature ,  F 
Flue gas  o u t l e t  temperature ,  F 
Number of 0.50 i n .  OD, 0.444 i n .  I D  tubes  
Tube l eng th ,  f t  
T o t a l  s u r f a c e  area i n s i d e  tubes ,  f t 2  
High p res su re  a i r  mean dens i ty ,  l b / f t 3  
Flue gas  a i r  mean dens i ty ,  l b / f t 3  
High p res su re  a i r  p re s su re  drop, AP/P 
Flue gas  a i r  p re s su re  drop, AP/P 

0 

0 

0 

R e  gene rat o r  

Heat t r a n s f e r  matrix material 
Heat t r a n s f e r  matrix d i a . ,  i n .  
H e a t  t r a n s f e r  matrix l eng th ,  i n .  
Heat t r a n s f e r  matrix f a c e  area f o r  f l u e  g a s ,  f t 2  
Heat t r a n s f e r  matrix f a c e  area f o r  combustion a i r ,  f t 2  
Flue gas  i n l e t  temperature ,  F 
Flue gas  o u t l e t  temperature ,  F 
Combustion a i r  i n l e t  temperature ,  F 
Combustion o u t l e t  temperature ,  F 
P res su re  drop, i n .  H 2 0  ( t o t a l  f o r  bo th  s t reams)  
Heat t r a n s f e r  matrix s u r f a c e  area, f t 2 / f t 3  

0 

0 

0 
0 

10 70 
466 
6 11 
47 
0.368 
0.100 
0.019 
0.019 
0 .038 

96 7 
1060 
21.0 
2.87 
1650 
110 7 
628 
4.63 
338 
0.325 
0.0722 
0.006 
0.0116 

Cercor 
30 
3 
3.27 
1 . 6 4  
110 7 
300 
80 
997 
10 
960 
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Which of t h e s e  should be s p e c i f i e d  and which would then  be determined de- 

pends i n  p a r t  on t h e  judgment of t h e  system des igne r .  I r r e s p e c t i v e  of how 

one may approach t h e  system des ign ,  however, one f i n d s  t h a t  a change i n  

a hea t  exchanger i n  any one p a r t  of t h e  cyc le  i n f l u e n c e s  cond i t ions ,  par- 

t i c u l a r l y  temperatures ,  i n  o t h e r  p a r t s  of t h e  cyc le  so  t h a t  t h e  system is  

h igh ly  redundant.  I n  p r i n c i p l e ,  i t  is  p o s s i b l e  t o  g e t  s o l u t i o n s  by itera- 

t i o n ,  bu t  i f  t h i s  is  done b l i n d l y ,  t h e r e  are s o  many combinations and per- 

mutat ions t h a t  one i s  l i k e l y  t o  m i s s  t h e  r eg ion  of b e s t  performance without  

even r e a l i z i n g  i t s  e x i s t e n c e .  Thus, i t  is  extremely h e l p f u l  t o  have a set 

of c h a r t s  r e l a t i n g  t h e  p r i n c i p a l  perfarmance parameters f o r  each of a set 

of geomet r i ca l ly  similar h e a t  exchangers so  t h a t  one can see t h e  e f f e c t s  

of  changes i n  one o r  a few h e a t  exchanger design parameters on t h e  o t h e r s .  

For t h e s e  c h a r t s  t o  be most u s e f u l ,  t h e  ground r u l e s  f o r  drawing up t h e  

c h a r t s  f o r  each p a r t i c u l a r  h e a t  exchanger a p p l i c a t i o n ,  i . e . ,  r e c u p e r a t o r ,  

economizer, w a s t e  hea t  b o i l e r ,  f l u i d i z e d  bed tube ma t r ix ,  c o o l e r ,  o r  re- 

gene ra to r  i n  g e n e r a l  must be chosen w i t h  care f o r  each p a r t i c u l a r  case. 

Basic R e l a t i o n s  

A type of c h a r t  t h a t  h a s  been found extremely u s e f u l  f o r  t h e  s e l e c t i o n  

of h e a t  t r a n s f e r  matrices f o r  power p l a n t  a p p l i c a t i o n s  is desc r ibed  i n  

Chapter 4 of Ref. 2 .  The f i r s t  t ype  of c h a r t  makes use of h e a t i n g  e f f e c -  

t i veness*  as a f u n c t i o n  of f l u i d  passage l e n g t h  f o r  a series of f l u i d  m a s s  

flow rates i n  t h e  more important of t h e  two f l u i d  streams. A s  i n d i c a t e d  i n  

Ref. 2 ,  f o r  some types  of h e a t  exchanger t h e  r e s u l t i n g  graph w i l l  c o n s i s t  

of a f a n  of s t r a i g h t  l i n e s ,  and c h a r t s  of t h i s  t ype  can be prepared by 

c a l c u l a t i n g  on ly  a few p o i n t s  and then  drawing a f a n  of s t r a i g h t  l i n e s  

through them. This  c o n d i t i o n  w i l l  hold,  f o r  example, f o r  t h e  f l u i d i z e d  bed 

o r  t h e  waste h e a t  b o i l e r  because i n  bo th  cases t h e  m e t a l  s u r f a c e  temperature 

is kep t  e s s e n t i a l l y  c o n s t a n t ,  i . e . ,  a t  t h e  temperature of t h e  f l u i d i z e d  bed 

o r  t h e  temperature  of t h e  b o i l i n g  water f o r  t h e s e  two cases. That i s ,  

*Heating o r  cool ing e f f e c t i v e n e s s  i s  de f ined  as t h e  r a t i o  of t h e  t e m -  
p e r a t u r e  rise o r  drop i n  t h e  f l u i d  stream of prime i n t e r e s t  t o  t h e  d i f f e r -  
ence between t h e  i n l e t  temperatures  of t h e  two f l u i d  streams 
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t h e r e  w i l l  be  no change i n  t h e  temperature on one s i d e  of t h e  h e a t  ex- 

changer as t h e  mass flow rate  and temperature cond i t ions  on t h e  o t h e r  s i d e  

of t h e  t r a n s f e r  s u r f a c e  are v a r i e d .  I n  the  economizer, r e c u p e r a t o r ,  and 

c o o l e r  t h e  s i t u a t i o n  i s  rendered more comp:Lex because changes i n  o p e r a t i n g  

cond i t ions  on one s i d e  of t h e  h e a t  exchanger cause changes i n  t h e  tempera- 

t u r e s  on t h e  o t h e r  s i d e  and hence i n  t h e  l o g  mean temperature d i f f e r e n c e .  

These e f f e c t s  l e a d  t o  a set of curves  r a t h e r  than s t r a i g h t  l i n e s  on t h e  

c h a r t  f o r  e f f e c t i v e n e s s  v s  f l o w  passage l eng th .  

C a l c u l a t i o n a l  Procedure and Design Charts  
f o r  Heat Exchanger E f f e c t i v e n e s s  

The procedure followed i n  c a r r y i n g  o u t  t h e  c a l c u l a t i o n s  and p l o t t i n g  

t h e  design c h a r t s  f o r  each of t h e  d i f f e r e n t  types of h e a t  exch 

system d i f f e r  i n  sometimes s u b t l e  ways from those followed f o r  t h e  o t h e r  

c h a r t s .  A s  a consequence, i t  seems important t o  d e l i n e a t e  t he  procedures 

used i n  each i n s t a n c e .  I n  a l l  cases i n  t h e  s e c t i o n s  t h a t  fol low t h e  

nomenclature of Table 6 .4  has  been employed. 

Tube Matrix P ropor t ions .  I n  developing a set of r e f e r e n c e  design 

c h a r t s ,  i t  w a s  decided t o  make use  of three r e p r e s e n t a t i v e  tube  diameters ,  

i . e . ,  0.5 i n . ,  0.75 i n . ,  and 1.0 i n .  OD tuhes .  The corresponding tube I D ' S  

w e r e  taken as 0.444 i n . ,  0.666 i n . ,  and 0.888 in. These va lues  t o g e t h e r  

w i th  i n t e r n a l  and e x t e r n a l  s u r f a c e  areas and t h e  i n t e r n a l  f low passage 

areas are l i s t e d  i n  Table 6.5 .  

l i n e  spac ing ,  t h e  r a t i o  of tube-side t o  s h e l l - s i d e  f low passage area, t h e  

equ iva len t  passage diameter ,  and t h e  tube s u r f a c e  area p e r  square f o o t  of 

tube i n s i d e  flow passage area p e r  f o o t  of l e n g t h  f o r  t h e  c o n f i g u r a t i o n s  

considered f o r  both t h e  r ecupe ra to r  and t h e  economizer. 

I n  a d d i t i o n ,  Table 6.5 i n c l u d e s  t h e  cen te r -  

I n  determining t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  u i t  i s  necessary 

t o  e s t a b l i s h  t h e  r a t i o  of t h e  mass flow r a t e s .  

AP/P i s  t o  be t h e  same f o r  both flows i n  thl2 r ecupe ra to r  and t h e  p r e s s u r e  

r a t i o  a c r o s s  t h e  compressor i s  about 3.5,  t h e  flow passage area on t h e  

s h e l l  s i d e  should be about 2.5 t i m e s  t h a t  ol i  t h e  tube s i d e .  

h e a t  t r a n s f e r  c o e f f i c i e n t  on t h e  s h e l l  s i d e  t h a t  is  only 41% of t h a t  on 

t h e  tube  s i d e .  

gas i s  roughly a s i x t h  of the t u r b i n e  a i r  weight flow and fol lowing a 

s imilar  r a t i o n a l e  t h e  area r a t i o  f o r  t h e  economizer w a s  taken as 0.805 

t i m e s  t h e  tube-side flow passage area. 

I f  t h e  p re s su re  drop r a t i o  

This  g i v e s  a 

Allowing f o r  t h e  f a c t  t h a t  the weight flow of combustion 
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Table 6.4 .  Nomenclature ,- 

i 

r- 

I 
LJ 

1 

1 1  
1- I 

General  : 

A T o t a l  h e a t  t r a n s f e r  s u r f a c e  area, f t 2  

A’ Heat t r a n s f e r  s u r f a c e  area p e r  square f o o t  of tube-side flow 

c S p e c i f i c  h e a t ,  Btu/lb-’F 

deq Equivalent  passage diameter ,  i n  

do Tube OD, i n .  

G’ Mass flow rate, l b / f t 2 . s e c  

h Heat t r a n s f e r  c o e f f i c i e n t ,  B tu /h r* f t2*OF 

L 

P Absolute p r e s s u r e ,  p s i a  

passage area p e r  f o o t  of l eng th ,  f t 2 / f t 3  

P 

Heat t r a n s f e r  m a t r i x  l e n g t h  i n  t h e  a i r  flow d i r e c t i o n ,  f t  

P P r e s s u r e  drop, p s i  

Ra t io  of gas d e n s i t y  t o  d e n s i t y  of a i r  a t  s t anda rd  temperature  
and p r e s s u r e  

s Tube spacing,  i n .  

u 

W Weight flow rate of f l u i d  stream, l b / s e c  

Overall h e a t  t r a n s f e r  c o e f f i c i e n t ,  B tu /h r=  f t2ooF 

Temperature Di f f e rences  : 

I T D  Di f f e rence  between t h e  i n l e t  temperatures  of t h e  two f l u i d  

GTD Greatest l o c a l  temperature d i f f e r e n c e  between t h e  two f l u i d  

LTD Least l o c a l  temperature  d i f f e r e n c e  between t h e  two f l u i d  

W D  Log a r i t h m i c  mean temperature  d i f f e r e n c e  between two f l u i d  

0 streams, F 

streams, F 

streams, F 

streams, F 

0 

0 

0 

0 
t Temperature rise ( o r  drop) i n  a f l u i d  stream, F 

T Local temperature d i f f e r e n c e  between two f l u i d  streams, F 
0 

S u b s c r i p t s  : 

1 Turbine a i r  stream 

2 F l u i d  stream g iv ing  up h e a t  t o  o r  t a k i n g  h e a t  from t h e  t u r b i n e  
a i r  stream 

1 

d 
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Table 6.5. Geometric Data on Reference Ilesign Tube Matrices f o r  
t h e  F lu id  Bed, Economizer, and Recuperator 

Tube OD, i n .  

Tube I D ,  i n .  

I n t e r n a l  flow area, i n . 3 / t u b e  

I n s i d e  s u r f a c e  area, f t 2 / f t  of tube 

Cross-sect ional  area of t ube  w a l l ,  i n . 2 /  

Mean s u r f a c e  area of ma t r ix ,  f t 2 / f t 3  
of i n t e r n a l  flow passage 

Number of t ubes  f o r  1 f t 2  of i n t e r n a l  
flow passage 

tube 

Recuperator 

R a t i o  of s h e l l - s i d e  t o  tube-side flow 
passage areas 

matrix volume 

i n .  

Ra t io  of s h e l l - s i d e  volume t o  t o t a l  

Tube c e n t e r l i n e  spacing ( t r i a n g u l a r )  , 

Equivalent  diameter of s h e l l - s i d e  flow 

Volume of h e a t  t r a n s f e r  ma t r ix ,  f t 3 / f t 3  

passage, i n .  

of tube-side flow passage 

Economizer 

Ra t io  of s h e l l - s i d e  t o  tube-side flow 

R a t i o  of tube-side t o  s h e l l - s i d e  

R a t i o  of s h e l l - s i d e  volume t o  t o t a l  

m a s s  f low rates 

weight flow rates 

ma t r ix  volume 

0.50 

0.444 

0.1548 

0.123 

0.0415 

115 

930 

2.5 

(0.6635 

0.815 

1.00 

3.768 

3.33 

4.5 

0.369 

Tube c e n t e r f i n e  spac ing  ( t r i a n g u l a r ) ,  i n .  0.60 

Equivalent  diameter of s h e l l - s i d e  flow 

Volume of heat t r a n s f e r  ma t r ix ,  f t 3 / f t 3  

passage,  i n .  (I. 295 

of tube-side flow passage 9 . .  0 1  

0.75 

0.666 

0.3483 

0.185 

0.0934 

172.2 

413 

2.5 

0.6635 

1.222 

1.50 

3.768 

3.33 

4.5 

0.369 

0.90 

0.447 

2.01 

1.00 

0.888 

0.6192 

0.246 

0. I660 

2 30 

232 

2.5 

0.6635 

1.63 

2 .oo 

3.768 

3.33 

4.5 

0.369 

1.20 

0.590 

2.01 

r 

I 

r- 

T' 

L .  

r 

r-- 
i d  

i- 

r- 

L -  

I--- 

r- 
I 
L.. 
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Fig. 6.11. Heat transfer coefficient and friction factor for 
air flowing through round tubes at 800°F. 
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Heat Trans fe r  C o e f f i c i e n t .  The h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  f low 

i n s i d e  of round tubes  i s  given i n  Fig.  6 .11 am a f u n c t i o n  of t h e  mass f low 

r a t e  f o r  t h e  t h r e e  tube  d iameters  of Table  6.5.  These va lues  w e r e  est i-  

mated from Fig .  H5.5, p. 318 of Ref. 2 f o r  a mean temperature  of  800"F, 

t h e  e s t ima ted  mean temperature  i n  t h e  r ecupe ra to r .  The v a l u e s  were cor- 

r e c t e d  f o r  t h e  somewhat d i f f e r e n t  tempera tures  i n  t h e  economizer and f l u i d -  

i z e d  bed by us ing  t h e  curves  i n  F ig .  H5.6, p .  319 of Ref. 2.  The h e a t  

t r a n s f e r  c o e f f i c i e n t s  on t h e  s h e l l  s i d e  f o r  .Elow p a r a l l e l  t o  t h e  tubes  i n  

t h e  r ecupe ra to r  and economizer w e r e  ob ta ined  i n  a s i m i l a r  f a s h i o n  us ing  

t h e  equ iva len t  diameter  on t h e  s h e l l  s i d e .  

F lu id  Bed. The f l u i d i z e d  bed w i l l  oper i l te  a t  a n  e s s e n t i a l l y  cons t an t  

temperature  t h a t  w i l l  be  determined mainly by s u l f u r  removal considerations.  

Th i s  temperature  w i l l  f a l l  i n  t h e  ranpe of 1 l j O O  t o  1700°F. The h e a t  t r a n s -  

f e r  c o e f f i c i e n t  i n  t h e  f l u i d i z e d  bed depends p r i m a r i l y  on t h e  p a r t i c l e  

s i z e  ( s e e  F ig .  6.12) and w i l l  be  e s s e n t i a l l y  independent of t h e  a i r  f low 

rate  through t h e  bed. For t h e  p a r t i c l e  s i z e  range  of i n t e r e s t  i n  t h i s  

ORNL DWG 76-4914 

0.004 0.01 0.02 0 .04 

I Tube Temperature - 212°F (:lOO°C) \ I  
I I I I I t 1 I 

0.1 

, -.-, 
t. .- 

,- - 

L, 

r- 7 

l i  

r-8 

' ,  L ... ' 

i - ,  

I 
L 

MEAN PARTICLE SIZE (in. ) 

Fig.  6 .12.  F lu id  bed h e a t  t r a n s f e r  c o e f f i c i e n t s .  (Ref. 3 ) .  
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r e p o r t ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  bed w i l l  r un  a t  l eas t  50 Btu/  

h r * f t 2 * ' F .  

he re .  Under normal ope ra t ing  cond i t ions  t h e  a i r  flow and f u e l  f low rates 

i n t o  t h e  bed w i l l  be  v a r i e d  t o  main ta in  t h e  bed temperature  cons t an t  when 

t h e  ra te  of h e a t  e x t r a c t i o n  from t h e  bed i s  va r i ed .  A s  de r ived  i n  Ref. 2 ,  

page 63-66, f o r  t h i s  cond i t ion  w e  may w r i t e  

To be  conse rva t ive ,  a va lue  of  50 B t u / h r * f t 2 * ' F  w i l l  b e  used 

UA 
Wlc 3600 

P 

- 
Heating e f f e c t i v e n e s s  = 1 - e 

This  can be  put  i n  terms of t h e  mass flow ra te  f o r  t h e  t u r b i n e  a i r  per  

square  f o o t  of f low passage area. Taking c = 0.25 B t u / l b * " F  g ives  
P 

uA'L - 
G I  '900 

Ef fec t iveness  = 1 - e 

For a t y p i c a l  cond i t ion  w i t h  an  a i r  f low rate i n s i d e  t h e  tubes  of 10 lb/ft?- 

sec through 112 i n  OD tubes ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n s i d e  t h e  tubes  

as given by Fig.  6 .11 w i l l  run 38 B t u / h r - f t 2 a o F .  

t r a n s f e r  c o e f f i c i e n t  u becomes 

Thus, t h e  o v e r a l l  h e a t  

= 21.59 B t u / h r * f t 2 - " F  1 
= 1/50 + 1/38  

For t h i s  cond i t ion  and t h e  .50 i n .  OD tubes  of Table  6.5 t h e  e f f e c t i v e n e s s  

then  b e comes 

21.59 x 115 L 
10 x 0.25 x 3600 

- 
Effec t iveness  = 1 - e = 1 - e  

- 0.2759 L 

For a t y p i c a l  a i r  flow passage l eng th  of 10 f t ,  t h e  e f f e c t i v e n e s s  becomes 

0.937. The e f f e c t i v e n e s s  f o r  o t h e r  va lues  of  t h e  a i r  m a s s  f low ra te  and 

tube  diameter  were c a l c u l a t e d  and t h e  r e s u l t s  are summarized i n  Table  6 .6 .  

A t y p i c a l  c h a r t  f o r  t h e  e f f e c t i v e n e s s  as a func t ion  of t h e  hea ted  l e n g t h  

of t ub ing  is  given i n  F ig .  A I  of Appendix A.  
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Recuperator.  For a c losed  c y c l e  gas t u r b i n e ,  t h e  weight flow of a i r  

on t h e  s h e l l - s i d e  i s  equa l  t o  t h a t  on t h e  tube-side of t h e  h e a t  exchanger. 

Thus, t h e  temperature r i s e  on t h e  tube-side i s  equa l  t o  t h e  temperature 

drop on t h e  s h e l l - s i d e ,  and t h e  temperature  d i f f e r e n c e  between t h e  two 

streams f o r  pu re  counter  f l o w  cond i t ions  i s  cons t an t  throughout t h e  

l e n g t h  of t h e  h e a t  exchanger. The h e a t  added t o  e i t h e r  f l u i d  stream 

may be equated t o  t h e  h e a t  t r a n s f e r r e d  through t h e  a v a i l a b l e  s u r f a c e  

area t o  g i v e  

G'c 3600 6 t  = uA'LAT 
P 

u A' L UA'L - - _ -  6 t  
AT G'c 3600 G'900 

P 

where t h e  s p e c i f i c  h e a t  of t h e  a i r  is taken as 0.25 B tu / lb . "F .  

mean s u r f a c e  area va lue  f o r  0.50 i n .  OD tubes given i n  Table 6 .5  and 

c = 0.25 gives  

Using t h e  

P 

6 t  
AT G'900 G' 

u 115L - 0,1275 UL _ -  - - 

The e f f e c t i v e n e s s  i s  given by 

A t  - 1 - 
AT + 6 t  A T / 6 t  4- 1 E f f e c t i v e n e s s  = 

The o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  u can b e  determined f o r  t h e  h e a t  ex- 

changer p ropor t ions  of Table 6.5 which g ive  a flow passage a r e a  on t h e  

s h e l l  s i d e  2.5 t i m e s  t h a t  on t h e  tube  s i d e .  Thus, f o r  0.50 i n .  OD t u b e s ,  

a tube-side mass flow rate of 10 l b / s e c . f t 2 ,  and t h e  h e a t  t r a n s f e r  coef- 

f i c i e n t s  obtained from Fig.  6 .11 g ives  

= 11.06 - - 1 
= 1/38 + 1/15.6 0.0904 

0.1278 x 11.06 = o.141 
1 0  6 t / A T  = 
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The e f f e c t i v e n e s s  f o r  a tube l eng th  of 20 f t  hecomes 

:= 0.738 
1 

112.82 + 1 Effec t iveness  = 

The c a l c u l a t i o n s  f o r  a t y p i c a l  case t h e  t h e  r e s u l t i n g  c h a r t  are given i n  

Table 6 . 7  and Fig.  A2 of Appendix A. 

Economizer. The h e a t  exchanger between t h e  combustion gases  l e a v i n g  

t h e  plenum above t h e  f l u i d i z e d  bed and t h e  a i r -  stream flowing from t h e  

r ecupe ra to r  t o  t h e  tube m a t r i x  i n  t h e  fu rnace  p r e s e n t s  some d i f f i c u l t  

problems. I n  t h e  f i r s t  p l a c e  t h e  t o t a l  weight flow of a i r  i n  t h e  t u r b i n e  

c i r c u i t  i s  roughly 5 times t h a t  of t h e  combust:ion a i r  flow through t h e  

fu rnace ,  hence t h e  change i n  t h e  combustion gas stream. Thus, i t  i s  

more a p p r o p r i a t e  t o  design a i r  stream. Note, too,  t h a t  t h e  l o g  mean 

temperature d i f f e r e n c e  between the  two streams i s  a complex f u n c t i o n  

of t h e  temperature changes i n  t h e  streams, i . e . ,  of t h e  mass flow r a t i o s ,  

flow passage l e n g t h ,  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  e t c .  I n  a t t empt ing  t o  

develop a p p r o p r i a t e  r e l a t i o n s ,  one can beg in  by equa t ing  t h e  h e a t  added 

t o  t h e  t u r b i n e  a i r  stream t o  t h a t  removed f ron t h e  combustion gases ,  i . e . ,  

I--, 

i 

r - .  

L. -I 

w1c 6 t l  = b72C 6 t 2  
P P 

I n  c a l c u l a t i n g  t h e  l o g  mean temperature d i f f e r e n c e ,  one may w r i t e  from 

fundamental cons ide ra t ions  t h a t  

GTD-LTD I T D - G t  l-ITM-Gt2 

1 

- LMTD = - 

In ITD-6 t 2  1 1 - 6 t 2  / I T $  

I -i , 

i- ' 



Table 6.7. Summary of Calculations for the Recuperator Heating Effectiveness Ch.art for 0.50 in. 
OD Tubes for a Shell-side Flow Passage Area 2.5 Times the Tube-side Flow Passage Area. 

G; , l b / f t a  sec 
G;, lb / f ta . sec  
1, Btu/hr.ft".OF 

ha, Btu/hr.fta . O F  

q, @ ~=0.0765 l b / f t3  

q a  
U = 1/( l/h, + l / ha )  

f 1 

Tube Length, f t  

20 
40 
60 
80 
100 
120 
140 
160 

Tube Length, f t  

20 
40 
60 
80 
100 
120 
140 
160 

4.0 
1.6 
17-51 
7.45 

.00358 
5.226 

.0224 

.030 

6 .o 8.0 
2.4 3.. 2 
24.86 31.61 
10.25 13.0 
.0503 .0896 
.00807 .0144 
7.258 9.212 
.029 .0285 

10.0 

4.0 
37.9 
15.6 
.140 
.0224 
11.051 
.028 

3 331 084 2.936 2.818 

13.327 12.338 11.745 11.272 
16.659 15.423 14.681 14.090 
19.991 18.507 17.617 16.908 

6.664 ?:169 5.872 5.636 
9.995 9.254 8.809 8.454 

20.554 19.727 

12.0 

4.8 
43.6 
18.0 
.201 

-0323 
12.740 
* 0275 

14.0 16.0 20.0 25 .o 30.0 
5 -6 6.4 8.0 10.0 12.0 
49.4 55.75 67.0 80.5 93.5 
20.34 22.7 27.0 32.4 37.4 
- 275 
,044 
14.408 16.13 19.30 23.06 26.77 
.oq2 .0270 .0265 .o&i ,0258 

= 0.1275 U L / G; 

2.707 2.624 2.571 
5.415 5.249 5.141 
8.122 7.873 7.712 

13.537 13.122 12.854 
16.244 15.746 15.424 

10.829 io. 497 10.283 

18.951 18.370 17.995 
20.566 

7)  = (st/at) / (l+st/at) 
0.769 0.755 0.746 0.738 0.730 0.724 
0.870 0.860 0.854 0.849 0.844 0.840 
0.909 0.902 0.898 0.894 0.890 0.887 

0.943 0.939 0.936 0.934 0.931 0.929 
0.930 0.925 0.922 0.919 0.915 0.913 

0.952 0-949 0.946 0.944 0.942 0.940 
0.953 0.952 0.950 0.948 

2.461 2.352 
4.922 4.704 

9.843 9.408 
12.304 11.761 

17.225 16.465 

7.382 7.056 

14.765 14.113 

19.686 18.817 

0.720 0.711 
0.837 0.831 
0.885 0.881 
0.911 0.908 
0.928 0.925 
0.939 0.937 
0.947 0.945 
0.954 0.952 

o .702 
0.825 
0.876 
0.904 
0.922 
0.934 
0.943 
0.950 

2 275 
4.551 m 

w 6.826 
9.102 Ln 

11 377 
13.653 
15.928 
18.204 

0.695 
0.820 
0.872 
0.901. 
0 * 919 
0 932 
0.941 
0.948 
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For a t y p i c a l  case 

t p  = 4.5 6 t 1 ,  and 

-- 3.5 6 t ,  
1 - 6 t l  /ITD LNCD = 

Equat ing t h e  h e a t  added t o  t h e  t u r b i n 2  a i r  t o  t h e  h e a t  t r a n s f e r r e d  l e a d s  

t o  

__ 3.t; uA6t 
W ~ C  3600 6 t I  = uALMTD = 1 - 6 t l / I T D  

1 - 4.56t l / ITD I n  - P 

Using an a i r  s p e c i f i c  h e a t  of  0.25 B tu / lb  OF:, t h e  t u r b i n e  a i r  mass f low 

ra te ,  and t h e  h e a t  t r a n s f e r  s u r f a c e  area pe r  square  f o o t  of t u r b i n e  a i r  

flow passage area pe r  f o o t  of tube  l eng th  y i e l d s  

3.5 d i ’L  
1 - 6 t ;  / I T D  

I n  1 - 4.56t l / ITD 

900G1’ = 

For 0.50 i n .  OD t ubes  and t h e  r ecupe ra to r  p ropor t ions  of Table 6 . 5  f o r  

0.50 i n .  diameter  tubes  g ives  

\ 
2.236 GI-’ 1 - 6 t l  / I T D  I L =  

U i 1 - 4.56t, /ITD( 

This  equa t ion  can be  so lved  f o r  t h e  tube  l e n g t h  by s e l e c t i n g  a series of 

va lues  f o r  t h e  t u r b i n e  a i r  mass f low rate and t h e  r a t i o  of t h e  t u r b i n e  a i r  

temperature  rise t o  t h e  i n l e t  temperature  d i f f e r e n c e  f o r  t h e  assumed r a t i o  

of t h e  t u r b i n e  a i r  temperature  r ise  and combustion a i r  temperature  drop. 

Table 6 .8  shows a t y p i c a l  set  of c a l c u l a t i o n s ,  and Fig.  A 3  t h e  r e s u l t i n g  

c h a r t  which i s  f o r  t h e  coo l ing  e f f e c t i v e n e s s ,  and i s  based on t h e  temper- 

a t u r e  drop i n  t h e  combustion gas.  

f --’ 

t 

i’ -- 

L -  

i- 

r- 

i l  



Table 6.8. Summary of Ca lcu la t ions  for t h e  Economizer Cooling E f f e c t i v e n e s s  Chart  f o r  0.50 i n .  OD 
Tubes f o r  a S h e l l - s i d e  Flow Passage Area 3.33 Times t h e  Tube-side Flow Passage Area. 

G; , l b / f  ta. s e c  4.0 6 .o 8.0 10.0 12.0 14.0 16 .o 20.0 25 .o 30.0 

G;, l b / f t a . s e c  1.2 1.8 2.4 3.0 3.6 4.2 4.8 6 .o 7.5 9 00 
\ , Btu/hr .  f t 2 .  O F  17.51 24.86 31.61 37.9 43.6 49.4 55.75 67.0 80.5 93.5 
h,, Btu/hr .  f t a  O F  6.684 9.489 12.066 14.466 16.642 18.856 21.280 25.574 30.727 35.689 

6t .  
tl 4.56t1 

v =  ITD 
- 
ITD 

I 
1 - -  ITD G 2.236 

I n  U 4 5 q  Length = 

ITD 1 -  

15 0.675 1.7~4 1.8778 1.9691 2.0529 2.1414 2.2049 2.2329 2.3225 2.4162 2.4963 
.16 0.720 2.0313 2.1461 2.2505 2.3462 2.4474 2.5200 2.5520 2.6543 2.7615 2.8530 
17 0.765 2.3331 2.4650 2.5848 2.6948 2.8110 2.8944 2.9311 3.0487 3.1718 3.2769 
.18 0.810 2.7037 2.8566 2.9954 3.1228 3.2575 3.3542 3.3967 3.5330 3.6756 3.7975 - 19 0.855 3.1808 3.3606 3.5240 3.6738 3.8323 3.9460 3.9961 4.1564 4.3241 4.4675 

\ = same as for %/M~ = 1.0 

ha = \ x 0.3817 (for 0.50 i n .  t u b e s )  

%/Ma = 4.5 
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I f  t h e  r a t i o  of t h e  combustion gas temperature  drop t o  t h e  t u r b i n e  

a i r  temperature r ise d i f f e r s  s u b s t a n t i a l l y  from t h e  va lue  of 4.5 chosen 

€o r  t h e  c h a r t  of Fig.  A3, t h a t  c h a r t  can still1 be used i f  t h e  l eng th  i s  

inc reased  by an appropr i a t e  f a c t o r ,  i . e . ,  

For example, i f  6 t , / I T D  = 0 . 1 5 ,  i n c r e a s i n g  t:he r a t i o  from 4 .5  t o  5.5 in -  

c r eases  t h e  tube l eng th  by 28%. 

Waste Heat Boi le r .  The procedure fol lowed i n  p repa r ing  a performance 

c h a r t  f o r  t h e  waste h e a t  b o i l e r  w a s  similar t o  t h a t  f o r  t h e  f l u i d i z e d  bed 

except  t h a t  t h e  h e a t  t r a n s f e r  matrix w a s  cons idered  t o  b e  a bank of f inned  

tubes having t h e  performance c h a r a c t e r i s t i c s  def ined  f o r  h e a t  t r a n s f e r  

matrix A of Fig.  99 i n  Ref. 4 ,  p. 116, and presented  h e r e  i n  Fig.  6.13. 

Geometric d a t a  on t h i s  h e a t  t r a n s f e r  matrix are inc luded  i n  Fig.  6.13. 

The h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  a i r  a t  500°F as eva lua ted  from Fig.  

6.13 i s  p l o t t e d  i n  Fig.  6.14.  

t u r e  of t h e  b o i l i n g  water on t h e  tube  s i d e  is given  by 

The e f f e c t i v e n e s s  w i t h  a uniform tempera- 

uA 'L - 
G1 ' 900  

Effec t iveness  = 1 - e 

For a t y p i c a l  c o n d i t i o n  i n  which G I '  = 10 l b / s e c - f t 2 ,  R e  = 9 0 0 0 ,  P r  = 

0.684, A' = 207.7 f t 2 / f t 2 * f t ,  and L = 1 .0  f t ,  t h e  va lue  of t h e  h e a t  t r a n s -  

f e r  c o e f f i c i e n t  ob ta ined  us ing  Fig.  6.14 i s  52.2 B t u / h r - f t 2 * ' F ,  and 

- 52.2  x 207.7 
9000 

Effec t iveness  = 1 - e = 0 .70  

The above equat ion  w a s  used t o  c a l c u l a t e  a set of va lues  f o r  con- 

s t r u c t i n g  a c h a r t  f o r  t h e  cool ing  e f f e c t i v e n e s s .  The c a l c u l a t e d  va lues  

are given i n  Table 6 . 9 ,  and a t y p i c a l  c h a r t  is  shown i n  F ig .  A4 of Ap- 

pendix A. 

I '  

r 

17 

c 

r 

L 

-7 

L 
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Table  6.9. Summary of Ca lcu la t ions  f o r  t h e  Heat ing E f f e c t i v e n e s s  

Fig.  6 .13 when Operated as a S t e a m  B o i l e r  
of t h e  Finned Tube Matrix wi th  t h e  "A1' Spacing as Defined by 

Ca lcu la t ed  From: 

207.7 hL 3.0255 L 
N = l - e  - 400 G '  e 1 - e- (G')Oo4 

G '  , l b / s e c - f t  2 4 6 8 1 0  12  

L, f t  1 1 1 2 2 2 

h ,  Btu /hr - f t  -OF 20.1 30.15 38.4 45.6 52.2 58.0 

1.319 1.741 2.0477 2.297 2.512 2.702 
0.4 

G'-3.0255/(G') O o 4  

e 0.10097 0.1759 0.2282 0.0717 0.0899 0.1065 

N 0.899 0.824 0.772 0.928 0.900 0.893 

i-, 

', ! 
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4060 

0.050 

a040 

0x130 

4020 

QOlO 

0.008 

4006 

ORNL DWG. 75-1448 

1 4 10 
REYNOLDS NO. x 

Tube outside diameter - 1.0;24 i n .  
F in  p i t ch  - 8.8 per inch 
F in  thickness - 0.012 in .  
F in  a rea / to t a l  area - 0.825 

A 

~ 

B 
= 0.01927 0.0443 f t  

rh 0.439 0.643 
Flow passage hydraulic d i a .  - 
Free-flow/frontal area - CT = 
Heat t r a n s f e r  a r e a / t o t a l  volume I- CY = 91.2 58.1 f t2 / f t3  

Fig.  6.13.  Colburn's j - f a c t o r  and f r i c t i o n  f a c t o r  f o r  t r a n s v e r s e  a i r  
flow over  one-inch f inned  c i r c u l a r  tubes.  (R1.f. 4 ) .  

' 'I 

i 

\ 

i -, 

i. 1 

i -  

\ :  

i - 7  
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Cooler.  The same b a s i c  tube  m a t r i x  employed f o r  t h e  waste h e a t  b o i l e r  

w a s  used i n  t h e  coo le r .  The s i t u a t i o n  f o r  t h e  coo le r  d i f f e r s  from t h a t  f o r  

t h e  b o i l e r  i n  t h a t  t h e r e  w i l l  be  a temperature rise i n  t h e  water s o  t h a t  

t h e  l o g  mean temperature  d i f f e r e n c e  i n  t h e  c o o l e r  w i l l  va ry  w i t h  design 

cond i t ions .  Under most cond i t ions  t h e  coo l ing  water i n t o  t h e  h e a t  ex- 

changer w i l l  run about 60°F and t h e  design o u t l e t  temperature  w i l l  be  

150°F s o  t h a t  t h e  w a t e r  temperature rise w i l l  be of t h e  o r d e r  of 90°F. 

In c a r r y i n g  out t h e  c a l c u l a t i o n s  needed t o  c o n s t r u c t  a performance c h a r t  

f o r  coo l ing  e f f e c t i v e n e s s  as a f u n c t i o n  of h e a t  t r a n s f e r  ma t r ix  l eng th  i n  

t h e  coo l ing  a i r  flow d i r e c t i o n ,  one must c a r r y  out a d e r i v a t i o n  similar 

t o  t h a t  used above f o r  t h e  economizer. Assuming a 90°F temperature  rise 

i n  t h e  water, t h e  l o g  mean temperature d i f f e r e n c e  becomes 

- 911 6 t l  2" - - ITD - 90 - I T D  + S t 1  
i I T D  - 90 \ 1 - %  i l  - ~ O / I T D  I LMTD = 

I n  ' 1 - 6 t l  / I T D (  
1 1 1  l I T D  - 6 t , i  

The h e a t  t r a n s f e r  c o e f f i c i e n t  on t h e  water s i d e  w i l l  be  s o  much h ighe r  

t han  t h a t  on t h e  a i r  s i d e  t h a t  i t  can b e  neg lec t ed  and t h e  h e a t  t r a n s f e r  

c o e f f i c i e n t  taken as simply t h e  va lue  de f ined  by Fig.  6.14. 

l oads  w i l l  be  low and hence t h e  f i n  e f f i c i e n c y  h igh .  Equating t h e  h e a t  

removed from t h e  a i r  stream t o  t h e  h e a t  t r a n s f e r r e d  t o  t h e  tube  m a t r i x  

y i e l d s  

The h e a t  

W ~ C  3600 6 t l  = uA LMTD 
P 

S u b s t i t u t i n g  as above t o  put  t h i s  i n  t e r m s  of G l ' ,  A', and L and us ing  

c = 0.24 gives  
P 

864 G I '  6 t 1  = uA'L (LMTD) 

Solving t h i s  f o r  t h e  l e n g t h  of t h e  h e a t  t r a n s f e r  m a t r i x  i n  t h e  a i r  flow 

d i r e c t i o n  y i e l d s  

, -1 
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Using t h e  above r e l a t i o n  t h e  set of va lues  of Table 6.10 were calcu- 

l a t e d  f o r  t h e  c o n s t r u c t i o n  of a performance c h a r t .  The r e s u l t i n g  c h a r t  is  

shown i n  Fig.  A5 of Appendix A. 

C a l c u l a t i o n a l  Procedure f o r  t h e  Construct ion 
of Charts  f o r  P res su re  Drop 

The procedure f o r  c a r r y i n g  out c a l c u l a t i o n s  on the  p r e s s u r e  drop f o r  

t h e  va r ious  flow passages w a s  considerably s impler  than t h a t  f o r  t h e  c h a r t s  

f o r  h e a t i n g  o r  coo l ing  e f f e c t i v e n e s s .  For flow i n s i d e  of round tubes o r  

f o r  flow o u t s i d e  tubes bu t  p a r a l l e l  t o  them, t h e  f r i c t i o n  f a c t o r  de f ined  by 

Fig.  H3.4 and t h e  dynamic head given by Fig.  H3.3, pages 293 and 294 of 

Ref. 2 were employed. The Reynolds number f o r  t h e  flow regime of i n t e r e s t  

w a s  checked i n  a l l  cases and w a s  found t o  be comfortably w i t h i n  t h e  t u r -  

b u l e n t  regime ( s e e  Fig.  H3.1, page 291, Ref. 2)  except f o r  t h e  combustion 

gas flow through t h e  economizer r eg ion ;  t h i s  w a s  found t o  g ive  a Reynolds 

number around 3000. This would probably r e q u i r e  a few t u r b u l a t o r s  and con- 

sequen t ly  a s m a l l  i n c r e a s e  i n  p re s su re  drop, bu t  t h i s  increment w a s  ne- 

g l e c t e d  a t  t h i s  s t a g e .  The p r e s s u r e  drop f o r  a t y p i c a l  c o n d i t i o n  w a s  com- 

puted f o r  a series of a i r  flows f o r  each case, and then  a c h a r t  w a s  con- 

s t r u c t e d  on t h e  p r e m i s e  t h a t  t h e  p r e s s u r e  drop would be d i r e c t l y  propor- 

t i o n a l  t o  t h e  a i r  flow passage l e n g t h .  Thus, a se t  of s t r a i g h t  l i n e s  w a s  

drawn f o r  t h e  series of mass flow rates. 

A s i n g l e  c h a r t ,  t h a t  i n  Fig.  A6, can b e  used f o r  c a l c u l a t i n g  t h e  a i r  

p re s su re  drop i n s i d e  t h e  tubes  f o r  t h e  r e c u p e r a t o r ,  economizer, and f l u i d -  

i z e d  bed tube matrices. To al low f o r  d i f f e r e n c e s  i n  a i r  temperature and 

consequently i n  a i r  d e n s i t y ,  t h e  c h a r t s  were a l l  prepared us ing  t h e  pres-  

s u r e  drop parameter oAP where CI i s  t h e  r a t i o  of t h e  a i r  d e n s i t y  t o  t h a t  

a t  s t anda rd  cond i t ions .  Thus t h e  e f f e c t s  of d i f f e r e n c e  i n  a i r  d e n s i t y  are 

e a s i l y  handled. 

CJ = 1.0.  

I n  e f f e c t ,  t h e  c h a r t s  w e r e  a l l  drawn f o r  a va lue  of 

I n  us ing  t h e  c h a r t s  t h e  va lue  of o f o r  t h e  p r e v a i l i n g  temperature  



Table 6.10 .  Summary of C a l c u l a t i o n s  f o r  t h e  Heat ing E f f e c t i v e n e s s  and Length 
of t h e  Finned Tube Mat r ix  w i t h  t h e  “A” Spacing as Defined 

by Fig.  6.13  when Operated as a Cooler 

G ’ ,  lb / sec- f t2  2 4 6 8 10 1 2  

h = u  Btu/hr-f t 2  -OF 20.1 30.15 38.4 45.6 52.2 58.0 

6 tl /ITD 

.75 

LMTD 

6 t 2 / 6 t l  = ab Length, f t  

- 

.78846 .859 1.134 1.334 1.496 1.636 1.760 

.80 .9555 1.041 1.375 1.617 1.814 1.983 2.133 

.85 1.18377 1.290 1.703 2.003 2.247 2.457 2.643 

.90 

.75 

m 
.P 

1.526 1.700 2.244 2.640 2.961 3.238 3.483 

6 t 2 / 6 t l  = 0.4 .P 

1.92962 .748 .987 1 .161 1.303 1.425 1.533 

.80 1.22378 .889 1.174 1 - 380 1: 518 - -  1.693 - -  1.822 

.85 1.4816 1.077 1.421 1 .671 1.875 2.050 2.205 

.90 1.8563 1.349 1.780 2.094 2.349 2.569 2.763 

.75 .4700 1.025 1.352 1.590 1.784 1.951 2.099 

.80 .58779 1.281 1 .691 1.989 2.231 2.440 2.625 

.75769 1.652 2.180 2.564 2.876 3.145 3.383 

1.02962 2.244 2.962 3.484 3.908 4.274 4.598 

.85 

.90 
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and p res su re  cond i t ions  i n  t h e  system can be c a l c u l a t e d  t o  e s t a b l i s h  t h e  

p r e s s u r e  drop parameter,  aAP. 

The p res su re  drops through t h e  r ecupe ra to r  and t h e  economizer f o r  t h e  

s h e l l - s i d e  flow r e q u i r e  s e p a r a t e  c h a r t s  because t h e  mass flow r a t i o s  and 

e f f e c t i v e  passage diameters are q u i t e  d i f f e r e n t  from t h e  va lues  i n s i d e  t h e  

tubes .  I n  a d d i t i o n ,  t h e r e  w i l l  be  some v a r i a t i o n  i n  t h e  m a s s  f low r a t i o  

i n  t h e  economizer depending on t h e  choice of design c o n d i t i o n s ,  b u t  i f  one 

f i x e s  t h e  r a t i o  of s h e l l - s i d e  t o  tube-side flow passage area, a p res su re  

drop c a l c u l a t e d  on t h e  b a s i s  of t h e  s h e l l - s i d e  m a s s  flow ra te  w i l l  be inde- 

pendent of t h e  mass flow r a t i o  through t h e  u n i t .  Typ ica l  c h a r t s  are given 

i n  Figs .  A7 and A8.  

The a i r  p re s su re  drop through t h e  coo le r  and waste h e a t  b o i l e r  can 

be de f ined  by t h e  same c h a r t .  This c h a r t ,  shown i n  Fig.  A9 ,  w a s  calcu- 

l a t e d  on t h e  b a s i s  of t h e  f r i c t i o n  f a c t o r  given i n  Fig.  6.13. 

Heat Exchanger S e l e c t i o n  

A s  i n d i c a t e d  p rev ious ly ,  t h e  complex i n t e r r e l a t i o n s h i p s  between t h e  

va r ious  h e a t  exchanger design parameters determining t h e  s i z e  and c o s t  make 

i t  very d i f f i c u l t  t o  pe rce ive  t h e  e f f e c t s  of changes i n  h e a t  t r a n s f e r  

ma t r ix  p ropor t ions  on p r e s s u r e  drop and e f f e c t i v e n e s s .  The v a r i o u s  i m -  

p l i c i t  r e l a t i o n s ,  however, can be made e x p l i c i t  i n  t e r m s  of parameters 

t h a t  are c r u c i a l  from t h e  s t andpo in t  of gas t u r b i n e  performance by c ross -  

p l o t t i n g  d a t a  from t h e  design c h a r t s  developed above us ing  a reasonable  

set  of design cond i t ions .  The most important of t h e s e  i s  an  assignment of 

t h e  p re s su re  l o s s  d i s t r i b u t i o n  t o  t h e  va r ious  components i n  t h e  system. 

The t o t a l  p re s su re  l o s s  evidences i t s e l f  i n  t h e  d i f f e r e n c e  i n  p r e s s u r e  

r a t i o  between t h e  compressor and t h e  t u r b i n e ,  and i s  commonly expressed 

as t h e  summation of t h e  r a t i o s  of t h e  p r e s s u r e  drop t o  t h e  a b s o l u t e  pres-  

s u r e  f o r  a l l  of t h e  components. That i s ,  t h e  summation of t h e  p r e s s u r e  

r a t i o s  f o r  t h e  v a r i o u s  components w i l l  be  e q u a l  t o  t h e  d i f f e r e n c e  between 

t h e  p r e s s u r e  r a t i o s  f o r  t h e  compressor and t h e  t u r b i n e .  

p a s t  experience i t  is  p o s s i b l e  t o  draw up a reasonable  d i s t r i b u t i o n  of 

p r e s s u r e  drop between t h e  v a r i o u s  components. 

y s i s  i t  w a s  assumed t h a t  30% of t h e  p r e s s u r e  drop i n  components would occur 

i n  t h e  duct work and t h a t  70% would occur i n  t h e  components themselves. 

On t h e  b a s i s  of 

For purposes of t h i s  anal-  
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This  i s  probably an ove r ly  generous allowance f o r  duc t  l o s s e s .  The d i s t r i -  

b u t i o n  of p re s su re  l o s s e s  chosen f o r  t h i s  s tudy  is  presented  i n  Table 6.11. 

Note t h a t  i n  each c a s e  t h r e e  parameters are g iven ,  i . e . ,  t h e  p re s su re  drop,  

t h e  parameter oAP, and t h e  r a t i o  of t h e  p re s su re  drop t o  t h e  p r e v a i l i n g  

a b s o l u t e  p re s su re ,  AP/P. 

c r o s s  p l o t  f o r  t h e  mass flow rate as a f u n c t i o n  of t h e  tube  matrix l eng th  

f o r  each component t o  give a n e a r l y  s t r a i g h t  l i n e  as i n  F ig .  A10  f o r  a 

t y p i c a l  o v e r a l l  system p res su re  loss r a t i o .  The t h r e e  t y p i c a l  va lues  of 

Table 6 . 1 1  were used; namely, a 5%, 7.5%, and 10% CAP/P f o r  t h e  system as 

a whole. Of course,  t h e  AP/P f o r  t he  component i n  ques t ion  i s  t h e  s m a l l  

f r a c t i o n  of t h e  t o t a l  APfP de f ined  by Table  6 . 1 1 .  

Using t h e s e  va lues  i t  is  p o s s i b l e  t o  prepare  a 

It i s  p o s s i b l e  t o  superimpose on t h e  same coord ina te s  a set of l i n e s  

f o r  t y p i c a l  cool ing  e f f e c t i v e n e s s e s  by c r o s s - p l o t t i n g  d a t a  from t h e  approp- 

r ia te  cool ing  e f f e c t i v e n e s s  c h a r t .  The r e s u l t i n g  c r o s s  p l o t s  then  y i e l d ,  

i n  e f f e c t ,  a set  of g raph ica l  s o l u t i o n s  of t h e  d i v e r s e  complex i m p l i c i t  

r e l a t i o n s  t h a t  are involved.  For example, w i t h  t h e  c r o s s  p l o t  of F ig .  

A10  i t  is  p o s s i b l e  t o  choose a tube ma t r ix  l eng th  and a t u r b i n e  a i r  mass 

flow rate f o r  any d e s i r e d  h e a t i n g  e f f e c t i v e n e s s  and o v e r a l l  system p res su re  

r a t i o .  This  enormously s i m p l i f i e s  t h e  problem of e s t a b l i s h i n g  t h e  propor- 

t i o n s  f o r  each of t h e  h e a t  exchangers.  

Fuel  and Limestone Feed System Concepts 

The b a s i c  concept of t h e  system f o r  f eed ing  crushed c o a l  and l imes tone  

i n t o  t h e  f l u i d i z e d  bed-gas t u r b i n e  combustion chamber involves  t r a n s p o r t  

and b lending  of t h e  crushed c o a l  and l imeston(? a t  a cont inuous p rede te r -  

mined feed ra te  t h a t  can be c o n t r o l l e d  by t h e  burn-up parameters of t h e  

system. 

The main p o i n t s  i n  t h e  feed  system requi - r ing  s p e c i a l  cons ide ra t ions  

are a t  t h e  p o i n t s  of i n j e c t i o n  of t h e  feed  mixture  i n t o  t h e  f l u i d i z e d  bed, 

a t  t h e  po in t  where b lending  i s  achieved between t h e  c o a l  and t h e  l imes tone ,  

and a t  t h e  e x i t  of t h e  s t o r a g e  o r  r e t a i n i n g  hoppers ,  where cont inuous flow 

rates of s o l i d s  are supp l i ed  t o  a mechanical and/or  pneumatic system f o r  

t r a n s p o r t  t o  t h e  i n j e c t i o n  p o i n t s  of t h e  f l u i d i z e d  combustion bed. 
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Table 6.11. P res su re  D i s t r i b u t i o n  i n  t h e  Various Heat 
Exchangers of a Closed Cycle System 

~~ ~ ~~ 

P2 = 176.4 p s i  Q 12 a t m  

I 

3.5 

85 

87.4 

4 

84 

87 

1 

Compressor e f f i c i e n c y ,  % 85.8 

Turbine e f f i c i e n c y  , % 87.8 

~ ~ 

System C APIP 

Recuperator  % 

Recuperator  a1 

AP 
P1 

5 7.5 10  

.75 1.125 1.5 

5.522 

7.305 10.95 14.61 

I 

- \  Recuperator  olApl, p s i  

Bed + Econ. % , % 

Bed + Econ. a1 

Bed + Econ. olApl, p s i  

1 .25 

3.692 

8.14 

1.875 2.5 

12.21 

.375 

16.28 

.5 

i- '1 

' _:. I 

B o i l e r  .&?k , % 

B o i l e r  a1  

B o i l e r  alAp , p s i  

P1 
.25 

1.814 

,2028 .3042 .4057 

.25 .375 .5 

2.40 

.2646 .3969 .5292 

Cooler APl/P1 % 

Cooler 01 

Cooler olApl , p s i  
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Many yea r s  of expe r i ence  are w e l l  documented on f l u i d i z e d - s o l i d s  

f eed ing  However, most of t h i s  e f ' fo r t  h a s  been d i r e c t e d  e i t h e r  

t o  chemical i n d u s t r y  processes  o r  b o i l e r s  i n  steam-electric gene ra t ion  s i z e  

p l a n t s .  A l s o  t h e  f l u i d i z e d  bed c o a l  burn ing  systems under development are 

much l a r g e r  scale than  w i l l  be r equ i r ed  f o r  t h e  c o a l  bu rn ing  HIUS; t he re -  

f o r e ,  o b t a i n i n g  some poss ib ly  adap tab le  types  of f eede r  equipment may be  

d i f f i c u l t  i n  t h e  s i z e  range of i n t e r e s t .  This  does n o t  mean t h a t  com- 

p l e t e l y  new development w i l l  be  r equ i r ed  f o r  a l l  components; r a t h e r  t h a t  

s e l e c t i o n  and p o s s i b l e  modi f ica t ions  t o  some of  t h e  commerically a v a i l a b l e  

equipment may determine t h e  most adap tab le  concept  f o r  t h i s  f eede r  system. 

Assuming t h a t  t h e  c o a l  and l imes tone  r e c e i v i n g  equipment and s t o r a g e  

hoppers  are  commercially a v a i l a b l e  o r  e a s i l y  procured and t h a t  t h e  c rushe r s  

(and c o a l  d rye r ,  i f  r equ i r ed )  can main ta in  a leve l  of  crushed s o l i d s  w i t h  

a low mois ture  conten t  of  about 4% i n  one o r  more ho ld  up b i n s  o r  pres -  

s u r i z e d  f e e d e r  tanks  ( o f t e n  r e f e r r e d  t o  as a i r  l o c k s ) ,  t hen  t h e  s o l i d s  can 

b e  t r a n s p o r t e d  by any one of several  means i n t o  t h e  f l u i d i z e d  bed. 

To s i m p l i f y  t h e  d i s c u s s i o n  of t h e  b a s i c  des ign  concepts  r e q u i r e d  f o r  

t h e  f eede r  system, t h e  vessels o r d i n a r i l y  r e f e r r e d  t o  as hold-up b i n s ,  

i n j e c t o r  s t o r a g e  vessels, o r  p re s su r i zed  a i r  locks  w i l l  be  r e f e r r e d  t o  as 

r e t e n t i o n  components. Then concepts  of so l id ; ;  movement through t h e  r e t en -  

t i o n  equipment can be  d i scussed  as a f eed ing  process f o r  t h e  c o a l ,  t h e  

l imes tone ,  o r  a s o l i d s  nix of t h e  two. A l s o ,  t h i s  pe rmi t s  d i s c u s s i o n  of 

t h e  b a s i c  s o l i d s  flow parameters  wi thout  c o n s i d e r a t i o n  of  t h e  b l end ing  

problems o r  p a r t i c u l a t e  s i z e .  

The problem of s o l i d s  mixing o r  b l end ing  w i l l  be  d i scussed  s e p a r a t e l y  

as w e l l  as those  p o i n t s  i n  t h e  f eede r  system where b lending  can  be  achieved 

sat is f ac t  o r i  l y  . 
The b a s i c  requirement of t h e  components I-n a r e t e n t i o n  system is  con- 

v e r s i o n  of t h e  s o l i d s  mix f low from a ba tch  process  (such as dump t r u c k  

d e l i v e r y  i n t o  a s t o r a g e  s i l o )  t o  a cont inuous o r  accep tab le  semi-continuous 

f low ou t  of t h e  r e t e n t i o n  hoppers.  

t r o l  valves o r  s o l i d s  flow c o n t r o l  mechanisms, e i t h e r  b u i l t  i n t o  (or  be- 

tween) t h e  r e t e n t i o n  components and t h e  t r a n s p o r t  system must cons ide r  

s o l i d s  flow l i m i t a t i o n s  as w e l l  as m e e t  demands by t h e  f l u i d i z e d  bed com- 

b u s t o r .  S o l i d s  f l o w  l i m i t a t i o n s  are very  important  where t r a n s p o r t  is  

Furthermore,  some combination of con- 
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e f f e c t e d  s o l e l y  by pneumatic methods. 

l imestone i s  shown i n  Fig.  6.15 s o  t h a t  va r ious  types of equipment and 

t h e i r  advantages can be considered a t  p o i n t s  a long  t h e  l i n e  of s o l i d s  

flow. A weigh l a r r y  i s  included i n  t h i s  schematic  i n  t h e  event  t h a t  ba t ch  

weights  are d e s i r e d  du r ing  t h e  development of t h e  f e e d e r  system, b u t  us- 

u a l l y  e i t h e r  mechanical o r  pneumatic f e e d e r  systems can be c o n t r o l l e d  i n  

a manner capable  of e v a l u a t i n g  s o l i d s  flow weights  from vo lumet r i c  capaci-  

t ies.  

A schematic  flow s h e e t  f o r  c o a l  and 

S o l i d s  Feed i n t o  t h e  Re ten t ion  Components 

Mechanical f e e d e r s  most commonly used t o  convey s o l i d s  from t h e  s t o r -  

age S i 1 0  t o  t h e  r e t e n t i o n  components are Screw f e e d e r s ,  b e l t  01: bucket 

t ype  conveyers,  o r  v i b r a t o r y  f e e d e r s .  I f  a p r e s s u r i z e d  r e t e n t i o n  system 

o r  a pneumatic combustor t r a n s p o r t  system i s  used, t hen  an open hopper 

w i t h  a r o t a r y  o u t l e t  o r  a i r  lock  type  of valve i s  u s u a l l y  r e q u i r e d  i n  con- 

j u n c t i o n  wi th  mechanical f e e d e r s  t o  prevent  p r e s s u r e  l o s s  back through t h e  

s o l i d s  i n  r e t e n t i o n .  Even when a deep bed of s o l i d s  i s  maintained i n  an 

open r e t e n t i o n  b i n ,  g r a v i t y  induced flow out of t h e  b i n  i n t o  a h o r i z o n t a l  

t r a n s p o r t  p i p e  may b e  i r r e g u l a r  because of p a r t i c l e  s i z e  v a r i a t i o n s .  

mechanical f e e d s  t e n d  t o  cause concen t r a t ions  of d i f f e r e n t  s i z e  p a r t i c l e s  

as they are f e d  i n t o  a r e t e n t i o n  hopper. D i f f u s s e r  o r  sp reade r  dev ices  

may be used t o  minimize s e g r e g a t i o n  o r  s t r a t i f i c a t i o n  of p a r t i c l e  s i z e s  

du r ing  f e e d  i n t o  an open b i n .  

Most 

U s e  of commercially a v a i l a b l e  mechanical f e e d e r s  t o  convey s o l i d s  

d i r e c t l y  i n t o  t h e  f l u i d i z e d  bed o r  i n t o  pneumatic t r a n s p o r t  tubes without  

some type  of r e t e n t i o n  equipment i s  n o t  l i k e l y  t o  provide s a t i s f a c t o r y  

f eed ing  c o n d i t i o n s ,  c e r t a i n l y  n o t  without  some s p e c i a l  a d a p t a t i o n s  o r  

developments. 

f e e d e r s  t h a t  would r e q u i r e  s p e c i a l  development of a l l  t h e  combustor com- 

ponents t h a t  determine primary a i r  flows throughout t h e  f l u i d i z e d  bed. 

The I r o n  Fireman o r  Canton Vulcan ram type systems are b a t c h  

Pneumatic conveying systems should be r e a d i l y  adap tab le  f o r  conveying 

t h e  v a r i o u s  s i z e s  of s o l i d  p a r t i c l e s  from e i t h e r  motor t r a n s p o r t  v e h i c l e s  

o r  a s t o r a g e  s i l o  t o  t h e  r e t e n t i o n  components. Three system arrangements 

are shown i n  Fig.  6.16 which has  been reproduced from Ref. 7. However, 

7 



6.50 

I 

C O A L  
ORNL DWG. 75-14483 

L I M E S T O N E  

R E C E I V I N G  HOPPERS [ I 
CRUSHERS [ 

I 
I I 

I 
STORAGE S I L O  

I 
I FLOW METERING I 

RETENT I ON TRANSPORT 1 7 1  
I 

TRANSPORT 
FEEDER 

(OPTIONAL) 

TRANSPORT I - 
e MULTIPLE TRANSPORT A I R  

P I P E S  TO BED 
(DISPERSAL LOCATION OPTIONAL ) 

Fig. 6.15. Schematic flowsheet for coal and limestone feed system. 

r -  

\ 

r- 

I_ 

,- ' 1 

i i 

r 

I 



6.51 

ORNL DWG. 7514465 

AIR 
MOVER 

J 

SLIDE ~N~ 

AIRLOCK 
FEEDER 

PROCESS BINS - 
POSITIVE pressure system sewing several deliven, points with single pipeline 

-DUST RETURN LINE t-- 

WST 

VENT 
7FlLTERS 

L 

CLOSED LOOP system with positive or negative pressure to prevent contamination 

E NT 
DNNEl 

COMBINATION vacuumpressure system which withdraws by vacuum and delivers material under pressure 
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t h e s e  systems may r e q u i r e  some type  of sp reade r  equipment i n s i d e  t h e  f i r s t  

r e t e n t i o n  hopper (shown as p rocess  b i n s )  t o  i n s u r e  good p a r t i c l e  s i z e  d i s -  

t r i b u t i o n  throughout t he  depth of t h e  hopper. S t r a t i f i c a t i o n  o r  segre-  

ga t ion  of p a r t i c l e  sizes occurs  w i t h  pneumatic as w e l l  as mechanical feed- 

i n g  of v a r i a b l e  s i z e  p a r t i c u l a t e s  i n t o  open r e t e n t i o n  hoppers. 

Concepts of Retent ion Components 

A simple c y l i n d r i c a l  hopper w i t h  a c o n i c a l  bottom can be used f o r  t h e  

f i r s t  r e t e n t i o n  hopper t o  receive s o l i d s  flow from mechanical f e e d e r s ,  and 

i n  some cases  determinat ion of t h e  c o n i c a l  angle  can permit  g r a v i t y  flow 

ou t  of t h e  hopper without  s eg rega t ion  of p a m i c l e  s i z e s .  However, uniform 

mixing of p a r t i c l e  s i z e s ,  both i n t o  and ou t  of such hoppers ,  must receive 

s p e c i a l  a t t e n t i o n  during design.  A l so ,  i f  1-he f i r s t  hopper must f eed  i n t o  

a second p r e s s u r i z e d  r e t e n t i o n  vessel, then a r o t a r y  va lve  o r  a i r  lock  

must be used between t h e  two r e t e n t i o n  hoppers.  

A commercially a v a i l a b l e  p r e s s u r i z e d  system of r e t e n t i o n  equipment i s  

a v a i l a b l e  from United Conveyors as i l l u s t r a t e d  i n  Fig.  6.17 (reproduced 

from Ref. 8). This  combination of components provides  a f l u i d i z e d  s o l i d s  

flow system t h a t  can f eed  d i r e c t l y  i n t o  t h e  h o r i z o n t a l  t r a n s p o r t  t ubes  t o  

the  combustor bed. However, t h e  va lv ing  arrangement of t h i s  system i s  

such t h a t  a t  least two of each of t h e  components must be used s o  t h a t  one 

vessel can b e  f i l l i n g  wh i l e  t h e  o t h e r  i s  be ing  emptied. A l so ,  m u l t i p l e  

o u t l e t  f eed ing  from p r e s s u r i z e d  v e s s e l s ,  even wi th  t h e  a i d  of f l u i d i z i n g  

p l a t e s ,  may n o t  be a v a i l a b l e .  Four o r  more such sets of r e t e n t i o n  com- 

ponents and flow c o n t r o l  equipment t o  f eed  s e p a r a t e  t e rmina l  p o i n t s  i n  t h e  

combustor bed may be r a t h e r  expensive.  

Many t y p e s  of v i b r a t o r y  f e e d e r s  , c o m e r c i a l l y  a v a i l a b l e  from manu- 

f a c t u r e r s  of materials handl ing equipment, can be used t o  i n s u r e  s o l i d s  

flow ou t  of r e l a t i v e l y  small o u t l e t s  of hoppers. 

The vibra-f low/volumetr ic  f e e d e r  machine shown i n  Fig.  6.18 i s  avail- 

a b l e  from Syntron Co. of Homer C i ty ,  Pennsylvania.  Seve ra l  of t h e  v ib ra -  

t o r y  u n i t s  made by Syntron have been adapted. t o  s p e c i a l  a p p l i c a t i o n s  a t  

ORNL. Desc r ip t ion  of one such u n i t ,  adapted t o  flow of p y r o l i t i c  carbon- 

coated microspheres,  i s  included i n  r e p o r t s  on component development i n  

t h e  TURF p r ~ g r a m . ~  The t y p e  of v i b r a t o r y  f e e d e r  i n  F ig .  6.18 could be 

i 

I 
I -  

[ ~- 

I 

I-' 

r- 



6 . 5 3  

ORNL DWG. 75-14472 
\ I / 

DRY DUST COLLECT07 HOPPER 

\ ' /  
AIR CYLINDER OPER FLUIDIZING STONE 

OR1 FI CED DISCHARGE 

PNEUMATIC CONVEYOR FOR 
NDBY DISPOSAL OF FLY 
SH TO FILL AREA 

TWIN DIFFUSER 
FEEDER 

GE GATE 

SIGHT GLASS 

AIR CYLINDER / A I R  SUPPLY 

ORIFICED DISCHARGE G 
REMOVABLE 
FLUIZING UNIT 

POSITIVE PRESSURE 
PNEUMATIC CONVEYOR TO ULTI MATE 

DISPOSAL POINT 

I 

1 

, 

Fig. 6.17. 
United Conveyor Corp. 

Nuva feeder-positive pressure pneumatic conveyor by 



6.54  

I - -  

, -  



6.55 

I 

f 

, .> 

i~ -, 

- 7  

1 '  

i 7 

modified and p o s s i b l y  made t o  f eed  d i r e c t l y  i n t o  t h e  t r a n s p o r t  t ubes .  

Seve ra l  t ubes  could be b u i l t  i n t o  (or  else rep lace )  t h e  t r a y  of t h e  v ib ra -  

t o r y  f e e d e r  and, by us ing  f l e x i b l e  metal hose,  become a p a r t  of t h e  v ib ra -  

t i n g  mass of t h e  u n i t .  With t h e  f l e x i b l e  hoses  smaller than t h e  t r a n s p o r t  

t ubes  and completely f i l l e d  w i t h  s o l i d s ,  e l e c t r i c a l l y  c o n t r o l l e d  f eed  

rates should be p o s s i b l e .  Flow-back of t h e  t r a n s p o r t  a i r  should n o t  be 

a problem, b u t ,  i f  necessa ry ,  two a l t e r n a t e l y  p u l s a t i n g  va lves  could be 

l o c a t e d  above ( o r  between) r e t e n t i o n  hoppers.  

Transport  System 

Regardless of t he  types of f e e d e r  equipment used a t  t h e  e x i t  of t h e  

r e t e n t i o n  hoppers,  pneumatic t r a n s p o r t  i s  more adap tab le  than mechanical 

f e e d e r s  f o r  uniform d e l i v e r y  and d i s t r i b u t i o n  of s o l i d s  flow i n t o  t h e  

f l u i d i z e d  bed combustor. 

The major concern of t h e  t r a n s p o r t  system i s  uniformity of t h e  blend- 

ed mix of t h e  s o l i d s  and, t h e r e f o r e ,  exac t ing  c o n t r o l  of t h e  f eed  rates a t  

p o i n t  of e n t r y  i n t o  the  t r a n s p o r t  t ube  is  e s s e n t i a l .  The v a r i o u s  f l u i d -  

s o l i d s  flow c h a r a c t e r i s t i c s  encountered i n  h o r i z o n t a l  t r a n s p o r t  are repre-  

s en ted  i n  Fig.  6.19 as taken from Ref. 7. Some exp lana t ion  of necessa ry  

f l u i d - s o l i d s  flow parameters  and methods of e v a l u a t i o n  are included i n  

Chapters 2 and 10 of Ref. 5.  Evaluat ion of t h e s e  parameters w i l l  be 

necessa ry  f o r  t h e  c o a l ,  t h e  l imestone,  and t h e  combined s o l i d s  mix of t h e  

two. 

Also, t h e  curves  i n  F ig .  6.19 show some b a s i c  r e l a t i o n s h i p s  i n  f l u i d -  

s o l i d s  flow t h a t  can be c o r r e l a t e d  wi th  t h e  design parameters of primary 

a i r  flow and s o l i d s  r e s t o r a t i o n  t o  maintain t h e  f l u i d i z e d  bed. For in-  

s t a n c e ,  t o  provide continuous s o l i d s  r e s t o r a t i o n  t o  t h e  bed t h e  e x i t  ve- 

l o c i t y  of a i r  t r a n s p o r t i n g  a predetermined weight (w) of s o l i d s  may need 

be k e p t  above s a l t a t i o n  v e l o c i t y  (range of d i l u t e  flow) f o r  a p a r t i c u l a r  

diameter  and l e n g t h  of t r a n s p o r t  t ub ing .  

p r e s s u r e  drop as l i m i t e d  by a design of t r a n s p o r t  tubes t h a t  i s  based on 

some d e s i r e d  percentage of primary a i r  w i l l  l i m i t  t h e  t r a n s p o r t  c a p a b i l i t y  

of t h e  s o l i d s  mixture .  A t r i a l  and e r r o r  type of s o l u t i o n  may be t h e  b e s t  

means of covering the  range of d e s i r e d  parameters.  However, o b t a i n i n g  

t r a n s p o r t  d a t a  on crushed c o a l  and l imestone should n o t  be t o o  d i f f i c u l t .  

On t h e  o t h e r  hand, t h e  range of 
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Fig .  6.19. Schematic r e p r e s e n t a t i o n  of phase diagram f o r  ho r i -  
z o n t a l  f l u i d - s o l i d s  f l o w .  
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Also n o t e  t h a t  long tubes and h igh  Ap w i l l  permit h i g h e r  u n i t  weight of 

s o l i d s  (w) f o r  t h e  same s u p e r f i c i a l  v e l o c i t i e s .  

A s m a l l  s o l i d s  flow pneumatic t r a n s p o r t  system and a l s o  s e v e r a l  com- 

ponents  t h a t  may be adap tab le  have been r e c e n t l y  developed a t  ORNL (Ref. 

9 ) .  
uniform s i z e  material, some of t h e  components may be r e a d i l y  adap tab le  

t o  pneumatic t r a n s p o r t  of c o a l  and l imestone.  The pinch valve, shown i n  

Fig.  6.20, can be f a i r l y  e a s i l y  f a b r i c a t e d  and could be used wi th  a pul- 

s a t i n g  type  of ope ra t ion  t o  c o n t r o l  f low from a r e t e n t i o n  hopper. It 

could a l s o  serve as an a i r  lock  i n  conjunct ion wi th  p r e s s u r i z e d  vessels. 

Although t h i s  development w a s  f o r  much smaller q u a n t i t i e s  of dense 

Another type of hopper o u t l e t  and s o l i d s  flow c o n t r o l  arrangement 

t h a t  w a s  used i n  small scale model s t u d i e s  a t  ORNL i s  shown i n  Fig.  6.21. 

Th i s  b r i d g i n g  of several p a r t i c l e  t ypes  and s i z e s  was s t u d i e d  wi th  t h i s  

model. The c e n t e r  rod and gusse t  type support  i s  simply a means of f a b r i -  

c a t i n g  a hood o r  a mushroom-type s k i r t  over  t he  o u t l e t ,  s imilar t o  a hop- 

p e r  t h a t  w a s  made by Sanderson and P o r t e r  i n  s t u d i e s  wi th  sphe res  f o r  t h e  

Pebble Bed Reactor.  

le t  o r  o r i f i c e  i s  t o  t a k e  t h e  weight of t h e  bed o f f  of t h e  p a r t i c u l a t e s  

n e a r  t h e  small diameter o u t l e t ,  and t h e r e f o r e ,  minimize b r idg ing .  With 

t h i s  arrangement, i t  i s  p o s s i b l e  t o  raise t h e  c y l i n d e r  v e r t i c a l l y  under 

t h e  mushroom and make t h e  p a r t i c l e s  b r i d g e  and s t o p  p a r t i c l e  flow wi thou t  

c r e a t i n g  c rush ing  f o r c e s  t h a t  i n c r e a s e  ab ras ion  and wear t h a t  are o f t e n  

p r e s e n t  i n  valves o r  g a t e s  f o r  s topp ing  s o l i d s  flow. Also, t h i s  type of 

hopper design i s  worth c o n s i d e r a t i o n  as a means of e l i m i n a t i n g  c e n t r a l i z e d  

channe l i za t ion  of s o l i d s  flow ou t  of hoppers wi th  cones t h a t  provide low 

ang les  of s l o p e .  The development r e p o r t e d  i n  Ref. 10 at tempted elimina- 

t i o n  of a l l  erratic flow p a t t e r n s .  The s tudy  w a s  r e s t r i c t e d  t o  sphe res ,  

b u t  s imilar i t ies  are e v i d e n t  i n  f eed ing  p a r t i c u l a t e s  from s t o r a g e  b ins .  

The purpose of t h e  mushroom ove r  t h e  c y l i n d r i c a l  out-  

Conceptual design of t h e  t e rmina l  p o i n t s  of pneumatic t r a n s p o r t  t u b e s  

w i l l  depend on t h e  d e s i r e d  method of d e l i v e r y  of s o l i d s  i n t o  t h e  f l u i d i z e d  

bed. 

d e l i v e r e d  must be made adap tab le  t o  t h e  combustor tube bundles and t h e  

d i s t r i b u t i o n  of primary a i r  flow. 

p o r t  t ubes  up through a r e t a i n i n g  p l a t e  f o r  t h e  bed w i l l  a f f e c t  o v e r a l l  

design of t h e  pneumatic t r a n s p o r t  system. 

Determination of t h e  ang le  of sp read  and t r a j e c t o r i e s  of t h e  s o l i d s  

Even s h o r t  ver t ical  l eng ths  of t r a n s -  

Also t h e  t e rmina l  p o i n t s  of 
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t h e  ver t ical  tubes should be designed such t h a t  t h e  tubes do n o t  f i l l  when 

t h e  bed of s o l i d s  rests on t h e  r e t a i n i n g  p l a t e .  A bubble cap o r  mushroom 

on t h e  t e r m i n a l  p o i n t s  may be used, o r  an arrangement similar t o  t h a t  used 

by F o s t e r  Wheeler Corporation f o r  an atmospheric p r e s s u r e  b o i l e r  design 

may be s a t i s f a c t o r y  (Ref. 8, Appendix K ,  Fig.  A3-5). 

An example of a combined mechanical f e e d  and pneumatic t r a n s p o r t  sys- 

t e m  commercially a v a i l a b l e  from I r o n  Fireman Manufacturing Company i s  shown 

i~ Fig.  6 .22 .  The f eed  screw i n  t h i s  system Eeeds from s t o r a g e  ( o r  a re- 

t e n t i o n  hopper) and is  capable  of modulating 130th a i r  and c o a l  t o  match 

t h e  b o i l e r  load.  Drying and p rehea t ing  c a p a b i l i t y  can be b u i l t  i n t o  t h e  

pneumatic f eede r  assembly. Design f eed  rates are several times those  

needed by t h e  MIUS combustor. Modif icat ion oE t h e  t e rmina l  p o i n t s  of t h e  

t r a n s p o r t  t ubes  as shown i n  F ig .  6 . 2 2  t o  a ver t ica l  f eed ing  arrangement 

through a s t a t i o n a r y  p l a t e  under t h e  fluidize11 bed should n o t  be a major 

problem, assuming ash goes ou t  t h e  upper end (of t h e  combustor. P rov i s ion  

f o r  f o u r  o r  more t e r m i n a l  f eed  p o i n t s ,  on t h e  o t h e r  hand, may n o t  be pos- 

s i b l e  a t  t h e  en t r ance  t o  the  t r a n s p o r t  tubes.  I f  t r u e ,  then some sp reade r  

o r  d i f f u s e r  arrangement may be necessa ry  t o  l i m i t  t h e  number of u n i t s  re- 
qu i r ed .  

and l imestone,  such as m u l t i p l e  tube v i b r a t o n ,  o r  d u a l  Nuva p r e s s u r i z e d  

f e e d e r s  would r e q u i r e  s p e c i a l  developments. 

Also,  adap ta t ion  t o  components capable  of uniform blending of c o a l  

i 

Blending 

Seve ra l  types of mechanically ope ra t ed  mixing machines o r  dry-sol ids  

b l ende r s  are commercially a v a i l a b l e  f o r  v a r i o u s  ranges o r  p a r t i c l e  s i z e s .  

However, most such mixers are f o r  ba t ch  p rocesses  wi th  some s p e c i f i e d  

capac i ty  of t h e  r e s u l t i n g  s o l i d s  mix. B a s i c a l l y  they  a l l  receive two o r  

more materials and r epea ted ly  c u t  o r  s e p a r a t e  p a r t  of t h e  unmixed s o l i d s  

and f o l d  i t  back i n t o  t h e  t o t a l  volume by a combination of c u t t i n g ,  tum- 

b l i n g  o r  r o l l i n g  motions. A f t e r  a predetermined b l end ing  t i m e  s p e c i f i e d  

f o r  t h e  s o l i d s  i n p u t ,  t h e  mix can then be t r a n s f e r r e d  i n t o  a r e t e n t i o n  

b i n  o r  f e e d e r  component. 

ca l  b l ende r s ,  such as t h e  r o t a t i n g  drum, V-shaped u n i t  (made of c u t  

Mixing e f f e c t i v e n e s s  o r  performance of mechani- 
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c y l i n d r i c a l  s e c t i o n s ) ,  o r  t h e  double cone type  h a s  been eva lua ted  f o r  some 

p a r t i c u l a t e s  of va ry ing  s i z e  and d e n s i t y .  

Re fe r r ing  t o  Fig.  6.15, t h e  p o i n t  i n  t h e  l i n e  of c o a l  f low shown as 

b lend ing  op t ion  #1 i n d i c a t e s  t h a t  ba t ch  weights  of l imestone may be de- 

s i r e d  and can then be mixed w i t h  b a t c h  weights  of c o a l  by any of several 

m e a n s  i n  the r e t e n t i o n  components. 

i n g  of l imestone may only be necessa ry  du r ing  development o r  o p e r a t i o n a l  

shakedown of t he  f e e d  and mixing components, and t h a t  w i th  t h e  l imestone 

flow rates e s t a b l i s h e d  t h e  weighing l a r r y  can be by-passed. However, i n  

e i t h e r  case, sp read ing  o r  d i f f u s i n g  of a l t e r n a t e  ba t ches  of c o a l  and l i m e -  

s t o n e  f eed  i n t o  an open r e t e n t i o n  b i n  w i l l  probably r e s u l t  i n  some strati-  

f i c a t i o n  of t h e  ba t ches  and more than one r e t e n t i o n  b i n  might be necessa ry  

t o  provide uniformity of a f eed ing  mixture .  

is  used as t h e  f i r s t  component i n  t h e  r e t e n t i o n  s e c t i o n  g r a v i t y  t r a n s f e r  

of t h e  mixed ba tches  through va lves  o r  a i r  locks  i n t o  t h e  lowest r e t e n t i o n  

vessel must be accomplished i n  a manner t h a t  i n s u r e s  a g a i n s t  "unmixing" 

t h e  blend. 

Option 112 i n d i c a t e s  t h a t  b a t c h  weigh- 

Even i f  a mechanical b l ende r  

An alternate t o  opt ion #2 would be t o  use two weigh larries ( o r  upper 

r e t e n t i o n  b i n s )  and provide f o r  simultaneous c o n t r o l l e d  flows of c o a l  and 

l imestone i n t o  a lower r e t e n t i o n  hopper. Blending t h e  two flows wi th  a 

mechanical sp reade r  o r  two d i f f u s e r s  du r ing  e n t r y  t o  t h e  lower r e t e n t i o n  

hopper should g ive  accep tab le  r e s u l t s ,  even :if t h e  s o l i d s  must p a s s  through 

i n d i v i d u a l  a i r  lock valves. 

t h e  Nuva u n i t  i n  Fig.  6.17, and a i r  lock  valves used between t h e  upper re- 

t e n t i o n  b i n  and t h e  lower hopper may a l s o  provide a s a t i s f a c t o r y  alternate 

under op t ion  # 2 .  

vessel o r  b e f o r e  e n t r y  i n t o  t h e  t r a n s p o r t  t ubes  w i l l  be r e q u i r e d  t o  d e t e r -  

mine blending mix o r  l i m i t a t i o n s  of t h e  f l u i d i z i n g  p r e s s u r e  vessel. Al so ,  

two p r e s s u r e  v e s s e l s  w i l l  be necessa ry ,  i f  ba t ch  f eed  of t h e  f l u i d i z e d  mix 

from a s i n g l e  vessel does n o t  adequately meet: combustor make-up r equ i r e -  

ments. 

A f l u i d i z e d  o r  p r e s s u r i z e d  f e e d e r ,  such as 

However, sampling of mixtures  o u t  of t he  p r e s s u r i z e d  

Development of a pneumatic b l ende r  as one of t h e  r e t e n t i o n  components 

may provide a p o s s i b l e  means f o r  continuous f'eed of f l u i d i z e d  s o l i d s  mix 

i n t o  t h e  t r a n s p o r t  tubes.  Two types  of b l e n d e r s  w e r e  developed a t  ORNL, 
one f o r  small ba tches  of par t ic les  of uniform d e n s i t y  and t h e  o t h e r  f o r  
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s o l i d s  d i f f e r i n g  i n  both s i z e  and d e n ~ i t y . ~  

Figs .  6 . 2 3  and 6.24, r e s p e c t i v e l y ,  suggest  a concept of al ternate ba tch  

f eed  of c o a l  and 1.imestone i n t o  a pneumatic b l ende r ,  similar t o  Fig.  6 . 2 3 ,  

and simultaneous o r i f i c e d  flow of batches from t h e  loader-blender ,  as i n  

Fig.  6 . 2 4 .  The s t epp ing  motors of t h e  loader-blender are f o r  remote ad- 

justment  of t h e  v a r i a b l e  o r i f i c e s ,  and can be replaced by manual ad jus t -  

ment i n  t h i s  a p p l i c a t i o n .  Very good uniform blending i s  ob ta ined  wi th  

p a r t i c l e  s i z e s  from about 300 t o  800 pm from t h e  loader-blender .  

pneumatic ba t ch  b l ende r  i s  most e f f e c t i v e  i n  e l i m i n a t i o n  of s t r a t i f i e d  

l a y e r s  formed by ba tch  f eed  of p a r t i c u l a t e s  w i th  t h e  same d e n s i t y .  E i t h e r  

of t h e s e  concepts ,  o r  a combination of t h e  two, may be adap tab le  t o  blend- 

i n g  of non-uniform s i z e  c o a l  and l imestone p a r t i c l e s .  

These b l e n d e r s ,  shown i n  

The 

The t h i r d  op t ion  r ep resen ted  i n  Fig.  6.15 impl i e s  t h a t  a metered c o a l  

flow ou t  of t he  r e t e n t i o n  components can b e  d i s t r i b u t e d  t o  each of t h e  

t r a n s p o r t  t ubes ,  and t h a t  some similar method of metered l imestone flow 

can be phased i n  wi th  t h e  c o a l  f low t o  achieve an accep tab le  blended mix 

i n  each of t h e  tubes  during pneumatic t r a n s p o r t  t o  t h e  combustor. Any one 

of t h e  s o l i d s  f eed  c o n t r o l  methods from t h e  r e t e n t i o n  system, desc r ibed  

above f o r  c o a l  flow, could b e  a l s o  used f o r  l imestone f eed  i n t o  t h e  t r a n s -  

p o r t  system. However, a s tudy of t h e  s o l i d s  t r a n s p o r t  phase a t  t h e  i n t e r -  

s e c t i o n  of t h e  two flows w i l l  be necessary;  and a change i n  diameter  of 

t h e  t r a n s p o r t  tubes may r e q u i r e  s tudy  and development. 

This  op t ion  o f f e r s  some s i m p l i f i c a t i o n  of f e e d e r  system concepts t h a t  

The b a s i c  i d e a  of blending t h e  two flowing so l -  may be worth development. 

i d s  during t r a n s p o r t  can e l i m i n a t e  problems i n h e r e n t  i n  t h e  design of t h e  

r e t e n t i o n  components c o n s i s t i n g  of e i t h e r  p r e s s u r e  v e s s e l s  o r  open hop- 

pe r s .  

of accep tab le  blending o r  mixing r a t i o s ,  i f  t h e  pneumatic t r a n s p o r t  vari- 

a b l e s  can be c o r r e l a t e d  wi th  design of t he  r e t e n t i o n  components of bo th  

c o a l  and l imestone.  Th i s  concept could e l i m i n a t e  sp reade r s ,  d i f f u s e r s ,  

o r  mechanisms t h a t  c o n t r i b u t e  t o  s o l i d s  s t r a t i f i c a t i o n ,  s eg rega t ion ,  o r  

Metered and c o n t r o l l a b l e  s o l i d s  flow rates should provide a means 

unmixing" of f eed  i n  and o u t  of t h e  r e t e n t i o n  system. The concept shown 11 

i n  Fig. 6.25 i l l u s t r a t e s  an o u t l e t  under a r e t e n t i o n  hopper t h a t  could 

be developed t o  provide a pneumatic c o n t r o l  arrangement capable  of i n i t i -  

a t i n g  and maintaining s o l i d s  flow i n t o  the t r a n s p o r t  tubes.  A s i n g l e  tube  
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p re l imina ry  model s tudy would be necessa ry  t o  determine workable dimensions 

and f e a s i b i l i t y .  Also,  assuming t h a t  a i r  flow i s  b l e d  from t h e  t r a n s p o r t  

a i r  supply,  i n d i v i d u a l  p r e s s u r e  c o n t r o l  va lve  (PCV) s e t t i n g s  must be d e t e r -  

mined f o r  each t r a n s p o r t  tube.  I n  an a c t u a l  i n s t a l l a t i o n  f i x e d  p r e s s u r e  

s e t t i n g s  should serve t o  maintain s o l i d s  flow so  long as some minimum s o l -  

i d s  l e v e l  i s  maintained i n  t h e  hopper. Also s o l i d s  flow must cease b e f o r e  

stoppage of t r a n s p o r t  a i r  t o  i n s u r e  complete s o l i d s  removal from t h e  tubes  

when t r a n s p o r t  i s  discont inued.  

An a l ternate  t o  t h i s  concept i s  a d a p t a t i o n  of v i b r a t o r  equipment, pre- 

v i o u s l y  included as p a r t  of t h e  r e t e n t i o n  components. Simple bin-mounted 

v i b r a t o r s  could be i n s t a l l e d  t o  i n i t i a t e  and cont inue s o l i d s  f eed  i n t o  t h e  

pneumatic t r a n s p o r t  t ubes  wi th  a c o n t r o l l e d  flow rate determined pneumat- 

i c a l l y .  Such hopper o u t l e t - t o - t r a n s p o r t  concepts should be adap tab le  t o  

both c o a l  and l imestone t o  e f f e c t  blending by e i t h e r  pneumatic and/or  e l e c -  

t r i c a l  c o n t r o l s  during t r a n s p o r t .  

Adaptation of Commercially Avai lable  Systems 

The pneumatic spreader-s toker  w i th  i t s  b u i l t - i n  d r y e r  and p r e h e a t e r  

arrangement shown i n  Fig.  6.22 may be adap tab le  t o  feed t h e  f l u i d  bed 

combustor w i th  minimal development. 

up through a combustor-retaining p l a t e  should pose no major problem, b u t  

conversion of t h e  smallest s i z e  (750 l b / h r )  u n i t  a d v e r t i s e d  t o  provide mul- 

t i p l e  f eed  p o i n t s  i n  t h e  f l u i d i z e d  bed w i l l  r e q u i r e  development. 

e i t h e r  separate f e e d e r  assemblies  must be adapted f o r  l imestone,  o r  else 

development of components f o r  c o n t r o l l e d  blenliiing i n  e i t h e r  t he  r e t e n t i o n  

components o r  t h e  t r a n s p o r t  tubes must be accep tab ly  proven be fo re  a com- 

p l e t e  system can m e e t  f eed  requirements.  

Modif icat ion t o  v e r t i c a l  t r a n s p o r t  

Also,  

The p r e s s u r i z e d  v e s s e l  t ype  system wi th  pneumatical ly  ope ra t ed  i n l e t  

and o u t l e t  valves should be e a s i l y  adap tab le  as p a r t  of t h e  r e t e n t i o n  com- 

ponents f o r  t h e  f l u i d i z e d  bed combustor system. 

v e r t  e i t h e r  b a t c h  o r  semicontinuous f eed  of g r a n u l a r  c o a l  o r  l imestone (out  

of a s t o r a g e  hopper o u t l e t  o r  a mechanical f e e d e r  o u t l e t )  i n t o  an evenly 

d i s t r i b u t e d  mix of t h e  s o l i d s  i n t o  t r a n s p o r t  tubes during d e p r e s s u r i z a t i o n  

of t h e  vessel. 

valves should provide a su rg ing  type  of s o l i d s  f eed  a c c e p t a b l e  t o  t h e  

It should be a b l e  t o  con- 

Two p r e s s u r i z e d  vessels wi th  a l t e r n a t e  ope ra t ion  of c o n t r o l  



6 . 6 7  

,- ~ - .  
I 

1 1  

, - t  

combustor requirements.  However, more d e t a i l e d  information than i s  includ-  

ed i n  a v a i l a b l e  pamphlets must be analyzed f o r  such p r e s s u r i z e d  systems. 

The primary concerns a d a p t a t i o n  of t he  p r e s s u r i z e d  system should be a v a i l -  

a b l e  s i z e  vessels, ope ra t ion  requirements ,  a d a p t a b i l i t y  t o  blending,  and 

r e l a t i o n s h i p  of t r a n s p o r t i n g  p r e s s u r e  surges  t o  primary a i r  p r e s s u r e .  

Systems P r e f e r r e d  f o r  Development 

The pneumatical ly  c o n t r o l l a b l e  i n i t i a t i o n  of s o l i d s  f eed  d i scussed  i n  

t h e  concept r ep resen ted  by F i g .  6.25 should prove t o  be t h e  most a c c e p t a b l e  

maintenance-free f e e d e r  system i f  i t  can be developed s a t i s f a c t o r i l y .  The 

power requirements a s s o c i a t e d  wi th  blending and t r a n s p o r t  should be lower 

than  any p r e s s u r i z e d  system. A f t e r  i n i t i a t i o n  of s o l i d s  flow t h e  develop- 

ment should be capable  of continuous f eed  of a uniform mixture  of t h e  par- 

t i c u l a t e s .  S p e c i a l  r e t e n t i o n  hoppers and design of t h e  o u t l e t s  f o r  mul t i -  

p l e  p o i n t  f eed ,  of course,  must a l s o  be developed. I f ,  however, t h e  con- 

cept  proves v a l i d ,  t i e - i n  t o  t h e  t r a n s p o r t  system should be comparatively 

s imple.  

Adaptation of a m u l t i p l e  f e e d e r  p l a t e  on a v i b r a t o r  t h a t  w i l l  produce 

s a t i s f a c t o r y  ampli tudes of t h e  combined v i b r a t i n g  mass can probably be de- 

veloped more e a s i l y  i n  d i r e c t  c o n s u l t a t i o n  wi th  a r e p u t a b l e  manufacturer 

of v i b r a t o r y  equipment. Once t h e  equ iva len t  mass and s p r i n g  rate are eval-  

uated,  and t h e  adjustment of t h e  a i r  gap a c r o s s  t h e  magnet assembly is  

f i x e d  f o r  a p a r t i c u l a r  v i b r a t o r y  system, t h e  amplitude and s o l i d s  flow can 

be c o n t r o l l e d  by r h e o s t a t s  i n  t h e  e lec t r ic  c i r c u i t r y .  The v i b r a t o r y  f e e d e r  

can provide a wide range of f eed  rates and c o n t r o l l e d  i n i t i a t i o n  of s o l i d s  

flow t o  t h e  pneumatic t r a n s p o r t  tubes.  

pendable as an e lectr ic  motor i s  p o s s i b l e  f o r  many thousands of hours.  

Maintenance-free o p e r a t i o n  as de- 

P l a n  t Layouts 

A number of p l a n t  l a y o u t s  were prepared t o  i n v e s t i g a t e  t h e  problems of 

arranging and coupl ing t h e  major components r equ i r ed  f o r  a complete p l a n t .  

P rov i s ion  w a s  made f o r  s t o r i n g  s u f f i c i e n t  c o a l  f o r  one month of o p e r a t i o n  

i n  t h e  w i n t e r  and f o r  s t o r i n g  t h e  waste ash and spen t  l imestone f o r  a 
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similar pe r iod .  I n  l a y i n g  ou t  t h e  system an e f f o r t  w a s  made t o  g ive  con- 

s i d e r a t i o n  t o  problems of d i f f e r e n t i a l  thermal expansion i n  t h e  duct  work, 

adequate space f o r  maintenance around each component , and p r o v i s i o n s  f o r  

design f l e x i b i l i t y  s o  t h a t  a range of mode:Ls of equipment from d i f f e r e n t  

vendors might be employed. 

F igu re  6.26 shows a plan view of a promising conceptual  des ign ,  and 

Fig.  6.27 shows a ver t ica l  s e c t i o n  through t h i s  p l a n t .  I n  t h e s e  l a y o u t s  

i t  was assumed t h a t  t h e  r ecupe ra to r  would be b u i l t  of 0.50 i n .  OD tubes ,  

and hence t h e  r e c u p e r a t o r s  shown are l a r g e  and bulky. A s  i n d i c a t e d  earli-  

er, i t  is  be l i eved  t h a t  much more compact p l a t e - type  r ecupe ra to r s  can be 

obtained commercially wi th in  a y e a r ,  b u t  t h e  d a t a  a v a i l a b l e  on t h e s e  u n i t s  

w a s  n o t  s u f f i c i e n t  t o  make a good system l ayou t  a t  t h i s  s t a g e .  

P a r t i c u l a t e  Removal Equipment 

The l ayou t s  of Figs .  6.26 and 6.27 were made b e f o r e  good d a t a  had 

been assembled on t h e  p a r t i c u l a t e  removal equipment, It now appears  t h a t  

s u b s t a n t i a l l y  more space must be provided f 'or t he  components t h a t  w i l l  be 

r equ i r ed .  

v i s ioned  are p resen ted  a t  t h e  end of Chapter 3 .  

Design cons ide ra t ions  and t h e  e f f e c t i v e n e s s  of t h e  equipment en- 

Fuel  and Limestone Feed Systems 

It seems l i k e l y  t h a t  t h e  most d i f f i c u l t  problem t o  be solved i n  t h e  

development of t h e  f l u i d i z e d  bed c o a l  combustor i s  t h a t  i nvo lv ing  t h e  pre- 

p a r a t i o n ,  handl ing,  and i n s p e c t i o n  of t h e  c o a l  and l imestone f eed  materi- 

als. For t h e  purposes of t h i s  s tudy ,  i t  i s  assumed t h a t  t h e  c o a l  and l i m e -  

s t o n e  w i l l  be  crushed t o  about 8 mesh o f f - s i t e  and w i l l  be  s t o r e d  a t  t h e  

s i t e  i n  c losed  b i n s  o r  s i l o s  i n  which they  w i l l  be  p r o t e c t e d  from t h e  

weather . 
The s t o r a g e  and handl ing p rocess  shown i n  F ig .  6.28 i n c l u d e s  receiv- 

ing ,  s t o r a g e ,  drying and conveying of t h e  c o a l  and l imestone t o  t h e  f l u i d -  

i z e d  bed combustor. 

c losed hopper t r u c k s  and w i l l  be discharged i n t o  t h e  s t o r a g e  b i n s .  

s t o r a g e  capac i ty  w i l l  be s u f f i c i e n t  t o  supply t h e  f u e l  and l imestone re- 

quirements f o r  one month, if d e l i v e r i e s  are i n t e r r u p t e d .  The c o a l  and 

l imestone would be conveyed t o  weigh t a n k s  which act as b u f f e r s  between 

The c o a l  o r  l imestone would a r r i v e  a t  t h e  p l a n t  i n  

The 
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Fig .  6 .27 .  Vertical  s e c t i o n  through a MIUS p l a n t  showing a 
f l u i d i z e d  bed c o a l  combustion u n i t  coupled t o  a gas  t u r b i n e .  
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Fig. 6.28. Coal and l imes tone  hand l ing  f a c i l i t y .  
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t h e  batch-type r e c e i v i n g  ope ra t ion  and t h e  zontinuous f eed ing  o p e r a t i o n .  

The weigh t anks  are s i z e d  t o  hold a 24 h r  r e s e r v e  i n  case of f e e d e r  m a l -  

f u n c t i o n s .  The screw f e e d e r s  are s i z e d  t o  €ill t h e  weigh t anks  i n  a one 

hour pe r iod .  

The c o a l  and l imestone are f e d  from t h e  weigh tanks through d u a l  r o t a -  

r y  f e e d e r s  t o  t h e  f l u i d i z e d  feeder-dryer .8  The c o a l  and l imestone are 

mixed and d r i e d  i n  t h e  f l u i d i z e d  feeder-dryer  and f e d  uniformly t o  t h e  

m u l t i p l e  f u e l  f eed  l i n e s  r equ i r ed  t o  g ive  even temperatures  i n  t h e  f l u i d -  

i z e d  bed c o a l - f i r e d  combustor. 

The f u e l  i n j e c t i o n  a i r  system is  shown i n  F ig .  6.29. The system p res -  

s u r e  drop is  approximately 50 i n .  of water. The system can be ope ra t ed  

under e i ther  p o s i t i v e  o r  n e g a t i v e  p r e s s u r e .  

p l a n t s  are capable  of s e a l i n g  a g a i n s t  pressures of about 60 i n .  of water 

gage. 
f l u i d i z e d  bed combustor and a b o o s t e r  f an  f o r  t h e  f l u i d i z e d  feeder-dryer  

which al lows t h e  cont inuously o p e r a t i n g  p o r t i o n  of t h e  f u e l  f eed ing  system 

t o  be ope ra t ed  a t  n e g a t i v e  p r e s s u r e s .  Sincls any system l e a k s  are a i r  i n t o  

t h e  system and no t  c o a l  dus t  ou t  of t he  system, t h e  n e g a t i v e  p r e s s u r e  op- 

e r a t i o n  mode (which r e q u i r e s  approximately 70% a d d i t i o n a l  pump work as com- 

pared t o  a p o s i t i v e  p r e s s u r e  mode of ope ra t ion )  p reven t s  t h e  d i s p e r s i o n  

of c o a l  dust  i n t o  t h e  p l a n t  ambient atmosphsre. 

Feeders i n  "conventional" c o a l  

The system shown i n  F i g .  6 .29  employs an induced d r a f t  f an  f o r  t h e  

The system desc r ibed  above and shown i.1 F ig .  6 .28  and 6.29 i s  es t i -  

mated t o  c o s t  approximately $100,000 o r  $7.5/kW(e) f o r  a 2000 kW(e) p l a n t  

c a p i t a l i z e d  a t  15%. This design can probably be g r e a t l y  s i m p l i f i e d  by 

s e p a r a t e l y  f eed ing  t h e  c o a l  and l imestone i n  an ''as received" cond i t ion  

d i r e c t l y  t o  t h e  f l u i d i z e d  bed combustor a i r  t r a n s p o r t  and i n j e c t i o n  system 

t o  g ive  an e s t ima ted  c o s t  of $5/kW(e). 

depend upon t h e  r e s u l t s  of t h e  performance of a demonstration p l a n t  de- 

s igned t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e  degree of premixing of t h e  c o a l  

and l imestone as w e l l  as t h e  f eed  d i s t r i b u t i o n  i n  t h e  f l u i d i z e d  bed com- 

b u s t o r ,  upon t h e  s u l f u r  r e t e n t i o n  by t h e  l imestone,  t h e  temperature  d i s -  

t r i b u t i o n  i n  t h e  f l u i d i z e d  bed, and t h e  combustion e f f i c i e n c y  of t h e  

f l u i d i z e d  bed. 

The degree of s i m p l i f i c a t i o n  w i l l  

The f l u i d i z e d  bed c o a l - f i r e d  combustor f i r i n g  rate is  c o n t r o l l e d  so 
0 

as t o  maintain a cons t an t  bed temperature  of 1650 F. A s  shown i n  
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Fig.  6.30, t he  c o a l  f eed  rate i s  c o n t r o l l e d  by t h e  flow rate of t h e  modu- 

l a t i n g  a i r  which r e g u l a t e s  t h e  flow of t h e  c o a l  and l imestone mixture  from 

t h e  f l u i d i z e d  feeder-dryer  i n t o  t h e  transpo.ct a i r  stream. The f l u i d i z i n g  

and drying a i r  supp l i ed  t o  t h e  f l u i d i z e d  feeder-dryer  i s  proport ioned be- 

tween the  regenerated and unregenerated combustion a i r  s o  as t o  maintain 

an e x i t  a i r  temperature  of 250 F from t h e  f:Luidized feeder-dryer .  This 

w i l l  i n s u r e  t h a t  t h e  c o a l  and l imestone mixture is  s u f f i c i e n t l y  dry s o  as 

n o t  t o  cause any plugging i n  t h e  t r a n s p o r t  :Lines. The drying a i r  i s  com- 

bined w i t h  t h e  regenerated combustion a i r  and f e d  t o  t h e  f l u i d i z e d  bed com- 

b u s t o r  combustion a i r  plenum. 

0 

The flow rates of t h e  t r a n s p o r t  air  anti t h e  f l u i d i z i n g  and drying a i r  

are h e l d  cons t an t  wh i l e  t h e  f l u i d i z e d  bed combustor i s  i n  ope ra t ion .  The 

l imestone and c o a l  f eeds  t o  the  f l u i d i z e d  feed-dryer are modulated so  as 

t o  maintain a cons t an t  bed depth i n  t h e  f l u i d i z e d  feeder-dryer .  The re- 

qu i r ed  l imestone-to-coal r a t i o  as determined by t h e  s u l f u r  content  of t h e  

c o a l  i s  maintained by t h e  speed of t h e  r e s p e c t i v e  c o a l  and l imestone 

r o t a r y  f eede r s .  The combined combustion a i r  flow rate is  c o n t r o l l e d  by 

maintaining a cons t an t  r a t i o  of t h e  f l u e  gases  f e d  t o  t h e  induced d r a f t  

f a n  t o  t h e  coal-l imestone f eed  rate.  

C a p i t a l  Cost 

It i s  extremely d i f f i c u l t  t o  estimate t:he c a p i t a l  c o s t s  f o r  a new 

type  of power p l a n t ,  b u t  a f a i r  i n s i g h t  can b e  ob ta ined  by summing t h e  

c o s t s  of components. Table 6.12 summarizes the  r e s u l t s  of an e f f o r t  t o  

do t h i s  f o r  a MIUS i n s t a l l a t i o n  based on t h e  r e f e r e n c e  design of Fig.  

6.10 and Table 6.3. 

t h a t  t h e s e  systems would be i n  product ion at: t h e  modest rate of about a 

dozen p e r  y e a r  so  t h a t  t h e  design and t o o l i n g  c o s t s  would n o t  be excessive.  

The major equipment and b u i l d i n g  i t e m s  d i r ec : t l y  r e l a t e d  t o  power produc- 

t i o n  were inc luded ,  b u t  some o t h e r  costs--mainly a coo l ing  tower o r  cool- 

i n g  pond t h a t  would be dependent i n  l a r g e  measure on t h e  a i r  cond i t ion ing  

system--were n o t  included.  

The c o s t s  i n  Table  6.K! were based on t h e  assumption 
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Table 6.12. Prel iminary Estimate of Power P l a n t  
C a p i t a l  Cost p e r  700 kW(e) Unit  

Turbine-generator and c o n t r o l s  

F lu id i zed  bed-heater-economizer u n i t  

Re cup era t o r* 

Waste h e a t  recovery u n i t *  

Cooler* 

Coal and l imestone s t o r a g e ,  f eed ,  and meter ing system 

Ash handl ing and s t o r a g e  system 

Cyclone s e p a r a t o r s  and bag house 

Induced d r a f t  f a n  and s t a c k  

Ducts 

I n s  t rument a t  i on  

Building** (2000 f t 2 / u n i t )  

Design, i n s t a l l a t i o n ,  i n t e r e s t  during c o n s t r u c t i o n ,  etc.  

T o t a l  

C a p i t a l  cos t  p e r  Kilowatt*** 

$100,000 

50,000 

25,000 

2,000 

1,000 

5,000 

20,000 

10,000 

10,000 

35,000 

17,000 

60,000 

110,000 

$445,000 

$635/kW ( e )  

* Based on $ 7 / f t .  

** Based on $30 / f t .  

*** This  i n c l u d e s  t h e  equipment f o r  p rod ic ing  domestic ho t  water and 
b u i l d i n g  h e a t .  
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The c o s t  of t h e  tu rb ine -gene ra to r  u n i t  i s  low i n  d o l l a r s  p e r  Kilowatt  

because i t  i s  used i n  a c losed  cyc le  system s o  t h a t  t h e  ou tpu t  of t h e  

turbine-compressor u n i t  i s  inc reased  s u b s t a n t i a l l y  over t h e  output  a t  

atmospheric p r e s s u r e  without  an i n c r e a s e  i n  i t s  c o s t  o r  i n  t h e  c o s t  of t h e  

c o n t r o l  system. The c o s t  of t h e  gene ra to r  and gear  box w i l l  of course i n -  

c r ease  wi th  t h e  power ou tpu t .  

The p r i n c i p a l  u n c e r t a i n t i e s  i n  t h e  p re l imina ry  c o s t  estimates of Table 

6.12 l i e  i n  t h e  c o s t s  of t h e  f l u i d i z e d  bed-heater-economizer u n i t  and i t s  

c o a l  and ash handl ing systems. These u n c e r t a i n t i e s  can be resolved only 

by b u i l d i n g  and o p e r a t i n g  some systems. 
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HOT CORROSION AND STRENGTH OF SUPERALLOYS 

CHAPTER 7 
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Hot co r ros ion  is t h e  term used t o  d e s c r i b e  t h e  degradat ion of h igh  

temperature a l l o y s  i n  combustion product gases .  A review of t h e  charac- 

terist ics of t h i s  t ype  of co r ros ion  c l e a r l y  shows t h a t  combustion gases  

are much more aggres s ive  than  a i r  around 900°C. Typ ica l ly ,  t h e  r e a c t i o n  

rate l a w s  change from a p a r a b o l i c  t o  l i n e a r  o r  a c c e l e r a t e d  dependence as 

t h e  environment is  changed from a i r  t o  combustion gases ,  s i g n i f y i n g  t h e  

conversion of a p r o t e c t i v e  oxide scale t o  a non-protect ive one. 

A vast amount of work on t h e  ho t  co r ros ion  problem has  been done by 

t h e  a i r c r a f t ,  petroleum, and e lectr ical  power i n d u s t r i e s .  The gene ra l  

obse rva t ions  are t h a t  co r ros ion  is  h i g h l y  s p e c i f i c  t o  a l l o y  type  and t o  

combustion gas chemistry.  Consequently, i t  is  d i f f i c u l t  t o  e x t r a p o l a t e  

co r ros ion  r e s u l t s  from one f u e l  source and temperature t o  ano the r .  None- 

t h e l e s s ,  c e r t a i n  gene ra l  c h a r a c t e r i s t i c s  emerge as be ing  s i g n i f i c a n t ;  

a l l o y  composition, environment, and t h e  co r ros ion  mechanism. 

E f f e c t  of Alloy Composition 

A t  1000°F t h e  f e r r i t i c  steels based on 1 2  C r - 1  Mo appear somewhat 

more r e s i s t a n t  than t h e  300 series a l l o y s  t o  t h e  s u l f u r  compounds i n  fos -  

s i l  f u e l s . '  

about 2.5 x in. /1000 h r  f o r  t h e  300 series a l l o y s .  Chromium addi- 

t i o n s  t o  Fe o r  Co base a l l o y s  markedly improve t h e  r e s i s t a n c e  t o  s u l f i d a -  

t i o n .  * 9 

t e n f o l d  i n  gases  contaminated wi th  s u l f u r  and a l k a l i  metals a t  1600 t o  

1740"F;+ however, it has  a l s o  been r e p o r t e d  t h a t  a l l o y s  t h a t  do n o t  form 

alumina-rich s u r f a c e  scabs  are n o t  s u s c e p t i b l e  t o  a c c e l e r a t e d  a t t a c k  by 

Na2S0, between 1470 and 1830"F.5 

A t  h igh  s u l f u r  a c t i v i t i e s ,  w a l l  t h i c k n e s s  l o s s e s  average 

Aluminum c o a t i n g s  improve t h e  co r ros ion  l i f e  of c o b a l t  a l l o y s  

E f f e c t  of Environment 

Oxidation of steel a t  high temperatures  may be g r e a t l y  a c c e l e r a t e d  

The i n t r o d u c t i o n  i f  t h e  o x i d i z i n g  gas mixture c o n t a i n s  s u l f u r  dioxide.  

of s u l f u r  dioxide and moisture  s imultaneously i n t o  a i r  g r e a t l y  i n c r e a s e s  

7.1 
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t h e  ox ida t ion  ra te  of s teel  a t  900°C, a l though s u l f u r  d iox ide  a lone  appears  

t o  have had l i t t l e  e f f e c t . 6  

The ho t  gaseous mixture  produced by t h e  burning of f u e l  o f t e n  causes  

r a p i d  ox ida t ion  of steel. Na tu ra l ly ,  t h e  ox ida t ion  r a t e  i s  g r e a t e s t  i f  

f r e e  oxygen i s  p resen t  ( i . e . ,  i f  excess  a i r  has  been used f o r  t h e  combus- 

t i o n ) ;  ox ida t ion  may be slow o r  absen t  i f  t h e  gaseous mixture  i s  d e f i n i t e l y  

reducing,  a l though i f  s u l f u r  compounds are p r e s e n t ,  hydrogen s u l f i d e  i n  a 

reducing mixture  may then cause s e r i o u s  d e s t r J c t i o n  t o  some materials - 

no tab ly  a l l o y s  r i c h  i n  n i c k e l .  

Never the less ,  s e r i o u s  ox ida t ion  i s  p o s s i b l e  even i n  mixtures  conta in-  

i n g  no f r e e  oxygen o r  s u l f u r  compound. I f  bumed i n  a de f i c i ency  of a i r ,  

coke o r  c o a l  w i l l  y i e l d  a mixture  of carbon d ioxide  and carbon monoxide 

d i l u t e d  wi th  much n i t rogen ;  t h e r e  w i l l  be some water vapor ,  bu t  t h e  amount 

of water i s  f a r  g r e a t e r  i f  t h e  f u e l  con ta ins  .Largely hydrocarbons and 

hydrogen. 

Measurements7 of iron-wastage by gas mixtures  r e p r e s e n t i n g  t h e  combus- 

t i o n  products  of t h r e e  types  of f u e l ,  w i th  and without  added s u l f u r  d i -  

ox ide ,  are shown i n  Table  7.1. It w i l l  be seem t h a t  t h e  s c a l i n g  rate in-  

c r eases  wi th  t h e  amount of water vapor i n  t h e  mixture ,  and is  f u r t h e r  

increased  by small a d d i t i o n s  of s u l f u r  dioxide:. 

Table  7.1. Wastage of I r o n  by G a s  Mixtures 

Composition of Sca l ing  R a t e  a t  - 
Mixture (Percent  ~ O O O O C .  (mg/cm2 

by volume) i n  1 hour) Mixture Represent ing 
Products  of 

Combustion from - 0.05% 0.10% 0.20% H 2 0  C02 N 2  N a S 0 4  
so2 so2 so2 

Dry, high-temperature 
coke . . . . . . 2 18 80 4 . 4  1 1 . 2  14.6 18.6 

Coal, o i l  o r  producer 
gas . . . . . .  10 10 80 7.5 17 .5  22.5 26.5 

i 7, 

\ :  
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Coal gas . . . . . . 20 10 70 12 .0  21.5 27.8 32.0 
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Inconel  713C and Mar-M200 coated wi th  A 1  and A1-Cr were exposed t o  

JP-5 combustion gases  wi th  t h r e e  levels of s u l f u r  (< .004,  .04,  and 0 . 4 % )  

wi th  and wi thou t  1 ppm sea sa l t .  The primary cause of c o r r o s i o n  w a s  t h e  

sea s a l t  and not  t h e  s u l f u r  content  of f ~ e l . ~ , ~  

by SO2or NazS04 i s  enhanced between 800 and 1000°C i n  t h e  presence of low 

concen t r a t ions  of CH,. l o  

cond i t ions  c r e a t e d  by t h e  c a t a l y t i c  decomposition of CH, t o  carbon by t h e  

a l l o y  s u r f a c e .  

The c o r r o s i o n  of N i  a l l o y s  

The e f f e c t  i s  a t t r i b u t e d  t o  l o c a l i z e d  reducing 

Corrosion Mechanism 

The p i c t u r e  which emerges as t h e  mechanism of "hot corrosion" appears  

t o  be one i n  which normally p r o t e c t i v e  oxide s c a l e s  are destroyed by trace 

amounts of i no rgan ic  s o l i d s .  The ino rgan ic  materials have been i d e n t i f i e d  

as a l k a l i  m e t a l  oxides  such as Na2S04,  NaV03, Na2MoO3, e tc .  and oxides  of 

Mo and V. One theo ry  i s  t h a t  t h e  above compounds, which are de r ived  from 

combustion, r a p i d l y  f l u x  t h e  p r o t e c t i v e  oxide and a l low t h e  s u l f u r  contain-  

i n g  compounds t o  a t t a c k  t h e  s u b s t r a t e .  A second concept is  t h a t  t hese  

compounds d r a s t i c a l l y  reduce t h e  adhesion of t h e  p r o t e c t i v e  scale. I n  

e i t h e r  case  t h e  s u l f i d a t i o n  of t h e  s u b s t r a t e  means t h a t  s u l f u r  i n  some form 

is  a c c e s s i b l e  a t  d i s c o n t i n u i t i e s  i n  t h e  normal oxide s c a l e .  

Gas-Metal Reactions i n  Helium 

T h e o r e t i c a l l y ,  t h e  s u b s t i t u t i o n  of helium f o r  a i r  as t h e  coolant  should 

e l i m i n a t e  t h e  o x i d a t i o n  of t h e  a l l o y  tubes ;  however, i n  p r a c t i c e ,  a helium 

environment has  shown evidence of being a more aggres s ive  coolant  t han  

a i r .  This  c h a r a c t e r i s t i c  s t e m s  from t r a c e  l e v e l s  of a c t i v e  impuri ty  gases  

i n  t h e  helium whose concen t r a t ion  is  t o o  low, t y p i c a l l y  50 t o  200 u / a t m ,  t o  

form a p r o t e c t i v e  oxide f i l m  on t h e  a l l o y  s u r f a c e .  A s  a consequence, t h e  

c o r r o s i o n  r e a c t i o n s  tend t o  concen t r a t e  below r a t h e r  than a t  t h e  gas-metal 

i n t e r f a c e .  Obviously, metal consumption a t  t h e  s u r f a c e s  w i l l  be minimal 

but  t h e  i n t e r n a l  r e a c t i o n s  which occur between t h e  more r e a c t i v e  a l l o y i n g  

elements and t h e  d i s so lved  gases  reduce t h e  s t r e n g t h  of t h e  a l l o y .  
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Corrosion i n  F lu id i zed  Beds 

The re levance  of e x i s t i n g  d a t a  on h o t  co r ros ion  t o  t h e  f l u i d i z e d  bed 

c o a l  burning concept cannot be assessed  very  w e l l  a t  t h i s  s t a g e .  D i s -  

t i n g u i s h i n g  f e a t u r e s  of t h e  f l u i d i z e d  bed a r e  (1) t h e  r e l a t i v e l y  low t e m -  

p e r a t u r e  of t h e  combustion process  (compared t o  combustion i n  flames) and 

( 2 )  t h e  s lowly moving bed of  ash  p a r t i c l e s  i n  i n t i m a t e  con tac t  wi th  t h e  

metal s u r f a c e s .  Oxidation of a metal placed i n  t h e  ox id iz ing  p a r t  of a 

flame in t roduces  f a c t o r s  no t  ope ra t ive  i n  ox ida t ion  by combustion products  

i n  a f l u i d i z e d  bed, because t h e  chemical states of molecules and f r e e  r ad i -  

c a l s  a t  flame temperatures  d i f f e r  markedly from those  a t  lower temperatures. 

Furthermore,  combustion gases  emanating from t h e  flame reg ion  are n o t  i n  

thermal  equ i l ib r ium s o  t h a t  t h e r e  are point- to-point  d i f f e r e n c e s  i n  chemical 

composition. 

An example of important  d i f f e r e n c e s  between flame and bed h e a t i n g  con- 

ce rns  t h e  behavior  of s u l f a t e  and vanadate  conpounds. The vapor p re s su res  

of t h e s e  compounds are r e l a t i v e l y  h igh  a t  f l a n e  temperatures ,  and they leave 

t h e  flame reg ion  i n  gaseous form. The compouids condense on coo le r  surfaces  

beyond t h e  flame reg ion  and thus  become intermixed wi th  p r e e x i s t i n g  oxida- 

t i o n  products  on t h e s e  s u r f a c e s .  I n  t h e  bed (concept, s u l f a t e s  and vanadates 

undergo chemical r e a c t i o n s  wi th  t h e  coal-ash mixture ,  and t h e  r e s u l t a n t  

r e a c t i o n  products  w i l l  not  v o l a t i l i z e  s i g n i f i c a n t l y  as long  as t h e  combus- 

t i o n  temperature  remains below 900°C. Thus, t h e s e  su l fu r - con ta in ing  com- 

pounds can be  made r e l a t i v e l y  nonreac t ive  (depending on t h e  bed composition) 

be fo re  they con tac t  m e t a l  s u r f a c e s  w i t h i n  t h e  bed. 

On t h e  o t h e r  hand, t h e  p o s s i b l e  e r o s i o n  acc ru ing  from slowly-moving 

ash particles i s  of s p e c i a l  concern i n  t h e  f lui-dized bed concept.  However, 

t h e  l i m i t e d  materials s t u d i e s  conducted t o  dat:a have shown no evidence of 

d i r e c t  m e t a l l i c  e ros ion .  This  observa t ion  is n o t  unexpected cons ider ing  

t h e  r e l a t i v e l y  low f l u i d i z i n g  v e l o c i t i e s  ( 2  t o  8 f t / s e c )  a s s o c i a t e d  wi th  

t h e  suspended bed. 

impaction does not  occur a t  f l u e  gas  v e l o c i t i e s  below approximately 100 

f t l s e c .  

I n  convent ional  coa l - f i r ed  b o i l e r s ,  e r o s i o n  by p a r t i c l e  

Visua l  examination of t e s t  specimens has  a l s o  i n d i c a t e d  t h a t  t h e  

scour ing  a c t i o n  by ash  p a r t i c l e s  i s  not  s u f f i c i e n t l y  e r o s i v e  t o  remove t h e  
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p r o t e c t i v e  oxide cover and expose c l e a n  metal s u r f a c e s  t o  t h e  environment. 

This i s  based on specimen weight l o s s  r e s u l t s  which show t h a t  t h e  r a t e  of 

co r ros ion  dec reases  w i t h  t i m e ,  t h u s  i n d i c a t i n g  t h e  formation of a s t a b l e  

p r o t e c t i v e  oxide l a y e r .  Table 7.2 gives  t h e  weight l o s s  f o r  s e v e r a l  s tee l s  

(3011 g/cm2 h r  i s  equ iva len t  t o  1 .5  x 

10  t o  20 1 ~ m  w a s  observed f o r  t h e  a u s t e n i t i c  steels i n  t h e  range 1290 t o  

1560°F i n  100-hr tests and a maximum of 70 um i n  t h e  500-hr tests. 

i n . / h r ) .  S u l f i d e  p e n e t r a t i o n  of 

The exposure of X-40,* Nimonic 75,'k and EPK-55* t o  t h e  exhaust  atmos- 

phere of a f l u i d i z e d  bed f o r  200 h r  i n  t h e  range 1565 t o  1675°F i n i t i a t e d  

ho t  co r ros ion .  S u l f u r  p e n e t r a t i o n  w a s  most s eve re  i n  X-40 (approximately 

0.009 i n . )  and least  i n  EPK-55 (0.004 i n . ) . "  

On t h e  o t h e r  hand, t h e  presence of t h e  f l u i d i z e d  bed does i n f l u e n c e  

t h e  formation of d e p o s i t s  on t h e  tubes .  Tubes s i t u a t e d  i n  t h e  bed ex- 

h i b i t  a t h i n ,  even, ha rd  and adherent  d e p o s i t  (<0 .1  mm t h i c k ) .  The under- 

s i d e s  of t ubes  s i t u a t e d  above t h e  bed sometimes are covered wi th  a l a y e r  

of f i n e  a s h ,  and coarse a sh  p a r t i c l e s  formed a l a y e r  on t h e  top  of t h e s e  

tubes .  Both types of l a y e r s  appear l o o s e l y  adherent  and do no t  form on 

t h e  tubes s i t u a t e d  i n  t h e  bed. 

High Temperature S t r eng th  Considerat ions 

Important c o n s i d e r a t i o n s  f o r  t h e  s e l e c t i o n  of h e a t  exchanger and duct-  

i n g  materials inc lude  creep and s t r e s s - r u p t u r e  s t r e n g t h s ,  low and hich-cycle 

f a t i g u e  r e s i s t a n c e ,  thermal  s t a b i l i t y ,  and t h e  e f f e c t s  of environment on 

t h e s e  p r o p e r t i e s ,  i n c l u d i n g  gas-metal r e a c t i o n s  and e r o s i o n .  

E f f e c t s  of a Hot Gas Environment on Mechanical P r o p e r t i e s  

To d a t e  t h e r e  i s  not  complete agreement as t o  t h e  e f f e c t s  of combustion 

gas environments on mechanical p r o p e r t i e s .  I f  we assume t h a t  t h e  d i s p a r a t e  

d a t a  are c o r e c t  ( i . e . ,  do n o t  r e f l e c t  d i f f e r e n c e s  i n  t e s t i n g  procedures ,  

c o n d i t i o n s ,  e t c ) ,  we can conclude t h a t  t h e  d i f f e r e n c e s  accrue from 

*X-40: 10 Ni-57 Co-25 Cr-O.75 Si-. 4 C 

"Nimonic 75: 78.8 Ni-20 Cr-O.2 T i - 0 . 7  Si-.Ol C 

*EPK-55: 43.6 Ni-20.0 Co-28.5 Cr-0.75 Cb-2.3 Ti-1.2 Al-O.1 C 
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Table 7.2.  Average Weight Losses  of  Specimens 

Test 'os i  t i o n  Temp 
O F  

'.C.S 2kW C r  1 2 ~  C r  '::; 
- - 
- - 
- 7 

- 11 

- 12 

- - 
- 5 

3 

2 -  

6 -  

5 3  

3 3  

308 7 

1 -  

1 1  

3 -  

2 -  

6 -  

3 2  

7 6  

475 3 

2 -  

2 2  

2 2  

- 

690 

940 

1100 

1320 

1560 

9 1  

163  
- 

- 

92 

1 7 3  

579 
- 
- 

1 

2 

8 

11 

9 

2 

3 

9 

21  

20 

In bed S e r i e s  1 

( P i t t s b u r g h )  

100 h d u r a t i o n  

789 

1340 

1500 

2 

10 

4 

Tn 
f r e e b o a r d  

770 

920 

1090 

1310 

1560 

32 

7 3  

5 39 
- 
- 

I n  bed S e r i e s  2 

( P i t t s b u r g h )  

500 h d u r a t i o n  

1. , 

760 

1310 

1520 

<1 

1 

1 

< 1  

5 

3 

I n  
f r e e b o a r d  

In bed 

I n  
f r e e b o a r d  

730 

930 

1100 

1320 

1560 

760 

1310 

1490 

__ 

1 

2 

3 

1 3  

3 

S e r i e s  3 

( P i t t s b u r g h  
+ Limestone 18) 

465 h d u r a t i o n  <1 
2 

3 

<1 

6 

12  
_- 

aEledium carbon steel  (0.45 C) 

b15 C r l O  N i 4 . 1 5  C-6.0  I%-1 M d a l  Fe. 

'17 C r 4 3  N i 4 . l  C--3.0 Mo-1.2 Ti-1.2 A l + a l  Fe. 

environments which are d i f f e r e n t  w i th  respect: t o  impuri ty  concen t r a t ions  

and/or  impuri ty  gas r a t i o s .  A second f a c t o r  which may c o n t r i b u t e  t o  t h e  

apparent c o n f l i c t s  are d i f f e r e n c e s  i n  t h e  thj-ckness of t h e  t es t  s e c t i o n .  

Because t h e  r e a c t i o n s  occur mainly a t  t h e  metal-gas i n t e r f a c e ,  t h e  e x t e n t  

of a mechanical p rope r ty  change should be dependent on t h e  metal su r face -  

to-volume r a t i o .  Sheet products should be a f f e c t e d  more than b a r  products  

and t h i n  s e c t i o n s  more than t h i c k e r  s e c t i o n s .  

f-". 
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In the absence of more extensive experimental data to resolve these 
questions, it is not possible to predict the effects of environment on 

mechanical properties, because in some cases alloys have been observed to 

be strengthened and in others weakened in gaseous environments. To illus- 
trate the possibilities, we have observed that the creep strength of alloys 

may be weaker during their interaction with gas constituents than when the 

alloys were doped with the same constituent prior to creep testing. Alloys 

exhibiting this characteristic can also undergo accelerated transient creep 

rates for short periods. In general, such alloys do not form a surface- 

reaction product. This phenomena is therefore related to the reaction and 

solution of the impurity gases and the precipitation of a grain-boundary 

phase at the solubility limit. However, gas-metal reactions resulting in 

the formation of a surface film are, in general, strengthening provided 

that the applied stress is lower than that required to crack the film. 

When this happens, low creep rates may -but not always - be accompanied by 

low strains at rupture. 

Currently accepted practice permits design for long service times to 

be based on relatively short-term property information (e.g., it permits 

extrapolation of creep data from less than 50,000-hr tests to several 

hundred thousand hours). This procedure, considering the "safety margins'' 

incorporated into design and allowable stresses, is acceptable if the 

materials are metallurgically stable (i.e., do not transform or age to 

produce a material of different character in terms of strength and/or 

ductility) under the time-temperature-environment conditions experienced 

in service. Short-time instabilities are probably sufficiently accounted 

for in the typical range of data acquisition, but possible longer term 

changes which might occur from sequential transformations and/or transfor- 

mations reflecting interaction with the environment are generally poorly 

known and characterized. Questions of long-time thermal stability and 

environmental compatibility must be addressed in the selection and quali- 

fication of materials for the construction of fluidized bed systems. 

I 

i 

I 

I 

Candidate Alloys 

The following is a brief survey of the potential of alloy classes or 

families for heat exchanger service based on design parameters discussed 

in earlier chapters. 
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1. Heat exchanger tubes  of 1/2-in.-OD x 37.5 t o  70-mil w a l l .  

2 .  P re s su re  d i f f e r e n c e  of 150 p s i  (hoop stress of 1000 p s i ) .  

3 .  Service  l i f e  of 100,000-hr ( s t r e s s - r u p t u r e ) .  

4. Serv ice  temperature  of 1600°F. 

5. Se rv ice  environment, a i r / ( c o a l  and combustion p roduc t s ) .  

Carbon and Low-Alloy Steels. This  l a r g ?  c l a s s  of low c o s t  materials 

i s  no t  s u i t a b l e  f o r  use i n  t h i s  a p p l i c a t i o n .  They have n e i t h e r  t h e  oxida- 

t i o n  r e s i s t a n c e  nor h igh  temperature  s t r e n g t h  r equ i r ed .  

High-Alloy F e r r i t i c  Steels .  Although chrominum-molybdenum steels of 

t h e  1 2 %  C r - 1 %  Mo class o f f e r  a s i g n i f i c a n t  iinprovement over t h e  low a l l o y  

materials, t h e i r  s e r v i c e  i s  l i m i t e d  by both  ox ida t ion  r e s i s t a n c e  and 

r u p t u r e  s t r e n g t h  t o  approximately 1200°F. 

F e r r i t i c  S t a i n l e s s  S t e e l s .  The 440 series of s t a i n l e s s  steels (18 t o  

2 7  w t  % Cr) have t h e  p o t e n t i a l  f o r  cont inuous s e r v i c e  i n  a i r  a t  temperatures 

up t o  1950°F. They are used i n  a p p l i c a t i o n s  where r e s i s t a n c e  t o  co r ros ion  

and s c a l i n g  i s  important .  Type 446 is  a l s o  o f t e n  used i n  su l fu r -bea r ing  

atmospheres,  Unfor tuna te ly ,  s t r e n g t h  cons ide ra t ions  would l i k e l y  l i m i t  

t h e i r  s e r v i c e  t o  about 1500°F. 

A u s t e n i t i c  S t a i n l e s s  S t e e l s .  Three aus : en i t i c  s t a i n l e s s  steels ( types  

304, 309, and 310) are worthy of cons ide ra t ion  f o r  t h i s  a p p l i c a t i o n .  A l l  

should m e e t  t h e  s t r e n g t h  gu ide l ine  ( i . e . ,  no rup tu res  i n  100,000 h r  of 

1600°F s e r v i c e ) ,  wi th  the  l a t t e r  two meeting i t  more comfortably.  However, 

type  304 (19% C r - 9 %  Ni) and 310 (25% Cr-20% Ni) are used i n  a p p l i c a t i o n s  

r e q u i r i n g  h igh  temperature  s t r e n g t h  and a i r  ox ida t ion  and s c a l i n g  res i s tance  

a t  temperatures  up t o  about 2000°F. Thei r  compa t ib i l i t y  w i t h  t h e  combustion 

bed environment needs t o  be i n v e s t i g a t e d .  

Fe-Ni-Base Alloys.  Two commonly used a l l o y s  of t h i s  class are Incoloy 

800 (21% Cr-32.5% Ni-0.8% Ti+Al-balance Fe) and A-286 (15% C r 2 6 %  Ni-3.5% 

Mo+Ti+Al--balance Fe) .  

p e r a t u r e  (both should m e e t  t h e  des ign  gu ide l ines )  bu t  i s ,  perhaps,  s l i g h t l y  

i n f e r i o r  i n  terms of a i r  ox ida t ion  r e s i s t a n c e .  Both materials need expe r i -  

mental  eva lua t ion  i n  terms of t h e i r  c o m p a t i b i l i t y  w i t h  t h e  combustion bed 

( i - e . ,  what co r ros ion  allowance w i l l  be  necessary  and w i l l  the i n t e r a c t i o n  

of t hese  materials wi th  t h e  environment l ead  t o  degrada t ion  of r u p t u r e  l i f e  

and/or  u s e f u l  s e r v i c e  l i f e ? ) .  

A-286 is s l i g h t l y  s t r o n g e r  than  Incoloy  800 a t  t e m -  

I n  t h i s  r ega rd ,  i t  should be noted t h a t  an 
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a l l o y  very s l i g h t l y  modified from t h e  Incoloy 800 composition, Incoloy 

802, i s  used f o r  high temperature  s u l f i d a t i o n  r e s i s t a n c e .  

N i - B a s e  Alloys.  A l a r g e  number of Ni-base s u p e r a l l o y s  which exceed 

t h e  s t r e n g t h  and a i r  o x i d a t i o n  r e s i s t a n c e  g u i d e l i n e s  are a v a i l a b l e .  These 

a l l o y s  gene ra l ly  have a d d i t i o n s  of 10 t o  25% C r ,  up t o  10% Coy and lesser 

amounts of v a r i o u s  combinations of W ,  Cb, Mo, T i ,  and A l .  These materials 

may be u n a t t r a c t i v e  from a c o s t  s t andpo in t .  

combustion bed needs e v a l u a t i o n .  

Their  c o m p a t i b i l i t y  w i th  t h e  

Co-Base Alloys.  This  family of materials a l s o  o f f e r s  h igh  temperature  

s t r e n g t h  and a i r  o x i d a t i o n  r e s i s t a n c e .  

(up t o  30%), N i  (about l o % ) ,  and lesser a d d i t i o n s  of Mo, W, and Cb. The i r  

c o s t  is high and t h e i r  c o m p a t i b i l i t y  is  unproven. 

Most of t h e s e  a l l o y s  c o n t a i n  C r  

Conclusions 

Regardless of t h e  material o r  materials chosen f o r  t h i s  h e a t  exchanger 

a p p l i c a t i o n ,  t h e i r  c o m p a t i b i l i t y  w i th  t h e  combustion bed w i l l  be a major 

ques t ion .  Based on a ba lance  of c o s t ,  h igh temperature  s t r e n g t h ,  and a i r  

ox ida t ion  r e s i s t a n c e ,  t h e  use  of types 309 and 310 s t a i n l e s s  s tee l  and 

Incoloy 800 should be s t r o n g l y  considered. 
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CHAPTER 8 

INSTRUMENTATION AND CONTROL 

, 

Couplj a f l u i d i z e d  bed c o a l  combustion chamber t o  a gas t u r - i n e  pre- 

s e n t s  some unusual i n s t rumen ta t ion  and c o n t r o l  problems. I n  a t t empt ing  t o  

cope wi th  t h e s e  problems i t  seems b e s t  t o  cons ide r  f i r s t  t h e  MIUS requ i r e -  

ments, then review t h e  c o n t r o l  system employed f o r  a t y p i c a l  c o a l  s toke r -  

steam b o i l e r  f o r  an  apartment house complex, and then  examine t h e  b a s i c  

c o n t r o l  concept envis ioned f o r  t h e  f l u i d i z e d  bed c o a l  combustion system 

coupled t o  a gas t u r b i n e .  

MIUS Requirements 

Typ ica l  y e a r l y  requirements f o r  e l e c t r i c i t y ,  domestic h o t  water, space 

h e a t i n g ,  and a i r  cond i t ion ing  i n  a housing complex are summarized i n  Table 

4 . 1  f o r  a set of apartments i n  Ph i l ade lph ia .  The energy demands a t  any 

given t i m e  va ry  widely throughout t h e  course of a day, between weekdays 

and weekends, and wi th  t h e  weather.  Thus, n o t  only does t h e  amount of 

energy r e q u i r e d  i n  any given form vary widely,  b u t  a l s o  t h e  r a t i o  of 

e l e c t r i c i t y  t o  h e a t  v a r i e s .  These problems are t r e a t e d  i n  d e t a i l  i n  

Appendix C y  and are summarized b r i e f l y  below. 

I n  approaching t h e  c o n t r o l  problem, i t  appears  b e s t  t o  cons ide r  f i r s t  

what might be c a l l e d  t h e  most common set of o p e r a t i n g  cond i t ions ;  t h e s e  

e n t a i l  a power p l a n t  ou tpu t  about  h a l f  t h e  maximum demand. For t h i s  con- 

d i t i o n  t h e  e lectr ical  power requirements would somewhat exceed t h e  r equ i r e -  

ments f o r  h e a t  so  t h a t  some waste h e a t  would be d e l i b e r a t e l y  r e j e c t e d .  The 

waste h e a t  from t h e  power conversion system can be r e j e c t e d  t o  t h e  environ- 

ment by any one of several d i f f e r e n t  r o u t e s .  Probably t h e  most p r a c t i c a l  

w i l l  b e  e i t h e r  a coo l ing  tower o r  a coo l ing  pond. 

p a r t i c u l a r l y  d e s i r a b l e  f o r  MIUS a p p l i c a t i o n  because i t  can a l s o  be employed 

as t h e  f i n a l  s t e p  i n  t h e  cleanup of t h e  e f f l u e n t  from t h e  sewage p l a n t .  

Thus, f o r  purposes of t h i s  d i scuss ion ,  i t  w i l l  be  assumed t h a t  a coo l ing  

pond w i l l  b e  employed f o r  r e j e c t i o n  of waste h e a t  from t h e  power conversion 

The la t te r  appears  

system. 

8.1 
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Diurnal  Var i a t ions  i n  Load 

F igures  2 t o  10 of Appendix C show t y p i c a l  curves  f o r  t h e  e l e c t r i c a l  

and h e a t  loads as f u n c t i o n s  of t h e  t i m e  of day f o r  summer, w i n t e r ,  s p r i n g ,  

and f a l l  cond i t ions .  Note t h a t  t h e  requirements f o r  domestic h o t  water 

r e p r e s e n t  about 1 7 %  of t h e  requirements f o r  b u i l d i n g  h e a t i n g  on a t y p i c a l  

co ld  w i n t e r  day. Note, too,  t h a t  t h e  maximum rate of change of l oad  is  

moderate, i . e . ,  about  0.7% p e r  minute. Thus, f o r  normal o p e r a t i o n  i t  w i l l  

n o t  be necessa ry  t o  employ a c o n t r o l  scheme t h a t  w i l l  accommodate r a p i d  o r  

l a r g e  s t e p  changes i n  load  such as might b e  encountered f o r  i n d u s t r i a l  i n -  

s t a l l a t i o n s .  

Although t h e r e  i s  no economically a t t r a c t i v e  system f o r  s t o r i n g  elec- 

t r i c i t y  during t h e  hours of low demand so  t h a t  i t  can be r e l e a s e d  during 

peak demand pe r iods ,  i t  i s  economically a t t r a c t i v e  t o  s t o r e  h e a t  f o r  pe r iods  

of as much as a few days. Thus t h e  changing r a t i o  of t h e  e l e c t r i c a l  t o  

t h e  h e a t  l oad  can be accommodated over t h e  course of a day by employing some 

l a r g e  h o t  water s t o r a g e  tanks.  So f a r  as d i u r n a l  v a r i a t i o n s  i n  e l e c t r i c a l  

and h e a t  loads are concerned, t h e  c o n t r o l  system can be designed so  t h a t  

t h e  power conversion system o p e r a t e s  w i th  t h e  a p p r o p r i a t e  average r a t i o  of 

e lec t r ica l  ou tpu t  t o  hea t  output  f o r  t h e  day, and t h e  h o t  water s t o r a g e  

tanks can be used t o  accommodate t h e  d i u r n a l  v a r i a t i o n s ,  

Seasonal V a r i a t i o n s  i n  Bui lding Heating Loads - 
The l a r g e  v a r i a t i o n s  i n  t h e  r a t i o  of eliectrical t o  b u i l d i n g  h e a t  loads 

ev iden t  i n  Appendix C y  F i g s .  2 t o  10, i n  going from e i t h e r  w i n t e r  o r  summer 

t o  s p r i n g  o r  f a l l  imply t h a t  t h e  power conversion system should be designed 

t o  g i v e  t h e  maximum e f f i c i e n c y  o b t a i n a b l e  t o  produce e l e c t r i c i t y  from t h e  

thermodynamic c y c l e  i n  o r d e r  t o  minimize t h e  amount of waste h e a t  r e j e c t e d  

i n  t h e  s p r i n g  o r  f a l l .  It is  a l s o  important t o  b u i l d  t h e  system s o  t h a t  t h e  

r a t i o  of h e a t  t o  e l e c t r i c i t y  can be inc reased  during t h e  peak w i n t e r  h e a t i n g  

months because i t  i s  e s s e n t i a l  t h a t  an adequate  amount of h e a t  be a v a i l a b l e  

on t h e  c o l d e s t  days i n  win te r .  During t h e  peak a i r  cond i t ion ing  load  

pe r iods  i n  t h e  summer, t h e  waste hea t  

cyc le  w i l l  n o t  be s u f f i c i e n t  t o  d r i v e  

of adequate capac i ty .  For t h e s e  high 

motor d r iven  Freon compressors can b e  

a v a i l a b l e  from t h e  thermodynamic 

an abso rp t ion  a:ir cond i t ion ing  system 

a i r  cond i t ion ing  load p e r i o d s ,  e l e c t r i c  

employed and t h e  a i r  cond i t ion ing  load  
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can be d iv ided  between t h e  e l e c t r i c a l l y  d r iven  compressors and t h e  absorp- 

t i o n  a i r  cond i t ion ing  equipment. Thus, during h o t  weather i t  i s  important 

t o  o p e r a t e  t h e  thermodynamic c y c l e  i n  a mode t h a t  g ives  t h e  b e s t  p o s s i b l e  

e f f i c i e n c y  f o r  t h e  gene ra t ion  of e l e c t r i c i t y ,  and t h e r e  w i l l  be no waste 

h e a t  r e j e c t e d  from t h e  thermodynamic cyc le  t o  t h e  coo l ing  pond. 

Control  of Conventional B o i l e r  Furnaces wi th  Coal S toke r s  

Of t h e  v a r i o u s  convent ional  systems i n  c u r r e n t  use i n  which c o a l  i s  

f i r e d  i n t o  steam b o i l e r  fu rnaces  f o r  apartment house complexes, t h e  system 

t h a t  appears  most n e a r l y  analogous t o  t h e  f l u i d i z e d  bed c o a l  combustion 

system i s  one i n  which c o a l  i s  c a r r i e d  by a screw conveyer from a b i n  o r  

hopper t o  a p o i n t  c l o s e  t o  t h e  furnace,  dropped i n t o  an a i r  stream, and then  

blown i n t o  t h e  furnace,  t h e  s m a l l  p a r t i c l e s  being suspended i n  t h e  a i r  

stream. The c o a l  and a i r  flow are modulated cont inuously t o  provide t h e  

r e q u i r e d  h e a t  i n p u t  over  t h e  e n t i r e  range from low t o  h igh  loads.  

v a r i a t i o n  i n  c o a l  f eed  rate i s  ob ta ined  by varying t h e  speed of t h e  f eed  

screw employed t o  d e l i v e r  c o a l  from t h e  hopper o r  b i n .  

modulated by o p e r a t i n g  a b u t t e r f l y  valve i n  t h e  a i r  supply system. 

10% of t h e  f u l l  l o a d  combustion a i r  flow i s  used t o  convey t h e  c o a l  i n t o  

t h e  furnace;  t h i s  a i r  i s  supp l i ed  from a blower a t  a head of 1 2  t o  20 i n .  of 

water and t h e  flow i s  n o t  modulated wi th  load because c o a l  p a r t i c l e s  would 

t end  t o  f a l l  out of suspension a t  low a i r  flow rates. 

combustion a i r  is supp l i ed  from a l a r g e r  blower wi th  a d e l i v e r y  head of 

t h r e e  o r  f o u r  i n .  of w a t e r .  N o  induced d r a f t  f a n  i s  employed. 

The 

The a i r  flow i s  

About 

The balance of t h e  

Control  of Fuel-Air Ra t io  

The f u e l - a i r  r a t i o  i s  o r d i n a r i l y  c o n t r o l l e d  t o  g i v e  about 25% excess  

air .  

of t h e  f eed  screw; t h e  c o a l  f eed  rate i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  speed 

of t h e  f eed  screw. A l i nkage  i s  employed on t h e  a i r  supply va lve  s o  t h a t  

t h e  a i r  i s  k e p t  p r o p o r t i o n a l  t o  t h e  f u e l  flow. 

Metering of t h e  c o a l  i s  accomplished by sens ing  t h e  r o t a t i o n a l  speed 

The p i p e s  c a r r y i n g  t h e  p a r t i c l e s  suspended i n  a i r  commonly i n c l u d e  

h o r i z o n t a l  runs of as much as 40 f t  and ver t ical  runs of as much as 30 f t ,  

b u t  n o t  both of t h e s e  maximum d i s t a n c e s  i n  series. 
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Control  of F lu id i zed  Bed Coal Combustion - 
Systems Coupled t o  Steam 13oilers 

A l l  of t h e  f l u i d i z e d  bed c o a l  combustion system work conducted t o  d a t e  

has  been c a r r i e d  ou t  w i th  h e a t  removal from t h e  bed v ia  steam b o i l e r  t u b e s ,  

and, as i n d i c a t e d  p rev ious ly ,  t h i s  constraint ;  o r e r a t i o n  t o  t h e  v i c i n i t y  of 

t he  design p o i n t ,  i . e . ,  f u l l  l oad  o p e r a t i n g  condi t ions.  Automatic c o n t r o l s  

have n o t  been employed; manual adjustments  of c o a l  f eed  rates and t h e  a i r  

flow have served.  Thus, wh i l e  t h e  experience t h a t  has  been gained wi th  

f l u i d i z e d  bed c o a l  combustion systems i s  n o t  n e c e s s a r i l y  a p p l i c a b l e  t o  t h e  

gas t u r b i n e  system of i n t e r e s t  h e r e ,  i t  does provide some important and 

va luab le  i n s i g h t s .  

The c o a l  f eed  system used by BCURA i s  e s s e n t i a l l y  t h a t  which they  t r i e d  

i n i t i a l l y  and found t h a t  i t  worked s a t i s f a c t o r i l y .  

work on improving t h e  system o r  i n v e s t i g a t i n g  t h e  e f f e c t s  of v a r i a t i o n s .  

The c o a l  i s  f e d  t o  t h e  bed through f o u r  1 / 2  i n .  nominal p ipes .  The p i p e  

runs are s t r a i g h t  with T ' s  o r  c r o s s e s  a t  t h e  co rne r s  r a t h e r  t han  sweeping 

curves because t h e  l a t te r  are s u b j e c t  t o  e ros ion .  The c r o s s e s  have t h e  

advantage t h a t  t h e  p i p e  plugs can be removed and t h e  p i p e s  can be cleaned 

i f  t h e r e  i s  any tendency of t h e  c o a l  t o  form a plug. 

never  experienced any plugging of t h e i r  l i n e s .  

t o  c a r r y  t h e  c o a l  through t h e  l i n e s  i s  equa l  t o  about 8% of t h e  t o t a l  a i r  flow 

t o  t h e  bed. The c o a l  s i z e  used i n  t h e  1 / 2  i n .  p i p e  l i n e s  is  1 / 8  i n .  mesh 

c o a l  w i th  no e f f o r t  t o  reduce t h e  f r a c t i o n  of' t h e  f i n e s .  

through about 200 f t  of p ipe  from t h e  hopper t o  t h e  bed i s  only about 1 p s i .  

Note t h a t  t hey  make use of 200 f t  of p i p e  t o  b u i l d  up t h e  p r e s s u r e  drop 

and t h u s  g ive  them an adequate b a s i s  f o r  meter ing w i t h  t h e i r  e x i s t i n g  meter- 

i n g  equipment. 

would probably work s a t i s f a c t o r i l y  on a much smaller p r e s s u r e  drop, and t h a t  

w i th  such a system t h e  long p i p e  l i n e s  t h a t  t hey  employ would n o t  be 

necessary.  

They have done l i t t l e  

However, t hey  have 

The a i r  flow they  employ 

The p r e s s u r e  drop 

They agreed t h a t  a d i f f e r e n t  set  of meter ing equipment 

I n  supplying c o a l  t o  t h e  l i n e s ,  i t  i s  allowed t o  drop through a p i n d t l e  

c o n t r o l  valve v e r t i c a l l y  downward i n t o  a p ipe  T e e .  The a i r  employed t o  con- 

vey t h e  c o a l  i s  supp l i ed  v e r t i c a l l y  upward from t h e  bottom l e g  of t h e  Tee 

i 

! ,' 

r- 1. 

L- 
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r- 
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and t h e  c o a l - a i r  mixture  i s  c a r r i e d  o f f  from t h e  h o r i z o n t a l  o u t l e t  of t h e  

i-, 

L2 
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Tee. They s a i d  t h a t  i n  t h e i r  experience t h i s  arrangement worked b e t t e r  t han  

f eed ing  t h e  a i r  h o r i z o n t a l l y  i n t o  t h e  Tee wi th  a h o r i z o n t a l  a i r - c o a l  o u t l e t .  

They make use  of a t r a n s p a r e n t  p l a s t i c  s e c t i o n  i n  t h e i r  c o a l  feed p i p e  ahead 

of t h e  Tee t o  g e t  a d i r e c t  v i s u a l  i n d i c a t i o n  of t h e  c o a l  flow rate. 

BCURA experience i n d i c a t e s  t h a t  t h e  l imestone can be mixed wi th  t h e  

c o a l  p r i o r  t o  d e l i v e r i n g  it t o  t h e  a i r  t r a n s p o r t  system, and they  p r e f e r  

t h i s  mode of ope ra t ion .  

b a s i s ,  l imestone i s  as good as dolomite a t  least  f o r  some bed o p e r a t i n g  

temperature  and p r e s s u r e  cond i t ions .  

The i r  r e c e n t  test work i n d i c a t e s  t h a t ,  on a weight 

BCTJRA has  n o t  analyzed t h e  problem of rates of change t h a t  one might 

expect  t o  be a b l e  t o  e f f e c t ,  b u t  t hey  have r o u t i n e l y  ob ta ined  temperature  

changes i n  t h e  bed a t  a rate of 100°C/minute. (ORNL a n a l y t i c a l  estimates 

i n d i c a t e  t h a t  even f a s t e r  rates of change are ach ievab le  i n  p r i n c i p l e  be- 

cause t h e  mean e f f e c t i v e  l i f e t i m e  of a c o a l  p a r t i c l e  i n  t h e  bed i s  only 

a matter of a few seconds.)  

Basic Concept Envisioned f o r  t h e  F l u i d i z e d  
Bed Coal Burning Gas Turbine 

A flow s h e e t  f o r  t h e  system envis ioned inc lud ing  t h e  p r i n c i p a l  com- 

ponents r equ i r ed  f o r  c o n t r o l  i s  shown i n  Fig.  8.1 and design d a t a  f o r  t h e  

system are given i n  Table 6 . 3 .  The system assumes t h a t  t h e  c o a l  w i l l  be 

conveyed from t h e  b i n  t o  a p o i n t  c l o s e  t o  t h e  fu rnace  wi th  a comercial ly  

a v a i l a b l e  f eed  screw wi th  a cont inuously v a r i a b l e  speed d r i v e ,  and t h a t  t h e  

c o a l  w i l l  drop i n t o  an  a i r  stream r e p r e s e n t i n g  about 10% of t h e  t o t a l  com- 

b u s t i o n  a i r  flow and w i l l  be conveyed through 1 / 2  i n .  (nominal) p i p e s  t o  

t u y e r e s  i n  t h e  bed support  p l a t e .  

Control  System Design P recep t s  

A f t e r  cons ide r ing  a v a r i e t y  of approaches t o  t h e  c o n t r o l  problem, a 

c o n s i s t e n t  set  of design p recep t s  w a s  evolved t h a t  appears t o  g ive  a 

reasonably s t r a i g h t f o r w a r d  c o n t r o l  system t h a t  w i l l  meet a l l  of t h e  

r e q u i r e d  boundary cond i t ions .  These p recep t s  are as fol lows:  

1. The f l u i d i z e d  bed w i l l  be ope ra t ed  a t  a cons t an t  t e m -  

p e r a t u r e  chosen f o r  n e a r l y  optimum s u l f u r  removal. To 
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accomplish t h i s  t h e  c o a l  f e e d  flow rate and combustion 

a i r  flow rate w i l l  be  s l a v e d  t o  t h e  bed temperature .  

The gas t u r b i n e  and gene ra to r  speed w i l l  be h e l d  cons t an t  

t o  ma in ta in  a cons t an t  output  frequl3ncy of 60 Hz. This  

w i l l  be accomplished by va ry ing  t h e  p r e s s u r e  i n  t h e  c losed  

c y c l e  gas t u r b i n e  system. An a i r  r e s e r v o i r  (see Fig.  8.1) 

w i l l  be provided t o  f a c i l i t a t e  t h e  changes i n  system pres-  

s u r e  level.  

2. 

3 .  The rate of h e a t  release i n  t h e  bed i s  p r i m a r i l y  dependent 

on t h e  combustion a i r  flow rate, hence t h e  primary c o n t r o l  

on bed temperature  w i l l  be on t h e  combustion a i r  flow. The 

amount of c o a l  i n  t h e  bed would o r d i n a r i l y  be equ iva len t  t o  

t h a t  consumed i n  about 1 min of ope ra t ion .  

4 .  The f u e l - a i r  r a t i o  would be contro1:ted t o  provide about 10% 

excess  a i r .  

5.  The l imestone would be mixed w i t h  t h e  c o a l  i n  t h e  r eg ion  

where t h e  c o a l  i s  f e d  i n t o  t h e  a i r  stream used t o  convey 

i t  i n t o  t h e  furnace.  The l imestone flow rate  would be 

a d j u s t e d  t o  some d e f i n i t e  p ropor t ion  of t h e  c o a l  f low rate 

depending on t h e  s u l f u r  content  of t h e  coa l .  

6. Emergency c o n t r o l  f o r  an ab rup t  loss ,  i n  e l e c t r i c a l  load 

would be ob ta ined  by opening a valve t o  a l low a i r  t o  bypass 

t h e  t u r b i n e  and flow d i r e c t l y  from t h e  compressor o u t l e t  

t o  t h e  c o o l e r  i n l e t .  Only about one-third of t h e  a i r  need 

be bypassed i n  o r d e r  t o  go from f u l l  l oad  t o  zero load  w i t h  

a gas t u r b i n e .  

7. The r a t i o  of h e a t  t o  e l e c t r i c a l  ou tpu t  can be inc reased  

f o r  co ld  weather cond i t ions  by al lowing a i r  from t h e  compres- 

s o r  o u t l e t  t o  bypass t h e  r ecupe ra to r  and flow d i r e c t l y  t o  

t h e  economizer. This  w i l l  as much as double t h e  r a t i o  of 

h e a t  t o  e l e c t r i c a l  ou tpu t .  

During pe r iods  of t h e  day when t h e  e l e c t r i c a l  l oad  g ives  

a waste h e a t  output  from t h e  thermodynamic cyc le  i n  excess 

of t h e  immediate h e a t  load requirements  of t h e  housing 

complex, excess  waste h e a t  from t h e  thermodynamic c y c l e  

8. 
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9. 

10. 

11. 

The 

would be s t o r e d  i n  t h e  form of h o t  water. The h e a t  s t o r a g e  

c a p a c i t y  w i l l  be  reached when t h e  i n t e r f a c e  between t h e  h o t  

and co ld  w a t e r  i n  t h e  h o t  water s t o r a g e  t ank  drops a l l  t h e  

way t o  t h e  bottom of t h e  t ank  a t  which p o i n t  waste h e a t  

from t h e  thermodynamic c y c l e  w i l l  be  dumped t o  t h e  coo l ing  

pond. 

I f  t h e  i n t e r f a c e  between t h e  h o t  and c o l d  water i n  t h e  h o t  

water s t o r a g e  t ank  rises above a p o i n t  about  25% down from 

t h e  top ,  t h e  r e c u p e r a t o r  bypass w i l l  b e  opened t o  a l low 

a i r  t o  bypass d i r e c t l y  from t h e  compressor t o  t h e  economizer, 

t hus  degrading t h e  thermodynamic c y c l e  eff ic l iency and i n -  

c r e a s i n g  t h e  r a t i o  of h e a t  t o  e lec t r ica l  ou tpu t .  The re- 

c u p e r a t o r  bypass valve would be c losed  when t h e  i n t e r f a c e  

between t h e  ho t  and cold water dropped below t h e  midpoint 

of t h e  t ank .  

The a i r  flow rate through t h e  c o a l  f eed  p i p e  would be k e p t  

cons t an t  i r r e s p e c t i v e  of t h e  c o a l  f eed  ra te  t o  avoid s e t t l i n g  

of c o a l  p a r t i c l e s  i n  t h e  f eed  p ipes .  

The rate a t  which t h e  e l e c t r i c a l  l oad  w i l l  i n c r e a s e  o r  de- 

crease under normal o p e r a t i n g  c o n d i t i o n s  w i l l  n o t  exceed 

about 0.7%/min except i n  t h e  summer i f  l a r g e  Freon compressors 

are used t o  supplement t h e  abso rp t ion  a i r  cond i t ion ing  system. 

S t a r t i n g  a l a r g e  compressor around noon i n  summer would 

probably impose a s t e p  increase of about 10% i n  t h e  electrical  

load ,  and t h i s  would pose a d i f f i c u l t  c o n t r o l  problem. 

c o n t r o l  of c losed  c y c l e  gas t u r b i n e s  h a s  commonly p resen ted  d i f f i -  

c u l t i e s  i n  t h a t  t h e  systems have been r e l a t i v e l y  s l u g g i s h  i n  t h e i r  response 

t o  s t e p  changes i n  t h e  load  because they  have been designed f o r  h igh  peak 

p r e s s u r e s ,  have had l a r g e  volumes, and/or  have t r i e d  t o  make use of t h e  

compressor of t h e  gas t u r b i n e  f o r  charging t h e  high p r e s s u r e  gas r e s e r v o i d  

used f o r  c o n t r o l  purposes .1 ,2 ,3  

commonly been t o  t h e  compressor i n l e t ,  and t h i s  had l e d  t o  a r e l a t i v e l y  

Release of gas from t h e  r e s e r v o i r  has  

l o w  system response r a t e  t o  a s t e p  i n c r e a s e  i n  load. 

rate can be ob ta ined  by us ing  a s t o r a g e  r e s e r v o i r  t h a t  r e p r e s e n t s  a l a r g e  

f r a c t i o n  of t h e  gas t u r b i n e  system, us ing  a s e p a r a t e  compressor f o r  charging 

A much h ighe r  response 

I -  
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t h e  s t o r a g e  r e s e r v o i r  t o  a p r e s s u r e  w e l l  above t h e  maximum system p r e s s u r e ,  

and al lowing t h e  gas added t o  t h e  system t o  go through a h e a t  t r a n s f e r  ma- 

t r i x  s o  t h a t  i t  would e n t e r  t h e  system j u s t  ahead of t h e  t u r b i n e  i n l e t  

temperature .  A pre l imina ry  a n a l y s i s  i n d i c a t e s  t h a t  a good way t o  do t h i s  

i s  t o  p l a c e  a h e a t  t r a n s f e r  m a t r i x  similar t o  t h a t  of t h e  r e g e n e r a t o r  i n  t h e  

o u t l e t  manifold f o r  t h e  tubes  i n  t h e  f l u i d i z e d  bed. This  w i l l  run a t  t h e  

t u r b i n e  i n l e t  temperature  and w i l l  provide s u f f i c i e n t  h e a t  c a p a c i t y  s o  t h a t  

a i r  from t h e  s t o r a g e  r e s e r v o i r  f lowing through t h i s  h e a t  t r a n s f e r  m a t r i x  

w i l l  be hea ted  t o  t h e  t u r b i n e  i n l e t  temperature .  This arrangement should 

y i e l d  a good response c h a r a c t e r i s t i c .  

The system c o n t r o l  problems can be i n v e s t i g a t e d  w i t h  a d i g i t a l  computer 

t o  o b t a i n  most of t h e  c h a r a c t e r i s t i c s  of t h e  system. However, e x t e n s i v e  

tests of t h e  a c t u a l  system w i l l  be r e q u i r e d  i n  p a r t  because i t  i s  extremely 

d i f f i c u l t  t o  model a l l  of t h e  secondary e f f e c t s  t h a t  may prove important  

and i n  p a r t  because some of t h e  c h a r a c t e r i s t i c s  of t h e  f l u i d i z e d  bed are 

n o t  w e l l  known. 
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CHAPTER 9 

MAJOR PROBLEM B A S  

! 

1 

1 

1 

I 

Coupling a f l u i d i z e d  bed c o a l  combustion chamber t o  a c losed  c y c l e  gas 

t u r b i n e  p r e s e n t s  a s u b s t a n t i a l l y  d i f f e r e n t  s e t  of problems from those  of a 

steam b o i l e r ,  p a r t i c u l a r l y  from t h e  s t andpo in t  of c o n t r o l .  F u r t h e r ,  t h e  

o p e r a t i n g  temperature ,  excess a i r ,  and nominal a i r  v e l o c i t y  regimes f a l l  i n  

d i f f e r e n t  ranges.  

s o l u t i o n  of q u i t e  a number of new o r  d i f f e r e n t  problems. 

t h e  s t u d i e s  and ana lyses  p re sen ted  i n  t h e  previous s e c t i o n s  s p e c i a l  

a t t e n t i o n  w a s  given t o  major u n c e r t a i n t i e s  and problem areas. These are 

l i s t e d  i n  Table  9.1.  They are p laced  i n  f i v e  major c a t e g o r i e s  on t h e  

b a s i s  of t h e  approach t h a t  i t  appears  w i l l  y i e l d  t h e  p r i n c i p a l  information 

r e q u i r e d  f o r  t h e i r  s o l u t i o n .  

d e t a i l e d  design a n a l y s i s ,  bench tests of models o r  components, c o n s t r u c t i o n  

of a demonstration u n i t ,  system tests, and b a s i c  technology i n v e s t i g a t i o n s .  

The f i r s t  fou r  of t h e s e  c a t e g o r i e s  f i t  l o g i c a l l y  i n t o  a main-line program 

t o  design,  b u i l d ,  and test a f l u i d i z e d  bed c o a l  combustion system coupled 

t o  a gas t u r b i n e ,  wh i l e  t h e  f i f t h  category i s  more gene ra l  and invo lves  a 

range o f  b a s i c  technology work. 

Thus t h e  development program must be d i r e c t e d  a t  t h e  

I n  t h e  course of 

The f i v e  types  of approach envis ioned are 

Minimal Program t o  Design, Construct ,  
and T e s t  a Demonstration Unit  

The bulk of t h e  ques t ions  i m p l i c i t  i n  Table 9 .1  can be answered i n  

l a r g e  measure by an  o r d e r l y  program t o  design,  c o n s t r u c t ,  and tes t  a 

demonstration u n i t .  T h i s  work will e n t a i l  ex t ens ive  l i a i s o n  wi th  o t h e r  

l a b o r a t o r i e s  and equipment manufacturers t o  t a k e  m a x i m u m  advantage of 

t h e i r  background of  experience and c a p a b i l i t i e s  s o  t h a t  c o s t s  can be 

kept  t o  a minimum c o n s i s t e n t  w i t h  t h e  prime o b j e c t i v e ;  namely, demonstrating 

t h e  f e a s i b i l i t y  of t h e  concept.  

9.1 
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Table 9 .1 .  Summary of Major Problem Areas and Questions 

Bench D e t a i l  Design System Bas ic  Design 
and and 

~ ~ ~ l y ~ ~ ~  Tes ts  Construction Tes ts  Technology 

Hot manifold and p ip ing  des ign  and stress a n a l y s i s  X 

Economizer des ign  and s t r e s s  a n a l y s i s  X 
Tube arrangement i n  t h e  f l u i d i z e d  bed X X 
D e t a i l  des ign  of t h e  a i r  p o r t s  o r  tuye res  f o r  t h e  

bed X X 
D e t a i l  des ign  of  t h e  p o r t s  f o r  t h e  f u e l  and 

l imestone X X 
E f fec t s  of  f u e l  form ( c c a l ,  s o l i d  waste, e t c . )  on 

choice of f u e l  feed  p o r t  des ign  X 
D e t a i l  des ign  of  feed  po r t a  f o r  s t a r t i n g  fuels  

(gas and/or o i l )  X 
E f f e c t s  of f reeboard  he igh t  i n  t h e  plenum chamber 

above t h e  bed on car ryover  of  p a r t i c u l a t e s  X 

E f f e c t s  on p a r t i c l e  car ryover  of  g r i d s  of tubes  
used a s  b a f f l e s  i n  t h e  plenum above t h e  bed X 

E f fec t iveness ,  metering c h a r a c t e r i s t i c s ,  and r e -  
l i a b i l i t v  of  candida te  equipment f o r  t h e  f u e l  
and l imestone feed  system X 

of  feed  p o r t s  ope ra t ing  i n  p a r a l l e l  X 
Uniformity o f  f u e l  d i s t r i b u t i o n  t o  a m u l t i p l i c i t y  

Costs of p r i n c i p a l  items of  equipment 
Costs and time r equ i r ed  f o r  i n s t a l l i n g  t h e  equip- 

S t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  of t h e  
ment t o  g ive  a complete power p l a n t  

f l u i d i z e d  bed coa l  combustion system coupled t o  
a closed cyc le  gas tu rb ine  

System s t a r t u p  and shutdown c h a r a c t e r i s t i c s  
C h a r a c t e r i s t i c s  of t h e  f l u i d i z e d  bed coa l  combus- 

t i o n  system under h o t  standby condi t ions  wi th  no 
hea t  removal except through hea t  l o s s e s  t o  t h e  
surroundings 

combustion a i r  and f u e l  f o r  ope ra t ion  a t  l a d s  
too  low f o r  good f l u i d i z a t i o n  of t h e  bed 

S i m i l a r i t i e s  and d i f f e r e n c e s  between gas tu rb ine  
h e a t e r s  and steam b o i l e r s  f o r  u t i l i z i n g  f l u i d i z e d  
bed combustion systems 

Effec t iveness  and r e l i a b i l i t y  of ash  removal system 
Effec ts  of  a i r  temperature e n t e r i n g  t h e  bed on 

both combustion and t h e  behavior of t he  f u e l  feed 
system (e.g. ,  a r e  t h e r e  coking t roub les? )  

Ef fec ts  of  bed tempera ture ,  i n l e t  a i r  temperature,  
excess a i r ,  l oad ,  Ca/S r a t i o ,  types  of  coa l  and 
l imes tone ,  etc., on emissions of SO,, NO , and 
p a r t i c u l a t e s  as w e l l  as on t h e  amount opunburned 
carbon i n  t h e  a s h  

R e l i a b i l i t y  and maintenance problems of components 
and t h e  complete system 

F e a s i b i l i t y  of ope ra t ing  t h e  system unattended 
Effec ts  of  choice of  a l l o y  on cor ros ion  and e ros ion  

of t h e  tubes  i n  t h e  bed 
Effec ts  of  p a r t i c u l a t e  s ize  and cha rac t e r  on e ros ion ,  

cor ros ion ,  and depos i t s  i n  tu rb ine  s t a t o r s  and 
r o t o r s  i f  t h e  ho t  gases are fed from t h e  f lu id i zed  
bed without cool ing  through p a r t i c u l a t e  s epa ra to r s  
t o  a gas  tu rb ine  X 

Determine f e a s i b i l i t y  of  on-off c o n t r o l  of t he  

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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A n a l y t i c a l  Design and Layout S tud ie s  

The a n a l y t i c a l  design and l ayou t  s t u d i e s  summarized i n  Chapter 6 must 

be extended wi th  p a r t i c u l a r  a t t e n t i o n  t o  stress a n a l y s i s ,  d e t a i l s  of t h e  

f l u i d  flow passages,  f a b r i c a t i o n  problems and c o s t s ,  t h e  performance and 

c o s t  of commercial components, and system i n t e g r a t i o n  problems. The l a t t e r  

inc lude  system s t a b i l i t y  and c o n t r o l  from s t a r t u p  through low power t o  h igh  

power and then t o  shutdown inc lud ing  p rov i s ions  f o r  a l l  emergency s i t u a t i o n s  

t h a t  can be envis ioned.  

Bench Tests 

Closely a s s o c i a t e d  w i t h  t h e  above design work i t  w i l l  b e  necessary t o  

c a r r y  ou t  a s u b s t a n t i a l  program of bench tests. These w i l l  i nc lude  two 

major t ypes ,  t h e  i n v e s t i g a t i o n  of complex f l u i d  flow problems, and t h e  

e v a l u a t i o n  of commercial equipment. 

A whole series of s u b t l e  f l u i d  and f l u i d i z e d  s o l i d s  flow problems can 

be i n v e s t i g a t e d  n i c e l y  wi th  a l u c i t e  model of a s e c t i o n  of t h e  f l u i d i z e d  

bed. 

ca t ed  i n  Fig.  9 . 1  so t h a t  d i f f e r e n t  conf igu ra t ions  f o r  t h e  i n l e t  plenum, 

t h e  tube  bank, t h e  a i r  p o r t s ,  and t h e  f u e l  supply p o r t s  can be t e s t e d .  

Tests of t h e  l a t t e r  should inc lude  o p e r a t i o n  wi th  v a r i o u s  mixtures  of coa l ,  

l imestone,  s o l i d  wastes, and s imulated sewage s ludge t o  determine t h e  e x t e n t  

t o  which t h e  v a r i o u s  p o r t  geometries t e s t e d  w i l l  t o l e r a t e  v a r i a t i o n s  i n  t h e  

pa r t i c l e  s i z e  and t h e  c h a r a c t e r  of t h e  f u e l  f eed  materials.  The system 

would a l s o  be used t o  i n v e s t i g a t i o n  p r o v i s i o n s  of p o r t  f o r  s t a r t i n g  t h e  

system wi th  gaseous o r  l i q u i d  f u e l ,  t h e  e f f e c t i v e n e s s  of a tube bank p l aced  

as a b a f f l e  above t h e  bed t o  reduce p a r t i c l e  ca r ryove r ,  t h e  e f f e c t s  of t h e  

h e i g h t  of f reeboard i n  t h e  plenum above t h e  bed, and similar problems. The 

r e s u l t s  of t h i s  t e s t  work would then  b e  inco rpora t ed  i n  t h e  design.  

This  can be b u i l t  f u l l  s c a l e  with in t e rchangeab le  s e c t i o n s  as i n d i -  

Two o r  t h r e e  types of commercial equipment s u i t a b l e  f o r  feeding f u e l  

and l imestone t o  the  bed should be s e l e c t e d  and purchased t o  i n v e s t i g a t e  

t h e i r  o p e r a t i o n  wi th  c o a l ,  l imestone,  and s o l i d  wastes. P a r t i c u l a r  a t t e n -  

t i o n  should be given t o  t h e  e f f e c t s  of p a r t i c l e  s i z e  and c h a r a c t e r ,  pre- 

c i s i o n  of metering, and t endenc ie s  of t h e  mechanisms t o  j a m ,  c log,  o r  

otherwise malfunct ion.  

l u c i t e  model of t h e  f l u i d i z e d  bed t o  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  of 

Th i s  f u e l  f eed  equipment can be coupled t o  t h e  
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t h e  coupled system. It w i l l  a l s o  be important t o  i n v e s t i g a t e  t h e  uniformity 

of d i s t r i b u t i o n  of t h e  f u e l  f low t o  a m u l t i p l i c i t y  of f eed  p o i n t s  i n  t h e  bed 

(probably 9 ) ,  and t h e  e f f e c t s  of v a r i a b l e s  such as c o a l  moisture  con ten t ,  

degree of drying,  e t c .  

A proposed layout  of t h e  bench tes t  f a c i l i t y  i s  shown i n  F ig .  9 .2 .  

The l u c i t e  flow model and f u e l  f eed ing  equipment would be i n s t a l l e d  on an 

e x i s t i n g  test s t a n d  t h a t  i s  equipped wi th  a 6 i n .  instrument  a i r  l i n e .  An 

e x i s t i n g  cyclone s e p a r a t o r  t h a t  w a s  used i n  a previous program would b e  

u t i l i z e d  t o  remove t h e  l a r g e r  s o l i d  p a r t i c l e s  c a r r i e d  over by t h e  a i r  t h a t  

flows through t h e  bed and t h e s e  p a r t i c l e s  would be r ecyc led  back t o  the  

bed by t h e  f eed  equipment. 

Detail  Design and Construct ion 

The d e t a i l  design and c o n s t r u c t i o n  work should answer i n  l a r g e  measure 

a t h i r d  s e t  of major q u e s t i o n s ,  p r i n c i p a l l y  those  concerned wi th  t h e  fab- 

r i c a b i l i t y ,  c o s t ,  and a v a i l a b i l i t y  of equipment. 

Contracts  n e g o t i a t e d  wi th  vendors,  f o r  example, w i l l  provide f i r m  c o s t  

d a t a  and d e l i v e r y  t i m e s  f o r  t h e  major components. S i m i l a r l y ,  t h e  t i m e  

r equ i r ed  and t h e  c o s t s  f o r  i n s t a l l a t i o n  of t h e  equipment can be determined 

f o r  a s i n g l e  u n i t .  

f o r  product ion systems. 

This  w i l l  provide a good b a s i s  f o r  e s t i m a t i n g  t h e  c o s t s  

System Tests 

Many of t h e  problems and/or  ques t ions  i n  Table 9 . 1  can be answered 

only by ope ra t ion  of t h e  complete system. The f i r s t  and foremost of t h e s e  

i s  t h e  t i m e  r e q u i r e d  and p o s s i b l e  d i f f i c u l t i e s  i n  s t a r t u p .  Following t h i s  

i t  w i l l  be important  t o  determine t h e  system s t a b i l i t y  and c o n t r o l  charac- 

teristics over t h e  o p e r a t i n g  range inc lud ing  t h e  system response t o  s m a l l  

and l a r g e  s t e p  changes i n  l o a d  o r  an ab rup t  loss  i n  load ,  and t h e  possi-  

b i l i t i e s  of "banking t h e  f i r e "  and al lowing i t  t o  s t a n d  p r a c t i c a l l y  i d l e  

bu t  a t  o p e r a t i n g  temperature (something ou t  of t h e  ques t ion  i f  t h e r e  are 

b o i l e r  tubes i n  t h e  bed ) .  The e f f e c t s  of t h e  o p e r a t i n g  power output  on 

t h e  behavior  of both t h e  f l u i d i z e d  bed and t h e  emissions should be de t e r -  

mined t o g e t h e r  w i t h  t h e  e f f e c t s  of bed temperature ,  excess  a i r ,  combustion 

a i r  i n l e t  temperature ,  t h e  Ca/S r a t i o ,  methods f o r  s e g r e g a t i n g  t h e  ash from 

t h e  lime-gypsum mixture ,  e tc .  
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Some i n s i g h t  i n t o  t h e  r e l i a b i l i t y  of t h e  system components and t h e i r  

maintenance problems w i l l  be  gained i n  t h e  course of t h e  above performance 

tests. 

endurance test  of perhaps 5000 h r .  

mation from t h e  l a t te r  w i l l  be t h e  e x t e n t  t o  which t h e r e  i s  ho t  gas cor- 

ro s ion  of t h e  tubes i n  t h e  bed. This  s p e c i a l  se t  of problems i s  d i scussed  

i n  t h e  n e x t  s e c t i o n .  

A much b e t t e r  i n s i g h t  i n t o  t h e s e  matters can be gained from an 

A p a r t i c u l a r l y  important  set of i n f o r -  

Basic Technology 

A t  least two of t h e  problem areas i n  Table 9 . 1  have broad i m p l i c a t i o n s  

f o r  a v a r i e t y  of advanced energy systems inc lud ing  h igh  temperature  gas 

t u r b i n e s ,  potassium vapor topping cyc le s ,  and d i r e c t  combustion MHD systems. 

These problems and t h e  approaches recommended i n  connection wi th  t h e  MIUS 

c o a l  burning gas t u r b i n e  program are o u t l i n e d  i n  t h i s  s e c t i o n .  

Materials Compa t ib i l i t y  S t u d i e s  

The development and s e l e c t i o n  of h e a t  exchanger and duct  materials w i l l  

r e q u i r e  a broad background of mechanical p rope r ty  information and d a t a  t o  

gain compliance wi th  ASME l i c e n s i n g  r u l e s  and codes. Q u a l i f i c a t i o n  of t h e  

materials w i l l  r e q u i r e  compilat ion and/or  de t e rmina t ion  of l a r g e  amounts 

of information on t e n s i l e ,  creep,  and f a t i g u e  behavior .  In a d d i t i o n ,  t o  

i n s u r e  t h e  i n t e g r i t y  and continued func t ion ing  of s t r u c t u r a l  p a r t s  during 

t h e  d e s i r e d  service l i f e ,  i t  w i l l  be  necessary t o  account f o r  t h e  e f f e c t s  

of chemical and material i n s t a b i l i t i e s  ( i . e . ,  gas-metal r e a c t i o n s ,  thermal  

aging, and p o s s i b l e  i n t e r - a c t i o n s )  on mechanical p r o p e r t i e s  and behavior .  

This  r e q u i r e s  a d u a l  approach, f i r s t  t o  e s t a b l i s h  t h e  performance l i m i t s  

of p rospec t ive  materials i n  f l u i d i z e d  bed environments, and secondly,  

i n t e r a c t  w i th  t h e  system des igne r s  t o  hold t h e  s e v e r i t y  of t h e  environment 

wi th in  real is t ic  and p r e d i c t a b l e  l i m i t s .  

C h a r a c t e r i z a t i o n  of Furnace Environment. Although b a s i c a l l y  a n  o rgan ic  

material, c o a l  c o n t a i n s  a s i g n i f i c a n t  burden of i no rgan ic  material which 

varies i n  concen t r a t ion  and amount depending on t h e  c o a l  source.  

i no rgan ic  i m p u r i t i e s  c o n s i s t  of  s i l i c o n ,  aluminum, and i r o n  which are 

The major 
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presen t  as s i l i c a ,  a lumino- s i l i ca t e s ,  and i r o n  p y r i t e .  Other minor impuri- 

t i e s  inc lude  potassium, calcium, magnesium, and s u l f u r .  Although e x t e n s i v e  

d a t a  have been publ ished on t h e  a sh  con ten t  f o r  a w i d e  v a r i e t y  of c o a l s ,  

t h e s e  d a t a  cannot be used d i r e c t l y  t o  p r e d i c t  t h e  environmental  cond i t ions  

f o r  a given f l u i d i z e d  bed system. The chemical r e a c t i v i t y  of t h e  combustion 

gases i s  s t r o n g l y  process-dependent, and t h e  d i s t r i b u t i o n  of i no rgan ic  i m -  

p u r i t i e s  between t h e  l imestone and a sh  i s  probably s t r o n g l y  dependent on 

cond i t ions  of r e s idence  t i m e  and temperature  p e c u l i a r  t o  a p a r t i c u l a r  fu rnace  

design.  Thus, c h a r a c t e r i z a t i o n  of t h e  c o a l  combustion products  must be 

approached through s t u d i e s  of an  a c t u a l  f l u i d i z e d  bed i n  which combustion 

parameters and bed materials can be v a r i e d  i n  accordance w i t h  a con t r ived  

test envelope. C h a r a c t e r i z a t i o n  of t h e  combustion products  w i l l  be accom- 

p l i s h e d  by removal of ash from p r e s e l e c t e d  p o s i t i o n s  i n  t h e  bed a t  v a r i o u s  

t i m e s  i n  t h e  test program. F l u e  gases  w i l l  be  chemically analyzed and, i f  

f e a s i b l e ,  syn thes i zed  gas mixtures  w i l l  be formulated f o r  more fundamental 

c o m p a t i b i l i t y  s t u d i e s .  

Corrosion of Bed and Duct Materials. A primary goa l  of our f l u i d i z e d  

bed development program w i l l  be t o  s tudy  t h e  chemical i n t e r a c t i o n  of 

limestone-coal-ash mixtures  wi th  duct  and hea t  exchanger materials.  Of 

central  i n t e r e s t  w i l l  be t h e  growth and a b l a t i o n  rates of co r ros ion  product 

scales a long  exposed m e t a l  s u r f a c e s ,  and t h e  mass t r a n s p o r t  of bed c o n s t i -  

t u e n t s  ( s o l i d s  and gases)  through t h e s e  s c a l e s .  This  w i l l  i nc lude  a s tudy  

of t h e  phase r e l a t i o n s h i p s  between c o n s t i t u e n t s  i n  t h e  bed and s t r u c t u r a l  

metals suppor t ing  o r  c o n t a c t i n g  t h e  bed. Components w i l l  a l s o  be examined 

f o r  evidence of mechanical e r o s i o n  and, i f  found, e r o s i o n  rates w i l l  be 

c o r r e l a t e d  wi th  aerodynamic cond i t ions  i n  t h e  bed. 

Our e v a l u a t i o n  of t he  performance of cand ida te  materials f o r  f l u i d i z e d  

beds w i l l  e n t a i l  t h e  i n c l u s i o n  of s u r v e i l l a n c e  specimens a t  several s e l e c t e d  

l o c a t i o n s  w i t h i n  t h e  bed and f l u e  gas r eg ions .  Also, t h e  bed i t s e l f  w i l l  

be designed t o  f a c i l i t a t e  removal of complete h e a t  exchanger t u b e s  f o r  

m e t a l l u r g i c a l  and chemical ana lyses  a t  v a r i o u s  o p e r a t i n g  times. Surve i l -  

l ance  specimens and h e a t  exchanger tubes  w i l l  be  f a b r i c a t e d  from a repre-  

s e n t a t i v e  grouping o r  a l l o y  compositions s o  as t o  a f f o r d  back-to-back 

comparisons of t h e  cand ida te  materials d i scussed  i n  Chapter 7 .  
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A s  w e  gain a b e t t e r  d e f i n i t i o n  of t h e  i n t r i n s i c  environmental  con- 

d i t i o n s  of t h e  f l u i d i z e d  bed concept,  a d d i t i o n a l  l a b o r a t o r y  tests may be 

r e q u i r e d  t o  e s t a b l i s h  t h e  d e t a i l e d  k i n e t i c s  of t h o s e  co r ros ion  processes  

which appear important i n  terms of long-term s t r u c t u r a l  s t a b i l i t y .  

Our co r ros ion  examinations w i l l  make use of a number of new and 

unique a n a l y t i c a l  techniques p a r t i c u l a r l y  s u i t e d  t o  s u r f a c e  r e a c t i o n  

s t u d i e s .  These techniques enab le  t h e  i d e n t i f i c a t i o n  of t h e  e l emen ta l  

composition and chemical bonding of compounds on s o l i d  s u r f a c e s  (x-ray 

pho toe lec t ron  spectroscopy and Auger spec t roscopy) ,  and t h e  i d e n t i f i c a t i o n  

of t h e  chemical composition of m i c r o s t r u c t u r a l  f e a t u r e s  (scanning and 

t ransmission e l e c t r o n  microscope with energy d i s p e r s i v e  a n a l y s i s  of x-rays) .  

Use of t h e s e  techniques w i l l  a i d  ou r  understanding of t h e  chemical p rocesses  

involved i n  co r ros ion  and d e p o s i t i o n  processes  i n  f l u i d i z e d  beds.  

W e  have a v a i l a b l e  w i t h i n  t h e  several r e sea rch  d i v i s i o n s  a t  ORNL an 

e x p e r t i s e  i n  high-temperature Compatibi l i ty  s t u d i e s  t h a t  d a t e s  cont inuously 

from 1948. These s t u d i e s  have d e a l t  with t h e  e f f e c t s  of both potassium 

and cesium on metals a t  temperatures  as h igh  as 13OO0C.  

ex t ens ive  s t u d i e s  of t h e  e f f e c t s  of molten sa l t  mixtures ,  p r i m a r i l y  mixed 

metal f l u o r i d e s ,  on ceramic as w e l l  as metall ic c o n s t r u c t i o n  materials. 

Gas-metal r e a c t i o n s  invo lv ing  C02,  C O Y  HB, H 2 ,  and CHI+ have been i n v e s t i -  

gated a t  ORNL as p a r t  of t h e  gas cooled r e a c t o r  development program, and 

c u r r e n t l y  we  are engaged i n  s o l i d - s o l i d  c o m p a t i b i l i t y  s t u d i e s  invo lv ing  t h e  

i n t e r a c t i o n  of Cm2O3,  A1203 , and Eu2O3 w i t h  v a r i o u s  metals and a l l o y s  a t  

temperatures  ranging t o  18OO0C.  The f a c i l i t i e s  and experience gained i n  

t h e  above-mentioned programs are d i r e c t l y  r e l e v a n t  t o  t h e  types  of compati- 

b i l i t y  problems t h a t  are a n t i c i p a t e d  f o r  f l u i d i z e d  bed c o a l  combustion 

systems. 

W e  have conducted 

Turbine Bucket Erosion,  Corrosion, and Deposi ts  

Erosion, co r ros ion ,  and d e p o s i t s  have been major problems i n  gas t u r -  

b i n e s  and a t t empt s  have been made t o  employ r e s i d u a l  f u e l  o i l  o r  c o a l  as 

t h e  f u e l  i n  open c y c l e  systems. 

l e m s  could be evolved f o r  a u n i t  s u i t e d  t o  MIUS a p p l i c a t i o n s ,  a major s av ing  

i n  c a p i t a l  c o s t  could be e f f e c t e d .  

I f  an accep tab le  s o l u t i o n  t o  t h e s e  prob- 

The d i r e c t  combustion system has  t h e  

I -  

l l  



9.10 

f u r t h e r  advantage t h a t  t h e  presence  of  water i n  t h e  f u e l  does n o t  degrade 

t h e  performance because t h e  l o s s  of h e a t  r equ i r ed  f o r  vapor i za t ion  of t h e  

water 

mass flow through t h e  t u r b i n e  wi thout  an i n c r e a s e  i n  t h e  compressor work 

(except  f o r  an almost t r i v i a l  amount of pump work r e q u i r e d  f o r  i n j e c t i o n  

of water s l u r r i e s ) .  This  i s  t r u e  even i f  massive amounts of water are 

i n j e c t e d  as would be  t h e  case i f  s l u r r i e s  of sewage s ludge  were employed. 

i s  o f f s e t  by t h e  inc reased  t u r b i n e  work stemming from t h e  inc reased  

G. S. Leighton h a s  suggested t h a t  t h e  problems wi th  t u r b i n e  bucket  

e ros ion  and d e p o s i t s  are probably dependent on t h e  s i z e  and c h a r a c t e r  of 

t h e  p a r t i c l e s  suspended i n  t h e  gas  stream, e .g . ,  t h e  smaller t h e  p a r t i c l e s  

t h e  less damaging they  probably are, and t h e r e  may be  a s i z e  th re sho ld  

below which no damage would r e s u l t .  

a l s o  be an important  f a c t o r .  Not on ly  may t h e r e  be  a s u b s t a n t i a l  v a r i a t i o n  

from one type  of c o a l  t o  another ,  b u t ,  as H. R. Hoy of  BCURA has sugges ted ,  

by ca r ry ing  o u t  t h e  combustion p rocess  i n  a f l u i d i z e d  bed a t  temperatures  

below t h e  fus ion  p o i n t  of t h e  a s h ,  t h e  ash  p a r t i c l e s  should n o t  be t h e  u s u a l  

h igh ly  a b r a s i v e  v i t r e o u s  c i n d e r s  c h a r a c t e r i s t i c  of convent iona l  pu lve r i zed  

c o a l  bu rne r s ,  bu t  r a t h e r  should be s o f t ,  f l o c c u l e n t ,  snow f l a k e - l i k e  p a r t i -  

cles of mine ra l  matter l e f t  by combustion of t h e  carbonaceous m a t r i x  i n  

which they  occurred.  Th i s  would, of course ,  be t r u e  of mine ra l  matter 

p r e s e n t  i n  o rgan ic  compounds, b u t  She l ton  E r l i c h  of Pope, Evans, and Robbins 

has po in ted  out t h a t  a l a r g e  f r a c t i o n  of t h e  ash w i l l  be  p r e s e n t  i n  t h e  c o a l  

i n  t h e  form of s l a t e ,  and t h i s  w i l l  s imply be  r o a s t e d  i n  t h e  f l u i d i z e d  bed.  

I n  a d d i t i o n  t o  mine ra l  matter p re sen t  i n  c o a l  o r  l i g n i t e ,  i f  s o l i d  wastes 

are used as f u e l ,  exper ience  a t  Combustion Power, I n c . ,  i n d i c a t e s  t h a t  

f i n e  p a r t i c l e s  of  g l a s s ,  b i t s  of aluminum f o i l ,  and aluminum oxide formed 

by p a r t i a l  o r  complete ox ida t ion  of t h e  aluminum f o i l  w i l l  a l s o  be  p r e s e n t  

i n  combust ible  r e f u s e  even a f t e r  a series of  p rocesses  inc lud ing  magnetic,  

eddy c u r r e n t ,  and a i r  f l o t a t i o n  s e p a r a t i o n  s t e p s .  These p a r t i c l e s  from 

s o l i d  waste p r e s e n t  a s t i l l  d i f f e r e n t  se t  of p a r t i c l e  types .  

The c h a r a c t e r  of t h e  p a r t i c l e s  may 

I n  a t t empt ing  t o  assess t h e  problem t o  determine what might be  done i n  

t h i s  area, i t  is  clear t h a t  t h e  f i r s t  s t e p  should be a thorough and c r i t i c a l  

examination of a l l  of t h e  exper ience  t h a t  has  been gained i n  t h i s  area. One 

of t h e  f i r s t  s t e p s  should be a thorough review of t h e  exper ience  w i t h  coa l -  

burn ing  gas t u r b i n e s  gained by t h e  Locomotive Development Committee i n  t h e  
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l a t te r  4 0 ' s  and e a r l y  50's.  

t i o n  of a l l  of t h e  papers  and r e p o r t s  t h a t  were prepared,  b u t  i n c i s i v e  

d i scuss ions  wi th  key personnel  i n  t h e  program should he lp  g r e a t l y  t o  t u r n  

up both important d e t a i l s  and t h e  o v e r a l l  p e r s p e c t i v e  t h a t  emerged from 

t h a t  e f f o r t .  

ence i n  burning heavy f u e l  o i l s  i n  gas t u r b i n e s ,  p a r t i c u l a r l y  t h o s e  t h a t  

con ta in  s u b s t a n t i a l  amounts of mineral  matter. A t h i r d  major area i s  t h e  

experience t h a t  has  been gained by Siemens i n  Germany i n  o p e r a t i n g  gas 

t u r b i n e s  on gas from c o a l  g a s i f i c a t i o n  p l a n t s .  The i r  experience has  l e d  

t o  t h e  s p e c i f i c a t i o n  t h a t  t h e  gas going t o  a gas t u r b i n e  should n o t  con ta in  

more than  1 mg/m3. 

t o  achieve;  i n  t h e  Steinkohlen-Elektrizitat AG i n  Liinen, Germany they  have 

found 50 mg/rn3 of suspended p a r t i c l e s  i n  t h e  gas even a f t e r  s u b j e c t i n g  t h e  

gas from t h e i r  Lurgi  c o a l  g a s i f i e r s  t o  a coo l ing  and two-stage scrubbing 

ope ra t ion .  Another major source of information i s  t h e  group a t  BCURA where 

t h e r e  has  been a s u b s t a n t i a l  amount of work on t h i s  problem because they  

b e l i e v e  they  can d r i v e  a gas  t u r b i n e  wi th  t h e  h o t  combustion gases  a f t e r  

j u s t  two s t a g e s  of cyclone s e p a r a t i o n  of t h e  s o l i d  p a r t i c l e s  l i f t e d  from 

t h e  bed. 

operated i n  t h e  ho t  gas stream from t h e i r  f l u i d i z e d  bed should y i e l d  some 

e s p e c i a l l y  important i n s i g h t s ,  p a r t i c u l a r l y  when t h e  r e s u l t s  are compared 

wi th  experience i n  similar tests w i t h  o t h e r  combustion systems. 

experience w i t h  combustion products  from s o l i d  waste gained a t  Combustion 

Power, I n c . ,  should provide some f u r t h e r  i n t e r e s t i n g  i n s i g h t s .  

This  review should inc lude  n o t  only an examina- 

A second major sou rce  of e m p i r i c a l  information i s  t h e  experi-  

It is i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  goa l  i s  d i f f i c u l t  

The i r  experience gained w i t h  cascades of s imulated t u r b i n e  b l ades  

The 

I n  a d d i t i o n  t o  t h e  work wi th  gas t u r b i n e s ,  t h e  more gene ra l  area of 

work concerned w i t h  t h e  a n a l y s i s  and c l a s s i f i c a t i o n  of p a r t i c u l a t e  matter 

i n  combustion products  from a l l  types  of combustion system should be re- 

viewed t o  g ive  f u r t h e r  p e r s p e c t i v e .  

w i l l  probably be necessa ry  t o  be somewhat selective and l i m i t  t h e  s tudy t o  

what appears t o  be a reasonable  scope covering r e p r e s e n t a t i v e  f u e l s  and 

combus t i o n  systems. 

This  i s  such a broad f i e l d  t h a t  i t  

On completing t h e  above survey and analyzing t h e  r e s u l t s  i t  i s  l i k e l y  

t h a t  a number of wel l -def ined problems w i l l  emerge, and t h a t  some worthwhile 

experiments t o  i n v e s t i g a t e  t h e s e  problems can b e  suggested.  

seems unwise t o  suggest  e i t h e r  t h e  c h a r a c t e r  o r  t h e  scope of such expe r i -  

ments u n t i l  t he  above survey of t h e  e n t i r e  problem area has been completed. 

However, i t  
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APPENDIX A 

Heat Exchanger Design Charts  f o r  a Coal-Fired 
Gas Turbine System 

The design c h a r t s  included h e r e  w e r e  calcu- 
l a t e d  by t h e  methods p re sen ted  i n  Chapter 6 .  
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Fig. A . l .  Heating effectiveness as a function of tube length in the 
fluidized bed f o r  0.50 in. OD and 0.028 in. thick wall tubes. 
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Fig. A . 2 .  Heating e f f e c t i v e n e s s  a s  a f u n c t i o n  of tube  l e n g t h  i n  t h e  r ecupe ra to r  f o r  0.50 i n .  OD and 
0.028 i n .  t h i c k  w a l l  tubes  wi th  a - s h e l l - s i d e  mass flow rate equa l  t o  40% of t h a t  i n s i d e  t h e  tubes .  
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TUErF, MATRIX IENGTH (ft) 

Fig.  A.4 .  Cooling e f f e c t i v e n e s s  as a f u n c t i o n  of tube ma t r ix  l e n g t h  
i n  t h e  a i r  flow d i r e c t i o n  f o r  t h e  t u r b i n e  a i r  flow pass ing  over  t h e  1 .0  i n .  
OD f inned tubes of t h e  waste h e a t  b o i l e r .  
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Fig. A . 5 .  Cooling effectiveness as a function of tube matrix length 
in the air flow direction for the turbine air flow passing over the 1.0 in. 
OD finned tubes of the turbine air cooler. 
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Fig.  A . 6 .  The p r e s s u r e  drop parameter aAP as a f u n c t i o n  of t ube  l e n g t h  

f o r  t h e  t u r b i n e  a i r  flow through 0.50 i n .  OD and 0.028 i n .  t h i c k  w a l l  tubes .  
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Fig. A . 7 .  The p r e s s u r e  drop parameter oAP as a f u n c t i o n  of tube l e n g t h  

f o r  t h e  t u r b i n e  a i r  flow on the s h e l l - s i d e  of t h e  r ecupe ra to r  f o r  0.50 i n .  
OD tubes w i t h  t h e  s h e l l - s i d e  a i r  m a s s  flow rate equa l  t o  40% of t h e  tube- 
s i d e  mass f low rate. 



A. 1 0  

6. 

4. 

3 .  

2. 

1.( 

0.t  

0.4 

0.2 

0.1 
6 10 20 2 4 

TUBFl IBNGTH (ft) 
Fig .  A . 8 .  The p r e s s u r e  drop parameter  GAP as a f u n c t i o n  of  tube  l e n g t h  

f o r  t h e  combustion gas  f low on t h e  s h e l l - s i d e  of t h e  economizer f o r  0.50 
i n .  OD tubes  w i t h  t h e  s h e l l - s i d e  a i r  mass f low rate e q u a l  t o  30% of the 
tube  s i d e .  
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F i g ,  A.9.. The pressure drop parameter GAP as a function of tube matrix 
length in the direction of air flow for 1.0 in. OD finned tubes in the 
waste heat boiler and the cooler. 
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Fig. A.lO. Crossplot of data for heating effectiveness and AP/P as 
functions of the air mass flow rate through the tubes and the length of 
0.50 in. OD tubes in the fluidized bed. 
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F i g .  A.14. Crossplot  of d a t a  f o r  t h e  cool ing e f f e c t i v e n e s s  and AP/P 
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Fig. A.15. Heating effectiveness as a function of tube length in the 
fluidized bed for 0.75 in. OD and 0.042 in. thick wall tubes. 
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Fig. A . 1 7 .  The p r e s s u r e  drop parameter oAP as a f u n c t i o n  o f  t ube  l e n g t h  

f o r  t h e  t u r b i n e  a i r  f l o w  through 0.75 i n .  OD and 0.042 i n .  t h i c k  w a l l  t ubes .  
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Fig. A.19.  The p r e s s u r e  drop parameter GAP as a f u n c t i o n  of tube l e n g t h  
f o r  t h e  combustion gas  flow on t h e  s h e l l - s i d e  of t h e  economizer f o r  0.75 
i n .  OD tubes w i t h  t h e  s h e l l - s i d e  a i r  mass flow rate equa l  t o  30% of t h e  
tube-side m a s s  f low rate. 
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Fig. A.20. Heating effectiveness as a function of tube length in the 
fluidized bed for 1.0 in. OD and 0.056 in. thick wall tubes. 
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Fig .  A.23 .  The p r e s s u r e  drop parameter  GAP as a f u n c t i o n  of  tube  l e n g t h  

f o r  the t u r b i n e  a i r  f low on t h e  s h e l l - s i d e  of  the r ecupe ra to r  f o r  1 . 0  i n .  
OD tubes  w i t h  t h e  s h e l l - s i d e  a i r  m a s s  f low rate equa l  t o  40% of  t h e  tube- 
s i d e  mass f low rate. 
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APPENDIX B 

Average U.S. Coal P r i c e s  by Region 
and S u l f u r  Content 

The c o a l  p r i c e s  p re sen ted  h e r e  are those r e p o r t e d  
by t h e  Fede ra l  Power Commission f o r  February 1974. 

Reference: Fede ra l  Power Commission News,  Volume 7 ,  
Number 23,  pp.  17-19, June 7 ,  1974.  
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Table B.l. Average Coal P r i ces ,  F.O.B. Plant 

"\ 

L .I 

i - ' 7  

r- 

NEW ENGLAND 
Connecticut 
Maine 
Massachusetts 
New Hampshire 
&ode I s l a n d  
Vermont 

2 0.0 
3 0.0 
4 215.7 
5 78.4 
6 12.0 
7 0.0 

0.0 0.00 49.0 
0.0 0.00 0.0 
136.1 31.87 33.0 
59.2 16.06 0.0 
141.5 34.98 0.0 
0.0 0.00 0.0 

106.9 26.16 32.8 
0.0 0.00 0.0 
123.2 28.26 150.0 
0.0 0.00 0.0 
0.0 0.00 0.0 
0.0 0.00 0.0 

106.9 26.16 16.2 
0.0 0.00 0.0 
149.3 34.35 98.7 
0.0 0.00 78.4 
0.0 0.00 12.0 
0.0 0.00 0.0 

106.9 26.16 2 
0.0 0.00 3 
112.7 26.90 4 
59.2 16.06 5 
141.5 34.98 6 
0.0 0 .00  7 .... , 

. . . . . . TOTAL 9 306.1 114.4 27.94 82.0 113.2 27.01 182.8 141.3 32.88 205.3 91.9 23.18 9 
MIDDLE ATLANTIC 

New Jersey 12 222.4 111.3 27.14 95.9 123.3 30.28 134.1 119.0 28.84 184.1 112.0 27.54 12 
New York 1 3  185.1 61.0 15.44 270.6 87.6 20.63 262.3 79.5 18.43 193.3 72.4 18.65 13 
Pennsylvania 1 4  1,868.0 59.6 14.39 1,011.6 70.1 16.27 1,169.7 66.3 15.67 1.709.9 61.1 14.63 14 
. . . . .  . TOTAL 16 2,275.5 64.8 15.72 1,378.0 77.5 18.10 1,566.1 73.1 17.26 2,087.4 66.8 1 6 . 1 4 1 6  

EAST NORTH CENTRAl. ~ ~ ~~~ .~~.- 
I l l i n o i s  19  2,337.2 48.2 9.92 325.1 49.0 10.87 1,675.6 50.1 10.43 986.7 45.2 9.37 19 

47.7 10.16 20 Indiana  20 2,044.0 37.4 8.06 271.4 56.1 11.71 2,255.1 39.3 8.44 60.3 
Michigan 2 1  1,078.2 49.1 11.86 125.4 68.1 16.92 434.3 53.1 12.57 769.3 50.1 12.29 2 1  
Ohio 22 2,024.5 50.3 11.29 1,230.8 88.3 19.59 1,978.1 67.4 14.62 1,277.2 60.5 14.13 22 
Wisconsin 23 354.4 51.3 11.56 73.8 67.9 14.68 267.6 56.1 12.39 160.6 50.7 11.60 23 

28 
29 
30 
31  
32 
33 

238.9 
126.2 
420.9 
1,401.6 
81.7 
401.4 

34 12.4 
36 2,682.9 

39 0.0 
40 10.0 
41  422.5 
42 582.0 
43 88.9 
44 1,114.7 
45 205.5 
46 178.1 
47 1,170.3 

49 3,771.9 

52 870.2 
53 1,598.7 
54 129.4 
55 1,491.8 

57 4,090.0 

60 0.0 
6 1  0.0 
62 0.0 
63  527.0 

65 527.0 

68 141.4 
69 549.4 
70 0.0 
71 73.0 
72 196.1 
73 509.8 
74 58.0 
75 428.1 

77 1,955.8 

80 0.0 
8 1  0.0 
82 0.0 

84 0.0 

86 23,447.6 

47.9 
25.7 
38.7 
34.8 
50.8 

9.72 
4.86 
6.55 
7.57 
10.72 
2.20 
5.55 

16.4 
36.0 
34.8 6.76 

0.0 0.00 
89-8 22.65 
60.7 13.84 
49.2 11.69 
90.5 23.00 
61.7 15.28 
82.6 19.61 
66.1 15.74 
47.8 11.40 

57.5 13.82 

54.7 12.57 
37.6 8.12 
49.5 11.34 
41.7 9.18 

43.3 9.56 

0.0 0.00 
0.0 0.00 
0.0 0.00 
13.6 1.90 

13.6 1.90 

64.4 
44.5 
5.7 
43.0 
8.8 

64.3 
56.9 
69.5 
53.0 
58.6 

29.1 23.3 
0.0 0.0 
195.5 55.8 

14.35 
12.74 
13.84 
10.68 
12.27 
3.15 
0.00 
11.40 

239.0 
170.6 
419.5 
1,178.0 
87.7 
430.5 
12.4 
2,537.7 

53.3 
34.9 
38.2 
34.3 
50.8 
16.8 
36.0 
35.4 

64.3 
0.0 
7.1 
266.5 
2.8 
0.0 

47.0 88 .1  
12.0 127.9 
55.3 76.8 
8.0 76.4 
257.0 94.3 
348.3 129.7 
84.8 110.9 
326.8 130.3 
797.3 114.1 

1,936.5 115.2 

141.1 60.4 
378.8 115.9 
0.0 0.0 
5.8 40.1 

525.7 99.5 

0.0 0.0 
0.0 0 .0  
0.0 0.0 
0.0 0.0 

0.0 0.0 

20.91 
31.46 
18.17 
19.05 
21.64 
30.76 
26.18 
30.99 
25.96 

26.77 

14.19 
25.71 
0 .oo 
8.90 

22.44 

0.00 
0.00 
0.00 
0.00 

0.00 

. . . . . .  TOTAL 25 7,838.3 46.3 10.13 2,026.5 75.8 16.79 6,610.7 52.1 11.22 3,254.2 52.9 1 2 . 0 5 2 5  

WEST NORTH CENTRAL 
Iowa 
Kansas 
Minnesota 
Missouri  
Nebraska 
North Dakota 
South Dakota 
. . . . . . TOTAL 

SOUTH ATLANTIC 
Delaware 
District of Columbia 
F lor ida  
Georgia 
Maryland 
North Caro l ina  
South Caro l ina  
V i r g i n i a  
West Virg in ia  

. . . . . .  TOTAL 

EAST SOUTH CENTRAL 
Alabama 
Kentucky 
M i s s i s s i p p i  
Tennessee 

. . . , . . TOTAL 

WEST SOUTH CENTRAL 
Arkansas 
Louisiana 
Oklahoma 
Texas 

. . . . . . TOTAL 

MOUNTAIN 
Arizona 
Colorado 
Idaho 
Montana 
Nevada 
New Mexico 
Utah 
Wyoming 

. . . . . . TOTAL 

PACIFIC 
C a l i f o r n i a  
Oregon 
Washington 

. . . . . . TOTAL 

UNITED STATES TOTAL 

17.4 4.11 0.0 0.0 
34.1 6.71 66.9 53.7 
0.0 0.00 0.0 0.0 
23.7 3.73 0.0 0.0 
33.5 7.48 0.0 0.0 
18.6 3.36 
39.5 9.06 
19.7 3.30 

0.0 0.0 
1 . 0  28.7 
0.0 0.0 

25.9 4.95 67.9 53.3 

0 . 0  0.00 
0.0 0.00 
0.0 0.00 

0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 0.00 

47.6 10.40 

0.0 0.0 

6,212.2 90.5 

0.00 
10.78 
0.00 
0.00 
0.00 
0.00 
6.97 
0.00 

10.73 

0.00 
0.00 
0.00 

0.00 

20.57 

41.0 
0.0 
353.3 
414.2 
262.9 
547.5 
134.7 
217.5 
655.7 

2.626.8 

334.4 
1,373.1 
0 .o 
388.5 

2,095.9 

0.0 
0.0 
0.0 
527.0 

527.0 

141.4 
545.6 
0.0 
73.0 
172.0 
509.8 
0.0 
428.1 
1,869.9 

0.0 
0.0 
0.0 

0.0 

18,016.8 

45.5 
0.0 

11.10 
6.91 
6.44 
7.36 
10.72 
2.26 
5.55 0.0 
6.77 340.1 41.7 

76.7 
39.6 
76.5 
0.0 
0.0 

9.23 28 
0.00 29 
18.71 30 
9.02 31 
15.48 32 
0.00 33 
0.00 34 
9.32 36 

88.3 
0.0 
63.1 
47.3 
93.1 
83.3 
95.4 
123.3 
99.8 

83.9 

55.6 
49.4 
0 .o 
39.1 

48.5 

0.0 
0.0 
0.0 
13.6 

13.6 

17.4 
35.9 
0.0 
23.7 
32.5 
18.6 
0.0 
19.7 

25.6 

0.0 
0.0 
0.0 

0.0 

54.5 

20.73 6.0 86.3 
0.00 22.0 110.4 
14.36 124.5 61.4 
11.12 175.8 54.7 
21.32 83.0 93.5 
20.18 915.5 73.9 
22.67 155.6 86.9 
30.09 287.4 96.0 
22.26 1,311.9 61.9 

19.48 3,081.7 70.8 

12.96 676.9 55.4 
10.64 604.4 60.8 
0.00 129.4 49.5 
8.64 1,109.1 42.6 

10.64 2,519.9 50.8 

0.00 0.0 0.0 
0.00 0.0 0.0 
0.00 0.0 0.0 
1.90 0.0 0.0 

1.90 0.0 0.0 

4.11 0.0 0.0 
7.11 70.8 38.9 ~~ 

0.00 0.0 0.0 
3.73 0.0 0.0 
7.13 24.1 39.6 
3.36 0.0 0.0 
0.00 59.0 39.3 
3.30 0.0 0.0 

4.86 153.9 39.2 

0.00 0.0 0.0 
0.00 0.0 0.0 
0.00 0.0 0.0 

0.00 0.0 0.0 

11.54 11,643.0 60.2 

22.16 39 
27.46 40 
14.29 41  
13.38 42 
24.12 43 
18.24 44 
20.55 45 
22.98 46 
14.82 47 

17.14 49 

12.72 52 
13.40 53 
11.34 54 
9.37 55 

11.34 57 

0.00 60 
0.00 61 
0.00 62 
0.00 63 

0.00 65 

0.00 68 
7.92 69 
0.00 70 
0.00 71 
9.95 72 
0.00 73 
9.02 74 
0.00 75 

8.66 77 

0.00 80 
0.00 8 1  
0.00 82 
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E lec t r i ca l  and Thermal D i s t r i b u t i o n  System Load 
P r o f i l e s  f o r  a T o t a l  Energy System 

Electr ical  and heat load  p r o f i l e s  f o r  t y p i c a l  r e s i d e n t i a l  
complexes were obta ined  from o t h e r  MIUS p r o j e c t s  c a r r i e d  ou t  a t  
ORNL f o r  HUD. These are p resen ted  he re  i n  a form expres s ly  
adapted t o  eva lua t ion  of gas  t u r b i n e  performance requirements .  
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Electr ical  and Thermal D i s t r i b u t i o n  System Load 
P r o f i l e s  f o r  a T o t a l  Energy System 

The e lec t r ica l  and thermal  d i s t r i b u t i o n  system load p r o f i l e s  f o r  t h e  

720 garden apartment complex desc r ibed  i n  Ref. 1, shown i n  t h e  fol lowing 

Fig. 1 through 10, i n c l u s i v e ,  were developed from t h e  ou tpu t  d a t a  of a 

computerized a n a l y s i s  of t h e  system. 

program2 w a s  used i n  making t h e  a n a l y s i s .  

pa t ed  e l e c t r i c a l  and thermal  load  p r o f i l e s  i s  considered a b a s i c  s t e p  i n  

planning a MIUS o r  t o t a l  energy system s i n c e ,  as po in ted  out by Garner i n  

Ref. 3,  t h e  design and u l t i m a t e  economic f e a s i b i l i t y  of t h e  system depends 

on t h e  magnitude and c h a r a c t e r  of t h e s e  loads.  

The 1973 OWL MIUS hourly computer 

Accurate development of a n t i c i -  

The load  p r o f i l e s  f o r  a MIUS o r  t o t a l  energy system depend on climato- 

l o g i c a l  cond i t ions ,  s t r u c t u r e  o r  b u i l d i n g  design,  occupancy, and modus 

operandi;  l i g h t i n g ,  h e a t i n g  and/or  cool ing,  power equipment usage, e t c .  

The p r o f i l e s  w i l l  vary from hour-to-hour, day-to-day, and season-to-season. 

I n  t h e  development of l oad  p r o f i l e s  f o r  a MIUS o r  t o t a l  energy system 

f o r  a complex of new s t r u c t u r e s ,  t h r e e  major c a t e g o r i e s  of d a t a  are requ i r ed :  

1. Local weather d a t a  
2.  
3. Bui lding o p e r a t i n g  d a t a  

Bui lding c o n s t r u c t i o n  and design d a t a  

A complete c l i m a t o l o g i c a l  h i s t o r y  f o r  a given l o c a t i o n  can be ob ta ined  

The book le t ,  " S e l e c t i v e  Guide t o  C l i m a t i c  Data Sourcesff4 on magnetic t ape .  

d e s c r i b e s  some of t h e  publ ished d a t a  and services a v a i l a b l e  from t h e  Na t iona l  

C l i m a t i c  Center. Information r equ i r ed  i n c l u d e s  mean hourly temperatures  

throughout t h e  yea r  (both wet-bulk and dry-bulb),  extreme temperature v a r i -  

a t i o n s  (high and low) f o r  design purposes ,  dew-point temperatures ,  s o l a r  

r a d i a t i o n  f a c t o r s ,  wind d a t a ,  and t h e  l i k e .  

Bui lding c o n s t r u c t i o n  and design d a t a  w i l l  i n c l u d e  f i x e d ,  o r  nonvarying, 

parameters such as i n s i d e  design temperatures ,  s t r u c t u r e  o r i e n t a t i o n  w i t h  

r e spec t  t o  t h e  sun, h e a t - t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  b u i l d i n g ,  and 

r e s p e c t i v e  areas of a l l  exposed s u r f a c e s .  
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Building o p e r a t i n g  d a t a  i n c l u d e s  a l l  parameters t h a t  vary wi th  t i m e  

and c o n t r i b u t e  t o  e l e c t r i c a l  and thermal  loads .  These inc lude  b u i l d i n g  

occupancy (peop le ) ,  i l l u m i n a t i o n  l e v e l  ( l i g h t i n g ) ,  power-equipment opera- 

t i o n s  ( e l e v a t o r s ,  o f f i c e  machines, computers, hand-tools ,  a i r  cond i t ion ing  

and a i r  handl ing machinery),  domestic h o t  water consumption, p rocess  

thermal  energy consumption, domestic app l i ances ,  and b u i l d i n g  thermal-lag,  

hea t - s to rage ,  and a i r - l eakage  c h a r a c t e r i s t i c s .  

Accurate determinat ion of t h e  amount of u s e f u l  exhaust h e a t  a v a i l a b l e  

from t h e  p r i m e  movers (engines)  as a f u n c t i o n  of t h e  va ry ing  e l e c t r i c a l  

l oad / t ime  p r o f i l e  i s  a p r e r e q u i s i t e  t o  t h e  a n a l y s i s .  A t  t i m e s  t h e  recover- 

a b l e  h e a t  may be i n  excess  of t h a t  demanded by t h e  thermal-load p r o f i l e  - 
f o r  example, when t h e  e l ec t r i ca l  load  i s  h igh  and t h e  thermal load  i s  low. 

A t  o t h e r  t i m e s ,  t h e  thermal load  may be high wh i l e  t h e  e l e c t r i c a l  l oad  is  

low, and a d e f i c i e n c y  of u s e f u l  exhaust h e a t  w i l l  e x i s t .  

A de f i c i ency  i n  u s e f u l  exhaust h e a t  may be made-up by burning addi-  

t i o n a l  f u e l  i n  an a u x i l i a r y  b o i l e r .  An excess  of exhaust h e a t  r e s u l t s  i n  

t h e  waste of u s e f u l  energy and consequent lowered thermal e f f i c i e n c y  and 

p r o f i t a b i l i t y ,  u n l e s s  t h e  excess  h e a t  can be economically s t o r e d  f o r  use 

when t h e r e  i s  a de f i c i ency  of u s e f u l  exhaust h e a t .  Fleming5, i n  t h e  a r t i c l e  

T o t a l  Energy Concepts f o r  Ref r i g e r a t i o n  and Air-condi t ioning Engineers" 

states t h a t  h e a t  s t o r a g e  systems are i n  o p e r a t i o n ,  b u t ,  a t  p r e s e n t  t i m e ,  

they are n o t  widely used. 

II 

Figure 1 shows a monthly thermal  energy load  p r o f i l e  f o r  t h e  d i s t r i -  

bu t ion  system. T h i s  p r o f i l e  w a s  developed from t h e  computer a n a l y s i s  f o r  

yea r  7 (1963) .  I n  Fig.  1, t h e  h e a t  used ( r equ i r ed )  f o r  space h e a t i n g  and 

f o r  domestic h o t  water i s  shown by t h e  dashed l i n e .  The h e a t  a v a i l a b l e  from 

t h e  engine-generator  exhaust  i s  shown by t h e  s o l i d  l i n e .  During t h e  months 

of January,  February,  and December t h e  h e a t  r e q u i r e d  i s  g r e a t e r  t han  t h e  

h e a t  a v a i l a b l e  from t h e  engines  and t h e  d i f f e r e n c e  i s  made-up by t h e  

a u x i l i a r y  b o i l e r s .  During March, i t  appears  t h a t  e s s e n t i a l l y  a l l  of t h e  

engine a v a i l a b l e  h e a t  i s  used and only a very s m a l l  amount must be made-up. 

However, from A p r i l  through November, t h e  a v a i l a b l e  hea t  i s  g r e a t e r  t han  

t h a t  used ( f o r  space hea t ing ,  domestic h o t  water and/or  a i r  cond i t ion ing )  

and a l a r g e  amount of t h e  a v a i l a b l e  h e a t  is ,  t h e r e f o r e ,  unused. The t o t a l  

amount of h e a t  unused during t h e  yea r  i s  given i n  Table 1. The t o t a l  
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amount of waste h e a t  a v a i l a b l e  from t h e  engines  du r ing  t h e  yea r  amounts t o  

about 4.34  x 10" Btu. Another 9.245 x l o 9  Btu of a u x i l i a r y  b o i l e r  makeup 

h e a t  w a s  r equ i r ed ,  mainly during t h e  c o l d e r  w i n t e r  months of t h e  y e a r ,  f o r  

t h e  space h e a t i n g  and hot  water requirements ,  making t h e  t o t a l  amount of 

h e a t  a v a i l a b l e  equa l  t o  about 5 .27  x 1O1O Btu. Of t h i s ,  a t o t a l  of 4.208 x 

l o l o  Btu w e r e  used du r ing  t h e  y e a r  f o r  space h e a t i n g ,  ho t  water, and/or  a i r  

cond i t ion ing  l e a v i n g  about 1.059 x 1 O 1 O  Btu unused du r ing  t h e  y e a r .  

amount of h e a t  unused amounts t o  about 24 percen t  of t h e  a v a i l a b l e  engine- 

gene ra to r  exhaust h e a t .  The reason s o  much h e a t  i s  unused i s  shown by t h e  

load p r o f i l e s  of Fig.  2 through 10. These p r o f i l e s  g r a p h i c a l l y  i l l u s t r a t e  

t h e  mismatch t h a t  can occur  between t h e  h e a t  a v a i l a b l e  from t h e  engines  

(which c l o s e l y  matches t h e  e lec t r ica l  l o a d  curve) and t h e  hea t  r e q u i r e d  

( o r  used) which i s  predominantly a f u n c t i o n  of c l i m a t i c  cond i t ions .  

shows t h a t  t h e  g r e a t e s t  amounts of unused h e a t  occur during t h e  s p r i n g  

months of A p r i l  and May and t h e  f a l l  months of September, October and Novem- 

be r .  During t h e s e  months, t h e  o u t s i d e  temperature  can be very c l o s e  t o  t h e  

e q u a l i z a t i o n  temperature  ( e q u a l i z a t i o n  temperature  i s  t h e  o u t s i d e  tempera- 

t u r e  a t  which t h e  i n t e r n a l  h e a t  o f f s e t s  t h e  b u i l d i n g  h e a t  l o s s )  and very 

l i t t l e  h e a t  would be r equ i r ed  ( f o r  e i t h e r  space h e a t i n g  o r  f o r  t h e  abso rp t ion  

c h i l l e r ) .  However, even during t h e  o t h e r  months of t h e  yea r ,  t h e r e  can be 

several hours  during which t h e  o u t s i d e  temperature  i s  w i t h i n  t h e  range of 

t h e  e q u a l i z a t i o n  temperature  (55'F t o  65'F depending on t h e  i n t e r n a l  h e a t  

g a i n s ) .  

Table  2 .  Th i s  table i n d i c a t e s  t h a t  t h e r e  are about 1570 hours  during t h e  

y e a r  i n  t h e  temperature  range of 55 F t o  65'F, d i s t r i b u t e d  as shown through 

t h e  year .  

This  

Table  1 

Temperature/time frequency d a t a  f o r  P h i l a d e l p h i a  are shown i n  

0 

Figure  2 shows t h e  outdoor dry-bulb temperature ,  t h e  coincident  t o t a l  

engine-generator l oad ,  and t h e  waste h e a t  a v a i l a b l e  during day 34 of y e a r  1 

(February of 1955). F igu re  3 shows t h e  w i n t e r  weekday (Day 3 4 ,  February 

1955) system hourly h e a t  requirements and h e a t  a v a i l a b l e  a t  t h e  c e n t r a l  

equipment b u i l d i n g .  

domestic h o t  water and space h e a t i n g )  i s  i n  excess of t h a t  a v a i l a b l e  and 

a d d i t i o n a l  makeup h e a t  i s  r e q u i r e d  from t h e  a u x i l i a r y  b o i l e r .  

During t h i s  pe r iod ,  t h e  t o t a l  h e a t  used ( r equ i r ed  f o r  

F igu res  4 ,  5 ,  and 6 shows c h a r a c t e r i s t i c  s p r i n g  weekday outdoor t e m -  

p e r a t u r e s ,  co inc iden t  engine-generator e lec t r ica l  loads ,  h e a t  a v a i l a b l e  

(from t h e  engine-generators)  and t o t a l  hea t  used. 
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The condi t ions  shown i n  Fig.  4 are f o r  day 132 i n  yea r  7 (May 1963). 

During t h i s  day, t h e  o u t s i d e  temperature  v a r i e d  from a low of 42 F dur ing  

t h e  e a r l y  morning hours t o  a h igh  of about 61°F a t  4 : O O  p.m. 

p e r a t u r e  w a s  between 42 F and 45OF, from 1:00 a .m.  t o  about 7 : O O  a . m . ,  the 

hea t  a v a i l a b l e  w a s  less than  t h e  hea t  used and a u x i l i a r y  b o i l e r  makeup 

hea t  w a s  requi red .  However, from 7:OO a.m.  on, t h e  hea t  a v a i l a b l e  exceeded 

t h e  h e a t  r equ i r ed ,  consequently,  cons iderable  hea t  was unused. No a i r -  

cond i t ion ing  was r equ i r ed  dur ing  t h i s  pe r iod .  

0 

When t h e  t e m -  
0 

Figure  5 shows t h e  cond i t ions  t h a t  p reva i l ed  dur ing  another  s p r i n g  

day (day 130 of yea r  7 ,  May 1963) j u s t  two days p r i o r  t o  t h e  cond i t ions  

descr ibed  i n  Fig .  4. During t h i s  day, t h e  o u t s i d e  temperature  v a r i e d  

from about 49'F a t  midnight t o  a h igh  of about 87'F a t  3:OO p.m. when 

t h e  temperature  a b r u p t l y  decreased.  From 6:OO p.m., when t h e  temperature  

w a s  about 64'F, t o  t h e  fo l lowing  morning a t  8:OO a.m.  , t h e  hea t  a v a i l a b l e  

exceeded t h e  hea t  used r e s u l t i n g  i n  4.345 x l o 7  Btu of unused h e a t .  From 

about  7 : O O  a . m .  t o  about 6:OO p.m.,  however, t h e  o u t s i d e  temperature  and 

i n t e r n a l  hea t  ga ins  were such as t o  r e q u i r e  a i r - cond i t ion ing .  The t o t a l  

amount of c h i l l e r  load  (absorp t ion  p l u s  compression) dur ing  t h i s  pe r iod  a 

amounted t o  6.111 x l o 7  Btu o r  5.092 x l o 3  ton-hours,  of which 2.572 x 10  

Btu (2.143 x l o 3  ton-hrs)  w e r e  supp l i ed  by t h e  abso rp t ion  c h i l l e r s  and t h e  

remainder 3.539 x l o 7  Btu (2.949 x l o 3  ton-hours) were supp l i ed  from t h e  

motor-compressor c h i l l e r s .  

from t h e  abso rp t ion  c h i l l e r s  an a d d i t i o n a l  amount of hea t  equa l  t o  5.617 x 

l o 7  Btu would be r equ i r ed .  

amount would be  a v a i l a b l e  from heat unused dur ing  t h e  24-hour pe r iod  i f  i t  

could be economically s t o r e d .  

I n  o rde r  t o  supply t h i s  p o r t i o n  of A/C load  

About 77 percent  (4.345 x l o 7  Btu) of t h i s  

F igure  6 shows t h e  cond i t ions  t h a t  p reva i l ed  during ano the r  s p r i n g  

day (day 132 of y e a r  6 ,  May of 1962). 

38'F a t  5:OO a .m.  t o  a h igh  of 69OF from 3:OO p.m. t o  5:OO p.m. 

h e a t i n g  and a i r - cond i t ion ing  were r equ i r ed ,  n e c e s s i t a t i n g  ope ra t ion  of t h e  

a u x i l i a r y  b o i l e r  t o  supply makeup hea t  dur ing  t h e  e a r l y  morning hours  and 

ope ra t ion  of the motor-compressor c h i l l e r s  f o r  a i r - cond i t ion ing  dur ing  t h e  

a f te rnoon hours  between 2:OO p.m. and 6:OO p.m. s i n c e  t h e  hea t  t h a t  w a s  

a v a i l a b l e  d i d  n o t  match o r  co inc ide  wi th  t h e  hea t  t h a t  w a s  r equ i r ed .  

The temperature  v a r i e d  from a low of 

Both space  
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F igures  7,  8, and 9 i l l u s t r a t e  t h e  cond i t ions  t h a t  could p r e v a i l  during 

a c h a r a c t e r i s t i c  summer day. 

t h e  o u t s i d e  temperature  v a r i e d  from a low of 74'F a t  6:OO a . m .  t o  a h igh  of 

100°F a t  4:OO p.m. No space h e a t i n g  w a s  r equ i r ed  and a l l  of t h e  a v a i l a b l e  

engine-generator waste h e a t  n o t  r equ i r ed  f o r  domestic ho t  w a t e r  w a s  avail- 

a b l e  f o r  use i n  t h e  abso rp t ion  c h i l l e r s  as shown i n  F ig .  8. However, t h e  

abso rp t ion  c h i l l e r s  could n o t  supply a l l  of t h e  r e q u i r e d  a i r  cond i t ion ing  

load ,  hence,  t h e  remainder of t h e  A/C l oad  w a s  supp l i ed  from t h e  motor- 

compressor u n i t s  as shown i n  F ig .  9.  The peak a i r  cond i t ion ing  l o a d  o f  

about 980-tons occurred a t  6:OO p.m., two hours a f t e r  t h e  peak temperature  

of 100°F a t  4:OO p.m. 

During t h i s  day (day 203 of y e a r  1, J u l y  1955),  

Figure 10 shows t h e  cond i t ions  t h a t  p r e v a i l e d  during a c h a r a c t e r i s t i c  

f a l l  day (day 287, y e a r  7 ,  October 1963). The o u t s i d e  temperature v a r i e d  

from a low of 34OF a t  7:OO a . m .  t o  a h igh  of 71°F a t  4:OO p.m. 

h e a t i n g  w a s  r e q u i r e d  du r ing  t h e  e a r l y  morning hours ,  n e c e s s i t a t i n g  opera- 

t i o n  of t h e  a u x i l i a r y  b o i l e r  s i n c e  n o t  enough h e a t  w a s  a v a i l a b l e  from t h e  

engine-generator sets. A i r  cond i t ion ing  w a s  r equ i r ed  i n  t h e  a f t e rnoon ,  and 

between t h e  hours  of 2:OO p.m. and 5:OO p.m., i t  w a s  necessa ry  t o  o p e r a t e  

t h e  motor-compressor sets s i n c e  n o t  enough h e a t  w a s  a v a i l a b l e  t o  supply t h e  

load from t h e  abso rp t ion  c h i l l e r s .  

Space 



T a b l e  C . l .  S y s t e m  H e a t  B a l a n c e  

H e a t  A v a i l a b l e - 1 0 9  B t u  
E n g - G e n  A u x  B o i l  T o t a l  Month 

H e a t  
U n u s e d  
l o 9  B t u  

H e a t  U s e d  - l o 9  B t u  
S p  H e a t  H o t  Wat A b s .  A/C T o t a l  

3.670 

3.409 

3.338 

3 .171  

3 .401  

3 .781  

4.429 

4 .073  

3.624 

3.589 

3.356 

3.585 

43.426 

2.749 

2.557 

0.837 

0 .122  

0.026 

0.0 

0.0 

0.0 

0.011 

0 .061  

0.318 

2.564 

9.245 

6.419 

5.966 

4.175 

3.293 

3.427 

3.781 

4.429 

4.073 

3.635 

3.650 

3.674 

6.149 

52 .671  

4.815 

4 .471  

2.025 

0 .515  

0 .161  

0.0 

0 .o 
0.0 

0 .135  

0.286 

1 .140  

4 .643  

18 .191  

1.549 

1.398 

1 .432  

1 .188  

0.989 

0 .757  

0.662 

0 .662  

0.757 

0.989 

1.188 

1.432 

13 .003  

0.0 

0.0 

0.0 

0.0 

1 .012  

2.059 

3 .214  

2.638 

1.168 

0 .799  

0 .0 

0 .o 
10.890 

6 .364  

5.869 

3.457 

1 .703  

2.162 

2.816 

3.876 

3.300 

2.060 

2.074 

2 .328  

6.074 

42.084 

0 .055  

0 .097  

0.718 

1 .590  

1.265 

0.965 

0 .553  

0 .773  

1.575 

1.576 

1.346 

0 .074  

10.587 

L 



Table  C.2. Temperature/Time Frequency Data f o r  P h i l a d e l p h i a ,  Pennsylvania  

Jan  Feb Mar Apr May June  J u l y  Aug Sep t  O c t  Nov Dec T o t a l  
h r  hr  h r  hr hr h r  h r  h r  h r  h r  h r  h r  % cum % Temp. F hr 

0 

-10 

-20 

744 676 744 720 744 720 744 744 721 744 721 744 100 8766 
Cool 34.9 3056 

F a c t o r  - 4523 - - 0.985 Heat 65 .1  5710 

C i t y  P h i l a d e l p h i a ,  Pennsylvania  Guide 4523 
Th i s  Chart  4595 

4595 

*R. G .  Werden, Weather Data vs. Opera t ing  Cos ts ,  pp. 60-64, ASHRAE J o u r n a l ,  October 1964. 
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