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• he purpose of this handbook is to provide : f irst , a procedure
for evaluating the costs of a coa l gasif icat ion plant in terms
of the cap ital investment and operating costs . These are to
be sensit ive to several parameters defining coal , fuel gas , and
sulfur emissions; second , a procedure for the deratirig of Navy
base boi lers , to ref lect the change in performance resulting
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from introduc t ion of fuel gas i n p lace of coa l or o i l.

The gas plant analysis is based in part on a detailed analysis
of the gas treatment section of the plant. The remaining part
o f th e p lan t per formance i s base d on conventio nal stoich iometry
an d near approach to equilibrium in the gas productio n section.
The boiler derating method is based on observations of the rela-
t ive contribution to heat transfer made by radiation and convec-
tion , and on conventional relations describing these transfer
processes.
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Section 1

INTRODUCTION

P U RP O S ES

The f u n c t i o n  of t h i s  handbook is to p r o v i d e :

• A p r o C edure  f o r  e v a l u a t i n g  the  costs of a coal  g a s i f i -
ca t ion plant in terms of the cap ital investment and
operating costs. These are to he sensitive to several
parameters defining coal , fuel gas , and sulfur emissions.
Hand calculation is practical.

• A procedure for the derating of Navy base boilers , to
reflect the change In performance resulting from intro-
duction of fue l gas in place of coal or oil. Hand
calculation Is practical.

BA CK G ROUND

The t e c h n i q u e s  of  c o m p u t a t i o n  are based on p r i n c i p l e s  discussed in the

f i n a l  r epor t  on the subjec t  c o n t r a c t. *

T 3ii gas p lan t  analysis is based in part on a detailed analysis of the

g a ’~ t r e a t m e n t  s e c tio n  of the  p l a n t .  The remain ing  pa r t  of the p lan t

p e r f o r m a n c e  is based on convent ional  s t o i c hio m e t r y  and near  approach

t o  equilibrium In the  gas p r o d u c t i o n  s ec t i on .

The boi ler dera ting method is based on observa tions of the relative

contribution to heat transfer made by radiation and convection , and

on conventional relations describing these transfer processes.

*Cfvil Engineering Laboratory . Contract Report CR 77.013, “Coal
Gasification Study,” Bechtel Corporation, San Francisco , CA, 1977.
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PROF I C I FSCY

i t t h p r I ~ I ed u re s  b e low ir e  t o  some e xt e n t  t he  e x t r a p o l a t i o n s  of p e r f o r -

m a n c e s  c , i l c u l a t e d  In d e t a i l .  T h e i r  a ccu racy  Is t i e d  in p a r t  to  t h e

\ ‘C l l i d i t v  o f t h e  base sv o t em .

• T h e  ~~~~ p l a n t .  a n a ly s i s  is expec ted  to he c a p a b l e  at
n e a r l y  a l l  h e a t i n g  values  of coal  ( p e r h a p s  down to
6 , 000 3 t u / l h ) .  F o r t u n a t e l y , t he  thermod ynamic  c h a r —
C i c t e r  1 t h e  g a s i f i e r  p e r f o r m a n c e  fo r ce s  the  ca lcu-
l a t e d  e f f e c t s  to a p p l y .  The method has not  been t r i e d
on low h e a t i n g  va lue  coa l s .  There are , furthermore ,
l im i t s  to  the  range of p e r f o r m a n c e  w h i c h  can be rea-
sonabl y d e sor ib e d  by the  gas t r e a t m e n t  process .
These are the  ranges  covered in the  computer  runs
and presen ted  in g r a p h i c a l  fo rm in the  c o n t r a c t  r e p o r t .

• The bo iler derating method is of a proficiency suf-
ficient for conceptual design , f a l l ing o f f  in acc uracy
as extrapolat ion is lengthened . Some conm~ents on
validity appear in the contrac t report.

GLOSSARY

1 . i mbust ib les — Considered in this report to be the gaseous compo-
nents of useful fue l value , ex clusive of H2S.

2. Fire Tube — A boiler in which the hot gases pass through the
Boiler main exchanger tube bundle “in— tube .”

3. fue l Gas — Considered in this report to be the gases from the
reactor exclusive of water vapor.

Hot Fuel Gas — Considered in this report to be all the hot raw
gases from the reactor. Cool fuel gas is con—
s id e r e d  to be the  same , bu t  l eav ing  the  was te  heat
recovery sec t ion  at perhaps 350°F.

5. H i g h H e a t i n g  — C o n s i d e r e d  in t h i s  repor t  to be the h i g h e r  h e a t i n g
. . l l u e  H HV v a l u e  of the  100 lb coal used as the  basis  fo r  t he

reactor performance analysis.

~~~ P r o d u c t  t ;;i s - -  The gas exported from the plant for consumption.

— -a~~ ~.— - —. . _ i _- .. ._ 
—~~~ - —-h—



7 .  ~ i u n h  W ;it er  T h e  low p r ~~s s ur t  s t e a m  i n j e c t e d  f o r  q u e n c h  purp oses
i n  t lie en t r a no d sol  I ds r e a c t o r

H . S a v i n gs ‘l ’h€ r a t  i o of  t h e  p r e s e n t  va I tie of s a v i ng s  o f f e r e d
I n v e s t m e n t  b y the s u b j e c t i n v e s t m e n t  p r o g r a m  d i v i d e d  b y t h e
R a t e s  ( S I R )  p r e s e n t  v a l u e  of  t he  i n v e s t m en t  r e q u i r e d  f o r

I n s t  i t  ut ing t h a t  p rog ram .

9 . S c i v  i c  The p e r c e n t a g e  of t im e  f o r  w h i c h  a p lant , o r sect  iofl
V o t e r c i  a plant , is o p e r a t i n g  u s e f u l l y .

10. Sour  Cas  A gas c o n t a i n i n g  hydrogen  sul  f i d e  and o t h e r  m i n o r
sulfur compounds.

1 1 . Swe c t (;,o-c A gas free of su l  f u r  c o m p o n e n t s .

1 2 .  W~~~ te Heat — G e n e r a l l y , t he  r e cove ry  of sensible heat from hot
S e . C V c r y  gases , but  more  spec i f i c a l  l y in t he  p r e s e n t  ana l-

ysis considered as the recovery of heat from the
raw hot  r e a c t o r  gases .

1 3 .  ~~i t e r  Tube - A b o i l e r  in  wh i c h  the  ma in  e x c h a n g e r  c a r r i e s  w a t e r
B o i l e r  “ I n n — t u b e . ”

1 —3
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S e c t i o n  2

GASIFICATION PLANT ANALYSIS

S UMMARY

The c o m p u t a t i o n  scheme f o r  ana l ysis  of a coal g a s i f i c a t i o n  p lant is

p r e s e n t e d  in t h i s  s e c t i o n . The main f e a t u r e s  of t he  scheme a r e :

• Evaluation of gasifier performance

• E v a l u a t i o n  of  gas t r e a t m e n t  fo r  s u l f u r  removal

• Eva l ua t ion of the capital and opera t ing  cos ts , i n c l u d i n g
u n i t  p r o d u c t  cost , us ing discounted future costs

The method  applies to typical reac tors  o p e r a t i n g  in a fluidized or

e n t r a i n e d  so l ids  mode w i t h  e i t he r  a i r/ s t e a m  or oxygen / s t eam as b l a s t .

The r a t i o n a l e  fo r  t he  anal ysis is g iven in the  f i n a l  repor t  to the

Nav y  f o r  the  p resen t  c o n t r a c t .  The resu l t s  of the  ana lys i s  are c o n —

sidered to support a conceptua l design . Within several sets of results

leveloped from the ana lysis , comparisons can be drawn about the per-

formance and costs of gasification and gas cleanup .

SYSTEM DATA AND NOMENCLATURE

tin -h of the nominal cases represents a different gasifier type and

blast mode. The performance of each can be characterized by a set of

values set out in Table 2—1. With these it is possible to fix approxi—

m a t i l y  the rates of flow of oxygen , steam , and coal necessary to oper—

;Itc in a manner which extends the past experience with the reactors.

Similar dat .i are presented to support the calculations in subsequent

parts of the procedure.

The list of nomenclature contains the symbols used in the computation

procedure . U n i t s  are Identified in computation steps .

2—1
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NOM F: NC I A  ‘VU RE

Va r j a b  lo s

P
. = Mo I ci l heat  capacity ; Spec I ftc heat

C = Capital cost , dollar s 
6

~~ ( S O , ) = Emission of SO2, lb per 10 Btu FIHV (Coal)

I: = Energy , Bt u or kWhr

‘I t = Enthalpy change , Btu/mol

= Heat of comhnist ion , Btu/mol

= Heat of formation , Btu/mol

hlll V (c oa l) = Hi gh heating value of coal , dry, Bt u/100 lb
of moist coal charged to gasifier

HH V ’ (coal) = High heat ing value of coal , dry , Bt u/lO0 lb
of moist coal charged to gasifier , for which
the fraction of carbon converted becomes Y

n = Number of mols

= Total number of mols

O = Opera ting cos t , dollars per year

P = Pressure

Q = Heat effect , Btu

= Total heat effect , Btu

R = Ratio of total water to carbon charged to
WC 

the gasifier , mol/mol
R = Ratio  of qu ench water to carbon charged to
qc 

the gas if ier , mo l/mo l
R
oc 

= Ratio of free oxygen to carbon charged to
the gasifier , mol/niol

c 
= Ratio of blast gas (not steam) to carbon

charged to the gas ifier , mo l/mol
R = Fraction of high pressure steam going to
p process (165 psia) use

I = Temperature , degrees F
W Weigh t

= Fraction of gasified carbon which is carbon
monoxide

= Fraction of carbon in coal which is gasified

2—2
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I i j  t S

C r  .1 in qu int i t  i s , n i r - c n i a l l v  m o l s  of a sp c ’ . I e S  r c ’p r e se n t  i ng  sonc ’ p o r —
t ion o . i  large qin an t I t v r nssoc ’i ;ited w i t h  some f e a t u r e  of t he  sy s t e m
w i l l  h a ’ i d en t  i t  j ed by the s tihsc  r i p t s  be low , i f  not b y o t h e r  common l v
n ‘~‘ tr i :’ i  sy m b o l s .

bist = Blast

CFC = Coo l fuel gas , f r o m  r e a c t o r , mois t , s o u r

c = Combust ion

= C o m b u s t i b l e

= E v ap o r a t  ion

= Fuel gas , t rom r e a c t o r , d r y  bas i s , sou r

= Hot f u e l  gas f r o m  reac tor , raw

hi c , CO = Hydrogen/carbon monoxide mixture -

= W a t e r  that undergoes decomposition

h i
> 

= Hydrogen , net , in coal after some loss to
c o m b i n a t i o n  w i t h  oxygen in coal

H
2 f 

= Hydrogen net in f u e l  gas a f t e r  some loss to
‘ ° ‘ 

~‘ combina t ion w i t h  oxygen and sulfur in coa l

hp = H igh press ure
= I the component , or process  f e a t u r e s

= j the component , or process feature

N
2
,/0
2 m ixture

= Product gas

qn ch = Quench w a t e r

r c t r  = Reactor

Stm = Steam

x = Expans i on

N ’irnera1 Suhs’ ri ,p,~~~— Perf ormance Study

O = Denotes association with feed coal to gasif icr.

1 = Denotes association with blast to  g a si f i e r

2 = Denotes association with hot raw fue l gas

3 = Denotes association with waste heat recovery

N r u r e r i c a 1 S u bsc r ~ p t s — C o s t  Study

1 , 2 , 3 , etc = Used to identify cap ital or operating cost
it ems as indica ted

r Ij ) t a

° = Used to identif y a cost item as belonging

to the nominal case , as opposed to a v a r i a n t  case
‘
~~_ 1

=.~ - .—~ . ,-
. . - .-- --—-—
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l a b l e  2 — I

(rAS IFIER PlANT CHARACTERISTICS
DATA SIl ~PORT I NC USE OF THE HAND M E THO D*

Cas if i&’r Rates arid C u d  i t  ions  Nominal Cases*

Case 1 Case 2 ( i s >

(I) Ox y g o n  hi i S t  /giiseC us carbon , R
oc

R = n (0 , b .lst) n (C) = 0.450 0. 363 0. !9
c > >  I o

2) ‘v~.n t e r / c : i s e o u n s  ‘ ir h o r i  , R

[n 2 ( H~O) + n
~~

( h l 70d)] n (C) = 0.5475 1.193 0.491)

I) >~.c t t r qu en ch /gu s cirhon , R
qc

n (qnch)
R
qc 

= 

~
-
~
-
~
-
~
-y-----_ = 0.1966 0 0

(4) B . i a t  c-i s (no t  s te am ) / g a s e o u s  carbon

R = 
n .(N ,O ,)

Bc: — - - — 
~~
- - x R = 0 .459 0 . 372 2 . 3 . C 9

n . (o~ ) oc
I ~

(5) Enth ;nlpy , generated steam , ref.
( l i q u i d  w a t e r  a t  7 0 F , B t u / l h :

a. h (stm , blat);
sat ’d , 900°F, 900 >

~F; 65 psia. 1,133 1,440 1 ,440
e . h ( s t m , h p ) ;  900 F ; 1 , 055 psia  1 , 410 1, 410 1 , 410

( c1 ) Cp ( N  
C , 0 ) ) , M o l a r  he ”.t c a p a c i t y ,

b l a s t  gas :  7 . 1  7 . 1  7 . 1

( 7  C p ( F u e l  gas, hot ) Bt u/mo l °F 8.43 8.52 7.96

(S  c ;) (Fl l , l gas , coo l )  St u / m o l ° F = 7 . 3 5  7 . 3 5  7 . 1

(9) Cp(slag) Bt u/1b~
’F = 0 . 2 5  0 . 2 5  0 . 2 5

(10) 5> tor te~~pc’ra t ore

F (react ir) a200°F < 200°F ‘200~ F
+ME (ASH)  — S P ( A S H )  - S P ( A S H )

(L) h” ra~ t ion o3 g as eou s  ca rbon
w h i c h  is CU:

- - a = 
- 

0.85 0.672 0.802

‘ :  ij .  c c l  v i i  ( 1( 5 O I I V ;  c a l c u la t e  a c t u a l  v a l u e s  in p r o c e d u r e .
( .o l v ’ r S i c ) f l  c ’us > ant : 3,41S.2 Btni = 1 k W h r .

2 — 4
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Case 1 Case 2 ( : > ~ 3

12) Fr a t ion at  carbon i l l  coa l
canvi r t o h  t o  g u n s :

= A n t  h r . i c  i t  0 . 87  0.83 0.83
l : a s t t r n / M i h ~~i s t  coal  0 . 9 5  0.89 0.89

= West >rn c o i l  0.98 0.95 0,95

( 1 3 )  1’;ni& ’r gv c o n s i im p t  ion , g r i n d i n g  and
ni i s e l l  m oons , kW , p l a n t — w i d e  900 550 550

1 . )  Fr i t  ion I i  h ig h  pressure s t e a m  g o i n g
C process in s > from 165 psia header

R 0.34 0.21 0.26
PS

( I ’ ) )  ( o T : i p r e s s i o n  e n e r gy :

(a) ~\ir—to —oxyg en p lant , Btu/mo l 21 ,296 2 1 ,296 21 ,296
(6) Dry blast to gasif icr , Bt.u/mol 9,218 9 ,218 9 ,218
( )  Raw gas compression , Btu/mo l 2 ,676 2 ,676 2 ,676

( l o )  R e c o v e r e d  energy expansion of fuel
gas , Btuu / mol 1 ,354 1,354 1,354

( 1 7 )  Gas t r e a t m e n t  s e c t i o n ,
c o n s t a n t s :  i :  0 . 124  0.016 0 .160

b:  0.110 0 .076  0 . 2 9 4

( I S )  C a p i t a l  c o s t/ f i e l d  cost  r a t io ,
(C

8/C 7
) 1.355 1.308 1.33

(l9) Gas need at Claus p lan t , 6 6 6
Q (Claus) Btu/hr lxlO lxlO 2x10

( 7 0 )  Gas r e q u i r e m e n t  f o r  d r y i ng  coal
St u / i b  e v a p o r a t i o n  3,163 3 ,163 3 ,163

(11 ) (;as treatment pressure , p sia 150 150 150

(22) Id entific r~~ion o f nominal  cases

Basis

Blast Mode 0
2
/steam 02

/steam Air/st eam

Entrained Fluidized Fluidi zed
( , a s i f i e r  Type s o l i d s  s o l i ds  so l i d s

Sulfur Content in Coal , % 2 2 2

Sulfur Emission In Gases lb SO
2

- - per l0~ B t n i  H H V of Coal 1.2  1.2  1 . 2

Gas T r e a t m e n t  P r e s s u r e , O p t i m u m , psia 150 150 150

2—5
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5> ng~ p~’g5 A Nt )  PX AM PI.E S

A w o r k e r  us ing t ir e ‘ o m j u m t . i t  Ion scheme starts with the r u t  im a t e  ana l ‘‘a i s

of t hi’ ctc a I r e - i  vect at t he p l a n t  and considers the behavior of t h e

g.is i f  i c > t  t o  p r o t ’ss on the b a s i s  i f  100 lb of this co il. Later , he

n c r  t s  h i s  c r )  c:’:. :: n’unhers to cm basis of one hour ’ s op e r a t i o n  c t

t i c  p l u n u t  mr ~ i at Ill I i t  c r  • to t Ine 2 5 — y e a r  basis  f o r  f i n d i n g  the  cos t s

cru d l i t  o — c v  I t ’  produ t i i :  of gas .

i i h l t ’ 2 — I  is he s ou r c e  at  character lst ic performance data n e c e s s a ry

t s ev e r a l  step s In the computation. The va l ues are more or less self—

> v i d t n t  in  their development , and their validit y or replacement with

v . m I t i t ’ s  p e r t i n e n t  to  s t i l l  other schemes of operation is straightforward.

worker starts with the ultimate analysis of coa l and on the basis

a: 100 lb of oal entering the p lant. The subsequent dry ing of coa l to

.1 I a ’ c r  m o i s t u r e  c o n t e n t  w i l l  be a c c o u n t e d  fo r  in the  necessary  d i v e r —

s ion  of f u e l  gas t o  s u p p o r t  drying operations .

The f i n a l f o r m  fo r  the c o m p u t a t i o n  of average gas cost is the  same one’

i sc d In  d i s p l a y i n g  cos t s  in the  r e p o r t .  The present prices of coa l and

1 > -  ‘ r i >  i t v  ir e  used icr c o m p u t i n g  the  r e c u r r i n g  annua l  costs of these

i t  >11 5 .

n :~~n np i c s  i t  t iciced show the manner of executing the computations.
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u~, l I  ( C  :~ mu ( ( 1 )  ~r C I - -~ )T~~ I i  ( C h i c )
C a

I - t i  u-u , e I I t t Z i c ’i ’l iS

n1 1~
I ( i ,~~t i - ) ~ ii~,(S) = “ ~~~~ C~~ t i , ( n n , mi , f g )  (4 1 )

n , ( l ( , 0) - + n 2 0l 2
0

d
) = ‘‘  ~ n 1 2 (11

2
0) (42)

(27 )
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I lcis  m s : 1 0’) lb u - c i t t  I , - i t  Ii risc 1s t c i r

U st  i u tt . t  i i ’  n o h  St  t ’Jr u n I C t i c ’  r ’ , i t iOn )

l Ic ’ci t - t  d l l i o n i  L i i  r e , t c - t u r  u s  st  c u t s  h I . t — , r  (rc ’( ‘ c i I c c  70 ” I - ’) , I l l i t :

4.7CC - ( - ~ c-c (44 ( 1  ‘~~I 
~~~~~~~~ 11 c c 

- - - - - (,O)
n - ( 5  t i n ) c-c I S c~. Ii ( st  ni ) I I -

(1-’) ( 5 . i ) * ~s u )

Il c ’ , t t  , t , h i l j t i t i i i  I a  r u - c u u t i n r  - i s  b l a s t  gas (5 ,0
2
), I 5 t n m :

+ C L 3 /  7 .  l I / C  -70 ’ ( - )  — h u t
~ I ft 2 

u + f l~~ ( N , ) 

~ 
“
~~ Hc 

1’~ 
~~~~ 

I ’) t~~1 
(N

2 ,
0

2
) ( 1)

(1- ” ) (In )

Ic ut , . n c i c j~~ t i a ~~ 1 c m  r c - , u c t o r m s w,nrrni i , c t l  frut c c i d ry i n g  ; c r u t c ~ - s s :

( 1 0 0 — ~~~~~ ) a 0 . 2 5 a ( / ~
’ - = -

~~~~ 
- - - r u

( 1 0 0  l b - S ) x C ’ x (’I ’ - 70) () ( u - u u u u l )
c ’vap  c i u .u 1 0

* *
I l c ’ t t  loss from r~- .u - tar as ho t  u - ui  t u g :

7S ‘ ‘1  x 0 . 2 n  a (- ‘t - 7 0 )  = ( S l u t
C ’- ( S I O , ’ )  x C ’ c. (T

1 
- 70)  Q ( s l a g )

( 9 )

U c ’ , i L  loss I r c c , r i - I - . t a r  as e x i t  coo l f u e l  ga s :

u - ’ , Y t 5  --, 1 ’ ’ ’ x (~~~~J~~ — 7C- ) = ~~
‘ 3 4~~ i t  u

(Sn .) x C.~(Cl - o )  x (350 - 70) Q(CF (;)

( 3 3 )  ( R I ~~
Tot - u 1 h ec c  t r - - I c a s t ’ t i c  hot raw p r o d u c t  gas

‘c 4  2~~ + / 2 (  ~c24 . .t. ~~~ + c~~
- 

— ~~~~ =) 1c’Z~ .t~ r

r c t r )  
~ 1 

( s t r n ) ± Q ( N 2 , 0
2

) + Q ( c o a l ) — Q ( ch a r )  Q (I I FG )

‘l’e rc pc- r ut ure r e a c h e d  in r e a c t o r :

~ ( ( 1  
,/~~~ ~

.S2. X “,~j9~~ j + 70 )n f q a

- — 
Q ( I l vc ) / [ C  O I I ’c ) x In ,]  + 70 T ( r c c l r )

~
) i
( 7 )

C , t s a  1 : i’h i s t e i r u l i e r a t u r e  s h o ul d  be at least. 2800 °F’
( t , t - c - - I , 2 , b~3 : S c - c ’  I t c ’ni ( 1 0 )  , ‘lab Ic 2— 1

*See 1511)10 2 — 1 .
**Sc- c ’ Design Basis.
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BOILER DERAT ING

Si I - l I - h o l Y

Th i s  1 1 , - i c  ‘ f l t  In s  t i l L  p c - r I  i n i c ’ n t  d a t a  and  i - o nn p u t a t i o n a l  w o r k s h e e t s

t ar hoi I c r  d c-r ut i l l ; -  m S t  ima t u- a n a l yses  when ch an g i n g  boilers to coa l—

- I c r i ’ d  ( I S  I r i e l s  . h ,- met l I u I , c s  r n :S u i  t i n  ‘51 (mated derat ing f u t ’  tors

f i r (ii i I n- n c -f t i t -  i n - n a ’ ,’ st c ’ , m n t  ( t . t p , u a i  tv and combustion product flow rates

r u - s i ; )  t I n c  f r u n m  t O t ’  F a l  c h a n g e .

I FM DATA 45 1) ‘ I O M I ’N L I , A T U R E

c c i t t  u n i t  o f ) v ~ ui ’,i l Bojl&’rs

U r n - , -  t , ’pas oF b o i l e r —  a r -  included in this stud y :

• U’u t c’ r t t i l r m -  ba llets up to 200 ,000 lb /hr  of  steam
- r u - d u c t ion

• i-’jr, tuh~ boilers up to 10 ,000 lb/h r of steam
i r u u l i s  I i - n u t

• S t , u k - r  i c - c d , c’ u u ; m l — f i r e d  water t u b e  b o i l e r s  nip to
.00 , 000 l b / h r  u - i  s t eam p r o d u c t io n

The r e p r c - s c - n l i t i v n -  ( c n n  s t a n d a r d )  b o i l e r  c o n f i g u r a t i o n  f o r  each b o i l e r
- —  t ” ; i  is u n c - ; s m i n c ’ u I  t u be r u m t c ’ c l  at the maximum capa c - it y stated above . It

is ;uss uma cl I h i n t  t ( i t -  r c i t  lug cha n ge fru -tor s defined ta r t h e  maximum ca-

t y b u n  I I c ’ r for c’ , i c h  ha l i cr  type will generally apply to lowe r i ’d—

( i n n  i t ’ , ’ h al I u-m s of that type.

A l l  b c , i i c ’ r ’ -, i l L  i t , -a -cI  f u r  heat i n n t’ se rv i ce , ge nera t ing  sa t ura t ed s t eam

at  : c c . u > c i m t i n l i  p r - s su r c ’ s  of 150 ps lg and m inimu m of 80 ps ig. No units
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u i - - I  l \ ’ c ’ V  - - u i ; c - r l m c - , i t t ,’d s l c - u u c c , ‘ I ’ hi u ’ u i i c h e s t  b o i l e r s  were  i n s t a l l e d  i i i  19.1 ,

and t h i c ’ n t a j - m i t  v of a l l  boilers went’ Inst alled in Ihe 1940’s. They are

pradam i ran -mt l v  f u e l  ad w i t  hi i i i  I r a n g  log  f r o m  No. 6 Venezuelan crude to

I -k ’ , I d i c ’ se l  w i t h  I I m I t , ’ c I  n a t u r a l  gas .

~nn t h i n ’  - u ( - - v t -  i n  f c c  n m a t  ion , add  I t iona I g e n e r a l  a s s u m p t  i o n s  f o r  t ( I n - S c -

l n u n i l c ’r , I , -s  i on s  , - c m n  he made. Saturation pressures at 150 psig c o r r e - s ; ’u ’u i d

to ci t c ’ u m  t -~~;-~ ‘ r . i t i i r c ’ s  of Th0°F.  These  conditions a l o n g  w i t h  t h e  a~ ’ . -  I n )

i - - i  I a u S s m ; p j n  - r t  an  a s s m l n l l ) t  ion  of n a t  u ra l  s t eam c i  r u c u l a t  ion i n  t he  hi - I lers

I l i t  I u~~ ~~~~~~ i~~. t c ’m ; ’e ru t  t i res , b o i l e r  age , and h e a t i n g  a p p l i c a t i o n  to m i i i —

t , u r v  h c m s e ~ sti r )  in  u s s u i m p t i o n  t h a t  a i r  preheaters are not used with t O n -

s ub H a t  ( n u i  l e n s .

i~, i t c - r T ub e  B o i l e r . The s t  u ; i I , i r d  b o i l er  of t h i s  t ype  is assumed to be

o i l - t i r e d  and to  dc -liv e r saturated steam at 150 psi g and 366°F. It is

- c ssi t t c ci ,i that no air preh eaters are used and that the boiler probabl y

‘Cc - u s’ t i c ’  Id  u - n a ,  t a d  in the 1940’s, although today i t  would be bought as

ci i) i i k , i ( ’, t ’U till i t .

.515cc: on ru-l at i’~’e heat absorption data , the hea t trans fe r r ed to steam
F — - , - r i - H u t  ion  to the water walls and by convection to the boiler tube

u .s are  a n p r n ’ c - c i u r c i t e ly  equal. For this holler , the total heat trans—

: - r  is assumed to be 0 . 5  by rad iation and 0.5 by convection .

F i r c  lu b e  B o i l er .  The standard fire tube boiler is assumed to be oil—

i r u ’ S and w o r k i ng  w i t h  steam conditions of 100 psi g and 338°F . This

b - ’il er Is assumed to function without an air preheater and to have been

i c - I d a r u’c te d In the early 1940’s . Heat transfer in fire tube boilers

i s  exp e c t e d  I n  he greater by the convection mode rather than the radi ant

uciadc ’ . This is based on the more compact designs for fire tube boilers

w i t h  — - uurtilui t st ion p r o du c t  f l ow being forced t hroug h the tu bing a t grea t er

v~~1 o c u  ties than in water tube boilers. The total heat transfer in this

u n i t  I ’, assumed to be 0.4 by radiation and 0.6 by convection .
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( ‘ i n , u l - - ! ” i u , - ,( )~‘ c u t c ’ r  ‘ I i t h c ’ R o i  I n n .  ‘Ib m i s u a i l n ’ r  i s  .u s s ir’ c - I

s i m i l , u r  i n  r c - ( h m u i r u - n u - u i l s  t o  t i n t ’ , u I I—I i r u- m i , w a t  c r ‘~~~ h c -  hn n i  1 c r , ‘ ‘ac -pt

i , r  I O n -  u n - - u  I - - I I r i i t ’  , St  c - a m  u - i uuut h i t  i ( i l l s  u r n -  ci ~‘ c  i n  c u s c u i i n t n ’ d  t n  ( u ,  I ~0 p~~f g

un ,) i F u i n
i 

F ~~ - ‘ I I I  p r i - hu -al  i’ rs ar c ’ U c ; c ’ u ) , and  t h e  m i n i  t is assum ed t o  i c - n ’;’-

a a n i  S i c ’ h i (  u - r c - ~ t a u (  i n  l I m e  I D A I ) ’ s.  l n u t , u l  (u n -cut t ransfer i n  t h i s  u n i t  i s

- c i t ’ c c d L u ’  b t -  ( 1 . 5  In ’ , -  r u t h  l i t  i o n  a n t I  0 . 5  by co n v ect  i on .

5- - c  u c l u t  u t r c ’

~l = 11 c m )  t r c r n s f e r  rat i- , Btm i/ s er.

= S t  ,- fan i—Ro I t zman c onstant

A = ~ I c- at ive heat transfu- r area , f t 2 .

i t’ur~ u’nat u r n -  of aomhust ion g;i s , °R.

I c - r i p c r a t t n n c -  of w a t e r  w a l l s , R .

I -I ff c ’ u -t ive emis slvitv of combustion gas.

= Ou ter tube wall heat transfer coeffi c ient ,
Btu/ft 2-hr— °F.

C 1 Inner tube wall heat transfer coefficient ,
- 

Bt u/ft 2—hr-°F.
G = Mass v e l o c i t y  or mass f l o w  of gas over the

tubes , lb/h r ft 2 of cross—sectional area.

Specific heat at constant pressure , Btu/lb— °F.

C o n d u c t  ivitv of gas , Btu—ft/ft 2—h r— °F.

~ c i = Outside tube d iamter , ft.

C Abs olute gas viscosity, lb/ft—hr.

F a A r r a n g e m e n t  f a c t o r .

Tb = Aver agc- hulk absolute temperature of gas , °R .

Tf Average film absolute temperature , °R.

‘.1 I I  1-I : The  r n - i  t r an c e hea t  t r a n s f e r  is ident if ied b~-
su b s c r i pt  I ( p r i o r  to f u e l  c hange)  and t h e  new
(uc-at t ransfer case by subscri pt 2 (af ter change
to low—Btu guns fuel).
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F i g t t r c -  3— 1 . Thecmret ical Adiabatic Combustion Temperature Variation
with Percent Excess Air for Various Boiler Fuels

H ~~~~~
- -

~~ 
-

j , — u 4

~

rc ’L’u ”

~

i 
- 

- - * - —  i
i

- I  - -

-

‘ I
• 1:-
- - 4 -~~~ - ‘ - — 4 —.- n - - - - —

~~ 
- - -—

- ‘ ~e’— ’ -~~~~- - - — - - - - -  i - - - - -- +-----
~~ — -  

C - -~~~-’- -~~ ~ , ,  

j -- -
~

- -- - i r - -

‘ ‘ - i - 4 -

- - -  - 4 -
- -  

: cu  ~~~~~~~~~~~~~~~~~~~ ~ _ ;  - 
-

- H~ ’ ~
F i g u r . -  3 — 2 .  R a d i a n t  Hea t  T r a n s f e r  F u n ct i o n  Variation with Combustion

R e a c t  Ion Temperature
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I ’ i i - nu rc - 1 — 3 .  ( i ’ r n l u n c s t  i n n  Pr o d u c t  Gas E m i s s i v i t ’ , -’ V a r i a t i o n  w i t h
A d iah at lc Conhust ion T e m p e r a t u i r c ’
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Fiance 1— -’.. i )’,’~~ru~jl Convection Heat Transfer (Sufficient Variation
w itb i Thit of the Outer Tube Surface
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Fl~c t u r c -  3 — 5 .  ~~c 1 , i t i v n -  Convection Heat T r a n s f e r  C o e f f i c i e n t  V a r i a t i o n
w i t h  R e l , n t i v e  C o m b u s t i o n  P r o d u c t s  Gas Mass Flow
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i l  I t l ’ l t I -  \~~~~~ I ‘c \ I - l l - I  I S

1 h~ 
- s - - n  k - c l  u , ’ - I - - I n n  uw : ,  n h i t ’  c i n t : I I u  n u t  - m l  I u t n i  n r c-a - - : ,’; m m  t i n  i - ‘ , i mci t c - t ( i n  - ho i I c r

‘c - I  t - - l n? ~, u m n ,  ~
- r u t  i i i  i i ,  t u ’ r s  I u n r  a u i n v c ’ n u - u i o n  t o  t he’ t b c r c - n ’  I - u n - I s  H r  c- s u It

c c i  t h u  t u r n - c -  h a i  1, - n  t ’ ;p c -c i . ‘l’hc’ t b i r c ’ n ’  f u e l  c h a n t - c - s  - i n ’ -  I n n  l o w — E t n i  I ’ c u s i - S

, n
~ -

- - u , :e-c , , , ~~ij  1 ,‘~~ B t u / i  t ~~~
. Addi t ici n al wnrksb n -,’ts uu ~~- i t t -  l n ; n ( e d

t i c -  i - ’r 1 ’ i t  i t  j u ’ n c i l  n i c c t h , u , i u n l u H t v  i s  b u s t  e X ( t ( c u  j~~e ’cj by de f i n i n g  i ’ c mc’ h n u n , —

t - : ~~t a t  ion.n l u - i t t - p .  l I n t - i c ’ i ( c t i n l i t i o n s  are numbered to i u u r r n ’ s p o n d  w i t h

- ‘n t i c  - w~ - r k s li t - cc

~~ l l ’ i ~~c r I , , n ’ . I d u - n i t i t  v t he t y p e -  c u t  b m n i  hr by entc ’ring

t h i n -  I - n  I ‘r s  TI ’ t c u r  w ; i t  u -n t nbc- cnn FT I or  t i  r u ’  I l i n t ’
hcn i I n ’  i i i  -

S t e i n’ 1 - n ’ n , u )  - i c , , 
c

1 E n t e r  t h e  s i t  o r a t e d  s t e a m
t u ’mpe ’n c t  l i E n ’  o r  t h n ’  t u o i l n ’ r  b e i n g  - n n - u l v z e d .  in t h e
‘- n , c m ~- l~ ’ a n r - ; - - u t  i t  i o n s  , the , i ’ -i i-’ , n i m , - d  t e n ig e n a t  o res  ~‘ir e

n n u u  r a t  w , i t n - r  t u b e  h o i  l c - r s  and 338 F f o r  f i r e  t u b e
( ‘ ‘ c i  l c - rs

® E u - I .  I c h u - n t  i i ’ ,- t h e ’  f u n - i  f o r  w h i c h  t h e  h a i l e r  was
‘n I am a! ly cC ’s 1 ‘ t i n - I .

I’S-;- c - ’ s  A i r  , ~~~ I i t  er t h e  p e r c e n t  of excess  a i r
s - u  P i i  c ’d t o  t u ,  f u r n , u  i & ’  s c - n t ion  for combust ion of
t i n -  ‘ r i  ~

‘, m i i i  t n i t - I

F t  - t i o n  01 Fi t - u t  1 r ; c t i s l  t m , - ) Cv Rad iatic nn. Enter
t u , - t r , i c - t  h u t  u t  t o ta l  u t - i t  t r a n s f e r r c - i (  ( s t e a m  ~en~- r —
- i t t - h )  th at mn u ’ctirs in the furnace- section of the boiler.

i n - u - t i - n  o f  Heat T ran s 1 err e ~~~~~_C on v e c t ion .  Enter
t h ~ - f r c i i - t i , i n i  c i f  total heat transferred (steam gener—

i t t )  t h a t  o a c - t i r s  In the  convect  [on t u b e  bund les  of
t h e  h n i l a r .

(~~ 
( I c c -  k .  h u t ’  soni c  o t  ~~~ and ~~ must equa l 1.00 to

c , ,  , ‘ u u n m t  t i n  a l l  ( u t - u t  transferred m i  the boiler.

- - ‘ I l l - - c - - 1 0 0  I c - r c c - n ’ r , u t u r e - ,~~~ F. E n t e r  t b - m e  t e m p e r a t u r e
r u - I c ,  I i  u - m i r e -  1— I is a ftm n ct ion of f u e l  ~~ and excess

,iir ®

~) Comb~~~t i  i - u n  ‘I enni 1 nc’ r cit ur n ”  , R .  Add 460 to

3—7
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- j ) ~ Tn ’ i:n ~u c ’ r - ~ t u r e -  h ’S inc t  i n n .  h - I i i t c ’ r  the t -ntperatur e I u n c t i o n
‘ c - u n-; h l i ’ m i E n ’ I — . ’ u s  , u f u n i a t  ion  c i f auumb it st ion tenperatn iru-

E r n i s s i v i t v . E nt c-r the c ’ n t i s s l v i t v  t r am F I gu r e  3—3 as
f u n c  t l i m o  i n  I t n i t ’ 1 and u ’ o m h i i s t  ion t empe  r~i t t i r e

Combtistion Pr endmiu - ts Rate , Ib!10 ,000 Bt mi . Ente’r tine
conbust j u t  p r o d u c t  .s ra te ’ f r o m  T a b l e ’  3 — I  as a f m n n a  t I o n
of I i i , - 1 an d  c -X ”e SS a i r

0 
( ‘ n i t - i , I vj ;c- , anc1 H i~~~~Heatjn~~~Va1ue , Ht u /c u f t .  l-, n t n - r
i c - I c ’ t ic -  t y p e  and h i g h  he at ing val tie- of the cocu I — d e r i v e d

gas  uc 1 t - - (in - him rued In the’ ho fl u - r . In  t i re-  samp le
c i ’ m p c i t c l t  i n in s , g c n s < ’ s  o f  ~~~ , ShY , and 125 hIt UI t’ t -~ are
- i s t ’ th —

I - xc -a s s  A i  rj  - E n t e r  t i-me p e ’r cen t  of -xcess air stippi led
t o  I he  t t u r n ; u u - c ’  c i i  r t ~- r  c c i m h u s t  i o n  i i i  the convers ion gas
t o  he used in plai n- of th i- u n n iginal desi gn fuel. In the-
s i inu ~n l e ’  c o m p u t i t  I inS 10 p u - n c - a n t  excess a ir is used f o r  a l l
gas fuels.

~~~ Conihus tion Temp eriture , °F . Enter tire temperature from
Fi -ure 3—1 as a fu inat ion of fuel and excess air

14

Cn o i 1 h u 1 s t i o n Tem~~— r , 3 t n u r e , R .  Add 460 to

T c ’ : : i j u c - r , u t u r e  F u n c t i o n .  E n t e r  t he  t e m p e r a t u r e  f u n c t i o n
) r- I; I- ’i ~ - n a r , -  i — S  - i s  - ‘ function of combustion temperature

0 .

Em i s s i ’,- i t v .  E n t e r  the  e nn i s s i v i t y  f r o m  F i g u r e  3—3 as a
• t t i c i i - t i - n  -f f i nal and c o m b u s t i o n  t e m p e r a t u r e

0 
t uuni c t uni’-;tlo fl P r o d u c t s  R a t e ,  lh / lO ,000 B tu. Enter the
c n - c i l n t i st  10 p r o d u c t s  rate from Table 3—1 as a function
at  t mi e ’ l and excess air

i < , u t i -  , , t  P rod u c t s .  Compute  t i e  r a t i o  of c o m b u s t i o n
‘ n - th u t s  r a t e  w i t h  onvers  n gas f u e l  t o  t h a t  w i t h

( m c ’  - n r  l i - i n a T  fu c ’ I  ( 19 : 12 ) . The r e s u l t  In d i c a t e s
t h i n ’  c l m c i n t g u ’  in combust ion products flow rate throug h
t ( n c ’  h o l l e r  per unit of fue l heat release.

A n u m b er  g r e a t u - r  t h a n  1.00 means an increase  In f l ow
r a t e  Is r e q u i r e d  to obtain the same fue l heat release.

3—8
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I 1 ow i - m t  c - i n n  n c  - i  ‘-ic’s t i r e -  I i n n  t n d  t u -  I . I t )  i i i  - - n - I c  - r t i n
‘ X i  1 udt ’ - - l u - c  n ’’— r c q u  I n l i i i ’ no.1 o n — r c - h u i  I I d i  n: ,  a’ t h i  I I c - n

a u — i t m I c ’ — t i  , i i ’ u ’ t , n n m o n l , u t c ’  I c u r g u ’  g uns  f l n u w  i n  c - i ’ -  - 1 5c-s .

A n i m inn i hu t -  r I n - o s  ian  I . 00 nite -a ni s ci d ci ’ n c ’ c u s c -  i n  I I - ‘w r at
in ; r u - q u i i r c - i t I n -  ( 1  ci i n  t i n -  S , l n t c -  t i n t  I h - m e - c i t  r c - 1  c - u s c - . 

—

u-i u~~-h  i - uses , the r c u t i o  n n s u - d  i s  1.00 , w h i i u -h  i l 4 , l t l S

t h at  ( i c n j l c ’ r  u ’ i J n u i ’ i t v  n - i n  h i -  i n c r c - , n s c ’ u (  by i n j e c t i n : , ’
add i t  I i tn a  I f u m e - I t i n  r I m  j o t  .1 in  t ha’- or i g  I Oil 1 i - u s  I -
runt , ’ . This i n- u - ir s t s r  b u i l t - r u ;  o r i t - i n c i l l v  , l c - s i ; : n u ’ n I
t a r ‘-i t - n k ~’r c i i c i l — I n n n - l  i n ~’.

C - - r ; i - ; i t e  t h u  r u t  I a  a t  r cuuli , m nt heat t nc insfc -r with , ‘ n n f l —

V c t  a i c u n i gl u s t i n - I  t o  t I  - t w i t  t h e  o r i g i n a l  f u e l
/ ( / ) 1 .  The r e s u l t  m d i -

- a l e s  t h t -  u - ln ; i n~- ,- i n  r c i d i a ri t e ’at t r an s f c ’ r p e r f o r m a n c e
i n  t u n -  f u i r n ;i ae  sect  ion  of ftc- b o i l e r .  A n u m m b e  r less

in  1 .00 means t h a t  the h e c n t  t r a n s f e r  t a t e  is r e d u c e d .

0 
Compmi t t  t he  r a t  L i ’  o f  combo s  t ion  p rod t ic t gas t e m p e r —

i t - u n ’ - n I t - u - c t - c i s c  b y mad I an t  h u c u t  t r an s  f or  w i t h  c a n y o n —
SI n u t  c - u s  f u e l  to  t h a t  w i t h  t h e  o r i g i n a l  I t o - I

/ ~~~ ) .  A number  less than  1.00 mean s t h a t
ire ’ t c -m p e - r a t u r c -  l i - c r ea s e  i i i  t h e  f u r n a ce  is r e d u c e d .

t~t iak ‘Fn’ninj c-ratu~~~~~
°F. Enter the mea su red  s t a c k  g u m s

t u ’ r nnp - r a t u i r e  or n ’st  i n n a t e  i t  as the  s a t u r a t e d  st e a m
em - r a t u i r e  p l u s  100°F f o r  w a t e r  tube  b o i l e r s

2 + 100) or + 200°F fi --u r fire tube boilers
L -u 200).

n u t i c p u t  c- t h e  ap p r o x i n n i a t e  t e m p e r a t u r e  decrease o n  t h e
m n a m in i h i t - i  u ’nnmb ust ion l t i : i S & -iS  resulting from radi—
J il t  I n -  n t  t r c u n s f e r  I n  the furnace sect ion of the
h o i l n - r  x ( (~‘3 — (~J 

) 1 .

0 
(;i ci p citc- th e ’  I l u r s x i T ; I , u t e  temperature of t h u - - u r i g i n a l
f t u c ’ I  i - u u m h t i s t i o n  gases e n t e r i n g  t h e  c o n v e c t i o n  t u b e
h t iu ;d In’ s c a t  i i ’n of t h e  b o i l e r  ( ® —

t b n e  c u p p r o x  Inn a t e’ t e m p e r a t u r e  of t he  c ’o nver—
s i u u t m  t : - u : - c I nie l u-omhu st ion gas e n t e r i n g  the convect ion
t o P t -  h u i ~~d 1 c -  sect ion n n f the ho i i  er ( — x

— - 0 
( n u n r p n t t  e t h e  a u i n v e c t  ion h e at  transfer driving temper—
, u t u n i ’  d l f t c - n c - n n u ’ e r c u t i o  of  tire conversion gas fuel
c.is~~ t o t ~~~ or~ g1na l fnu c’i case — ® / 
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(ln i t e’r the r t - 1 , n t i v e  c o n v e c t i o n  heat transfer coef f i—
c i t - n a t  f rom F I g u r e ’  3—5.  The f a c t o r  (U 0 ) 2 / ( U 0) 1  is
l i i i  wa t e’ r t u b e  b o i l e r s .  The f a c t o r  (U i ) 2 / ( U j ) i is
ta r ti N - tuba hollers. Both factors are a function
of tire ratio of products -

E r n t t ’r the u c v u - r , i I l  c o n v e c t i v e  heat transfer coeffi—
c’ ie ’  t ram F i g u r e  3—4 as a [unction of U0 = (U 0 ) 2 / ( U 0 ) 1
= 28 . Th is st ep Is r equ ired onl y fo r  wa ter tube
(ii u 11 ars

(S~~~~Ut ~ - the overall convective heat transfer coeffi—
d en nI s ratio of the conversion gas fuel case to the
original fuel case- . For water tube boilers , t his
r m ~~io is ® 

/0.5. For fire tube boilers this ratio
i s @ .

Compute  the  r a t i o  of convec t i on  heat  t r a n s f e r  w i t h
con r s i on  as f u e l  to  t h a t  w i t h  the  o r i g ina l  f u e l

30 x 2 ) .  The result indicates the change
in c o n v e c t i o n  hea t  t r a n s f e r  p e r f o r m a n c e  in the tube
bundle section of the boiler. A number less than
1.00 means that the heat tra nsfer rate is reduced.

Compute the ratio of combustion product gas temper-
ature decrease b y convection heat transfer with con—
ver on ga fuel to that with the original fuel
( 31 I 20 ). A number less than 1.00 means that
the temperature decrease in the tube bundle section
Is reduced.

Compute the total boiler heat transfer p rformance
e f f e c t ( ra t io of steam generation ) as ( 5 x (

~~3~ 
)

+ ( I~~~ x f~~ ) .  This sums the e f f e c t s  in the
radiant furnace and convection tube bundle sections
of the boiler.

Compute the total boiler combustion gas tempe rature
decrease effect (ratio of ava lable energy extr ac—
tion) a s (® x  ~~ ) + (  6 x~~~~ ) .

Compute the temperature increase by ombustion in
the furnace of the original fuel ( 8 — 70.F).

p Compute the temperature increase by combus on in
the furnace of the conversion gas fuel ( 15 — 70.F) .
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(8Ai ~) ( 2 0 )  ( I ( f l *

____________________________________ ( 9 5 )

n u n-c 1’ t h ~ - D i a ,  - ‘ a t t t n ’ l  Cos t a  of Gas Product ion form p r o v i d t - d
f o r  ‘-, : _ u t r n i c n I - . d i a -  u - ’ n n n t e d  f u t u r e  c o s t s .

N u t ’  I : Cap i t a l  cos ts  n i l  the nominal plant , C~~, are in the Fina l R e p o r t .

*5n n  ts- i h l e  2 — l
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DI  SC O I I N ’ U E I )  ( 10515  01-’ GAS I ’ R I ) h t i F l ’  I ( I N

1 F , 5 ~~~~~ 
Arn o rim Th o ands of ~~~l 

Disc unt 
Di~ counted

N umc iue r  
Cost b /rime ,, , In tia t i ,, n Year - Factor Thousands

Rate 
Orn e Time Re curring o f D o l l a r s

( 1 )  F i r - a - / e r C o o s t r o , m i i - , u  -n-a 2 i 7 Z  0 867

— — - c~- , ‘ , u d - Y e , i r  Const ru ,t i - r i  I 3 1-1 0,788

/ n u  Third—Year C , , , , s t r m ,  t i n u n I -~~ 4n - ’: 0.7 i 7

- • T,,tal Investment :
(5 Coa l - + - - 12 268 /

t ie , r , , - i t y  a-h 5— 2 9  1 14 ,057 
-

7 ,- r a ing . n / , , r arid Materials •u 5-29 
I 

6,505

$ -  • T, - r , m I - - n u t- r a ting - ‘ s tu n 
I

‘ Y -  • Tota1 P u - ~~~e - t / .’ -s t ,  
— L _ _ .  

_L_ __ .~!~ _- ._ 4
(105 ‘ 1 C ~~ - 0 1 A l tern a tiv .- __L ~ 

5—29 [ 18 ,63 1

I l l )  Energy Av a ii a b i e over 2 /  v e , n r s , billions of Btcn

( I . ’) ‘ r h,, I a - , ,:nur /S, u s t - $ / mj  ii ion Btu O h  inc 9 divided b y 1 m c -  i l l

u i c n  Foe i Oil AS te r nat I vci Sm, it i , ’ s t  - S million Bt ,n (1 inc 0 d i vide d ho l in e i i )

i n - - u ‘ i c v t u  ~ s n ,n-c ~-~ m m - -,,u Rat I ’- , SIR — (l ine 0 — d i , , , -  ncu - u u ric —
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s 1R K S U E E T  FOR I’ I A P I  ANA I A ’S I S

1 ) 1 - A u - N  bA SIS

bm nn ’t cin II .n j n ,nc l i v :

Un i t  i n n , ’ v u  I m a -  n u f  r c- , u c t m u r  ‘u t  p u t , snuur , Btu/ hr — 2 5 O x 1~~
1

I ntn ~~s’; I on m I t  50 -

n - ‘ - b u m ’ t ron a ,u r c u i u u i s t i n  of f u e l  gas ,

IC Si) , J 10 ’ ‘ - - m u  II H V ( a n n a  1 ) ,  
_______ 

c ( S02
)

Cl t imc m t n- A t t n I vs  is Of Cu ’ca I

or l b  p t- r 100 lb coa l

(A i m ( m m  ____________ W ( C )

Fl’ ,’d n m - g e n  ~
‘ (H 2 )

( I a _ u - n- m t -n W ( 0 2
)

N i t r u~c, c- n W ( N 2
)

S u l f u r w ( S )

M u ’ i s t i i r e  w ( H 20)

A s h S (Ash )

Total 100

Ash S o f t e n i n g  T e m p e r a t u r e  = _______ °F

A s h  M e l t i n g  ‘I ’ c - mp e r a t u r e  = _______ ° F

Nnut c - : W(evap) = W ( H
2
0) — W ( H

2 0)
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- - ‘1 U -‘ - ‘ ~~r ’  ti. ,

- - - 

- - - .-- ~~~~~~~~~~~ - I L I - ,r ) 
—

P ,,•\CI c / l i  P E R i /b~I , A I , i  I
H i s  i n-i : l i t )  l i i  n ’ n u u l  a ’ i t l u  rn n ’u i s t m m i ’ c ’

C h u m  n - - I t - u I i - n i  : 1 , n  ‘l’ . d u I t -  2 —I , l I n t / a  ( 1 1 )  ~i f l d  ( 1 2 ) .

C i r  H — t n  - - - c c v  m - t ’ - u - a / , u - ‘-j un ’s - it ’d t asic I I - m u m  ‘n ’ = ___________________ 
( I

S i  t i u  ( ‘0/ ( (1 0  1 ~~~ u > , c-api-c t a m l  v o l - a -  i = ______________ (2)

- k a n m i  n a i l  I t  in ~~ cl m , i r

- n a / 1 2  = M n - I  ( 3 )
- u t , n n n : , 

I C )  n-c I , ) ~/ I —
u a ( C )

- u /2 — / I n  = ~l_ -1
O m i t  ,‘ m ’: i :  

(/ ( i l I / 2  n ( H 2 , f a )  ~~~

~ 

Mmml- ‘ ‘
~~ N (O , ) / 3 2  ( 5 )

(3 — i-i ( 0 , )
0 -

- -  / , H = ‘- H i
N i :  n - u i - c a : 

W ( N )/25 n 0
( N 1)

- - / 1 2  = Mo)
I i i  t~ / u : 

~~~ n~~~~~~~
32 ( S )  

- I s  = M o l
- s- ’ n s u i r e :  ( s )

-s ( I n  - - n ( H 0)
ii ci

+ (  lx = l b
C h a r :  

-; , \a n  + I I - ‘n )x C ((1) W )(char)

i c ’ . c  c f  c- n u n m t h u s t  i o n  , ‘ r i r 1n ~ - m n  c c ’ a v c - r s i O m i  m , HHV ’ coal:

- - -  
x I l 7  ~ , 93~ ) + 

- -  
. ( l 2 2 , 9 76 ) + x (  i84~~~4 0)  =

a ( C ’ )  n-c .bb - C) 4 a (H , f c )  x l i  (H.,) + n (S) x /0 (S)
ci a ci 2 a an c

M t u
- - H} 1V ’ (co a l )  ( 1 0 )

- 
I l ( S )  = A t  - -~- t  - x 5 ,770 ot f i b )

( n i l  c ’u f  ,-c c mh u st  i of l  I - ) f m i l  1 ,- c m n v e r s j ’ i m l , l h h h V  (coal)

x x 173 , 9 ) 4  = B t u
l I f t  0 n i l )  4 

~~I -~ 7y1 x a (C) x ~, b I  ( C)  HHV (co~~1) ( I I )
0 a
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‘I’I - — - - - l nLc  ~~— - •~ ‘ ‘- 

- 

- . ~ - - - 1 - - — c , ~~~~ ~‘I L I  I) 
—

lI ,ua is: 10 0 l b  n ’ n m , i l , a - i t  ii m oisttiu ’m’

1(1 i ’ , t

a - [  -f +
x a ( C )  - 

~~n ( l b  0) ± 2N (ft ) ~~~~~~ (n~ e~~~u5]a’~- i i  o 2 mu 2 1 
~1 3) ~un

-,( 2 ) *  ‘ -

- ( 12
a ( s t n n

c-u = ~-t a 1  -
- H u n - t u ~~I n : -— — - ( 1 3)R a n (C) n (quench)

(3)* qc 0 1

a = Mo lI ) n - c v y a a :  
R x a ( C )  n

1
(O

2
b l s t )  

( 1 4 )

) : ] n-~ =
s i t  r - 5 5 u - n :  

R
ba

R
oc

) R o j X f ll
(O

2
b I S t )  n

1
(N

2
h l s t )  

(IS)

( 4 ) * ( l ) *

b - i t  -‘ r - S,, i su -s

( I a n h o n  n m o n u ixj d i - : M cI  - -
i x a (C) ( -

a n
2

( C0)

a M i n I
L - u r h - n m u  d i o a i d e :  - 

‘ -c - -  
( 2 ( u )

( 1 — -i) x n (C) a (/ . ) l  
~)0

( 2 —  )x — 2 x  = Mol
.-, , u t ( - r  devmum po scd : 

(2 — i) x a ( C ) — 2 x n ( I ) ~~b l s t )  a ( H  °d~ 
~~~~

a 1 ( 14)  2 2

— + = M m u l
((v-Ir is-n: 

a ,(~~, .fc) n(S) + n(
2
0
d

) n , ~~~~-‘~~ 

( 2 8 )

( 2 7 )

= Mel
- - ( _ uC- 

m m • n
1
(N ,hl st) a2

(N
2)

- - a - - m u  sa l ’  i I - :  - a 
= Mm :1 ( 10)

mm ( 5 )  a ( u n )
ii —

a - + .)x - 
-

- - ‘ -  
- 

- 

- in) - n I q m u n ’h )  4 -
i xm i ( i t , ) — a , ( I I  1)

- I u n  — — 2 m !
(5) (27)

(1)



1 ~~~~~~ ~-
tm I L I .D 

t-i.,.

Basis: 100 lb coa l , with moisture

( I c m m b t i s t i h l e s : 
2 n (C) — 2n

1
(O

2
b i s t ) + n ( H 2 , f c ) — n (S )  

=

(14) Mol ( 3 2 )
N

2
( c m b s l )

l’ot :u 1 h i n t  r aw i,ois

+ + _______± +
n (C) + ~i 2 (~~2 , N , f g )  + n 1 2 (H

2
0) + n

2
(N
2
) + n

2
(H
2

S)

(4 1) ( 4 2 )

(33 )

llt ’~i t C t  ft - ct S

Heating value of fuel gas , excep t ing H
2

S:

x 122 ,157 = Btu  (34
a (hi , co) x MI (H ,C0) Q (Swee t Gas)

a 2 (32)  c 2

Heat release in reactor:

x 173 ,934 — — ] x [2 x 122 ,157] = Btu
n (C) x A H (C) — [n ( C ) — n 1

(0
2 )] x [2AH (H2,C0)] Q (reactor)

(14) (32)

Heat release in combustion of 11
2

S:

x 24 1 ,092 = Btu  (36
n
2

(H
2

S) x ,AH (H
2

S)

S im m of h e a t  r e l e a se e f f e c t s:

+ + = Btu
gas)  + Q(rea cto r)  + Q ( H 2S)

heating value of unconverted cirbon in c ,iar:

173 934 x x[(1— ) /  ] 
_______________

~hI~~~ ) x n ( C )  x [(1— y )/y ] Q (Char)  
(38)

M i sc - i -I la neo u i s

0 (112 , )  n (S)  n 2 (H 2 , n ,f g ) ( 4 1 )

n , (H , Ii) + n 2 (H 2 Od ) — n 1 2 (H
2
0) (42)

( 2 7 )
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~-‘~~c m j ~~ - ii - - — 

~~ m-- -’K_ r~~ -“ I ~~~I r; -

— - ‘. -, - -  
, - - ---~~ 

—‘ - ~~~
- -

I

’ 

I ns  i S c  I ( U )  I I ’  n - ,u ,i I - a- i t  ii omo i s O  i n - n -

/ i n t n , u  I i u u m l  c mi  St  t in t  Cn n-a ’ r a t  i _ m i t

i (n~~it , i m l d i (  u - n i  I - u  r n - , i a t u - r  - u s  s O n - - a’s C l - c a t  ( r i - I  ‘ -I  I n c  70 ° F ) ,  M I m i :

ha :-. Bt u i
-- - - ‘  - ( 0 )

m~ ( s t I n t ) a I S  c-c h ( s t m )  / /
l ( l 2 ) ( -

_

~~~ ~ * 
1 ( s t  a)

i n ’ : u t  , i u t i i j t  (nun 1 0  r n ’ : u - - t nur u n - c b l a s t  ~n s u s  ( N ~~, O , ) , B t u :

L x 7 J I  -- 70 - i ’ )  = HI ti ( 5 1 )
ul

i
m i I i ( n n

1
n\ , )j a (I (’b ’ . --

~~I) n - ) I )  ( c o a l )

(3-A )

t I m  , u t  l i / l I t  1 m ~n t o  r . - , u i t m u r  t i s  c - s - u r n  c-oal  f r o m  d r v i u i o  p r o n : n - s s :

100 — ) c-c 0 . 2 5  x = 11t h

( 1 0 0  l b  — N ) c-c (1 ’ c’s ( I  — 70) 0 ( c o a l )
c ’V t i p  p cc/si 1 ci

mi h m m s a  f r om r u ’ - n - I - ’r c ia  li n t  a l s i g :

c-c 0 . 2 5  c - : (  -
- 

7 0 )  = B t u
ls ( s l , u , - )  c-. C ’ a (‘1 - 7 0 )  ) ) ( s l a ~~)

m u s I ’ u~

I n  i l o s s  f r m , m  r n - - n - - b r  as ex i t  c n u n m l I’ n n n l n - :, i ,a :

a c~, -I — ) = A t - c
(A n )  a (Hj (IFO I X ( I l t O  70) t ( C I 7 C A

‘lo t  a l  h m -ci t t a - I t - u s c  t o  I n , - t  n - i a ’  )nr~ ’~Ici Ct gas

0 ( r c t r )  + O (stm) + 0(N~n , O2) + Q(cn)a 1 )  I f l  ( l u u r )  
= 

- ) i  ~~~~

1 n -m p ar d it mir e rc- n m - hn-nl in r u - , i u ’t or

j  + 70 _______________ - -

OOJ Fcm)/[C
in

Hib
~

i
~
) c-c At i .~~ ~ 70 T(r -tr)

( l i s a  I :  U C l a  l i - n i j n n - m u t m i r n ’  should he at Insi st 2800”F
I , u ’ ; i - S  1 , 2 , 53: A u - i ’  I t n - r c  ( 1 0 ) ,  Tab k- 2 1  -

-
__

1~~~ _=_._~ _ _ — -~~~~~~~ Y,c~~~!~ - ,~~iaa~ - - -



rT1cI’ . - t [ 1 ~~ , -
-
~~~~~ - -LS fI_~-I~.~’ -‘rui, - .r) -

— - . _ _ -m - . _ .~c -‘— -

Bas is : 100 lb coal , wit C moist mm rh

C t - m n - r a t  ia n  m ’n f  h i g h  p r e s s u re  s t e a m  b y w a s t e  h ea t  re -o v e r v :

C, n~~ m - 1 cm l v :

E - 
- 

- 
] :  = l b  (57)

- / 1 ( C F C )  - I) ( A t m ) T  : h ( s t m , h p )  W (s t mmm , h p )
(55) ( 54) ( Sb ) ,  T ab l e  2-1

Case 2 o n i ’,’

[ ] :  = lb (5 8)
~~u ( H F ( ; ) — i) ((:l-C)]:h(stm , hp) W

3
(stm , hp )

(55)  ( 5 4 )  ( Sb ) .  T a b l e  2— 1 -

( 1 ,/ at ’  I u n  I y

- 
_~~~~~~~~~~

__
~ 

- --  
J :

_ _ _ _  
= 

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
(5 9)

[Q ( H F G )  — Q ( CF G )  — Q1 (N 2 , 0 2 )J h(stm , hp) W
3
(stm , hp)

I -03



4-A-’. -~-~ At)ll[~ i~~ ~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~ 
- - -

- - -- - . -  -,

IPE R GA ’ Al -AN , -’ - I Al l  N i

Has i s  : 100 lb  - a , u  I , w i t  Ii mci  at  n u r n ’

C m u r t U m  c ’SS i o n  I n/ u ’ nov

- t n - c a ‘ u - f l  P1 , n t t  C, u n t - / m n t ’ s s m - r  I l ) c - : v u ’ n - n  B l a s t  S y s t e m  O n l y ) :

A i r  i s  r u s t - m I  I ron l ’- .7  to  165 p s la  n-~ 70 1: , an d  l i q u i i f i n c - n I .  

= B t u  (S O)
2 1 , ‘ lh a a

1 
(0 ,)  E ( A I R )

S (IS,n )*

- A i r  b l u s t  C o m p r m - a s o r  ( u \ i r  B l c u a t  S y s t e m  O n l y ) :

A i r  ~ n , I  i s  r s n i s m ’d ) mairn l !n 7  t o  50 p s i a  0 70°F:

a = Btu 61 )iu , 2~~5 x n
1

(0
2
) E ( A I R )

I i  A h ) *  ( 1 - A )

R aw ( c ,~ n-t ( a m p  r i - a s  ion , - i r v

Raw l j n ~~ C o m p n n ’ s s i n u n m  f r o m  ‘35 to 165 p s ia  (-I l O O un F :

2 , / a C  a - - I Bt u  ( 6 )
2 ,( u L  x r - - a .~ 

( 11 , 0 ) 1  C (CC )
( I  A -  ) *  (~3 3 ) i ‘ ( A l )  

-

R c c - - v c - r m ’A I n n _u

Fn a ’ I (A i ~~ F,c - t p - i a s i - ’ n n : 1) 5  m u- u 4f l  is in :

1 , 35-) c- ] = I~ u m
1 ,354 c- I n . - n

2
(}1

2
O) ]  l - I ( F C )

(16 ,1* ( 3 3) ( 3 1 )

~t n - , mrn l c - :p ans i cn : 1, 055 to 2 . 8 9 , i C S , 4 2 2  p s i a :

- ) x [327 l A Y  a ] — 32,~ [ x + ] 
—

W (st c ’S ,lup) x T I 2 7  + 1-A 9 x R~~ ] - 332 t W ( s tr n, h p ) x R p s + W ( s t m ) ~~ 
-

( 14 ) *
B t u  ( 6 5)

E (stm)

S l u r -  W
1

( s t m m m ) = 18 x n
1
(st rn I l b  m -a t er e d  onl y f or Cases 2 and 3 .

( 12)

*
Soci  Tab i n ~ 2 — I  -

)- B5
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AN I SCAl E ‘1 k 3 ’ /lRMA N CE
A l A . I I , - \ N l ) 1 I N C  A N I )  1 I A S I F I ( ’A 3 1 0N

Baa i s :  100 l b  c o a l  or 1 .0 h o u r , as no t ed

Co a l  b - i t  n - , l b / h r

( 2 5 0  a I O H tu / h r ) x lO O lb~ [ ] = l h h r ( 1 0 )
( 2 5 0  a ~Q 6 

B t m m / h r )  c-c 100 I b :  [o (H , co) + q ( H S)~ 
l~~ Co~~~~

c 2 c 2

A ssm - n al un l e prey iouis r es n u l t a in 71 - or 72 compute entries fmur 73 . , -
‘1n -

1 i
(a ,-n- fln t n ) .

S n , n i r c t -  Compn unc-n t Has is: 100 lb  Coal Basis: 1 Hour ’s 0 ) er a t  ion
l t u m t n  S n m h  Lb a . Mol s  N . Mols  M o l / F r a c t .  M o l / w t  I C -

i _ _ _ _ _ _  
1 1 

_ _ _ _ _ _  _ _ _ _  _ _ _ _

71 . 72 . 73 . 74 . 75 - 76 .
___ _ _ _ _ _ _ _  

1 _,_ 1, 1 1 1
n: n , t , sl

( 7 0 )  a ( 1m m 1 - 100 — MA
B l a s t  - -

( 1 3) C S t m  18 .106
( 1 2 ) ‘ 

~ 2 
32 000

( I S )  0 N 2 28 .010

n ’(S uuhl ,) . NA NA
(12 ) f M n m n ’n c ’ h - . NA 18. 016

o n t  al  - - NA NA
[ f -  1 m I e n

() 3) hi l 1vc i ~m n i  - - — NA
Souir (His —

( 2 5  j (10 28 010
(2m - ) k (Al ) 44 .010

(28 ) 1 
~~ 

2 . 0 1 6

(2n-u I mn N , 28.016

((0) a ( I I  5) 34.076
2

o 1)ry l-( ; 1.000
(1 1) p H

2
0 

- 
-- -  18.106

(33) 
~l 

( H E G ) - .
(9 )  r Char — NA

s lotal . -. NA

- - 
I - 1 - u t ~~ - :  7 1 i / 7 2 1  7 6 1 / 7 1 1  = W ( C o a l ) / l 0 0

7 1 1/ 7 2 1 = 76 1173 1 = 751
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l’l ,\N I SI  u’m I  P b (:15CAIANI ’ I
b : N b R m , A  I - [ - ‘ 1 ( 1 ’ S

((i—m is : 10 0 l b  c a m  m m -  1 . 0  I u n ’ u u r , as  no t n ’ n l

A l m  - h s i n j c , u I  l i s n - r i ’ , v B a s i s :  100 l b  Coal  B a s i s :  I ( ( i - s i r ’ s ( ) p e r ; u t i c m a

S u c t t  a ( ‘ - m m p m n n t - n t  I I I  ci kW hr  R t u i  kWh r
H Su b .  

80 81 . 82 . 83.
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

1 1 t
I I  n n n / b un m ’ ca -~ i c u ll

(hO )  a n~~’-cv p l a i n t
( ° l )  h ,- \ i r  b l a s t
( h 3 )  a Rui n I m i n i gas
( 1 3)  * ml Al i s m  -

‘Ia I ~, 1  -

- ‘a - - t v  i- , c < i u c i n a  1c m
( i - A )  t Fuel ‘m s
( ! u n 5 )  g Steam

h T o n - t I  -

(e ,li) 

‘),-r ,~fl,l 
I l n a  I r m a  p w r -  L

} l m ’~~u t  Rn ’ i u ’, n sn- 111  c-~’ts: Prs ig rn-s s [vi’ -cimb mi st 1 m m  of  c-ca l ii f i n a l  p r u - s t n m c ’ t s

( I’ m )  k -i a- n - n
( I i )  I H

2 S

(35) m R~- u t or I
( 3 - u ) n C har

n -u lo t  ~i I -

( I I )  p ( I n t l
— 

[ u t  a] t n - n , ’’,- - b l , i o t
(j, ~) q -

1. n m t  m ’ :  b ?  ‘ 811 = 8 3 /81 = S n  - i l )  / 1001 i 1 
— b

81 / 80 , = 83 /R2 = 0. - u ) u s ~ -c 10I I I I

*Se€ Is ib le 2 1  -

1 - ~9
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~~1i&r ~~~~n ~ IL~~I~~

r!UT -
, 

EU - ‘ D

— ‘ a -,

l ’ l . A N  mi STS

Ca~u i t , m I  ( l a s t  ~ S 100 ( 1

O yv  s- u - n i - A  i r I’ I - u n i t : (85)

- 1) m ,

~ )/( 1 u j  x =

+ / + N
1 

~~ u , n 

-~ m C
i

r~ 3 k .
) 

~~~~~~ 
( C , - ~ 

u i , a)

I as  i t (tat 1 - i ’ m  Al-  - d i m  1~

/ 
- 5 - - = ____________  

( - ‘ n

~~
-
. / (

• _ “ 
- 

/
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