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Abstract:
A preliminary design for an indirect-fired falling-particle air preheater for a 400 MW (thermal) MHD
power generation plant was made.

The project was broken down into three major parts: material properties prediction, development of a
theoretical model, and capital and annual cost estimation of the overall design.

A theoretical model was developed for an indirect-fired cored-brick air preheater. Capital and annual
costs were estimated and compared to those of the falling-particle air preheater. It was found that
overall air preheat systems involving these two designs would have approximately the same capital
costs of ~ $44 x 10^6, and annual costs of ~$6 x 10^6.

An economic comparison was then made between overall indirect-fired air preheat designs, and overall
direct-fired designs. In both the falling-particle and cored-brick cases, the capital cost of the
indirect-fired design was approximately 50% greater than the capital cost of the direct-fired design. 
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ABSTRACT (

A p re lim in a ry  design fo r  an in d i r e c t - f i r e d  f a l l in g - p a r t ic le  a i r  
p reh ea te r fo r  a 400 MW (th e rm a l) MHD power generation  p la n t was made.
The p ro je c t was broken down in to  th ree  m ajor p a rts : m a te ria l p ro p e rties
p re d ic t io n , development o f  a th e o re t ic a l m odel, and c a p ita l and annual 
co st e s tim a tio n  o f the  o v e ra ll design.

A th e o re t ic a l model was developed fo r  an in d i r e c t - f i r e d  c o red -b ric k  
a i r  p re h e a te r. C a p ita l and annual costs were estim ated  and compared to  
those o f the f a l l in g - p a r t ic le  a i r  p re h e a te r. It .w a s  found th a t  o v e ra ll 
a i r  p reheat systems in v o lv in g  these two designs would have approxim ately  
the  same c a p ita l costs o f ~  $44 x 106 , and annual costs o f ^$6 x IO^.

An economic comparison was then made between o v e ra ll in d i r e c t - f i r e d  
a i r  p reheat designs, and o v e ra ll d i r e c t - f i r e d  designs. In both the ... 
f a l l in g - p a r t ic le  and c o re d -b ric k  cases, the  c a p ita l cost o f  the in d ir e c t -  
f i r e d  design was approxim ately  50%.g re a te r  than the c a p ita l cost o f the  
d i r e c t - f i r e d  design.



INTRODUCTION

CONVENTIONAL TURBINE AND MHD POWER GENERATION

Magnetohydrodynamic (MHD) power conversion is  a method o f  generating  

e le c t r i c i t y  w ith  fe a tu re s  s im ila r  to  those o f a conventional steam 

tu b r in e  d riven  g e n era to r. These s im i la r i t ie s  w i l l  be d iscussed, and then 

fe a tu re s  p e c u lia r  to  MHD power conversion w i l l  be discussed.

F igure  I  i l lu s t r a t e s  a very  s im p lif ie d  steam tu rb in e  driven  

g enera tor and a MHD g e n era to r. In  th e  case o f  the steam tu rb in e  g e n era to r, 

the  therm al energy o f  h o t combustion products (formed by the burning o f  

some fo s s il  fu e l )  is  transform ed in to  la t e n t  energy by vap o riz in g  w ater  

to  steam. The tran s fo rm atio n  to  mechanical energy is  accomplished by 

expanding the steam a g a in s t tu rb in e  b lad es . F in a l ly ,  the tu rb in e  s h a ft  

ro ta te s  a conductor (th e  arm ature) in  a s ta t io n a ry  magnetic f i e ld  (th e  

s t a t o r ) .  As the lin e s  o f m agnetic f lu x  are broken, a net e le c tro m o tiv e  

fo rce  and re s u lt in g  c u rre n t flo w  is  c rea ted  in accordance w ith  Faraday's  

laws o f  in d u c tio n . I t  should be po in ted  out th a t  the w orking gas in  the  

tu rb in e  could be any h o t, high pressure gas, as w e ll as steam.

• The MHD power conversion system has a number o f  s im i la r i t ie s  to  the  

-turb ine g e n era to r. In the MHD case, the conductor which breaks the lin e s  

o f  m agnetic fo rce  o f th e  s ta t io n a ry  m agnetic f i e ld  is  a h o t, e le c t r ic a l ly  

conducting f l u i d ,  u s u a lly  a gas. Thus th e  thermal energy o f the  

conducting f lu id  is  transform ed d i r e c t ly  to  e le c t r ic a l  energy. The 

system consis ts  o f an expanding duct through which th e  hot gas flo w s , 

which is  l in e d  on two opposite  sides w ith  e le c tro d e s . The e lec tro d es
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c a rry  the c u rre n t to  the e x te rn a l load c i r c u i t  in  the same fashion* as 

the brushes in  the conventional g en era to r.

. I t  should be noted here th a t  the  ro ta t io n a l motion o f  the  armature 

in  a conventional g enera to r c rea tes  a a lte rn a t in g  c u rre n t , whereas the  

continuous motion o f the gas past th e  e lec tro d es  in  an MHD generator 

crea tes  d ir e c t  c u rre n t.

The two types o f MHD systems p o ss ib le  are  open cyc le  and closed  

c y c le . In  the closed cyc le  case, the  conducting f lu id  is  recyc led  and 

regenerated  through the use o f heat exchangers. Examples o f  th is  type  

o f system are cycles in v o lv in g  noble gases, and l iq u id  m eta ls . In  the  

open cyc le  case, th e  conducting f lu id  passes through the MHD duct only  

once. Since th is  paper is  d ire c te d  toward the design o f  heat exchange 

components fo r  open cycled  fo s s i l - fu e le d  MHD systems the closed cycle  

system w i l l  no t be discussed fu r th e r .

In  an open cyc le  MHD system, th e  hot gas (combustion products o f  

some fo s s il  fu e l)  is  made an e le c t r ic a l  conductor by the a d d itio n  o f  a 

seed, such as KgO or KgCOg. The low io n iz a t io n  p o te n tia l o f  the  seed 

enables a fre e  flo w  o f  e le c tro n s  w ith in  the  gas. ^ c o n d u c tin g  gas o f  

th is  type is  c a lle d  a plasma. The e le c t r ic a l  c o n d u c tiv ity  o f  the gas is  

a r e la t iv e  measure o f the  ease in  which the gas w i l l  conduct e le c t r i c i t y .  

The optimum seed co n cen tra tio n  is  about 1-5% b y .w e ig h t ( 1 , 2 ) .

-J-:;
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COMPARISON OF EFFICIENCIES

In the  type o f power conversion systems discussed so f a r ,  thermo­

dynamic e f f ic ie n c y  is  optim ized  by m axim izing the  tem perature o f the  

working gas. The presence o f h ig h ly  s tressed  moving p arts  in  a tu rb in e  

g enera tor becomes the  l im it in g  fa c to r  in  the  working gas tem p eratu re , 

and thus in  the g enera tor e f f ic ie n c y .  As a r e s u lt  o f  t h is ,  the e le c ­

t r i c a l  e f f ic ie n c ie s  obta ined in  conventional steam tu rb in e  power p lan ts  

is  between 30-45%. In  the case o f  MHD systems, no moving or h ig h ly  

stressed  p arts  are  p re se n t, and a l l  p arts  are  r e a d ily  a ccess ib le  to  

e x te rn a l c o o lin g . Thus the l im it in g  fa c to r  in  MHD e f f ic ie n c y  is  the  

tem perature o f the working gas i t s e l f ,  which can be much h ig h er than the  

maximum tem perature in  a tu rb in e . I t  is  foreseen th a t  working gas 

. tem peratures as high as 5000-6000°F are  possib le  fo r  MHD a p p lic a tio n s . 

E ff ic ie n c ie s  o f systems employing present technology are p red ic ted  to  be 

about 50%. Advanced systems are  foreseen to  have e f f ic ie n c ie s  as high  

as 60%. As a fu r th e r  comparison the average e f f ic ie n c y  o f a nuclear 

f is s io n  power gen era tin g  f a c i l i t y  is  32%. Thus an advanced MHD p la n t  

would have 1 .5  tim es the. e f f ic ie n c y  o f a conventional steam tu rb in e  p lan t, 

and 1 ,9  tim es the e f f ic ie n c y  o f  a conventional nuclear p la n t .  I t  should 

be noted here th a t  the  advantage o f  an MHD system is  no t is  high e f f i ­

c iency a lo n e , but i t s  a b i l i t y  to convert therm al to  e le c t r ic a l  energy 

in  much h ig h er tem perature ranges than tu rb in e  g en era to rs . As a r e s u lt ,  

the  exhaust gases from the  MHD duct would be tra n s fe rre d  to .a  conven-

• -  4 -
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.t io n a l gas or steam tu rb in e  genera ting  f a c i l i t y ,  o r "bottom ing" p la n t .  

The to ta l  power output o f th e . fa c i l i ty .w o u ld  be about even ly  d iv ided  

between the MHD -p la n t  and the bottom ing p la n t ( 1 ,3 ) .

THE NEED FOR PREHEATED AIR

The working gas tem peratures necessary fo r  e f f i c ie n t  MHD power 

g en era tio n  are w ell above gas tem peratures a cc e s s ib le .b y  conventional 

combustion methods. The combustion o f  coal With ambient a i r  gives a 

maximum tem perature  o f about 3000°F. However, e f f i c ie n t  MHD power 

g en era tio n  re q u ire s  a tem perature  o f  about SOOO0F. Two methods are  

a v a ila b le  in  ach iev ing  th is  tem peratu re . The f i r s t  is  the use o f excess 

oxygen. In  view o f the high cost o f a f a c i l i t y  capable o f producing  

the amounts o f oxygen which would be necessary fo r  a commercial scale  

MHD in s t a l la t io n ,  th is  method is  looked upon as uneconomical w ith  present 

technology. The second method invo lves  p reh eatin g  the combustion a i r  

before  i t  is  used to  burn the  c o a l. This method has been used 

e x te n s iv e ly  in  the s te e l in d u s try . Conventional tube and s h e ll heat 

exchangers can be used to  preheat a i r  to  about 1700°F. To reach the  

tem perature necessary fo r  MHD power g e n e ra tio n , an a i r  p reh ea t temper­

a tu re  o f  about SlOO0F is  re q u ire d . Thus a heat exchange system is  

needed which w i l l  ra is e  the tem perature o f  a i r  from 1700°F to  3100°F.

A number o f systems are  p re s e n tly  being looked a t .

V-
_ -
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DIRECT AND INDIRECT-FIRED AIR PREHEATERS '

A ir  preheaters  a re  o f  two basic  types according to  how they f i t  

in to  the o v e ra ll MHD process -  d i r e c t - f i r e d  and in d i r e c t - f i r e d ,  as shown 

in  F igure 2 . The d i r e c t - f i r e d  a i r  p reh ea te r u t i l i z e s  the thermal energy  

o f  the  MHD exhaust gas, which leaves the MHD duct a t  about 3300°F, to  

d ir e c t ly  preheat a i r .  The in d i r e c t - f i r e d  a i r  p reh eater u t i l i z e s  the 

therm al energy o f exhaust from a s e p a ra te ly  f i r e d  clean fu e l combustor 

to  preheat the combustion a i r .  The d i r e c t - f i r e d  design has th ree  basic  

disadvantages. F i r s t ,  the MHD exhaust is  laden w ith  vaporized  seed and 

s la g , both o f which are  h ig h ly  c o rro s iv e . Second, as the exhaust gas 

tra n s fe rs  heat in  t h e .a i r  p re h e a te r , both the seed and s la g  condense, 

co atin g  the in te rn a l works o f the p re h e a te r. This s o lid  residue  would 

have to  be continuously  removed, not on ly  from an operatio ns  s ta n d p o in t, 

but a lso  because th e  cost o f  th e  seed makes re cy c le  im p e ra tiv e . T h ird ,  

the i n l e t  pressure to  th e  MHD duct must be ~8 atm in  o rder th a t the gas 

can push i t s e l f  through the d u ct. As a r e s u lt  o f  t h is ,  the preheated  

combustion a i r  must be p ressu rized  to  8 atm. However, the o u t le t  

pressure from th e  MHD duct is  atm. Thus, th e re  w i l l  be a pressure  

d i f f e r e n t ia l  o f  ^6% atm. between the exhaust gas side and the a i r  s ide  

o f the p re h e a te r. The in d i r e c t - f i r e d  a i r  p reh eater has none o f  these  

disadvantages. S in c e .th e  fu e l is  c le a n , no problems w ith  seed and s lag  

are  encountered. A lso , s ince  the  in le t  pressure o f  the combustion 

products o f th e  fu e l can be a r b i t r a r i l y  s e t ,  the hot gas s id e  and the

:• .... V-:, .-V; v.. ■:-> V:. - . - v . v  ; - v V v v -  ' : V . ;
v - V v
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FIGURE 2. COMPARISON OF DIRECT AND INDIRECT-FIRED AIR
PREHEAT SYSTEMS
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a i r  s ide o f  th e  p reh eater can be run a t  a 1:1 pressure r a t io .  The main 

disadvantage o f  the in d ir e c t - f . ir e d  a i r  p reh ea te r is  th a t ,  s ince a 

separate  clean  fu e l must be employed, ~ 2 p o in ts  in  o v e ra ll cyc le  

e f f ic ie n c y  w i l l  be lo s t  ( 5 , 8 ) .  A lso the need fo r  a c lean  fu e l is  a 

disadvantage.

GENERAL AIR PREHEATER DESIGN

Since conventional low -tem perature  heat exchange m a te ria ls  and 

design are  inadequate fo r  h ig h -tem p eratu re  a i r  p reheater a p p lic a tio n s ,  

new m a te ria ls  and designs must be considered . M a te r ia ls  most l ik e ly  

to  be ab le  to  w ithstand  h ig h -tem p eratu re  corrosion  and therm al s tress  

are o f the re fra c to ry  ty p e . The m a te ria l used fo r  the h e a t - t ra n s fe r  

medium should have a high thermal c o n d u c tiv ity  and h eat c ap a c ity  fo r  

e f f i c ie n t  h eat t r a n s fe r .  The th ree  most popular can d id a tes , in  order 

o f in c reas in g  c o s t, are  alumina (A ^ O g ), magnesia (MgO), and z irc o n ia  

(Z rO g ). M a te r ia ls  o f  th is  type are employed in  the design o f  both the  

heat t ra n s fe r  medium and the e x te rn a l in s u la t io n  o f th e  a i r  p reh ea te r.

Of the many a i r  p reh ea te r designs p re s e n tly  being researched, two 

w i l l  be focused upon. These are the c o re d -b ric k  a i r  p re h e a te r , and 

the  f a l l in g - p a r t ic le  a i r  p re h ea te r.

The c o re d -b r ic k  a i r  p reh eater is  b a s ic a lly  an in s u la te d  column 

packed w ith  lo n g itu d in a lly  cored re fra c to ry  b ricks  o f  high heat c a p a c ity . 

A c ro ss -s e c tio n  o f a ty p ic a l c o re d -b ric k  a i r  p reh eater is  shown in
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Figure  3 . The separate  b rick s  are  o f hexagonal c ro ss -s e c tio n  and the  

core d iam eter ranges from 0 .2 5  inches to  0 .7 5  inches ( 4 ,1 1 ) .  The 

method o f  o p era tio n  is  as fo llo w s : the a i r  p reh eater column is  s u ita b ly

valved a t  each end so th a t  hot gas or a i r  can a lt e r n a t iv e ly  be run 

through the column, in  c o u n te rcu rren t d ire c t io n s . I n i t i a l l y ,  the cored 

b ric k s  are heated fo r  a s p e c if ie d  perio d  o f tim e by h o t.g a s . Then a i r  

is  heated by running i t  through .the column, a lso  fo r  a s p e c if ie d  amount 

o f tim e . A problem is  th a t  the a i r  output is  o f a c y c lic  n a tu re , w h ile  

th e  MHD process re q u ire s  a constant flo w  ra te  o f  combustion a i r .  This  

problem is  so lved .b y  the use o f a number o f c o re d -b ric k  a i r  preheaters  

o p era tin g  in  a continuous cyc le  to  outpu t a constant a i r  flo w  ra te  and 

tem peratu re . The g re a te s t amount o f  heat t ra n s fe r  per u n it  volume 

(and th e re fo re  th e  h ig h e s t a i r  preheat tem perature) is  obta ined w ith  

th e  s m alle s t flo w  passage d ia m e te r, 0 .2 5  inches. This presents no 

problem in  the  in d i r e c t - f i r e d  case. However, in  the d i r e c t - f i r e d  case, 

clogging o f  th e  flo w  passages by condensing seed and s lag  re q u ire s  th a t  

the  passage d iam eter be on the order o f  0 .7 5  inches fo r  e f fe c t iv e  

o p e ra tio n . Thus, fo r  a given a i r  p reheat tem peratu re , the d i r e c t - f i r e d  

a i r  p reh ea te r w i l l  be o f  co n sid erab ly  la r g e r .s iz e  than the in d ir e c t -  

f i r e d  a i r  p re h e a te r. An im portant p o in t is  th a t  thermal expansion o f 

r e fra c to ry  m a te ria ls  in  these tem perature ranges is  c o n s id e ra b le , and 

must be accounted fo r  in  the o v e ra ll column design ( 4 ,5 ) .

The f a l l in g - p a r t ic le  a i r  p reh ea te r is  shown by s im p lif ie d  schematic
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FIGURE 3. CROSS-SECTION OF A CORED-BRICK AIR PREHEATER
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in  F igure 4 . The design consists  o f  two v e r t ic a l  columns, one above 

the  o th e r . Small 0 .0 5  inch d iam eter) r e fra c to ry  p a r t ic le s  f a l l  

through the upper chamber, are  held up a t  the in te r fa c e  between the  

chambers, and then f a l l  through the lower, chamber. The p a r t ic le s  are  

then re tu rn ed  to  the top o f the  upper chamber by a pneumatic b low er, 

com pleting th e  c y c le . At th e  top o f  each chamber is  a d is t r ib u to r  

p la te  which spreads the  p a r t ic le s  even ly  across the  chamber d iam eter.

Hot gas (th e  h eatin g  f lu id )  en te rs  th e  bottom o f the upper chamber, 

flow s up the  chamber co u n tercu rren t to  th e  flo w  o f p a r t ic le s ,  and e x its  

a t  the top  o f th e  chamber through an exhaust m a n ifo ld .. As th e  gas 

flow s past the  p a r t ic le s ,  therm al energy is  tra n s fe rre d  to  the p a r t ic le s .  

In s im ila r  fa s h io n , a i r  en te rs  the bottom o f  the low er chamber, flows 

upward co u n te rcu rren t to  th e  p a r t ic le  f lo w , and e x its  through an exhaust 

m an ifo ld . As the a i r  flow s past the heated p a r t ic le s ,  therm al energy 

is  tra n s fe rre d  to  the a i r .  I t  should be noted here th a t  th e  design shown 

in  F igure 4 is  s p e c if ic  fo r  the in d i r e c t - f i r e d  case. Since both the  

upper and low er chambers are  a t  n e a rly  th e  same pressure (~  8 a tm ), 

the w eig h t o f  a number o f  fe e t  o f  p a r t ic le s  a t  the in te r fa c e  between 

the chambers should o f fs e t  any leakage o f a i r  o r hot gas. However, 

since such a la rg e  pressure d i f f e r e n t ia l  e x is ts  between the upper and 

lower chambers in  the d i r e c t - f i r e d  case, a complex v a lv in g  mechanism o f  

some s o r t  must be devised to  perm it continuous flo w  o f  p a r t ic le s  from 

the upper to  low er chamber, and m inim ize a i r  ,leakage. U n lik e  the cored-
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b r ic k  a i r  p re h e a te r, th e  f a l l in g  p a r t ic le  a i r  p reh eater is  a continuous 

process, o u tp u ttin g  a constan t flo w  ra te  and tem perature o f combustion 

a i r .  Thus, c y c lic  o p era tio n  and i t s  complex v a lv in g  are unnecessary.



MODEL DEVELOPMENT AND DESIGN OF 
FALLING-PARTICLE AIR .'PREHEATER

INTRODUCTION

A th e o re tic a l model o f  th e  f a l l in g  p a r t ic le  a i r  p re h ea te r was 

assembled on computer by W. E. G e n e tt i . A p re lim in a ry  design was then 

made based on the re s u lts  o f  the model d a ta . This th e s is  deals s p e c i f i ­

c a l ly  w ith  th e  design o f an in d i r e c t - f i r e d  f a l l in g  p a r t ic le  a i r  p re ­

h e a te r . A ls o , a design fo r  an in d i r e c t - f i r e d  c o re d -b ric k  a i r  p reh eater  

was made. The two designs are compared from  both a s tru c tu ra l and cost 

v ie w p o in t. In  a d d it io n , a cost t ra d e o ff  a n a ly s is  is  made fo r  both the  

f a l l in g - p a r t ic le  and c o re d -b ric k  designs between the  in d i r e c t - f i r e d  and 

the d i r e c t - f i r e d  cases. Design and cost data fo r  d i r e c t - f i r e d  a i r  

preheaters  were provided by W. E. G en etti and R. L . Mussulman.

PREDICTION OF MATERIAL PROPERTIES

As a prelude to  model development o f  the a i r  p re h e a te r, equations  

were developed to  p re d ic t  the general p ro p e rtie s  o f th e  m a te ria ls  invo lved  

in  the design fo r  th e  necessary tem perature and pressure ranges. The 

m a te ria ls  in c lu d e  the  h o t exhaust gases (h e a tin g  f l u i d ) , a i r  (heated  

f l u i d ) , f a l l in g  re fra c to ry  p a r t ic le s ,  and in s u la t io n .

As mentioned e a r l i e r ,  a separate  clean  fu e l is  needed.to  f i r e  the  

a ir .  p re h e a te r. This fu e l could be fu e l o i l ,  n a tu ra l gas, or a fu e l 

produced from the d e v o la t i l i z a t io n .o f  c o a l. In  view o f  the  cost and 

a v a i l a b i l i t y  o f fu e l o i l  and n a tu ra l gas, a fu e l produced from coal
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d e v o la t i l iz a t io n  was c a lle d  fo r  in  the  o r ig in a l design . This fu e l is  

produced by the heatin g  o f  coal to  around 2000°F in  the  absence o f  

a i r ,  d r iv in g  o f f  the  v o la t i le ,  m a tte r as a gas w ith  a h eatin g  value o f
O

about 575 B T U /ft . This process is  a lso  c a lle d  c a rb o n iz a tio n . 

C arb o n iza tio n  o f 2000 lb  o f  coal y ie ld s  about 11,000 f t ^  o f coal gas, 

plus about 1400 lb  o f  coke. The c o n s titu te n ts  o f th e  coal gas and i t s  

products o f  combustion are  presented in  Appendix A.

Equations fo r  th e  fo llo w in g  general p ro p e rtie s  fo r  a i r  and the  

hot exhaust gases were developed: v is c o s ity ,  thermal c o n d u c tiv ity ,

and heat c a p a c ity , a l l  as a fu n c tio n  o f tem p eratu re , and d e n s ity  as 

a fu n c tio n  o f tem p eratu re , and pressure. These eq u atio n s , along 

w ith  o th e r p e r t in e n t m a te ria l p ro p e rtie s  are presented in  Appendix A.

GENERAL DESIGN CONSIDERATIONS

A ll  p reh eater design w ork, both fo r  th is  re p o rt and fo r  the G e n e tt i-  

Mussulman d es ig n , was done on the basis o f  a 400 megawatt (th erm a l) MHD 

power g en era tio n  f a c i l i t y .  The therm al power ra t in g  is  d e fined  as the  

power in p u t to  the  MHD .d u ct. The s to ich io m e try  o f the. MHD combustion 

re a c tio n  and i t s  re la te d  mass balances a re  presented in  Appendix B - I . As 

is  evidenced by the a i r  requirem ent fo r  the  combustion re a c t io n , the a i r  

p reh ea te r must supply 1 .2 7 9 .x  IO6 I b r a i r /h r  to  the  combustor. As p re v i­

ously m entioned, th e  tem perature o f the preheated a i r  must-be about SlOO0F
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Since conventional s h e ll-a n d -tu b e  h eat exchangers are  capable o f producing 

a i r  tem peratures o f  1700 F, th is  is  assumed to  be th e  a i r  i n l e t  tem perature  

o f the  a i r  p re h e a te r. With these param eters s e t ,  the heat tra n s fe r  ra te  

to  th e  a i r  in  th e  p reh eater can be c a lc u la te d  (Appendix B -3 ) .  This was 

found to  be 5 .155  x IO^ BTU/hr. I t  should be noted a t  th is  p o in t th a t  

th is  design fo r  a 400 MW heat.exchange f a c i l i t y  c a lls  fo r  th ree  a i r  

p reh ea te r columns, two running s im ultaneously  in  p a r a l le l ,  and one spare.
5

Thus, fo r  one column, the a i r  flo w  ra te  would be 6 .395  x 10 Ib /h r  and 

the h eat t ra n s fe r  ra te  to  the a i r  would be 2 .578  x 10^ BTU/hr.

PARTICLE SIZE DISTRIBUTION

The next step in  model development was to  o b ta in  a r e a l i s t i c  s ize  

d is t r ib u t io n  o f the alumina p a r t ic le s .  I t  was found th a t  the ta b u la r  

alumina stock supp lied  by the Aluminum Company o f America would have to  

be c la s s i f ie d ,  narrowing the  p a r t ic le  s iz e  d is t r ib u t io n  down to  usable 

ranges. Two p a r t ic le  s iz e  ranges were in v e s tig a te d . . I n  e ith e r  case, 

the la rg e s t  p a r t ic le  d iam eter is  0 .05  in .  The wide d is t r ib u t io n  is

0 .0 3 8 -0 .0 5  in .  d ia m e te r, and the narrow d is t r ib u t io n  is  0 .0 4 2 -0 .0 5  in .  

d iam ete r. These d is tr ib u t io n s  w i l l  be re fe r re d  to  as "b low outs", since  

any p a r t ic le  s m a lle r than th e  included range would blow ou t the top o f 

the  chamber. These two p a r t ic le  s iz e  d is tr ib u t io n s  are  l is t e d  in  

Appendix C -I .
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PARTICLE TERMINAL VELOCITIES AND CHAMBER DIAMETER

The in s id e  d iam eter o f  the  chamber is  a fu n c tio n  o f the te rm inal 

v e lo c ity  o f the  p a r t ic le s .  The te rm in a l v e lo c ity  o f  a p a r t ic le  is  

d e fin ed  as th a t  v e lo c ity  a t  which the f a l l in g  p a r t ic le  stops a c c e le ra t in g .  

In  o th e r w o rd s ,s in c e  drag increases as v e lo c ity  in c re a se s , i t  is  the  

maximum a tta in a b le  v e lo c ity  o f  the p a r t ic le  in  a given f l u i d .  The 

te rm in a l v e lo c it ie s  o f the s m a lle s t p a r t ic le s  were c a lc u la te d , since  

they  would be the f i r s t  to  “blow o u t" . The maximum g a s .v e lo c ity  (a t  

maximum tem perature) was then taken to  be 100% o f  th is  te rm in a l v e lo c ity .  

Thus, s ince  the a i r  mass flo w  ra te  is  known, the a i r  chamber diam eter 

can be c a lc u la te d . These c a lc u la t io n s  are presented in  Appendix C -2 .

A t th is  p o in t ,  i t  was i n i t i a l l y  assumed th a t  chamber h eat losses 

were ze ro ; thus = qga s - In  th is  manner, a gas mass flo w  ra te  was 

found and gas chamber d iam eter c a lc u la te d  in  analogous .fashion to  the  

a i r  chamber d iam eter, as presented in  Appendix C -2 . The gas mass flow  

ra te  is  6 .5 2  x IO^ Ib /h r .  The in s id e  diam eters o f the gas and a i r  

chambers a re , re s p e c t iv e ly , 14 .2  fe e t  and 11.1 fe e t  ( f o r  the  0 .042  inch  

blowout case ).

DETERMINATION OF INSULATION THICKNESS

The th ickness o f  in s u la t io n  needed to  e f f e c t iv e ly  in s u la te  the  

column was now determ ined. P ro p ertie s  o f  th e  in s u la tio n  used are  

presented in  Appendix A -6 . A t r ia l - a n d  -e r r o r  s o lu tio n  to  th e  in s u la tio n
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th ickness was made fo llo w in g  the procedure presented in  Appendix C -3 , 

w ith  the l im it in g  c o n d itio n  th a t  the maximum o u te r w a ll tem perature  

should not be above % 250°F . The re s u lt in g  w a ll c ro s s -s e c t io n , having  

an o v e ra ll th ickness o f  3 .5  f e e t ,  is  shown in  F igure 5.

OVERALL HEAT LOSS TO SURROUNDINGS

With the  w a ll c ro s s -s e c tio n  known, the ra te  o f  heat loss through 

the w a ll can now be determ ined. The heat t ra n s fe r  equation developed 

in  Appendix C-3 is  used to  f in d  the o u te r w all tem perature a t  various  

values o f gas tem p eratu re . Then (q /A ) loss is  found a t  each o f  these 

tem peratu res , and a curve is  f i t  to  the d a ta . The re s u lt in g  equation  

is  (q /A ) i  as a fu n c tio n  o f  Tg. These c a lc u la t io n s  are re la te d  in  

Appendix C -4 .

O vera ll a i r  p reh ea te r heat losses can now be c a lc u la te d . The 

o v e ra ll losses are assumed to  be the sum o f the  heat losses in  the a i r  

and gas chambers, plus the h eat loss from the p a r t ic le  re c y c le  system. 

The fo llo w in g  two assumptions must be made:

1 . The he igh ts  o f the gas and a i r  chambers are 20 fe e t  and 

30 f e e t ,  re s p e c tiv e ly .

2 . The h eat loss from the p a r t ic le  re cy c le  system is  approximated  

by th e  a r ith m e tic  average o f the heat losses from the gas and 

a i r  chambers.

This procedure is  o u tlin e d  in  Appendix C -5 . With th e  o v e ra ll heat
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loss known, the amount o f  heat tra n s fe rre d  from the hot gas to  the  

p a r t ic le s  can be determ ined, and a re f in e d  value fo r  the gas e x i t  

tem perature is  found to  be 2330°F . The average p a r t ic le  tem perature  

between the  chambers is  assumed to  be the average o f  the bottom gas 

tem perature and the  top a i r  tem peratu re , or 3300°F. The average p a r t ic le  

tem perature in  the p a r t ic le  re cy c le  system is  s p e c if ie d  to  be the average  

o f th e  top gas tem perature and the bottom a i r  tem peratu re , or 2015°F.

This method o f e s tim a tin g  the  chamber he ights  to  a r r iv e  a t  the o v e ra ll 

h eat losses is  assumed to  be r ig o ro u s , s ince  heat losses amount to  only  

~ 0.2% o f th e  t o t a l  heat t ra n s fe r  r a te .

Now th a t  a l l  h eat t ra n s fe r  ra te s  are  known, the p a r t ic le  mass flo w  

ra te  is  c a lc u la te d  to  be 6 .54  x IO^ Ib /h r .

DEVELOPMENT OF MODEL. DESIGN COMPUTER PROGRAM

A computer program was developed to  a s s is t  in  the p re lim in a ry  

design o f  th e  a i r  p re h e a te r. The o p era tio n  o f  the  program invo lves  

th e  s o lu tio n  o f th re e  sim ultaneous d i f f e r e n t ia l  equations: an energy

balance between p a r t ic le s  and a i r  across a d i f f e r e n t ia l  elem ent o f tim e , 

a momentum balance on a f a l l in g  p a r t ic le ,  and an o v e ra ll energy balance, 

in c lu d in g  heat lo sses , across a d i f f e r e n t ia l  column elem ent. These 

balances a re  developed in  Appendix C -6 . D e fin it io n s  o f  a l l  program 

v a r ia b le s , a program l i s t i n g ,  and a program output are presented in  

Appendix C -7 . As can be seen, the program output gives a l i s t in g  o f



im portant chamber parameters in .in crem en ts  o f  h e ig h t ,  s ta r t in g  a t  the top  

o f  the  gas or a i r  column and.moving down. Based on th is  data and data  

a lread y  presented , o v e ra l l  chamber dimensions can be c a lc u la te d .  These 

are  l i s t e d  in  Table I .

TABLE I .  FALLING PARTICLE CHAMBER DIMENSIONS

Gas Chamber A i r  Chamber

Blowout ( i n . ) .038 .042 .038 .042

In s id e  Diameter ( f t ) 1 5 .1 14.2 11.84 11.1

Outside Diameter ( f t ) 22 .1 21 .2 18.84 18.1

Chamber Height ( f t ) 20 .5 14.2 39 .8 30.0

Gas Mass Flow Rate ( I b / h r ) 6 .5 2 x l0 5 6 .5 2 x l0 5 6 .3 9 5 x l0 5 6 .3 9 5 x l0 5

Max. Gas V e lo c i ty  ( f t / s e c ) 18.9 21 .5 18.34 20.88

Gas I n l e t  Temperature ( 0F) 3500 3500 1700 1700

Gas E x i t  Temperature ( 0F) 2330 2330 . 3100 3100

MODEL DEVELOPMENT AND DESIGN .OF CORED-BRICK. AIR PREHEATER

A model was developed to  s iz e  an i n d i r e c t - f i r e d  cored b r ic k  a i r  

preheating  system. I t  is  assumed th a t  a 400 megawatt (therm al) power 

generation  f a c i l i t y  would re q u ire  an a i r  preheater system co n s is t in g  o f  

seven separate  cored b r ic k  chambers, s ix  on l in e  w ith  one spare. At  

any given t im e , two columns would be heatin g  a i r  or be being heated by
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hot gas. The model consists  o f  an energy balance across a d i f f e r e n t i a l  

element o f  chamber a re a ,  assuming the b r icks  to be iso th erm a l.  For the  

i n d i r e c t - f i r e d  case, b r icks  w i t h . 0 .2 5  inch diameter holes are used.

This hole s iz e  gives the b r icks  a c ro ss -s e c t io n a l geometric p o ro s ity  o f  

25%. Convective heat t r a n s fe r  data (17 ) f o r  heat t r a n s fe r  c o e f f ic ie n ts  

in  c i r c u la r  tubes is  used. Pressure drop, as w ell as volume, must be 

optim ized to  g ive the  best design. Model development is  presented in  

Appendix D. An in s u la t io n  thickness o f  3.5 ' f t  is  assumed. The chamber 

dimensions re s u l t in g  from th is  model are presented in Table I I .

TABLE I I .  CORED BRICK CHAMBER DIMENSIONS

Hole Diameter ( i n . )

O vera ll  H e ight ( f t )

In s id e  Diameter ( f t )

Outside Diameter ( f t )

AT -  A i r  Flow ( 0F) 
aV

AT -  Gas Flow ( 0F)dv

Pressure Drop, psi

0 .25

23.3

8 .9

15.9

155

100

4 .43



. COST SUMMARY FOR INDIRECT-FIRED 
• AIR PREHEATERS

FALLING-PARTICLE AIR PREHEATERS

C ap ita l cost p re d ic t io n  fo r  the  i n d i r e c t - f i r e d  f a l l i n g - p a r t i c l e  a i r  

p reheate r  is  developed in  Appendix E.. These costs are fo r  one u n i t  

o n ly .  Table I I I  gives cost data fo r  both, one u n i t  and f o r  an o v e ra l l  

th r e e - u n i t  system.

TABLE I I I .  ESTIMATED CAPITAL COST OF INDIRECT-FIRED 
FALLING-PARTICLE AIR PREHEATER

0 .038  in . Blowout 0 .042  in . Blowout
U n it  Cost Tota l Cost* U n it Cost Total Cost*

Steel $ 2 .2 7 x l0 6 $ 6 .S lx lO 6 $ 1 .7 2 x l0 6 $ 5 .2 x l0 6

In s u la t io n 1 .7 3 x l0 6 5 . IDxlO6 1 .3 3 x l0 6 5 . OxlO6

Alumina P a r t ic le s .1 2 x l0 6 .3 6 x l0 6 .IB x lO 6 .4 5 x l0 6

P ip ing .3 x l0 6 .DxlO6 .SxlO6 .DxlO6

Valves 1 .3 6 x l0 5 .4 1 x l0 6 .ISBxlO6 .4 1 x l0 6 .

Ins trum entatio n .SxlO6 .SxlO6

S tru c tu re ■ 6 .2 x l0 6 4 .7 x l0 6

TOTAL 2 0 .2 x l0 6 1 7 .OxlO6

*  To ta l Cost o f  3 u n its
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CORED-BRICK AIR PREHEATERS

C ap ita l  costs fo r  the c o red -b r ic k  a i r  p reheater system are  

developed in  Appendix F. Again, these f ig u re s  are fo r  one u n i t  on ly .  

The o v e ra l l  co red -b r ic k  a i r  p reh ea te r  system consists o f  seven u n i t s . 

These costs are summarized in  Table IV .

TABLE IV .  ESTIMATED CAPITAL COST OF INDIRECT-FIRED 
CORED-BRICK AIR PREHEATER

-  24 -

U n it Cost Tota l Cost (7 u n its )

Steel $ .216 X IO6 $ 1 .51  x IO6

In s u la t io n .662 X IO6 4 .6 3  x IO6

Cored B rick .552 X IO6 3 .86  x IO6

Pip ing 1 .1  x IO6

Valves .136 X IO6 .95  x IO6

Instrum entatio n .3  x IO6

S tru c tu re 3 .0  x IO6

$15 .4  x IO6TOTAL



FUEL SOURCES FORIN DIRECT-FIRED AIR PREHEATERS

INTRODUCTION

A complete i n d i r e c t - f i r e d  a i r  p reh ea te r  system w i l l  n ecessar i ly  

inc lude  a fu e l  source o f  some s o r t .  Since the purpose o f  i n d i r e c t - f i r e d  

a i r  p reh ea te r  design is  to  get away from the disadvantages o f  using 

the  seed and s la g - la d e n  MHD exhaust gas as an energy source, the fuel  

should be clean and burn e f f i c i e n t l y .  The th ree  major fu e ls  p re se n tly  

under co n s id era tio n  a re  fu e l o i l , na tu ra l gas, and s y n th e t ic  gas made 

from p a r t i a l Iy  or com plete ly  g a s i f ie d  c o a l . However, in  l i g h t  o f  the  

co st and s c a r c i ty  o f  fu e l  o i l  and n a tura l gas, the cost o f  running a 

commercial sca le  i n d i r e c t - f i r e d  a i r  p reheater w ith  these m a te r ia ls  

would be p r o h ib i t i v e .  Thus, the p o s s ib i l i t y  o f  coal g a s i f ic a t io n  has 

been concentrated upon. Two basic  g a s i f ic a t io n  designs are  considered, 

coal c arb o n iza tio n  and coal g a s i f i c a t io n .

COAL CARBONIZATION

Coal c arb o n iza tio n  involves  the heating  o f  coal in  the  absence o f  

a i r .  At a temperature o f  1800 -  2000°F, the v o l a t i l e  m atte r  in  the 

coal is  driven  o f f  as an in te rm e d iate-BTU fu e l gas, having a heating  

value o f  approxim ately  550 BTU/ft^  (1 0 ) .  I f  th is  gas could be used to  

fu e l  the a i r  p re h e a te r ,  then coal would be the  sole fu e l  source o f  the  

o v e ra l l  power generation  complex. The carb o n iza tio n  o f  a ton o f  coal 

y ie ld s  approxim ately  11,000 f t 3 o f  th is  fu e l gas plus about 1400 Ib^  

o f  coke. The coke by-product would be mixed w ith  the coal feed to
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the MHD combustor. Mass and energy balances fo r  th is  system are  

presented in  Appendix G. The c arb o n ize r  would be.heated by d iffu s e d  

MHD exhaust gases. A s im p l i f ie d  design o f  the system is  shown in  

Figure 6 . The balances presented in Appendix G reveal t h a t ,  even i f  

pure coke were used as the sole fue l source in  the MHD combustor, the  

coke f lo w  r a te  from the coal carb o n izer  would be n ear ly  tw ice  the  

necessary coke f lo w  ra te  to  the  MHD combustor. Thus, on th is  basis  

a lo n e , the use o f  coal c arb o n iza tio n  to  fu e l the i n d i r e c t - f i r e d  a i r  

p reheate r  appears h ig h ly  in f e a s ib le .  Because o f  t h i s ,  an economic 

study o f  coal c arb o n iza tio n  was not pursued.

COAL GASIFICATION

The p o s s ib i l i t y  o f  using g a s i f ie d  coal as the fu e l source fo r  the  

i n d i r e c t - f i r e d  a i r  preheat system was in v e s t ig a te d .  The complete 

g a s i f ic a t io n  o f  coal to  s y n th e t ic  fu e l  gas o f  high BTU content  

(~  950 B TU /ft^  STD) involves  heatin g  the  coal to  g a s ify  the v o l a t i l e  

m a tte r ,  s h i f t  re a c t in g  the carbon monoxide w ith  w ater to  form hydrogen 

and carbon d io x id e ,  removal o f  HgS and COg, and f i n a l l y  methanation  

o f  the r e s u l t in g  gaseous m ix tu re .  However, methanation o f  the CO-Hg 

gas m ixture  has y e t  to  be commercially demonstrated. Thus the  

g a s f ic ia t io n  system w i l l  be presented h e re , but i t  should be noted th a t  

progress is  necessary before  the system is  te c h n o lo g ic a l ly  f e a s ib le .  

Data on the  system is  presented in  Appendix H. Figure 7 dep icts  a
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Fuel Gas

Preheate # _

T=1700
MHD Duct

To
Bottoming

P la n t
Combustio

Chamber

FIGURE 6 .  AIR PREHEAT SYSTEM WITH COAL CARBONIZATION
AS FUEL SOURCE
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a ' 1700°F

G a s i f ie r

Preheater

L. I .  A i r

MHD Duct

FIGURE 7. AIR PREHEAT SYSTEM WITH COAL GASIFIER
AS FUEL SYSTEM
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s im p l i f ie d  coal g a s i f i e r  as the fue l source fo r  an i n d i r e c t - f i r e d  a i r  

preh ea te r .  Data on the p o s s ib i l i t y  o f  p a r t i a l  char re cy c le  or other  

uses fo r  char was not a v a i la b le .  The p a r t ic u la r  g a s i f ic a t io n  process 

in v e s t ig a te d  is  the CC^-acceptor process, as i t  has the lowest o v e ra l l  

c a p i ta l  cost o f  a l l  processes looked a t .  However, i t  is  only capable 

o f  g a s ify in g  l i g n i t e  and non-caking sub-bituminous c o a ls .  Data was 

not a v a i la b le  on th e  f e a s i b i l i t y  o f  u t iH iz in g  Montana sub-bituminous  

coal in  th e  CC^-acceptor process. As is  shown in  Appendix H - l ,  the  

coal f lo w  ra te  to  the g a s i f i e r  would be about 47% o f  the  t o t a l  coal 

f lo w  ra te  to  the  power genera ting  complex. The c a p i ta l  cost fo r  the  

g a s i f ic a t io n  system is  estim ated a t  $27 .5  x 10^, w ith  an estim ated  

annual operating  cost o f  $ 4 .3  x 106 ( 7 ) .



OVERALL INDIRECT-FIRED AIR PREHEAT 
SYSTEMS COST COMPARISON

CAPITAL COST COMPARISON

As can be seen in  comparing Tables I I I  and IV ,  the f a l l i n g - p a r t i c l e  

preheater (0 .0 4 2  in  blowout) and the c o red -b r ic k  p reheater have near ly  

the  same c a p i ta l  co s t ,  vary ing b y .o n ly  $1 .6  x 10®. This is  w ith in  the  

l im i t s  o f  estim ated accuracy f o r  a .lo n g -ran g e  economic an a lys is  o f  

th is  type . Assuming t h a t  the c a p i ta l  cost o f  the  fu e l  source system 

w i l l  be the same fo r  both a i r  preheat systems, o v e ra l l  system c a p ita l  

costs can now be estim ated .

-ANNUAL COST ESTIMATION

An estim ate  o f  annual maintenance costs fo r  the  a i r  p reheater was 

made. The development o f these costs is  presented in Appendix E-5 

f o r  the  f a l l i n g - p a r t i c l e  a i r  p re h e a te r ,  and in Appendix F-5 fo r  the  

c o re d -b r ic k  a i r  p rehea te r . I t  should be noted t h a t  these f ig u re s  are  

q u ite  rough e s t im a te s ,  and should be weighed w ith  ap p ro p ria te  

skep tic ism . Table V presents an o v e ra l l  c a p i ta l  and annual cost 

comparison fo r  the two i n d i r e c t - f i r e d  a i r  preheat systems.
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TABLE V. COST COMPARISON OF OVERALL INDIRECT-FIRED 
■ CORED-BRICK AND FALLING-PARTICLE AIR PRE­

HEAT SYSTEMS

F a l l in g - P a r t i c le
Cored-Brick A i r  Preheater
A i r  P reheater (0 .0 4 2  in .  Blowout)

Preheater C a p ita l  Cost $ 15 .4  x IO6 $ 17.0  x IO6

Fuel Source C ap ita l  Cost 27 .5  x IO6 2 7 .5  x IO6

TOTAL C a p ita l  Cost 4 2 .9  x IO6 4 4 .5  x IO6

TOTAL Annual Cost $ 5 .8  x IO6 $ 6 .4  x IO6
(inc ludes  fu e l source)

COMMENTS

A number o f  im portant po ints  should be made in  considering  these  

two o v e ra l l  designs:

1) The le v e l  o f  technology o f  the  co red -b r ic k  a i r  preheater design 

is  much h igher than th a t  o f  the  f a l l i n g - p a r t i c l e  a i r  preheater  

design. The u t i l i t y  o f  the  c o red -b r ic k  design has been 

demonstrated in  a number o f  a p p l ic a t io n s ,  and an abundance

o f  design data is  a v a i la b le .  The f a l l i n g  p a r t i c le  design,  

however, has not y e t  been demonstrated.

2) Since the f a l l i n g - p a r t i c l e  design.outputs  a steady a i r  flow  

r a te  a t  a uniform tem peratu re , operation  o f  the MHD combustor 

and duct would probably be smoother than w ith  the c y c l ic
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operations o f  the  c o re d -b r ic k  design.

3) The need fo r  c o n stan t-o p era t in g  valves in  the c o red -b r ic k  

w i l l  increase annual maintenance costs as a r e s u l t  o f  valve  

breakdown and a t t r i t i o n .  With the f a l l i n g - p a r t i c l e  design, 

valves w i l l  be used only  fo r  s ta r tu p ,  shutdown, and f low  ra te  

c o n t r o l .

4) P a r t ic le  replacement through ap p ro p ria te  access ports  (probably  

in  the  p a r t ic le  recyc le  system) in  the f a l l i n g - p a r t i c l e  

design w i l l  be a r e l a t i v e l y  e f f o r t le s s  procedure, re q u ir in g  no 

equipment shutdown and d is m a n tl in g . C ored -br ick  replacement

in  the c o red -b r ic k  design, however, w i l l  r e q u ire  column 

shutdown and complete d ism an tl in g .



CAPITAL COST COMPARISON OF DIRECT AND 
INDIRECT-FIRED AIR PREHEAT SYSTEMS

C a p ita l  cost data f o r  d i r e c t - f i r e d  c o red -b r ic k  and f a l l i n g -  

p a r t i c l e  a i r .  preheat systems was supplied  by W. E. G enetti and R. L. 

Mussulman (1 2 ) .  These data are compared w ith  i n d i r e c t - f i r e d  design 

data in  Table V I .  Only the 0 .042  in .  blowout design o f  the  f a l l i n g -  

p a r t i c le  a i r  p reheater is  considered. Annual cost data fo r  d i r e c t -  

f i r e d  a i r  preheat systems was not a v a i la b le .

TABLE V I .  CAPITAL COST COMPARISON OF DIRECT AND 
• ■ INDIRECT-FIRED AIR PREHEAT SYSTEMS

DIRECT-FIRED INDIRECT-FIRED

O vera ll  
C a p ita l  Cost

F a l l in g - P a r t .  Cored-Brick  

$30.4  x IO6 $31 .3  x IO6

F a l l in g -P a r t . -  Cored-Brick  

$44.5  x IO6 $42.9  x IO6

As can be seen, in  each design case the  c a p i ta l  cost o f  the d i r e c t -  

f i r e d  a i r  preheat system is  about 75% o f  th e  c a p ita l  cost o f  the  

i n d i r e c t - f i r e d  system.

COMMENTS

In comparing the o v e ra l l  designs o f  d i r e c t  and i n d i r e c t - f i r e d  a i r  

preheat systems, the fo l lo w in g  comments can be made:

I )  T o ta l  coal fu e l  costs fo r  the  o v e ra l l  power generating  

. complex w ith  the  i n d i r e c t - f i r e d  a i r  preheat system w i l l  be
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n e a r ly  double those o f  the  o v e ra l l  complex w ith  d i r e c t - f i r e d  

a i r  preheat. However, since the thermal energy o f  the MHD 

exhaust gas w ith  i n d i r e c t - f i r e d  a i r  preheating  is  not used to  

preheat a i r ,  a g re a te r  percentage o f  the to t a l  power output o f  

th e  complex w i l l  be produced by the  bottoming p la n t .  In  

a d d i t io n ,  a l a r g e r  bottoming p la n t  would be able  to  u t i l i z e  

the  thermal energy o f  the exhaust gas leav in g  the in d i r e c t -  

f i r e d  a i r  preheat system.

2) Since the environment w i th in  the d i r e c t - f i r e d  system design 

is  much more co rro s ive  than t h a t  o f  the i n d i r e c t - f i r e d  

system design, annual maintenance costs can be expected to  

be s u b s t a n t ia l ly  h igher w ith  the d i r e c t - f i r e d  system.

3) A few po in ts  in  o v e ra l l  thermodynamic e f f ic ie n c y  are  lo s t  in  

the power genera ting  complex using an i n d i r e c t - f i r e d  a i r  

preheat system.( 5 , 8 ) .
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APPENDIX A: PREDICTION OF MATERIAL PROPERTIES

CH^ Heating V a lue , BTU/ft^  

31 .4  575

2 . Products o f  Coal Gas Combustion

CO2 H2O N2

Mole % 8 .7 7  21 .23  70.00

Weight % 14.15 14.01 71.85

(Ave. Mol. Wt. = 2 7 .2 8 )  Flame Temp. = 3665°F

Notes on p re d ic t io n  o f  exhaust gas and a i r  p ro p e r t ie s :  

a) V is c o s ity  and thermal c o n d u c t iv i ty  o f  gaseous mixtures were found 

a t  given temperatures assuming th a t :

pmix ~ I  ^ i y i  *Snix ~ |^i*S'

I .  C onstituents  o f  Coal Gas, Mole % 

CO CO2 H2 N2 O2

8 .6  1 .5  52 .5  3 .5  0 .3

- ' where y .. = mole f r a c t io n  of component i . V is c o s it ie s  and thermal 

c o n d u c t iv i t ie s  were c a lc u la te d  a t  a number o f  tem peratu res . The 

data were then f i t  to  the fo l lo w in g  general equations:

-m ix  *  AT
B

mix

b) The heat cap ac ity  o f  the exhaust gas was assumed to"obey the 

fo l lo w in g  expression:

m + X twH2O cPH2O + Wr
'PC0,
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w ater vapor, and carbon d io x id e ,  re s p e c t iv e ly .  The X is  a fa c to r  

introduced to  account f o r  d is s o c ia t io n  o f  HgO and COg in the gas a t  

high tem peratu res . X is  estim ated from heat c ap ac ity  data 

c a lc u la te d  fo r  coal combustion gases and the composition o f  such 

gases. Since the weight f r a c t io n s  and heat c a p a c it ie s  o f  a l l  

gas c o n stitu en ts  are known, the f a c to r  X can be c a lc u la te d  a t  

a number o f  temperatures (1 5 ) .

Cp^ was c a lc u la te d  f o r  a number o f  tem peratures, and a curve was 

f i t  to  the re s u l t in g  data (1 4 ,1 5 ) .  A s im i la r  procedure was 

fo llow ed by W. E. Genetti in  developing the heat capac ity  equation  

f o r  hot a i r .

c) The Idea l Gas Law is  assumed accurate  in  the dens ity  equation .

3 . Hot Exhaust Gas P ropert ies

• Temperature Range: 2000 -  4000°F

P = 3 7 .4  P/T T = °R, P =  ATM, p = lb m / f t 3

k = 1 .234  x 10-4  r 778 T = ° R ,  k =  B T U /h rft°F

ii = 1 .52  x 10-7  -J-.684 T = °R, y = Ib m /fts ec

Cp = - .0 2 6 0  + 5 .100  x IO"6 T + 2 .967  x IO-8 T"2 T = °R
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4 .  Hot A i r  P ropert ies

Temperature Range: 1500 -  3500°F

P = 39.12 P/T T = °R, P =  ATM, p = lb m/ f t 3

k = 4 .736  x TOQ-4 t .583 T = °R, k = BTUZhrft0F

y = 6 .0 7  x 10-7  -J-.513 T = °R, y = Ib mZftsec

C = .2261 + 2 .8295 x IO-5 T -  2 .286  x IO- 9 T2
P

T = °R, Cp = BTUZlbm0F

5. Alumina ( P a r t i c le )  P ro p ert ies

Note: The alumina p a r t i c le  used in  th is  design is  a ta b u la r

alumina product o f  the Aluminum Company o f  America. I t  is  99.5% 

pure fused alumina. The p a r t i c l e  d iam eter range is  0 .036  in  -

k = 2 .91  + 2 .918  x 10- 6 (T -2 7 6 0 )2-1 .56 1 1  x 10- 1 2 (T -2 7 6 0 )4 

T = °R, k = BTUZhrft0F

Cp = .25667 + 1.6339 x IO-5  T T = °R, Cp = BTUZlbm0F

6 . In s u la t io n  Data

The in s u la t io n  is  o f  fo u r  basic  types. This data was supplied  by 

A vco-E vere tt  Research L a b o ra to r ie s ,  I n c . , E v e r e t t ,  Mass ( 5 ) .

0 .0 5  in .

P = 232 Ib mZ f t 3
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Mfg. Type
Thickness k,

in .  B T U /h rft°F ■ Cost, $ Z f t 3

( I )  Norton AH-199B 3 1.79 140

(2 )  Norton AN-599 4 .5 .894 120

(3 )  Johns-M anville JM-3000 4 .5 .292 100

(4 )  Johns-M anville JM-23 4 .5 .119 80

7. MHD Coal Exhaust Gas P ropert ies

These p ro p e rt ies  o f  the exhaust gas from an MHD duct were

developed by W., E. G e n e t t i .

p = 40 .946  P/T T = °R, P = ATM, p =  Ib mZ f t 3

k = .000872 T = °R, k = BTUZhrft0F

p = 6 .084  x 10 -7 j k  T
' = °R, p = Ib mZftsec

Cp = .848446 - .0004834T + 1.01106 x IO-7 T2

T = ° R, Cp == BTUZlbm0F

8 .  Follow ing is  a graph ■; Figure 8,, o f  entha lpy  o f  MHD coal exhaust

gas vs. tem perature , estim ated by Avco E v e re t t  Research Laboratories  

In c .
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APPENDIX B: GENERAL DESIGN BALANCES

I .  Composition o f Montana Sub-bituminous Coal (6 )

Proximate Analys is  

(as rece ived )

Moisture  

V o la t i l e  M a tte r  

Fixed Carbon 

Ash

7 .5  .

0.8 
•6.1 

52.2  

0.8 
32.6

100.0

Higher Heating Value 8944 BTU/lb^

2 . A i r  In p u t to  400 MW (Thermal) MHD Combustor

Heat Input = 400 x IO6 Watt x 3 .414  BTU = 1.3656 x IO9 BTU/hr
I  h r  w a tt

■

lb
Coal Rate = 1 .3656 x IO9 BTU/hr x - g g ^ 'BTU = 1 5̂27 x 1()5

U lt im ate  Analysis  
(as rece ived )

Ash

S u lfu r

Hydrogen

Carbon

Nitrogen

Oxygen

Weight Percent

24 .3

28 .6

39 .6

7 .5

100.0
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Formula fo r  Moisture and Ash-Free C o a l: 

CH. 8 ° .0 8 N.0 2 S.008  

Combustion Reaction:

CH. 8 ° .0 8 N.02S .008 + 1 .17802 -> CO2 + .4  H2O +

Assume m olecular weight o f  coal = 14.62 (m oisture  and 

A i r  requirement f o r  coal combustion:

1 .178 mole O2 

mole coal
mole coal 

x 14.62 lb  Coal

32 lb  O9
x _______ _ £

mole O2

= 12.28 lb  A i r
lb  coal (m oisture-ash f r e e )

The moisture and a s h - fre e  coal ra te  is :

(1 .5 2 7  x IO5 ) ( .6 8 2 )  = 1.041 x IO5 Ib / h r

Thus, the combustion a i r  r a te  is :

A i r  Rate = 1.041 x IO5 lb  coal 12.28 lb a i r
hr x lb  coal

= 1 .279  x IO5 lb  a i r / h r

Heat T ra n s fe r  Rate to  A i r  in  P reheater

qa i r

3100°F

Wa i r  z ITOO0F Cpa i r  dT

1.279 x IOu lb  a i r 403 .04  BTU

.02N0 + .OOSSO2 

a s h - f re e )

100 lb  A ir  
21 lb  O2

x 5 .155  x IO8 BTU/hr
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APPENDIX C: MODEL DEVELOPMENT OF FALLING-PARTICLE AIR PREHEATER

I .  P a r t ic le S ize  D is t r ib u t io n

0 .038  in .  
Diameter, in .

Blowout
No. F rac t io n

0 .042  in .  
. D iam eter, in .

Blowout
No. F raction

0 .05 0 .011 0 .0 5 0.0182

0 .046 0 .1 2 8 0 .046 0.1033

0 .044 0 .256 0.045 0.2067

0 .042 0:256 0 .044 0.1550

0 .040 0 .193 0.0435 0.1034

0.039 .0.105 0 .043 0.1550

0.0375 0 .051 0 .042 0.2584

2. Terminal V e lo c i ty  and Chamber Diameter C a lcu la t io n

Terminal v e lo c i ty  is  c a lc u la te d  using the  general equation fo r

spherica l p a r t ic le s  developed in  McCabe and Smith, U n it  Operations

o f  Chemical E ng ineering , Second E d i t io n ,  pp. 164-169:

U -  9 ps } 5 /7  d8 /7  m
uT I 3 18.5  } 2 /7  3 /7  u ;

P u

Now, assuming t h a t  = U j f o r  the  sm alles t p a r t i c le  a t  the  

h ig h est tem perature:

Wa  -  UApA

A ,  WA/UAp = , 0 . 2 / 4

D.
Ub .p

( 2 )

ir (3 )
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With a l l  gas p ro p e r t ie s  eva luated  a t  the h ighest chamber 

tem perature .

A i r  Chamber: (p ro p e r t ie s  eva luated  a t  T = 3560°R)

0 .038 in .  Blowout - 0 .042  in .  Blowout

Uy, f t / s e c UA, f t / s e c  D i , f t Uy,f t / s e c  U ^,f t / s e c  D i , f t

18.34 18.34  11.84 ‘ . 2 0 .88  2 0 .88  11.1

As an i n i t i a l  e s t im a te ,  no heat losses were assumed; thus 

qa i r  = qgas = 2 .578  x IO8 BTU/hr

Gas Chamber:

To ob ta in  the gas mass f lo w  r a te  (w g), the fo l lo w in g  expression  

was used:
3500°F

qgas = Wg -f ZSOO0F CpG dT

The 2300°F e x i t  tem perature o f  the gas is  a lso  an e s t im a te ,  which

w i l l  subsequently be re f in e d .  From th is  c a lc u la t io n ,

Wri = 6 .5 2  x IO5 Ib / h r  
9

Now, in  analogous fashion to  the  a i r  chamber diameter c a lc u la t io n s  

the gas chamber d iam eter is  c a lc u la te d .  (Gas p ro p e rt ies  are  developed 

a t  T = 3500°F.=  3960°R).
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0 .038  in .  Blowout 

Uy = Ug, f t / s e c  D i j f t .

13.30 15.1

0 .042  in .  Blowout 

• Uy = Ugj f t / s e c  D i j f t .

15.14 14.2

Note: Since the maximum temperature o f  t h e . gas chamber occurs a t

the  bottom o f  the chamber, th is  is  where the term inal v e lo c i ty  

c a lc u la t io n s  were made. However, since v e lo c i t ie s  a t  the  top o f  the  

column are  desired  ( t o  be analogous to  the  a i r  column d a ta ) ,  the above 

v e lo c i t ie s  are a r e s u l t  o f  m u lt ip ly in g  the  bottom term inal v e lo c i t ie s  

by the  fa c to r  2760oR/3960oR, assuming the Id ea l Gas Law to  hold in  th is  

temperature range.

3. Determ ination o f  In s u la t io n  Thickness

The general equation f o r  heat t r a n s fe r  between the  gas in  the  

column and ambient a i r  is :

" ' V  -  Uo <Tg -  U

where

(5 )

Tg = gas temperature

Too = ambient a i r  temperature

Uq = o v e ra l l  heat t r a n s fe r  c o e f f i c i e n t  based on outs ide  column area  

q/A 0 = heat f lu x

D R,w all ( 6 )
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h. = inner w all convective  heat t r a n s fe r  c o e f f ic ie n t

h„ = ou te r  w a ll  convective  heat t r a n s fe r  c o e f f ic ie n to

'4

(7 )

Natural convection is  assumed between the ou ter w a ll  and a i r .  The 

re s is ta n ce  to  heat t r a n s fe r  o f  the s te e l s tru c tu re  on the  outs ide o f  

the  in s u la t io n  is  assumed small r e la t i v e  to  the in s u la t io n  re s is ta n c e ,  

and is  neg lec ted . From P e rry 's  ( 1 0 ) ,  the c o r re la t io n  fo r  the outer  

convective  heat t r a n s fe r  c o e f f ic ie n t  is :

Now, s ince q/AQ = h0 (Tw -  Too) ,  t h is  can be equated to  equation 5:

1 /3
H0 -  0 .1 8  (Tw -  T J  

f o r  GrPr > IO^

( 8 )

Since Tw is  unknown, Tw is .needed as a fu n c tio n  o f  T , the gas 

temperature:

From equation 6:

(9 )

(Tg - U  = —Sr— <T„ - U do)
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S u b s t i tu t in g  equation 9 in to  equation 10 g ives:

<Tg - T J  = ( I  + h0(£ V x^ M T w - T J

S u b s t i tu t io n  o f  equation 8 in to  equation 11 g iv e s :

4 /3  An
■ (Tg " U  -  <TW -  T J  + -18 (Tw -  T j  ( =Rwa11 + ^ - )

-  or -
4 /3

<Tg -  T J  = (Tw - T J  + - 18 ( T w - T J  ( £Rwall +

where

w all

' I
l n ( — ) ln (% -)

r I

i  i

ln ( -% r— ). l n ( — z r ~ )

+ - n A - + - r  ]

NOTE: In th is  design h. is  assumed to  be 10 B T U /h rft  °F .

( H)

( 12)

(13 )

4 . Wall Heat Loss Determ ination

I n i t i a l l y ,  Tw is  found f o r  various values o f  Tg using equation 12 

in  Appendix C-3 . Then ( cIZA)-Joss is  found f o r  these values using equation  

5 in  Appendix C -3 . A curve is  then f i t  to  the d a ta ,  r e s u l t in g  in  

th e  fo l lo w in g  equation:

( q / A ) i oss = -4 4 .9  + .0612 Tg , Tg = °R (14 )

( q / A ) i oss = B T U /h r f t2

5 . O vera ll  Heat Loss Determ ination

Using equation 14, an average heat loss is  found fo r  each chamber:
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(q /A ) ,  = 116.3 (q /A ) ,  = 146.3 —
La i r  h r f t  Lgas h r f t ^

Now, assuming t h a t  L„=c = 20 f t  and L . = 30 f t  and D
gaS a l r  °gas

(1 4 .2  + 7 .0 )  = 21 .2  f t  , D = (1 1 .1  + 7 .0 )  = 18.1  f t
° a i r

%  = (QZA)1 1T(D0 ) ( L )  (15 )

q. = ( 1 4 6 . 3 ) (m )( 2 1 .2 ) ( 2 0 )  = 1 .95  x IO5 BTU/hr 
gas

q, = (1 1 6 .3 )  ( it) ( 1 8 . 1) (30 ) = 1 .98  x IO5 BTU/hr 
La i r

q, = % (3 .9 3 3  x IO5 ) = 1 .97 x IO5 BTU/hr
re c y c le

The o v e ra l l  heat lo s s ,  then is :

q, = (1 .9 5  + 1 .98  + 1 .9 7 ) x IO5 = 5 .9  x IO5 BTU/hr
^ o vera ll

An o v e ra l l  energy balance gives:
3960°R

ga i r  + gIoss ~ ggas ^g ^Tq ^Dgc*^

Tq is  the only unknown in  th is  equation:

T =  2790°R = 2330°FO

which agrees c lo s e ly  w ith  the  o r ig in a l  es tim ate  fo r  the gas e x i t  

tem perature o f  2300°F. An energy balance between the s o l id s  and the a i r  

in  the a i r  chamber gives:
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cIsoIids cIa ir +
3760°R

Ws ^2475°R Ps

a i r

Cn dT = (2 .5 7 8  x IO8 + 1 .98  x IO5 ) BTU/hr

(17 )

which gives Wg = 6 .5 4  x 10 Ib / h r

6 . Development o f  Design Equations

Equations w i l l  be developed fo r  the  a i r  column; thus Tg > Tg a t  

any p o in t  in  the  column. A lso , i t  is  assumed th a t  X ( v e r t i c a l  p o s it io n )  

equals 0 a t  the top o f  each column.

I )  Energy Balance Between P a r t ic le s  and A i r  across D i f f e r e n t i a l  

Time Element:

wScPst S l e+i6 -  wS=P5t S I9 -  - " V t S -  V (1 8 )

where Ag = t o t a l  surface area o f  p a r t ic le s  f a l l i n g  in  time  

element Ae

(Particle Vol. in ae) ( -s^ l flrea )

i e ) ( -

Volume

6W_

6
dPpS

p a r t ic le

(1 9 )

wScP5 -  6 <T,  - Ts>
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?Ts
C T T  (T9 -  V

( 20)
P S r S

Note: In  a l l  design e q u a t io n s , the independent v a r ia b le  is  to  be

x - v e r t i c a l  d is tan ce . Thus, to transform  the above e q u atio n .

P s  _ / dTs \ / de \
r l v  '  ^ j Q  /  '  H v  * de ( 21)

dT_ 6h
dx d PpscPsv " Ts^

(T h is  is  program statement 93 .00 )

2) X -D ire c t io n  Momentum Balance on One P a r t ic le :

2T (x -d i  r e c t i  on fo rces)
ma.

( 2 2 )

mg -  F.

maX = S -  Fd gc

TrdD TTdP3
de pS S -  Fd9c (2 3 )

where is  the drag fo rce  on the p a r t ic le  (9 )  and Ac is  the  p a r t ic le

c ro s s -s e c t io n a l  a rea . 9
Cd Pg ( V W ) 2 Ac

From ( 9 ) ,  Fd = ------- - |  g
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A3
de

a ;
ps 9 ■ cC

Pg(V+U)' d 2g
A fi-  (24 )

de g - 3CPpg
4 dPpS

(v+u)‘

Again, since the independent v a r ia b le  x is  d e s ire d .

de
de de (25 )

_ d V _  __g___________ 3CD°q(V+U)

dx  ̂ AdppgV (program statement 95 .00 )

This e q u atio n , when in te g r a te d ,  gives V as a fu n c tio n  o f  x .  

can be in te g ra te d  again to  give e as a fu n c tio n  o f x:

(26 )

de = I
dx V (program statement 96 .00 ) (27 )

3) O vera ll  Energy Balance Across D i f f e r e n t i a l  Column Element AX:

In s u l . In s u l .
T

X+AX



I

5 2  -

[WgCpg(T g " J r e f ^ x + A x  " WgCpg(T g " ^ e f j l X3g r g' g

-  (q/A)[_ Ir (Dc + 26) Ax = -h s ( P a r t i c le  Surface Area in  Ax) (T5 - T g)

where p a r t i c le  surface  area in  Ax

V o l . p a r t i c le  

GWsAx de

P sdp

de

d- 2 

6

(28 )

Thus, equation 28 becomes

(q /A ),  ir(D + 26) 

--------------
-  h,

6 W5

- W -  ( Ts - Tg) (29 )

Now, so lv in g  equation 20 f o r  (T5-T g) and s u b s t i tu t in g  t h is  value in to  

equation 29: 

dT_ (q /A ) ,  ir(D +26 )

% %

WsCps

WgCpg
(3 0 )

The f i r s t  term on the r ig h t  in  the  above equation is  lab e led  XX 

in  program statement 104 .00 . The second term is  lab e led  YY (7 )  in  

program statement 9 9 .0 0 .  T h e ir  sum and the re s u l t in g  d i f f e r e n t i a l  

equation are program statem ent 105.00.
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7. D e f in i t io n s  o f  Program V ariab les  and Program L is t in g

( l i s t e d  in  order o f  appearance in  program w ith  statement number)

Statement No. M: s iz e  i t e r a t io n '  f o r  p a r t ic le s  (M = 1 -7 )

4 .0 0 TEMPO: gas temperature a t  top o f  chamber,°R

5 .00  - ' , TP: . p a r t i c l e  temperature a t  top o f  chamber,°R

6 .0 0 ,7 .0 0 A ,B : . constants in  gas v is c o s ity  equation

8 .0 0 ,9 .0 0 C,D: constants in  gas thermal c o n d u c tiv i ty  equation

10.00 F: constant in  gas d en s ity  equation

11.00 P: chamber p ressure , atm

12.00 UG: gas v e lc o i ty  a t  top o f  chamber, f t / s e c

1 3 .0 0 ,1 4 .0 0  
15.00 AB ,BB5BC: ' constants in  gas heat capac ity  equation

16.00 OS: . o v e ra l l  chamber d iam eter, inc lud ing  in s u la t io n , f t

17.00 WO: gas mass f low  r a t e ,  I b /h r

18.00 W: p a r t i c le  mass f low  r a t e ,  I b /h r

2 0 .0 0 -2 6 .0 0 DP(M): diameter o f  p a r t i c le  1M1, f t

3 1 .0 0 -3 7 .0 0 FR(M): number f r a c t io n  o f  t o t a l  p a r t ic le s  o f  s iz e  1M1

43 .00 . 10: in te g r a t io n  order

44.00 . VP: i n i t i a l  p a r t ic le  v e lo c i ty

4 5 .  DO-
46. 00

AA5AG: constants in heat loss equation

48.00 V(M): v e lo c i ty  o f  p a r t ic le  o f  s ize  1M1, f t / s e c

49.00 T(M): t im e , seconds • j
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50.00

55.00

79.00

80.00  

81.00  

82.00

83.00

84.00

85.00

86.00 

88.00

90.00

91.00

92.00

94.00

97.00

TS(M):

WS(M):

TG: 

DENG: 

DENS: 

VIS: 

KG: 

U: 

Gr 

PR: 

TH: 

R(M):

H:

Z:

temperature o f p a r t ic le s  o f  s iz e  1M190R 

W * FR(M) - - 7rD̂ M)3 p_

7
c'

M=I
Z FR(M)

WFR(M)D(M)'
WBlTl

= mass f low  ra te  o f  p a r t ic le s  o f  s iz e  1M1, I b /h r

gas. tem perature ,°R

gas d e n s ity ,  l b / f t ^

p a r t i c le  d e n s ity ,  232 l b / f t ^

gas v is c o s i t y ,  Ib ^ / f t s e c

gas thermal c o n d u c t iv i ty ,  B T U /h rf t°F

gas v e lo c i ty  a t  tem perature TG, f t / s e c

( V is c o s i t y /d e n s i t y ) (3 6 0 0 ) ,  f t ^ / h r

(gas heat c a p a c i ty ) ( v is o c i t y ) / (c o n d u c t iv i ty ) ,  dimen­
s ion less

p a r t i c le  thermal c o n d u c t iv i ty ,  B T U /h rf t°F

p a r t i c le  Reynolds number "of p a r t i c le  s iz e ,  1M ',

• dimensionless

p a r t i c l e  surface  convective heat t r a n s fe r  c o e f f ic ie n t  

B T U /h r f t^ °F ,  from: Nu = 0 .2 R e '^ P r ^ ^  (Reference 13)

p a r t i c l e  heat c a p a c ity ,  BTUZlbm0F

94.21 CD: drag c o e f f i c i e n t ,  dimensionless ( th re e  d i f f e r e n t

. ■ expressions f o r  drag c o e f f ic ie n t  are given fo r  th ree  

d i f f e r e n t  ranges o f  Reynolds number)

YZ: gas heat c a p a c ity ,  BTU/lbm°F

S (M ): s tress  on p a r t i c le  o f  s ize  1M1, psi98.00
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99.00 YY(M): heat t r a n s fe r  ra te  between p a r t ic le s  o f  s ize  1M 

and gas, BTU/hr

101.00 TEMPP( 7 ) : weighted average p a r t i c le  temperature fo r  a l l  

p a r t ic le s

103.00 Q: q/A (h e a t  loss to  w a l ls  per u n i t  outs ide  a r e a ) ,  

B T U /h r f t2

104.00 . XX: t o t a l  heat loss from chamber w a l l ,  BTU/hr

NOTE: For in fo rm a tio n  on general F ortran  format and subroutines ,

see re fe ren ce  (1 8 ) .



I* OOO NAME LIST
2. 000 DIMENSION. TSC7), V(7), WS(7), R(7), DTS(7), TEMPP(0:7)
3.000 1DV(7),T(7),DT(7),DP(7),S(7),FR(7),YY(0:7),UBC0:7)
4.000 TEMPO= 3560«
4. 500 YY(O)=O.
5.000 TP=3760.
6.000 A=.000000607
7.000 B=.513
8. 000 C=:0004736
9. 000 D=.583
10.000 F= 39. 12
11.000 P= 8.
12.000 UG=20.88
i3;ooo AB=.2261
14.000 BB=.000028295
15.000 BC=-.000000002286
16.000 . DS= 18. I
17.000 UG= 6. 395E5
18.000 U=6.54E5
19.000 REAL KG
20.000 DPC I) = .05/12
21.000 DPC2)=.046/12
22.000 DP C 3)= . 045/I 2
23.000 DPC4)=.044/12
24.000 DP CS)=.0435/12
25.000 DP C6) = .043/12 .
26.000 DPyC 7) = . 042/12
31.000 FRC I)=.0182
32:000 FR C2) = . 1033
33. 000 FR C 3) = :20 67
34:000 FRC4) = . I 550
35:000 FR C5) = « 1034
36:000 FR(6) = « I 550
37:000 FR C 7) = .2584
42.000 INPUT DX,X,PI,PF



43V000
44.000
45« OOO
46. OOO
47. OOO
48.OOO
49.000
50-000
51.000
52.OOO
53.000 149
54.000
55." 000
56 V OOO 12
57.000 I
58» 000
59.000 900
60.000
61."000
62.000 901
63.000
64.000
65.OOO 902
66.000
67.000
68.000 903
69.000
70.000

10=2 
' V P = »  I  
AA=-44o9 
AG=-0612 
D0 149 M= I* 7 
V(M) = VP 
T(M) = O.
TS(M)=TP 

VB(O) = Oo
VB(M)=WB(M-I)+FR(M)*(DP(M)**3)
CONTINUE "

D0 12 M= I/ 7
WS(M)=FR(M)*(DP(M)**3)*V/VB(7)
CONTINUE
INPUT
WRITE ( 108, 900)
FO RMAT ( 'POSITION', 4X> *TS( I ) ', 7X, fTS (2) *, 7X,

I *TS(3) ', 7X, ^5(4) r, 7X, rTS(S) r) - -
"WRITE”(108/901) - - - -
FORMAT< * TS (6) ", 7X, 'TS(7)',7X, 'TS(S)',7X, 'TS(9) ’, 7X, 

l'TS(10)'/6X,'TS(ll)') - - -
"WRITE (108, 902)
FORMAT ( 'GAS TEMP', 4X, 'V(I)', 8X# 'V(2) ', 8X, ' V(3) 8X,

I * V ( 4 ) ', 8X, ' V ( 5 ) ' ) ~ - - - - - -
"WRITE (108,9035 _
FORMAT ( ' V(6) ', 8X, ' V(7) ', 8X, 'V(S) ', 8X, 'V(9) ', 8X,

I'V(IO)',7X,'V(Il)'5 
"WRITE"(108/904) "

I

\



7 I . 0 0 0  90^  
7 2 . 0 0 0  
7 3. . 0 0 0  
7 4 . 0 0 0  905  
75 . 0 0 0  
7 6 . 0 0 0  
77 . 0 0 0  906

FORfcAT C ' STRESS ( I ) '  , 3  X STRESS ( 2 ) ' , 3 X , '  STRESS ( 3 ) ' , 3 X ,
I ' STRESS C4 )* , 3 X  V  STRES'S (5 5* >3X * * STRESS ( 6 ) ' )

^R ITE ( 1 0 8 , 9 0 5  )
F ORfcAT ( '  S TRESS (7 ) '  , 3 X , ' S T R E S S  ( 8 ) '  , 3  X ,  ' STRESS ( 9 ) ’ , 3 X ,

I * STRESS ( 1 0  ) '  , 2 X ,  'STRESS (11 ) '  , 2 X ,  ' PRANDL NUfc' )
WRITE ( 1 0 8 , 9 0 6  )
FORfcATCfcAX REY NUfc' , I X , '  fcIN REY KU fc ' ,  I X ,  ' PART T E f c P ' , 3 X ,

7 8 . 0 0 0
7 9  . 0 0 0
80 . 0 0 0  20  
81 . 0 0 0
82 . 0 0 0
8 3 . 0 0 0
84 . 0 0 0
85 . 0 0 0
86 .0 0 0  
87 . 0 0 0
8 8 . 0 0 0
89 . 0 0 0
90 . 0 0 0
91 . 0 0 0
92 . 0 0 0
93 . 0 0 0
9 3 . 1 0 0
93 . 2 0 0
94 . 0 0 0
9 4 . 1 0 0
94 . 2 0 0  99  
94 . 2 0 5
94 . 2 1 0  800  
9 4 . 3 0 0  98
95 . 0 0 0

I ' GAS V E L ' , 5 X , ' f c A X  T I f c E ' , 4 X , ' f c I N  T I f c E ' )
TG=TEfcPG ' '
DENG = F * ( P / T G  )

DENS =232 . '
U IS =A* (TG * * B  )
HG =C *  ( TG * * D  )
U=UG * (  i’G /TEfcPG )
G = ( A / C  ) * ( T G  * * ( B - D  ) ) * 3  6 0 0  •
P R = G * ( A B + B B * T G + t i C * ( T G * * 2  ) )

z DO 13 fc = l , 7  ' -
T H = 2 .91 + ( 2 . 9 1  8 E - 6  ) *  (TS ( fc ) - 2 7 6 0  . ) * * 2  

I -  ( I  . 56  I I E - 12  ) * ( T S  ( f c ) - 2 7  60  . ) * * 4  
R (M)=DE NG * ( U  +U (fc) ) *DP (fc ) / U  IS 
H = KG * (  . 2 * ( R ( f c ) * * . 7  ) * ( P R * *  . 3 3 4  ) ) / D P ( M )
£ = • 2 5 6 6 7 + . 0 0 0 0 1 6 3 3 9 * r S (fc)
D T S (fc) = . 0 0 1 6 7  * h * ( T G - T S ( f c ) ) / (DENS* D P ( fc ) * Z * V ( M ) ) '
IF ( R ( M )  .LE .1 . ) , G 0  TO 99  

IF ( R( f c )  .GE . 5 0 0  . ) , G  O TO. 800  
CD=I  8 . 5 / ( H ( f c ) * * . 6 )  ' !
GO TO 98
CD = 2 4 . / R ( M )  '
GO TC 98
C D = . 44  I

i XXX —:0 •

DV ( f c )=32  .-17 /V ( f c ) - . 7 5 * C D * (  (V( fc)+(J ) * * 2  ) *DE NG /  (DENS *  (DP (fc ) )



*U  C K ) )
96 . 0 0 0
97 . 0 0 0 
9 8 . 0 0 0  
9 9 - 0 0 0

100 . 0 0 0  
101 . 0 0 0  
102 . 0 0 0  
103 . 0 0 0  
I 0 4 « 0 0 0  
I 05 . 0 0 0  
I 06 . 0 0 0  
107 . 0 0 0  
1 0 8 . 0 0 0  
1 0 9 . 0 0 0  
I 10 . 0 0 0  
I I I . 0 0 0  
I I 2 .000 
I 13 . 0 0 0  
I 1 4 . 0 0 0  
I 15 - 0 0 0  
I 16 . 0 0 0  
I 17 . 0 0 0  
I I 8 . 0 0 0  
I I 9 - 0 0 0  
1 2 0 * 0 0 0  
121 . 0 0 0  
122 . 0 0 0

DT ( M ) = I  • /.V C M)
YZ=AB+BB *TG +BC* CTG * * 2  )
S ( M) =34 .6 *H* DP < M ) * ( T S  ( M ) - T G  ) / T H  
Y Y ( K ) = Y Y ( K - 1  ) +DTS ( M ) W S  ( M ) * Z / (WG * Y Z  )
PEMPP (0  )=0  •
TEMPP (M ) =TEt-PP ( M-V ) +WS (M)  *TS ( M ) /W 

13 COMP IMJE
Q =AA+AG =KTG+TEt-PP (7 ) ) / 2  •

XX = 3 . 1 4 * Q * D 5  / ( . v G* Y Z  )
DTG =XX+YY(7 )

CALL PHNPE (P I , P E , N E , X , TS ( I ) , TS ( 2 ) , TS ( 3 ) , TS ( 4 ) , TS ( 5 ) )  
CALL PHN PR ( 0 ,  P S (6  ) , T S  (7 ) , 0  . , 0  . , 0  . , 0  • )

CALL P H N P H ( 0 ,  PG ,V ( I ) , V (2  ) ,V (3 ) ,V (4  ) ,V (5 ) )
CALL P R îT R ( 0 ,  U (6 ) ,V (7 ) , 0  . , 0  • , 0  • , 0  • )

CALL PHNTR ( 0  ,S ( I ) , S ( 2 ) , S ( 3 ) , S ( 4 ) , S ( 5 ) , S ( 6 ) )
CALL P H N T H ( 0 , S  (7 ) , 0  . , 0  . , D S  , 0  • , 0  • )
CALL PRNTR ( I  ,R ( I  ) , R ( 7  ) , TEMPP (7 ) ,  J , T  (7 ) , T  ( I ) )

GO TC ( 1 0 0 , 1  ) ,  NE
100 , CALL INT I ( X , D X , I O ) ' ,

DO 2 00  M = I ,7  
CALL I N T d S ( M ) , DPS ( M ) )
CALL I N T ( V ( M ) , D V ( M ) ) / \
CALL I  N T C P ( M ) , D  P ( M )  )

2 0 0  . CONTINUE
CALL INT (TG ,DPG )
G O TO 20  
END



! F ORT 4 CD J
EXT . FORTRAN I U » VERSION F00  

OPTIONS >NS

!RUN S J l L I B  . 2 3 4  
L I NKI NG $
L I NKI NG : L I B  

' P I *  ASSOCIATED.
L I NKI NG ‘ SYSTEN L I B  

? . 0 1 ^ 0 . j 2 « ^ 4 0 .
?*
POS IT ION T S ( I ) TS (2  )
TS (6  ) TS (7 ) T S ( S )
GAS TENP V ( I ) V ( 2 )
U (6  ) V (7 ) V ( S )
STRESS( I ) STRESS( 2  ) S TRESS( 3 )
STRESS (7 ) S TR E SS ( S ) S TRESS( 9 )
KAX REY NJN NI N REY- NUN PART TE NP

. 0 0 0 0 0 3 7 6 0  .0 37 6 0 . 0
37 6 0 . 0 3 7 6 0  . 0 . 0 0 0 0 0

. 35 6 0 . 0 • 1 0 0 0 0 . 100 0 0
• I 0 0 0 0 • I 0 0 0 0 . 0 0 0 0 0

. 655  .25 6 1 8 . 1 0 6 0 8  . 66
57 9 . 9 6 • 0 0 0 0 0 . . 0 0 0 0 0
1 9 0 . 7 9 160 . 26 3 7 6 0  .0

I . 9 9 9 9 3 6 4 4  .0 - 3 6 0 2  .0
3 5 2 9 . 0 3 4 8 0  .3 . 0 0 0 0 0
3 3 2 9 . 9 4 . 3 6 1 5 / 3 . 1 2 5 0
I . 9 1 4 6  ■ I . 45  14 . 0 0 0 0 0
1 1 6 9 . 7 930 . 4 6  i 85 2 . 06
47 9 *0 9 . 0 0 0 0 0 . 0 0 0 0 0
2 40  . 3 8 177 .33 3 5 4 9 - 0

TS (3 )
TS ( 9 )
U (3 )
U ( 9  )
STRESS( 4 )
S TRESS ( 1 0 )  
GAS UEL  

3 7 6 0  . 0  
•00000 
• I 0000 
•00000 

5 9 9 * 1 6  
I 8 - 1 0 0  
2 0 . 8 8 0

■ 35 84 .6
. 0 0 0 0 0  
2 .7 5 25 
• 0 0 0 0 0  

75 8 .7 4 
1 8 . 1 0 0  
I 9 * 5 3 0

TS (4  )
T S ( 1 0 )
V ( 4 )  ^
V ( 1 0 )  
STRESS (5 ) 
STRESS( 1 1 )  
NAX T IKE

3 7 6 0  .0  
• 0 0 0 0 0  
. 1 0 0 0 0  
.00000 
5 9 4 . 3 8  
• 0 0 0 0 0  
* 0 0 0 0 0

‘ 35 61 .4  
, . 0 0 0 0 0  

2 . 3 4 94 ■ 
. 0 0 0 0 0  

7 0 3 . 7 8  • 
• 0 0 0 0 0  . 

2 .4 810

TS (5 )
TS ( 11 )
V ( 5 )
V ( I l )  
STRESS (6 ) 
PRANDL NUN 
NIN T IKE 

3 7 6 0  *0 
. 0 0 0 0 0  
• 1 0 0 0 0  
. 0 0 0 0 0  

5 8 9 . 5 9  
• 0 0 0 0 0  
• 0 0 0 0 0

3 54 6  .7 
• 0 0 0 0 0  
2 . 1 3 5 9  
.00000 

6 4 0 . 9 3  
. 0 0 0 0 0  
.7 881 9



3 . 9 9 9 8 3 561  .7 3 4 9 8 . 2
3 4 0 6 . 9 . 3 3 6 0 . 2 . . 0 0 0 0 0
3 2 0 4 . 8 5 . 5 5 4 4 3 . 9 7 8 4
2 .5 887 2 . 0 9 7 5 . 0 0 0 0 0
1402  .5 I 0 64  • 6 9 5 9 . 3 8
535  . 00 • 0 0 0 0 0 • 0 0 0 0 0
2 5 9 - 6 2 I 87 . 12 3 4 3 4  .2

5 . 9 9 9 6 3 4 8 3  «6 3 4 0 4 . 9
3 3 0 6 - 8 3 2 6 4 . 0 . 0 0 0 0 0
3 0 9 9 . 0  •' 6 . 3 4  94 4 .5 980
3 . 1 4 1 1 ' 2 . 6 4 0 6 • . 0 0 0 0 0
1 5 9 2 . 1 1 1 8 0 . 1 I 057 .0
6 0 8 . 6 4 . . 0 0 0 0 0 . 0 0 0 0 0
2 7 5 . 1 0 1 9 6 . 1 4  ' 3 3 3 7  .1

7 . 9 9 9 5  ■ 3 407  .7 3 3 1 8 . 0
3 2 1 8 . 0 3 1 7 8 . 6 . 0 0 0 0 0
3 00 3  .5 6..  9750 5 . 12 3  I
3 . 6 3 4 8 ■ 3 . 1 2 9 8 . 0 0 0 0 0
1766 .3 I 2 91 .7 I 1154  .5
6 87 . 92  ' . 0 0 0 0 0 • 0 0 0 0 0
2 8 9 . 2 1 2 0 4 . 9 5 3 2 4 9 . 5

9 . 9 9 9 3 3 3 3 3 . 5 3 2 3 6  .0
3 1 3 6  .3 - 3 0 9 9 . 7 . 0 0 0 0 0
2 9 1 4  -7 . 7 .5 0 95 5 . 5 9 6 6
4 . 0 9 1 6 3 .5 840 . 0 0 0 0 0
1935 . 0  / ' 1402  .7 1 2 5 2 . 9
7 6 8 * 6 1 . 0 0 0 0 0 • 0 0 0 0 0
3 02  .81 ^  213  .7 8 . , 3 1 6 8 . 0

I

3 4 7 4 . 1
. 0 0 0 0 0
3 . 5 3 3 0  
.00000 
83 9 - 7  8
I 8 . 1 0 0  '
1 8 . 7 9 7

3 37 7  .1 '
. 0 0 0 0 0  

4 . 1 2 2 7  
• 0 0 0 0 0  
921 «82 
I 8.100 

.1 8 . 1 7  6 
. \  - 

3 2 8 8 - 3  
. 0 0 0 0 0
4 . 6 3 3 4  
. 0 0 0 0 0  
I 007 .6  
I 8.100 
1 7 . 6 1 6

3 2 0 5  .3
. 0 0 0 0 0

5 . 09 9 1  
•00000
1 0 9 5 . 8  
I 8 . 1 0 0 -  
17 .0  95

3 4 4 4  .2 
• 0 0 0 0 0  ; 

3 . 06  87 
•00000 

7 7 2 . 9 6  
.00000 

3 . 6 1 2 4

3 3 4 4  .6  
«00000

3 «6361 
. 0 0 0 0 0  
84 8 • 92 
.00000

4 . 45  81

3 2 5 4 . 9  
•0 0 0 0 0  

4 . 1 3 6 6  
. 0 0 0 0 0  
93 0 -3 9 
. 0 0 0 0 0  

5 . 1 5 1 9

317  1 . 9  
. 0 0 0 0 0  

4 . 5 9 7 0  
. 0 0 0 0 0  
1 0 1 4 . 8  
. 0 0 0 0 0

5 - 7 4 8 0

3 4 2 6  .6
. 0 0 0 0 0

2 . 8 3 0 4  
• 0 0 0 0 0  

7 0 0  . 3 8  
»00000 
1 . 1 8 9 1

3 3 2 6  .3 
*00000

3 .3 895 
. 0 0 0 0 0  

7 7 2 . 2 7  
• 0 0 0 0 0  
I . 5 2 4 4

3 2 3 6  . 9  '
. 0 0 0 0 0

3 . 8 8 6 2  
• 0 0 0 0 0  
85 0 • 96 
• 0 0 0 0 0  
I * 824 2

3 1 5 4  .3  
• 0 0 0 0 0

4 . 3 4 4 6  
• 0 0 0 0 0  
932 -7 9 
•00000 

2 . 1 0 0 0



I I . 9 9 9 3 2 6 0  .7 3 1 5 7  .6 3 1 2 6 . 6
3 0 5 9 . 4  - 3 0 2 5  *1 «00000 • 0 0 0 0 0
2 8 3 0 . 7 7 . 9 8 8 5 6 . 0 3 6  9 5 . 5 3 4 9
4 . 5 2 2 3 4 . 0 1 3 1 . 0 0 0 0 0 . 0 0 0 0 0
2 1 0 2 . 0 1 5 1 2 . 9 135 1 .1 1 1 8 4 . 1
8 4 7 . 9 9 • 0 0 0 0 0 • 0 0 0 0 0 1 8 * 1 0 0
316.34 2 22  .77 3 0 9 0 . 9 16 . 6 0 2

1 3 . 9 9 9  . 3 1 8 9 . 2 3 0 8 2  .3 3 05  I .3
2 9 8 6 . 1 2 9 5 3  .6 . 0 0 0 0 0 . 0 0 0 0 0
27 5 0 .2 ■ 8 . 4 3 0 3 6 . 4 5 3 6 5 . 9 4 8 9
4 . 9 3 3 2  . 4 . 4 2 3 2 • 0 0 0 0 0 . 0 0 0 0 0
2267  .4 1 6 2 0 . 4 1 44 6  .5 . 1 2 7 0 . 0
923 .7 6 . 0 0 0 0 0 . 0 0 0 0 0 I 8 . 1 0 0
3 30  .05 2 32  .01 ' 3 01 7  .0 1 6 . 1 3 0

1 5 . 9 9 9 3118.9 3 0 0 9 . 4 2978.6
2 91 5  .4 2 884 .5 . 0 0 0 0 0 • 0 0 0 0 0
2 6 7 2 . 4 8 * 8 4 5  9 6 . 8 5 2 5 6 . 3 4 6 2
5 . 3 2  87 4 . 8 1 8 3 . 0 0 0 0 0 . 0 0 0 0 0
2 4 2 9 . 3 17 22 • I 1536.4 1 3 5 0 . 5
993 -84 . 0 0 0 0 0 . 0 0 0 0 0 1 8 . 1 0 0
3 4 4 . 1 2 241 .5 8 2 945 .7 ■ 15 . 6 7 4

1 7 . 9 9 8 3 0 4 9 . 6 2 93 8 . 5 2 90 8 . 1
2 8 4 6 . 8  ' I . 2817 .2 • 0 0 0 0 0 . 0 0 0 0 0
2 5 9 6 . 8 9.2419" 7 . 237  5 • 6  . 7 3 0 2
5 . 7 1 1 9 5 . 2 0 1 4 . 0 0 0 0 0 . 0 0 0 0 0
25 84 .5 1 8 1 5 . 2 '  ' 1 6 1 7 . 9 1 423  .0
105 6 .4 • 0 0 0 0 0 . 0 0 0 0 0 • ' I 8 . 1 0 0
3 5 8 * 6 9 , 25 I . 5 6 ' . 2 87 6 *5 1 5 . 2 3 1

3 0 93 . 6  ■
. 0 0 0 0 0  '

5 . 02  97 ' 
•00000
1 0 9 9  .5 
• 0 0 0 0 0
6 . 2 7 4 7

301 9 . 0  
• 0 0 0 0 0

5 . 441  9 
* 0 0 0 0 0
1 1 8 1 . 6  
•00000
6 . 74  89 /

2 9 4 7 . 1
. 0 0 0 0 0
5 . 83 8 1  
. 0 0 0 0 0  
125 8 . 5  
• 0 0 0 0 0  

7 . 1 8 1 7

2 877 .4
. 0 0 0 0 0

6 . 2 2 1 6  
• 0 0 0 0 0
1 3 2 7 . 7  ■ 
* 0 0 0 0 0  

7 . 5 8 0 8

307 6 .6
. 0 0 0 0 0

4 . 7 7 6 2  
• 0 0 0 0 0
1 0 1 4 . 7  
•00000 
2 . 35 7  8

3 0 0 2  .6  
* 0 0 0 0 0  

5 . 1 8 7 7  
• 0 0 0 0 0  
1 0 9 4 . 0  
• 0 0 0 0 0  
2 . 6 0 1 1

2931 .2  
*00000

5 .5 836
-  . 0 0 0 0 0

1 1 6 7 . 9  
»00000  
2 . 8 3 2 4

2 86 2  .0  
. 0 0 0 0 0  

5 . 9 6 6  9 
• 0 0 0 0 0  
1234  .4  
*00000 

x3 . 0 5 3 3



I 9 * 9 9 7 2 981 .3 - 2 6 6 9 . 3
277 9 . 8 2751  .2 • 0 0 0 0 0
2 5 2 2 * 9 9 * 6 2 3 0 7 . 6 1 1 3
6 . 0 8 4 9 5 . 57  46 ' . 0 0 0 0 0
27 2 8 - 5 I 896 .4 1 6 8 8 . 4
1 1 1 0 . 2 • 0 0 0 0 0 . . 0 0 0 0 0
3 7 3 . 9 0 2 6 2  .01 2 8 0 8 . 8

2 1 « 9 9 6 2 9 1 3 . 8 2 8 0 1 . 5
2 7 1 4 . 1 2 6 8 6 * 5 . 0 0 0 0 0
2 4 5 0 . 4 9 . 9 9 2 1 7 . 9 7 5  9
6 . 44  96 5 • 93 96 . 0 0 0 0 0
2 8 5 6 . 9 I 963 .5 1 74 6  .0
1 1 5 4 . 4 • 0 0 0 0 0 . 0 0 0 0 0
3 8 9 . 8 7 27 3 . 02 27 4 2  .5

2 4 . 0 0 5 2 8 4 6 . 8 2 7 3 4 . 5
2 6 4 9 . 1  , 2 6 2 2  .3 . 0 0 0 0 0
237 8 .7 1 0 . 3 5 3 8 .3 34 6
6 . 8091 6 . 2 9 9 6 . 0 0 0 0 0
2 965 .7 2 0 1 5  *1 1 7 8 9 . 9
1 1 8 9 . 1 , . 0 0 0 0 0 . 0 0 0 0 0
4 0 6  .81 2 8 4 . 7 2  '' 267 6 . 9

26 . 00 3 27 80 .6 2 6 6 8 . 7
25 85 .2 2 5 5 9 . 1 • 0 0 0 0 0
2 3 0 8 . 1 10 .7 05 8 .6 852
7 . 1 6 1 1 6 . 6 5 2 2 . 0 0 0 0 0
305 0 . 8 2 0 5 0  .5 I 81 9 . 7
1214  .5 . 0 0 0 0 0 . 0 0 0 0 0
4 2 4  . 6 8 2 97 . 0 9 2 6 1 2 . 4

2 83 9 . 4 2 80 9 . 4 2 7 9 4 . 5
. 0 0 0 0 0 * 0 0 0 0 0 • 0 0 0 0 0

7 . 1 0 3 5 6 .5 947 6 . 33  99
. 0 0 0 0 0 • 0 0 0 0 0 . 0 0 0 0 0
1 4 8 5 . 5 13 87 .1 ' 1291 .4
I 8 . 1 0 0 • 0 0 0 0 0 . 0 0 0 0 0
14 .7 97 7 . 9 5 1 9 3 . 26 5  I

2 7 7 2 . 1 2 7 4 2 . 8 2 7 2 8 . 3
. 0 0 0 0 0 • 0 0 0 0 0 . 0 0 0 0 0

7 . 4 6 7 9 6 . 9 5 9 1 6 . 7 0 4 5
• 0 0 0 0 0 . 0 0 0 0 0 „ ,-«00000
1 5 3 6 . 4 1 4 3 5 . 6 1 3 3 8 . 1
I 8 . 1 0 0 . 0 0 0 0 0 • 0 0 0 0 0
14 . 3 7 2 8 .2 991 ,3 . 46  87

27 05 .6 2 677  .0 2 6 6 2 . 9
. 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0

7 . 8 2 6  8 7 . 3 1 8 2  . 7 . 0 6 3  8
• 0 0 0 0 0 • 0 0 0 0 0 « 00000
157 5 .2 1 4 7 2 . 8 1374  • I
I 8 . 1 0 0 • 0 0 0 0 0 • 0 0 0 0 0
1 3 . 9 5 1 8 . 6 2 7 4 ■ 3 «666 1

2 6 4 0  .4 , 2 6 1 2 . 4 25 9 8 . 7
. 0 0 0 0 0 . 0 0 0 0 0  '1 - 0 0 0 0 0
8 . 1 7 7 7 7 «66 96 7 . 4 1 5 4
• 0 0 0 0 0 . 0 0 0 0 0 • 0 0 0 0 0
1 602  .0 1 4 9 8 . 7 1 3 9 9 . 6
1 8 . 1 0 0 . 0 0 0 0 0 . 0 0 0 0 0
1 3 . 5 3 7 8 . 9 3 6 1 3 . 8 5 5 7



2 8  . 0 0 2 27 15 *0 2 6 0 3  .7 2 5 7 5 . 9 2 5 4 8 * 5 2 53 5  .1
2521  . 9 24  96 .5 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 • 0 0 0 0 0
2 2 3 8  .2 I I . 0 5 0 9 . 0 3 0 6 8 . 5 2 3 6 8 . 0 1 6 1 7 . 7 6 2 2
7 .5 0 82 7 . 00 0 1 . 0 0 0 0 0 • 0 0 0 0 0 . 0 0 0 0 0 • 0 0 0 0 0
3 1 1 0 . 8 , 2 0 7 0  .6 I 83 6 .7 ' 1 6 1 7 . 8 1 5 1 4 . 6 1 4 1 5 . 8
123 1 . 9 • 0 0 0 0 0 . 0 0 0 0 0 1 8 . 1 0 0 . 0 0 0 0 0 » 00000
443  .7 2 3 1 0 . 2 9 2 5 4 8 . 6 1 3 . 1 2 7 9 . 2 2 8 9 4 . 03  93

30 . 001 2 6 4 9 . 9 2 5 3 9 . 3 2 5 1 1 . 9 24  85 • I 2 4 7 2 . 0
2 4 5 9 . 1 2 4 3 4  .2 • 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0
216  8 . 7 11 . 3 9 0 9 . 3 7  16 8 . 8 6 5 2 8 . 3 5  84 8 . 1 0 4 9
7 . 8 5 1 4 7 . 3441 - . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 • 0 0 0 0 0
3 1 4 5 . 9 207 7 .2 1 842 .5 1624  .4 1 5 2 2 . 1 1424  .4
1 2 4 2 . 8  • . 0 0 0 0 0 , . 0 0 0 0 0 I 8 . 1 0 0 • 0 0 0 0 0 . 0 0 0 0 0
4 6 4 . 1 0 3 2 4  . 42 24  85 .3 1 2 . 7 2 0 9 . 5 0 7 5 • 4 . 2 1 7 3

32  . 0 0 0 25 85 .0 2 47 5  .3 - 2 4 4  8 .4 2 4 2 2 . 1 2 4 0 9 . 2
2 3 9 6 . 6 237  2 .2  , . 0 0 0 0 0 . 0 0 0 0 0 * 0 00 0 0 • 0 0 0 0 0
2 0 9 9 . 6 I I .7 26 9 . 7 0 8 9 9 . 2 0 3 3  ' 8 »6 97 4 8 . 4 4 4 4
8 . 1  913 ■, 7 . 6 8 5 0 . 0 0 0 0 0 . 0 0 0 0 0 • 0 0 0 0 0 . 0 0 0 0 0
3 157  .6 ' 2 0 7 2 . 8 1 83 9 . 5 1624  .0 1 5 2 3 . 2 x 1427  .1
1 2 4 8 . 8 . 0 0 0 0 0 • 0 0 0 0 0 I 8 . 1 0 0 • 0 0 0 0 0 . 0 0 0 0 0
4 8 6  .01 33 9 . 63 2 4 2 2  .4 1 2 . 3 1 4 9 . 7735 4 . 39 0 1

!



APPENDIX D: MODEL DEVELOPMENT OF CORED-BRICK AIR PREHEATER

Bricks are  assumed iso th erm a l.  The geometric p o ro s ity  o f  bricks  

w ith  .25 -in c h  diameter holes is  25%.
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AIR PREHEATER WITH DIFFERENTIAL ELEMENT:

Energy Balance over D i f f e r e n t i a l  Element Ax:

heat inpu t -  heat output = heat t ra n s fe r re d  to /fro m  b ricks

W 3 Ux - “g PgTglx " <!>
where

Px = Trd0N1 , Nj = number o f  holes in  c ross -section

PT = (T br1Ck -  Tg)

Note: The fa c to r  2 accounts fo r  the f a c t  t h a t ,  a t  any given t im e,

gas w i l l  be flow ing through two chambers.
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5 i
wgCpg - I K l  -  2hV T (2 )

WgGPgdTg = ZhPxdXAT (3 )

D efin ing  Nu = hd^/k and in te g ra t in g  across the o v e ra l l  chamber length  

gives:

W \  -  V ' - 2 ( J v >  pxUT

M .
Nu

Cpr %  -  V
2ATP„

(4 )

Equation 4 can be w r i t te n  in  terms o f  known dimenionless v a r ia b le s :  

UbPd0 W.
where U.

pAk

Wg = gas mass f low  r a te

Ab = to t a l  c ro ss -s e c t io n a l area o f  holes

Ab = 2(%)AC fo r  a geometric p o ro s ity  o f  .2 5 ,  f o r  two chambers.

UbP
2W_

%

Ac = c ro ss -s e c t io n a l area o f one chamber

CPq W

S u b s t i tu t in g  equations 5 and 6 in to  equation 4 g ives:
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RePrAc (Tg^ -  T ^ )  

Nu 4PX AT
(7 )

C ro ss -sec tio n a l Area o f  holes 
_______ P oros ity__________________

■ P erim eter o f  holes

(Nt  TTdQ2)
1 4

tV rd0

NuAnd, S t = Stanton Number =

\  L
do 'Tg2 -  Tg1)

S t  4 AT (8 )

The o v e ra l l  chamber length is  c a lc u la te d  from equation 8 . The chamber

d iam eter is  c a lc u la te d  from equation 5: 

Re 2V o
v A,

2V o
C y Re 4

. 8W d h  '

D =  w

The length and d iam eter o f  the chamber are a r r iv e d  a t  through a t r i a l -  

an d -e rro r  procedure. Reference (7 )  gives a graph o f  Re vs where

= S t Pr2 /3 ( 10)



This includes Reynolds numbers in  both the lam inar and tu r b u le n t - f lo w  

re g io n s . Thus, f o r  a given Reynolds number, the Stanton number can be 

found. Then L and D can be c a lc u la te d ,  using equations 8 and 9 ,  

r e s p e c t iv e ly .  I t  is  assumed th a t  a i r  is  f low ing through the chamber:

Tn = SlOO0F 
9Z

Tn = 1700°F 
9 I

Vf m = 3 .3  x 10~5 Ib fflZ ftsec  

Pr = .72

Wg = 1.279 x IO6 I b /h r

■ pa v  = -13 l b / f t 3

d = 0 . 2 5  inches 
o

According to the data o f  re fe rence  ( 1 7 ) ,  a high Stanton number can be 

reached in  the lam inar f lo w  region (Re < 2000 ).  However, since diameter  

is  in v e rs e ly  p ro p o rt io n a l to Re, the re s u l t in g  design has a very la rg e  

c ro ss -s e c t io n a l a rea , and a small column h e ig h t.  Thus, design 

parameters in  the tu rb u le n t  region are used. In th is  re g io n ,  a 

maximum o f  0 .0038  occurs a t  Re = 7000.

An average AT o f  155°F is  taken from e s tab lish ed  data fo r  convective  

heat t r a n s fe r  from cored b ricks  to a i r  ( 5 ) .  In co rp o ra t in g  th is  data 

in to  equations 8 and 9 gives:

A t Re = 7000, S t = .0047 from equation 10.
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. L = 2 3 .3  f t

D = 8 .9  f t

As a check, the chamber is  s ized  assuming th a t  hot gas is  f low ing  

through the chamber. Again , e s tab lis h ed  data (5 )  gives an average AT 

between the  hot gas and the cored b r icks  o f  IOO0F. The fo l lo w in g  

parameters are used:

T = 3500°F 
g2

Tn = 2300°F  
9I

yAV = 3 .5  x IO-5  Ib ^ / f t s e c

Pr = .72  

P = .089 lb  / f t 3

W = 1 .304  x IO6 lb  / h r  
g m

d = 0 .2 5  inches 
o

Following the procedure o u t l in e d  above, the fo l lo w in g  data are  

developed:

L = 2 0 .0  f t  D = 8 .7  f t

Since the chamber dimensions c a lc u la te d  from a i r  f low  data are la r g e r ,  

they are considered conservative  and are used in  a l l  subsequent 

c a lc u la t io n s .
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CHAMBER PRESSURE DROP

Pressure drop is  c a lc u la te d  across the  chamber, h e ig h t .  The 

momentum equation fo r  flow  in  a c i r c u la r  pipe gives ( 16 ) :

- AR _ 4 w

4L '  dO

where t , the w a ll  shear s t re s s ,  can be defined in  terms o f  the  

Fanning f r i c t i o n  fa c to r  (9 )  as:

Ub^Pf 

" w -  29 ;

S u b s t i tu t in g  equation 12 in to  equation 11:

-  AP 
AL

Now, s ince Re

2db2 pf

dO9 C

V dO we can w r i te

-AP
AL

Z fy 2Re2

( H )

( 12)

(13 )

Or, over the o v e ra l l  chamber he ig h t L,

-AP ==
do V

The B lasius equation (9 )  is  used to  d e fine  the  

in  the  tu rb u le n t  f low  reg ion:  

f  .= 0 .079  Re"^

(1 4 )

Fanning f r i c t i o n  fa c to r

(15 )
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Thus, using equations 15 and 14 and employing the a i r  f lo w  data used 

p re v io u s ly ,  the chamber pressure drop is :

-AP = 4 .4 3  psi
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I .  I n s u l a t i o n  Costs

U n it p rices  fo r  r e f r a c to r y  in s u la t io n  m ate ria l  are presented in  

Appendix A -6 .  I n i t i a l l y ,  chamber volumes fo r  each in s u la t io n  type  

are c a lc u la te d  using

V =  — J—  (D* -  D* )L . ( I )

See Figure 5 fo r  column in s u la t io n  c ro ss -sect io n  and designation  

o f  s p e c i f ic  in s u la t io n  types. Note: Hemispherical caps are

assumed a t  each end o f  the column. In s u la t io n  costs fo r  ends 

are doubled. T h e .fo l lo w in g  data r e s u l t :

APPENDIX E: COST PREDICTION FOR FALLING-PARTICLE AIRE PREHEATER

(One U n it ) 0 .038  in .  Blowout 0 .042  in .  Blowout

In s u la t io n Body 1 .08  x IO4 7500

Volume (F t^ ) Ends 3200 2900

Tota l 1 .4  x IO4 1 .04  x IO4

TOTAL COST $ 1 .7 3  x IO6 $ 1 .33  x IO6

2. S tee l Column Cost

To c a lc u la te  the necessary s te e l  thickness fo r  the column, the 

fo l lo w in g  r e la t io n  between pressure and t e n s i le  s tren g th  is  used:

2TrdtL = 2 ttL pr (2 )
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where

r  = column in s id e  radius  

t  = s te e l  thickness  

p = column in te r n a l  pressure  

a  = s te e l  t e n s i le  s trength  

L = column h e ig h t

Thus, i t  fo llo w s  t h a t

(3 )

where D is  the column diam eter ( in c lu d in g  i n s u la t io n ) . A value  

o f  a = 1 .x  I p s i  is  used fo r  s t e e l .  Note: Again , hemispherical

caps are assumed a t  each end o f  the column. S teel costs fo r  ends 

are doubled. Using equation 3 to  c a lc u la te  the s te e l  thickness  

gives the fo l lo w in g  data (a s te e l  d en s ity  o f  490 lb  / f t  ̂ is  

assumed):

(One U n it ) . 0 .0 3 8  in .  Blowout 0 .042  in .  Blowout

S teel Body 4 .3 7  x IO5 2 .93  x IO5

Weight ( I b ffl) Ends

Tota l

1 .6  x IO5 

5 .9 7  x IO5

.1 .4  x IO5 

4 .33  x IO5

TOTAL COST $ 2 .27  x IO6 $ 1.72 x IO6
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3. Alumina P a r t ic le  Cost

In p re d ic t in g  the mass o f  p a r t ic le s  needed to i n i t i a l l y  charge the  

a i r  p re h ea te r ,  i t  is  assumed th a t  a p a r t i c le  bed approxim ately  

4 f e e t  deep w i l l  . l i e  above the top and middle d is t r ib u t o r  p la tes  

each, and a t  the chamber bottom. In  a d d i t io n ,  i t  is  assumed th a t  

the p a r t i c le  mass in the  pneumatic recyc le  system w i l l  about 

equal the mass o f  p a r t ic le s  above one d is t r ib u t o r  p la t e .  In 

p re d ic t in g  how much o f  the fa c to ry -s u p p lie d  p a r t ic le  stock can be 

used in  each blowout, i t  is  assumed th a t  81% o f  the stock can be

used to  achieve a 0..038. in :  blowout, and 54% o f  the stock can be

used to achieve a 0 .042  in .  blowout. Using these f ig u re s  and
O

assuming a bed d en s ity  o f  135 l b ^ / f t  , the fo l lo w in g  p a r t ic le  

masses are p red ic ted  . ( . a  p a r t i c le  cost o f  $ .2 5 / lb m is  assumed):

0 .038  in .  Blowout: M = 4 .7  x IO^ lb
m

Cost = $1 .2  x IO5

0 .042  in .  Blowout: M = 6 .1  x IO5 Ib mm

Cost = $ 1 .5  x IO5

These masses are o f  fa c to r y -d e l iv e r e d  p a r t ic le  s tock .

4 . Miscellaneous C a p ita l  Costs

(a )  P iping -  a p ip ing  cost o f  $ 1 0 0 0 / f t  is  assumed. In  a d d i t io n ,  i t  is  

assumed th a t  300 f t  o f  p ip ing  is  necessary f o r  each u n i t .  This
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gives a p ip ing cost o f  $3 x 1 0 ^ /u n i t .

(b ) Valves -  fo u r  valves are  p red ic ted  per u n i t ,  a t  a c o s t  o f  

$ 3 4 ,0 0 0 /v a lv e .  This gives a valve  cost o f  $1 .36  x 1 0 ^ /u n i t .

(c )  Ins trum entatio n  -  i t  is  assumed th a t  ins trum entatio n  costs w i l l  be 

approxim ately  $3 x IO^ fo r  the  o v e ra l l  a i r  preheat system. This  

f ig u re  is  used fo r  both blowout cases, and fo r  the co red -b r ick  

system.

(d) Foundations and S tru c tu re  -  the o v e ra l l  c a p ita l  cost fo r  the  

foundations and s tru c tu re  o f  the  u n i t  is  assumed to  be 90% o f  , 

the column s te e l  cost.

5. Estim ation o f  Annual Maintenance Costs ~

■ The major annual cost fo r  the a i r  p reh ea te r  is  p a r t i c l e  replacement 

due to  p a r t i c le  breakup and blowout. According to an a lys is  done 

by W. E. G e n e t t i , the tu rnover time during which the to t a l  

p a r t i c le  bed must be replaced can be roughly estim ated a t . 100 days. 

A t a p a r t i c le  cost o f  $ .15  x 1 0 ^ /u n i t ,  the annual p a r t i c le  

replacement cost f o r  tw o .u n its  is  approxim ately  $2 .1  x 10*\

■: . /• •
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I .  In s u la t io n  Costs

An in s u la t io n  th ickness o f  3 .5  f e e t  is  used fo r  the co red -b r ic k  

columns, the same as w ith  the f a l l i n g - p a r t i c l e  column. See 

Figure 5 f o r  in s u la t io n  c ro s s -s e c t io n .  Again, equation I  in  

Appendix E - I  is  used to  c a lc u la te  volumes fo r  each in s u la t io n  

typ e .

Note: Hemispherical caps a re  assumed a t  each end of. the column,

and in s u la t io n  costs f o r  the ends are doubled.

APPENDIX F: COST PREDICTION FOR CORED-BRICK A IR  PREHEATER

(One U n it ) In s u la t io n .  Volume, f t d Cost

Body 3168 $ 3 .1 8  x IO5

Ends 1763 3 .4 4  x IO5

TOTAL • 8098 $ 6 .62  x IO5

2. S teel Column Cost

The re la t io n s h ip  used to  c a lc u la te  the thickness o f  the s tee l  

column fo r  the c o re d -b r ic k  a i r  p rehea te r  is  the same as th a t  used 

in  Appendix E - 2 . f o r  the f a l l i n g - p a r t i c l e  a i r  p re h e a te r .  Knowing 

the column t h ic k n e s s , t h e  t o t a l  mass o f  s te e l  necessary fo r  the 

column can then be p re d ic te d .

Note: Again, hemispherical s te e l  caps are assumed a t  each end o f

the column. Steel costs f o r  the ends are doubled. A s te e l cost
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o f  $3/1 t>m is  assumed. Ps^ee-] = 490 Ib mZ f t 3

(One U n it ) S teel Weight ( I b m) Cost

Body 3 X IO4 9 x IO4

Ends 2 .1  x IO4 1.26 x IO5

TOTAL 5 .1  x IO4 2 .1 6  x IO5

3. Cored B rick  Costs

The cored b r ic k  heat t r a n s fe r  m a te r ia l  used in th is  ana lys is  is  

Norton AH299. The m a te r ia l  has 0 .25  inch cored holes g iv in g  i t  a 

25% geometric c ro ss -s e c t io n a l p o ro s ity .  I t  has an 18% m ateria l  

p o ro s ity  and a p u r i ty  o f  99.5% alumina. The m a te r ia l  cost is  . 

$ 3 8 1 /b u lk f t  . I t  is  assumed th a t  the column is  com pletely  

f i l l e d  w ith  cored b r ic k .

Volume = — f — . D2L = 1450 f t 3 

Cost o f  Cored B rick  = $5.52  x IO3

4 .  , M iscellaneous C a p ita l  Costs

(a )  P ip ing  -  a p ip ing  cost o f  $ 1 0 0 0 / f t  is  assumed. A p ip in g  length  

o f  1100 fe e t  fo r  the o v e ra l l  sev e n -u n it  a i r  preheat complex is  

assumed. This gives a t o t a l  p ip ing  cost o f  $1 .1  x 10®'.

. (b )  Valves -  i t  is  assumed t h a t  fo u r  h igh-tm pera ture  valves are needed 

fo r  each column. Valve cost is  $ 3 4 ,0 0 0 /v a lv e .  This gives a

' '  x -  , • : x-- A .  : -x/ :- A . - / ,  - - ;
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valve cost o f  $1 .36  x 1 0 ^ /u n i t .

(c )  Ins trum enta t io n  -  as w ith  the f a l l i n g - p a r t i c l e  a i r  p reheater  

system, i t  is  assumed t h a t  o v e ra l l  ins trum entatio n  costs fo r  

the c o red -b r ic k  system w i l l  be approxim ately $3 x 10^.

(d ) Foundations and S tru c tu re  -  the o v e ra l l  c a p i ta l  cost fo r  

foundation and s tru c tu re  f o r  the  c o red -b r ic k  system is  e x t r a ­

po la ted  from cost data supplied  by W. E. Genetti fo r  a d i r e c t -  

f i r e d  c o red -b r ic k  a i r  preheat system. This cost fo r  the o v e ra l l  

i n d i r e c t - f i r e d  system is  approxim ately  $3 x 10®. 5

5. Estim ation  o f  Annual Maintenance Costs

Annual costs f o r  the co red -b r ick  a i r  preheater are mostly due 

to  c o red -b r ic k  replacement due to  thermal shock and h ig h r temperature  

c o rro s io n . Estimated annual costs f o r  a system o f  th is  capac ity  

are  found to be $ 1 .4  x .10®. The m atr ix  l i f e t im e  is  estim ated  

a t  % 1 .7  y ea rs . This data is  presented in  re fe ren ce  (1 0 ) .



APPENDIX G: DESIGN DATA FOR COAL CARBONIZATION SYSTEM

I .  Mass and Energy Balances

A l l  f low  ra tes  are lab e le d  on Figured 6. From re fe ren ce  (1 0 ) ,  

the combustion a i r  r a te  A1 fo r  the in te rm ed ia te  BTU fue l gas is

-A' = 12.47 G

Also from re ference  ( 1 0 ) ,  coal carb o n iza tio n  y ie ld s  the  

fo l lo w in g :  .

2000 Ib ffl Coal -> 1400 Ib m coke + ~ 600 lb  fu e l  gas

Thus, using the nomenclature o f  Figure 6,

A = 600 *
b 1400 K

( I )

(2 )

Now, to  r e la t e  A and G, an energy balance is  taken .across the 

a i r .  p rehea te r  (n e g le c t in g  energy lo sses ):

3500°F
(G + A1) /  Cp 

2330°F exhaust dT

3100°F

A /  Cp 
1700°F a i r dT (3 )

Using the heat c ap ac ity  data from Appendix A in  equation 3, and 

s u b s t i tu t in g  in  equations I  and 2 ,  g ives:

K =; .1773 A (4 )

As an i n i t i a l  t e s t ,  i t  is.assumed t h a t  the fu e l f lo w  to  the 

MHD combustor is  pure coke, d e l iv e re d  a t  T -  1800°F from the coal 

c a rb o n ize r .  From the requirem ent t h a t  the  thermal in p u t to  the  

MHD duct be 400 MW, and noting  t h a t  ^com bustion ~ 14»000 BTU/lbm
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■ and Cp-= .363 BTU/lb^°F fo r  coke,

KAHcomb + KC (1800°F -  77°F) = 1 .366 x IO9 (5 )

m ’ ’ A
which y ie ld s  K = 9 .3 4  x 10 lb m/ h r .  Now, from re fe ren ce  (1 0 ) ,  the  

a i r  requirem ent fo r  combustion o f  coke is  A = 1 1 .2K. This gives  

an a i r  f lo w  r a te  o f  A = 1 .046 x 10® Ib fflZhr. S u b s t i tu t in g  th is  

value in to  equation 4 gives the  coke production ra te  necessary to  

produce enough fu e l  gas to heat th is  a i r  f low  ra te :

K = ( .1 7 7 3 ) (1 .0 4 6  x IO6 ) = 1 .855 x IO5 lb ffl/ h r  (6 )

As can be seen, the coke f lo w  ra te  from the carb o n ize r  is  n early  

tw ice  the coke f lo w  ra te  to  the  MHD combustor.
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I , -  Mass and Energy Balances

Flow ra tes  are lab e le d .o n  Figure I .  From re ference  ( 7 ) ,  the 

conversion ra te  f o r  the.COg-acceptor g a s i f ic a t io n  process is  

~ 60%. Then, -

, G = .60 D ( I )

For the combustion o f  a high BTU g a s , t h e  a i r  r a te  necessary is :  

A' = 17.24G . (2 )

APPENDIX H : DESIGN DATA FOR COAL. GASIFICATION SYSTEM

Now, an energy balance across th e  a i r  preheater y ie ld s  (n eg lec tin g  

energy lo s se s ):

3400°F

(G + A 1) /
2330'

CRexhaust

3100°F  

I
1700' a i r

Note: a flame temperature o f  3400°F is  assumed fo r  combustion o f

the gas (10).. A lso , the heat capac ity  o f  the  combustion products  

is  assumed to be close to th a t  o f  the in te rm ed ia te  -  BTU gas 

presented in  Appendix A -3 .  Since ambient coal is  being used in  

the MHD combustor, A = 1.279 x IO^ lb ^ /h r  (see Appendix B - 2 ) . 

S u b s t i tu t in g  equation 2 in to  equation 3 and so lv in g  f o r  G gives:

G =  8 .053  x IO4 lb m/ h r  (4 )

Using th is  value in  equation I  gives the  coal in p u t r a te  to the
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g a s i f i e r :

D = 1 .34  x IO5 lb m/ h r  (5 )

Since the coal f lo w  r a te  to the  MHD duct is  1 .527 x IO^ Ib fflZhr 

(see Appendix B - 2 ) , the  coal f lo w  ra te  to the g a s i f i e r  is  *47%  o f  

the to t a l  coal r a te  to  th e  power generating  complex.

2 . ■ C a p ita l  and Annual Cost P re d ic t io n

Reference (7 )  gives a c a p i ta l  cost o f  $103 x IO^ fo r  a COg -  

acceptor g a s i f ic a t io n  system w ith  an output o f  250 x 10° scf
3

gasZday. Assuming a, gas d en s ity  o f  . O S l l b fflZ f t  , an estim ate  o f  

the c a p ita l  cost o f  th e  g a s i f ic a t io n  system fo r  the  a i r  

preh ea te r  is :

C = (103 x IO6 ) [■-  8---° -5- - y  1" —  x --------^ ------------ ]
1 250x l0b( .0 5 1 )

= $27 .5  x IO6

6
The annual operatin g  cost o f  the 250 x 10 scfZday p la n t  is  given  

as $16 x IO6 . Thus, fo l lo w in g  the  same procedure as above, the  

annual o pera t in g  co s t o f  th e  g a s i f ic a t io n  system f o r  the a i r  

. p rehea te r  can be estim ated as:

Annual operatin g  cost = $4 . 3  x IO6
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