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ill
ABSTRACT

EFFECT OF GAS TEMPERATURE GRADIENTS AND RADIANT HEAT TRANS­

MISSION ON KINETIC MODEL BEHAVIOR

by

Richard W. J. Robertson

S a t is fa c to r y  methods to  p r e d ic t  ra d ia n t h ea t  

tra n sm iss io n  in  e n c lo su r e s  co n ta in in g  a r a d ia t in g  gas a t  

uniform  tem perature a re  a v a i la b le .  These methods have been 

t r a d i t io n a l ly  used in  s o lu t io n s  o f  k in e t i c  m o d e ls .

K in e t ic  m odels a re  s tr o n g ly  tem perature dependent w ith  

a d if f e r e n c e  o f  10°K a b le  to  double th e  r e a c t io n  r a t e .  In  

th e  p r e se n t  in v e s t ig a t io n ,  c a lc u la t io n  tech n iq u es w hich  

make a llow an ce fo r  th e  n on -u n iform ity  o f  gas tem peratures  

in  an en lo su r e  a re  a p p lied  to  th e  k in e t i c  m od els. The 

fu rn ace problem c o n s id e r s  on ly  th e  r a d ia t io n  s e c t io n  w ith  

th e  assum ption th a t  d e ta i le d  knowledge o f  combtstion and 

f lu id  flo w  p a tte r n  w ith in  the e n c lo su r e  i s  a v a i la b le .

If the gas space in the enclosure and the bounding walls 
are divided into zones, a zone being taken small enough so 
that it may be considered isothermal, then for steady-state 
operation one can write an energy balance on each zone. For 
any specific problem, every term in these equations with the
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e x c e p tio n  o f  th e  n e t  w a ll  f lu x e s  may be w r it te n  a s  a fu n c­

t io n  o f  unknown tem peratures o n ly ;  furtherm ore th e  

number o f  eq u a tio n s  i s  e x a c t ly  eq u a l to  th e  number o f  

unknown tem peratures and w a ll  f lu x e s  so  th a t  a s o lu t io n  i s  

p o s s ib le ,  though e x c e e d in g ly  d i f f i c u l t  due to  th e  

e x i s t in g  n o n - l in e a r i t i e s .

The n e t  w a ll  f lu x e s  a r e  c a lc u la te d  by th e  k in e t i c  

m odel, th e  f lu x  a t  any p o in t  b e in g  a fu n c t io n  o f  th e  

o v e r a l l  h e a t  t r a n s fe r  c o e f f i c i e n t ,  th e  e x te n t  o f  r e a c t io n ,  

and th e  tem perature o f  th e  r e a c t in g  g a s e s , each  o f  which in  

turn i s  a com plex fu n c t io n  o f  r e a c t io n  gas co m p o sitio n  

and v e l o c i t y .

The c h ie f  problem  o f  t h i s  in v e s t ig a t io n  was one o f  

e v a lu a t in g  th e  em iss io n  from b oth  a gas zone and a su r fa c e  

zone and th e  r a d ia n t  in te rc h a n g e  betw een a l l  z o n e s , making 

due a llo w a n ce  fo r  a b so rp tio n  a lo n g  every  p ath  from one 

zone to  a n o th e r .

The prim ary r e s u l t  o f  t h i s  d i s s e r t a t io n  has been th e  

a p p lic a t io n  o f  r a d ia n t  dom inant h e a t  tr a n sm iss io n s  in  

"enclosures (w hich  make a llo w a n c e s  fo r  tem perature non­

u n ifo rm ity  in  gas m ass) to  a p y r o ly s is  r e a c t o r .  The r e s u l t  

o f  t h i s  r e a c to r - fu r n a c e  h ybrid  m odel i s  th e  a b i l i t y  to  

determ ine optimum tube p la cem en t, fu rn ace s i z e ,  and f u e l  

consum ption , w h ile  a cc o u n tin g  fo r  th e  e f f e c t  o f  carbon



V

d e p o s it io n  in  th e  r e a c to r .

The methods developed  in  t h is  d is s e r t a t io n  were 

in strum ented  on an IBM 370-15 com puter. T h is machine 

made i t  p o s s ib le  to  make param etoric s tu d ie s  which p r e d ic t  

th e  e f f e c t  o f  changing fu rn ace and r e a c to r  v a r ia b le s .

The h ig h  s e v e r i t y  steam  crack in g  fu rn ace r e s u l t s  in  th e  

g r e a te s t  p rod uction  p er  pound o f  f u e l  consumed. A y ie ld  o f  

73% r e p r e se n ts  maximum f u e l  economy. However, th e  

a s s o c ia te d  problems o f  coke form ation  and h ig h  tube m eta l 

tem perature must f i r s t  be overcome before th e s e  y ie ld s  can  

be r e a l iz e d .



Acknowledgements

The a u th o r  w ish es  to  t a k e  t h i s  o p p o r tu n i ty  t o  e x p re s s  

h i s  g r a t i t u d e  to  a l l  th e  i n d i v i d u a l s  whose c o o p e ra t io n  

en a b led  him t o  p ro d u c e  t h i s  d i s s e r t a t i o n .

He w ants t o  th an k  h i s  a d v i s o r ,  D r, E. C. Roche f o r  h i s  

c o n t r i b u t i o n  o f  a d v i c e ,  e x h o r t a t i o n ,  t im e  and e f f o r t  on 

th e  a u t h o r 1s b e h a I f .

The a u t h o r ' s  th a n k s  a r e  a l s o  due t o  th e  s t a f f  o f  th e  

N .C .E . Comp1- t e r  C e n te r .

The a u th o r  in c lu d e s  a s p e c i a l  th a n k s  to  h i s  w i f e ,  L in d a ,  

f o r  h e r  a s s i s t a n c e  th ro u g h o u t  t h e  p e r io d  of th e  w r i t i n g  

o f  t h i s  d i s s e r t a t i o n  and f o r  h e r  many h o u rs  o f  ty p in g  1 

He a l s o  w ish es  t o  th a n k  h i s  s o n s ,  Donald and D av id , f o r  

t h e i r  good b e h a v io r  w h i le  th e  t h e s i s  was b e in g  w r i t t e n  

and ty p e d .



T a b le  o f  C o n te n ts

T i t l e  R age........................................................................................................   i

A pproval p $ g e .........................................................................   i i

A b s tr a c t ...................  i i i

A cknow ledgem ents..........................................................................................   v i

T ab le  o f  C o n te n ts .................................................................................................. v i i

L i s t  o f  F ig u r e s ..........................................................................................................x i

L i s t  o f  T a b le s ..........................................................................................................x i i

Chapter I -  Summary...................................................................................................1

Chapter I I ................................................................................   0

1 . The Furnace M odel....................................................................................13

A . I n tr o d u c t io n ......................................................................................... 14

B. Fundamental Laws G overning S u rfa ce  and

Gas R a d ia t io n .................................................................................... '14

1 . R a d ia tio n  from S o lid  S u r fa c e s ...................................... 14

2 . R a d ia tio n  from G a se s ........................................................... 15

C. T echniques A v a ila b le  fo r  P r e d ic t in g

R ad iant H eat In terch a n g e  in  Furnace

E n c lo s u r e s .............................................................................................1^

1 , In terch a n g e  in  Gray E n clo su res C on ta in ­
in g  N on-A bsorbing M edia.................................................... 17

2 , In terch a n g e  in  Gray E n clo su res C onta in ­
in g  a Gray iso th e r m a l Gas Mas......................................18

D. A llow an ce fo r  a R eal G as............................................................19

E. L im ita t io n s  on th e  C a lc u la t io n a l T ech n iq u es ...............21



viii.

F . Methods Used t o  S o lve  F u rn a ce  M odel........................26

2 .  The R e a c to r  M odel..........................................................................28

A . i n t r o d u c t i o n .....................................................................     28

B. P y r o l y s i s  o f  E th a n e  p r o c e s s ............................................ 29

C. Carbon D e p o s i t i o n . . , . . ........................................................^0

D. C hem istry  o f  P y r o l y s i s .................................................... 51

3 .  The Mapping F u n c t i o n . ................................................................54

A. T em p e ra tu re  V a r i a t i o n s  A long R e a c to r  L e n g t h . . .36

5 .  Mapping th e  " P la n e 1' I n t o  a R e a c to r  T u b e ................ 38

C. P lacem en t o f  t h e  R e a c to r  T u b e .....  ............................. 40

D. End E f f e c t s ..............................................................................42

C h a p te r  I I I -  p ro c e d u re s  Used I n  S o lu t io n  o f  t h e

Zoned F u rn a c e -R e a c to r  M odel............................. 46

1 .  The F u rn ace  M odel..................     46

A.-Energy B a la n c e s  on t h e  S y s t e m . . ............................... 47

B. R a d ia n t  I n te r c h a n g e  in  a B lack  E n c lo s u re  

C o n ta in in g  a Gray G as.....................................................51

1 . E m iss io n  from a Volume o f  G as ........................ 52

2 . E m iss ion  from a S u r f a c e  A r e a ...........................53

3 . I n t e r c h a n g e  Between Two S u r f a c e s .................54

4 .  I n t e r c h a n g e  Between a Volume o f  Gas 64

and a Bounding S u r f a c e .........................................64,

5 . I n te r c h a n g e  Between Two Gas V olum es..........65



i x

C, C a l c u l a t i o n  o f  D i r e c t  Energy T r a n s f e r ........................67

D, A llow ance f o r  G rayness  o f  W a l l s .....................................69

i .  O r i g in a l  E m i t te r  i s  a Gas Z one ..............................72

i i .  o r i g i n a l  E m i t te r  i s  a s u r f a c e  Z one...................... 76

E. A llow ance f o r  a R e a l G a s ...................................................77

F . o f  th e  Gas ...Volumes................................... 82

q  ̂E nergy  B a lan c e  on s u r f a c e  A r e a ..........................   91

i .  The S o u rce  Term...............................................................92

i i .  R a d ia n t  E nergy Term ..................................................... 92

iii. Convective H ea t T r a n s f e r .  ...................... 93

i v .  N e t H ea t A bsorbed by  a S u r f a c e ...........................94

2 . The K i n e t i c  M o d e l . ......................................................................... 96

A. D e s c r i p t i o n  o f  R e a c t o r ...................................................... 96

B. The M a t e r i a l  B a l a n c e . . .........................................   97.

C. C a l c u l a t i o n  o f  I n c r e m e n ta l  C o n v e rs io n .....................98

D. C a l c u l a t i o n  o f  P r e s s u r e  P r o f i l e ...................................100

E. C a l c u l a t i o n  o f  T em p e ra tu re  p r o f i l e ............................101

F . C a l c u l a t i o n  o f  O v e ra l l  H ea t T r a n s f e r

C o e f f i c i e n t .................................... ........................................ .102

3 . She- Mapping M o d e l s . . . .............................................................1.06

A. F u rn a c e  Model t o  R e a c to r  M odel..................................... 106

B. R e a c to r  Model to  F u rn a c e  M odel....................................108

4 .  C a lc u l a t i o n  " F lo w " ........................................................................ 113

A. I n t r o d u c t i o n ...............   113



X

B. The *T>low n  .............................• ................................. 114

Chapter IV -  R e s u lts  and C o n c lu sio n s*   ...........   • • • • • 1 1 9

1* V e r if ic a t io n  o f  R e s u lt s  ...................    • • • • • 1 2 0

2* Furnace Temperature D riv in g  F o r c e . *122 

3* Convected Heat T ransfer in  th e  R adiant S e c tio n

of th e  Furnace* ...............• • • • . . « • • • • • • • • • • • • • • ................. • • • • • 1 2 6

it* O p tim ization  o f  th e Furnaee-R eactor as a F unction

o f  F u e l R a t e • • • • • • • • • • • • • ....................• • • • • • • ............ • • • • • • • • •  *129

Chapter V -  R e c o m m e n d a t i o n s . . . . . . . . . . . .  • • • . • • • . . • • * • • • • •  *135>

R eferen ces  .......................................• • • • • • • • • • .....................   • • • •  *137

Appendix A . . . ...................................................  • • • .*A-1

Appendix B . . . . • • • • • • • . • • . . . . • • • • • • • • • • • • • • • « • • • • • • • • • • • • • • • • • . A - l l



L i s t  o f  F ig u re s

F igu re 1 . Temperature o f  R eactor W all as "Viewed"

From Furnace and "Used" by K in e t ic  M odel...................^

F igu re 2 . Front and S id e  View o f  a "Zoned" Furnace w ith

Three S u b se c t io n s .......................................................................

F igu re  3 . Top View o f  F urnace-R eactor Showing iso th erm

Zone P lacem en t..............................................................................

F igu re 4 .  R e su lts  o f  I n te g r a t in g  F '(U K )...........................................

F igu re 5 . Mapping th e R eactor Temperature P r o f i l e  In to

An Isotherm  S u rface  A rea ....................................................

F igu re 6 . T y p ica l Temperature D r iv in g  Forces a s  "Viewed" 

by a Furnace S u b se c t io n ......................................................

F igu re 7 . Temperature p r o f i l e  in  Furnace S u b se c t io n ..........

F igu re 8 . E f f e c t  o f  W all to  W all S ep aration  on E th y len e  

Y ie ld  (R adiant E f f e c t  I s o la te d  -  No 

A djustm ent o f  Gas to  W all Heat T ran sfer  

C o e f f i c i e n t ) ................................................................................. 12®

F igu re §: . E f fe c t  o f  W all S ep ara tion  on E th ylen e Y ie ld

(H eat T ransfer A d ju s te d ) ..................................................... 12^.



x i i

F igu re E th y len e  Y ie ld  a s  a F un ction  o f  Heat

A v a i l a b i l i t y ....................................................................................... 133-

F igu re l l .  O p tim ization  o f  Furnace Based on F u el

Economy.................................................................................................   '13?

F igu re 1'2. E f f e c t  o f  E th y len e  Y ie ld  on R ate o f  Coke

Buildup in  R eactor Tube..........................................................., 333



Xiii

L is t  o f  T ab les

T ab le 1 ,  Comparison o f  t h i s  Study w ith  Shah and

N e lso n ..................................   120

T able 2 . E f fe c t  o f  W all S ep ara tion  on R eactor  Y ie ld  

R a d ia tio n  E f f e c t s  I s o la te d  by U sin g  Uncor­

r e c te d  S u rfa ce  to  Gas Heat T ra n sfer  C o e f f i c ie n t ,  .127

T able 3 . E f f e c t  o f  W all S ep a ra tio n  on R eactor  Y ie ld

U sing C orrected  S u rfa ce  to  Gas H eat T ran sfer  

C o e f f i c i e n t ...........................  12$

T ab le 4 .  E f fe c t  o f  H eat A v a i la b i l i t y  on R eactor Y ie ld  fo r

10 Foot W all -  W all S e p a r a t io n ..........................................1.3$



C hapter X 

SUMMARY

1

An in crea sed  u n d erstan d in g  o f  th e  b a s ic  p r in c ip le s  

u n d er ly in g  h ea t t r a n s fe r  p r o c e s s e s  has fo rced  a r e a l i z a t io n  

o f  th e  im portance o f  r a d ia t io n  a s  th e  dominant mode o f  

h e a t  t r a n s fe r  in  h ig h -tem p era tu re  in d u s t r ia l  fu r n a c e s . I t  

i s ,  th e r e fo r e , d e s ir a b le  to  be a b le  to  p r e d ic t  r a te s  o f  

r a d ia n t  dominant h e a t  tr a n sm iss io n  w ith  co n fid e n c e  fo r  

b oth  d e s ig n  and perform ance c a l c u la t io n s .  Methods which  

p r e d ic t  th e  n e t  in te r c h a n g e  betw een a r a d ia t in g  gas a t  a 

uniform  tem perature ( a one gas zone fu rn a ce) w ith  th e  

w a lls  form ing th e  e n c lo su r e  a r e  a v a i la b le  in  th e  l i t e r a t u r e .

For many in d u s t r ia l  fu r n a c e s , how ever, i t  i s  n o t  

p er m issa b le  to  a s s ig n  a uniform  tem perature to  th e  

r a d ia t in g  g a s , p a r t ic u la r ly  when th e  d is t r ib u t io n  o f  h e a t  

f lu x  w i t h i n  th e  en lco u re  a s  w e l l  a s  th e  o v e r - a l l  perform ance  

i s  d e s ir e d . When endotherm ic f lu id  p hase r e a c t io n s  ta k e  

p la c e  w ith in  th e  p r o c e ss  f lu id  o f  th e  r e a c to r  a d e ta i le d  

know ledge o f  th e  l o c a l  tem perature g r a d ie n t  on th e  tube  

w a ll  becomes im portant in  th a t  i t  a f f e c t s  th e  e x te n t  o f  

r e a c t io n .  The r e l a t i v e l y  la r g e  d e v ia t io n  from th e  tru e  

tem perature p r o f i l e  produced by assum ing one zone fu rn ace



results in solutions which, though valid, are poor in 
engineering application. In the present investigation, 
therefore, the work of applying calculational techniques 
for predicting radiant dominant transmission has been 
continued, with the specific aim of making allowance for 
the non-uniformity of gas temperature in a fixed reactor. 
It was decided to limit the scope of the project by 
focusing attention on the radidtion section of the fired 
heater problem and assuming that a description of the 
other phenomena necessary to the formulation, namely 
fuel-air combustion and internal flow patterns are 
availqj»le for use.

If the gas space in the enclosure and the bounding 
walls are divided up into zones, a zone being tafeen small 
enough so that it may be considered isothermal, then for 
steady-state operation it is possible to write an energy 
balance for each zone. For a gas zone the sum of the 
radiant energy received from all zones in the system (both 
gas and surface) plus the net convection to it from 
adjacent gas or surface elements plus the net enthalpy 
flux (chemical and sensible) to it due to bulk flow must 
equal the radiant energy originating within the gas zone. 
Similarly, for a surface, the sum of the radiant energy



r e c e iv e d  from a l l  zones (g a s  and su r fa c e )  p lu s  th e  n e t  

co n v ec tio n  to  i t  m ust eq u al th e te m is s io n  from th e  su r fa c e  

p lu s  th e  n e t  f lu x  through th e  s u r fa c e . Every term in  

th e s e  eq u a tio n s w ith  th e  ex cep tio n  o f  th e  n e t  w a ll  

f lu x e s  may be w r it te n  a s  a fu n c tio n  o f  unknown tem peratures  

o n ly  and th e number o f  eq u a tio n s i s  e x a c t ly  equal to  th e  

number o f  unknown tem peratures and w a ll  f lu x e s .  A 

s o lu t io n  o f  a s e t  o f  th e se  n o n - lin e a r  e q u a tio n s , once  

w r it te n  fo r  each zone in  th e  e n c lo s u r e , would y ie ld  th e  

d e s ir e d  d is t r ib u t io n  o f  tem perature and energy f lu x  

throughout th e  sy stem .

One problem  o f  t h i s  in v e s t ig a t io n ,  th e r e fo r e , was one 

o f  e v a lu a tin g  th e  em iss io n  from e i t h e r  a gas zone or a 

su r fa c e  zone and th e  r a d ia n t  in terch a n g e  betw een any two o f  

th e s e  zo n es , making due a llo w a n ce  fo r  a b so rp tio n  a lo n g  

every  p ath  from one zone to  an oth er and fo r  p a r t ia l  

d i f f u s e  r e f l e c t io n  o f  every  path  a t  every  su r fa c e  ad 

in f in itu m . The fu rn ace was su b d iv id ed  in t o  a s e t  o f  i s o t h e r ­

mal z o n e s . Each zone extended th e  e n t ir e  le n g th  o f  th e  

furnace and end e f f e c t s  were n e g le c te d . S e ts  o f  th e s e  

fu rn aces can be s e t  up one n ex t to  th e  o th e r  to  produce a 

th r ee -d im en s io n a l fu rn ace o f  any d eg ree  o f  co m p lex ity .

Some erro r  w i l l  r e s u l t  due to  th e  assum ption  th a t  no 

in te r a c t io n  ta k es  p la c e  between any fu rn ace and i t s  n e ig h b o r .



The r e s u l t s  prod uced , how ever, a r e  s t i l l  an improvement 

over m ost com p u ta tion a l te c h n iq u e s .

i s  a b le  to  h a n d le  zon in g  a lo n g  th e  le n g th  o f  th e  r e a c to r  

a s w e ll  a s  a c r o s s  and v e r t i c a l l y .  H is m ethods, how ever, 

were p r in c ip a l ly  g r a p h ic , and do n o t  lend  th em se lv es  to  

th e  d i g i t a l  com puter.

The e m iss io n  r a t e  from a gas volum e o f  Area A i s  

g iv en  by th e  fo l lo w in g  eq u ation :

where 12 i s  th e  r a te  o f  em iss io n  in  energy p er u n it  t im e ,
g

kL i s  th e  a b so r p tio n  c o e f f i c i e n t  o f  th e  gas tim es i t s  

p ath  le n g th , and <j> i s  th e  f r a c t io n  o f  th e  energy o r ig in a ­

t in g  w ith in  th e  volume which le a v e s  th e  b ou n d aries o f  th e  

volum e. The esca p e  f a c t o r ,  , i s  a fu n c tio n  o f  kL o n ly  

and has been o b ta in ed  by m u lt ip le  n um erica l in te g r a t io n s  

a s d escr ib ed  in  a la t e r  C hapter.

The e m iss io n  r a t e  from a s u r fa c e  area  o f  Area A i s  

g iv en  by:

A com p u ta tion a l tech n iq u e  d evelop ed  by Cohen

= 4 (kL ) (A) • <p • (T Tg 4 (1- 1)

( 1- 2)

where £ s i s  th e  e m is s iv i t y  o f  th e  s u r fa c e .
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The in terch a n g e  betw een any two zon es in  th e  system  i s  

more com plex, in v o lv in g  n o t o n ly  th e  d ir e c t  r a d ia n t  f lu x  

between th e  two zo n es , b u t a l s o  th e  sum o f  th e  i n f i n i t e  

number o f  r e f le c t e d  beams w ith in  th e  e n c lo su r e  due to  

energy o r ig in a t in g  a t  e i t h e r  o f  th e  zones under c o n s id er a ­

t io n  w ith  due a llo w a n ce  fo r  m u lt ip le  a t te n u a t io n . I t  i s  

p r o f i t a b le  to  co n sid er  f i r s t  on ly  th e  d ir e c t  in terch a n g e  

between th e  two zon es; i . e .  th e  in terch a n g e  in  a b,lack- 

w alled  sy stem .

The one-way r a d ia t io n  f lu x  -  su r fa c e  to  s u r fa c e ,  

su r fa c e  to  g a s , gas to  s u r fa c e , and gas to  gas r e s p e c t iv e ly  

may be w r it t e n  a s;

q / (  <r T 4 ) = s s  (1 -3 )
s s  s

qs „ / (  cr t  4) = s g d - 4 )
s g s

qg s / (  (TT84) = g s  (1 -5 )

q / (  a T 4 = gg (1-6)
gg g

where th e  term s s s ,  s g ,  g s ,  and g g , d es ig n a ted  as d ir e c t  

in terch a n g e  f a c t o r s ,  a l s o  termed in  th e  l i t e r a t u r e  a s  

in terch a n g e  a rea s  due to  th e  d im en sion a l u n i t s .  These 

fa c to r s  may be thought o f  a s th e  product o f  a r a d ia t io n



f a c t o r  f ,  h av in g  any o f  th e  s u b s c r ip t  com b ination s in d ic a ­

ted  on th e  r ig h t-h a n d  s id e s  o f  eq u a tio n s  (1 -3 )  through  

(1 -6 )  w ith  th e  f i r s t  s u b s c r ip t  r e p r e s e n t in g  th e  so u rce  

o f  th e  energy and th e  second th e  r e c e iv e r ,  which r e p r e s e n ts  

th e  f r a c t io n  o f  th e  en ergy  o r ig in a t in g  in  any zone in  th e  

e n c lo su r e  which re a ch es  and i s  absorbed by any o th er  zo n e , 

and a r a d ia t in g - a b i l i t y  f a c t o r ,  (a re a )-» ^ em iss iv ity )  fo r  a 

s u r fa c e  zone and 4 X (volum e) X (a b so r p tio n  c o e f f i c i e n t )  

f o r  a gas zo n e . V a lu es o f  th e s e  r a d ia t io n  fa c to r s  have  

been e v a lu a te d . T hese fa c to r s  a re  fu n c t io n s  o f  th e  p a th  

le n g th  and k , where k i s  th e  a b so rp tio n  c o e f f i c i e n t  o f  th e  

g a s . I t  i s  to  be n oted  th a t  th e s e  f a c t o r s  have been  

ev a lu a ted  a s s ig n in g  a uniform  k t o  each  c h a r a c t e r i s t i c  g a s ,  

a c h a r a c t e r i s t i c  gas b e in g  a m ath em atica l r e p r e s e n ta t io n  o f  

a g a s , w h ich , in  c o n ju n c tio n  w ith  o th e r  c h a r a c t e r i s t i c  

g a se s  p r e d ic t s  th e  p r o p e r t ie s  o f  g a se s  in  th e  sy stem . The 

d e t a i l s  o f  t h i s  te c h n iq u e , in v o lv in g  e v a lu a t io n  o f  determ ­

in a n ts  o f  order eq u a l to  th e  number o f  s u r fa c e  zon es and 

o f  volume zones in  th e  sy stem , a r e  g iv e n  in  Chapter 3 .

With all the interchange factors for the system 
evaluated, it is possible to return to the original energy 
balances and solve for the temperature and flux distribu­
tion in the "two-dimensional enclosure." It will be



r e c a l le d  th a t  th e  d e t a i l s  o f  th e  f u e l - a i r  com bustion , 

c o n v e c t io n , and in t e r n a l  f lo w  p a tte r n s  a re  assumed known 

so  th a t  a l l  term s in  th e  energy b a la n c es  have been  e v a lu ­

a ted  and o n ly  tem peratures or n e t  w a ll  f lu x e s  appear a s  

unknowns. U n fo r tu n a te ly , th e  s e t  o f  eq u a tio n s c o n ta in s  

unknown tem perature in  mixed f i r s t  and fo u r th  p ow ers. For 

o b ta in in g  n u m erica l s o lu t io n s ,  th e s e  eq u a tio n s w ere  

l in e a r iz e d  in  by fo r c in g  th e  c o n v e c tio n  and en th a lp y  

f lu x  term s in t o  a fou rth -p ow er law ; t h i s  tech n iq u e  

n e c e s s i t a t e s  an i t e r a t i v e  s o lu t io n  s in c e  th e  c o e f f i c i e n t s  

on th e  c o n v e c tio n  and en th a lp y  f lu x  terms a r e  now stro n g  

fu n c t io n s  o f  tem p eratu re. The s e t s  o f  eq u a tio n s  a r e  

so lv ed  i t e r a t i v e l y  u n t i l  th e  assumed v a lu e s  a r e  v e r i f i e d .

The u se  o f  th e  d i g i t a l  com puter en a b les  a p aram etoric  

stud y  o f  fu rn a ce  c o n d it io n s  and d e s ig n s  c r i t e r i o n s .  The 

r e s u l t s  were an o p tim iz a t io n  o f  a p y r o ly s is  r e a c to r  which  

m axim izes th e  r a t io  o f  p rod u ct to  f u e l  consum ption . The 

r e s u l t s  a re  g iv en  in  Chapter ( 4 ) .

The o v e r - a l l  perform ance o f  th e  fu rn ace ( i . e . ,  th e  t o ­

t a l  amount o f  energy tr a n s fe r r e d  from th e  gas) a s  c a lc u la te d  

by th e  method p resen ted  in  t h i s  t h e s i s  was found to  g iv e  

good agreem ent w ith  th e  perform ance a s  c a lc u la te d  by  

e x i s t in g  tec h n iq u e s  in  th e  l i t e r a t u r e .  (^'9) The d is t r ib u t io n



o f  th e  h ea t f lu x  w ith in  th e  e n c lo su r e , how ever, was found 

to  be very  d i f f e r e n t .

The tech n iq u e  d eveloped  in  t h i s  d i s s e r t a t io n  i s  

cap ab le  o f  g iv in g  fa r  more d e ta i le d  in fo rm a tio n  as to  th e  

r a d ia n t  in terch a n g e  w ith in  th e  en c lo su r e  than has been  

p o s s ib le  up to  th e  p r e s e n t  t im e . I t s  c h ie f  w eaknesses 

are;

1 . F in i t e  s iz e d  z o n e s , assumed to  be iso th e r m a l, 

have bden chosen  so  a s  to  f a c i l i t a t e  num erical 

s o lu t io n s .

2 . I t  has been assumed th a t  d e ta i le d  knowledge o f  

th e  com bustion and m ix in g  p a tte r n  i s  a v a i la b le .  

T h is i s  n o t a c t u a l ly  th e  c a se  fo r  m ost e n c lo s u r e s .

3 . I t  has been assumed th a t  no in te r a c t io n  tak es  

p la c e  between fu rn a ce  su b s e c t io n s  a lo n g  th e  

r e a c to r  le n g th .

4 .  The furnace i s  assumed to  be o f  i n f i n i t e  le n g th .  

T h is assum ption  can be e lim in a ted  w ith  m oderate 

a d d it io n a l co m p lex ity .

The fu rn ace model was used in  co n n ectio n  w ith  a 

r e a c to r  m odel. The r e a c to r  m odel i s  a b le  to  h and le la r g e  

numbers o f  in te r r e la t e d  ch em ica l r e a c t io n s .  The model i s  

s e t  up to  a c c e p t  any s e t  o f  r e a c t io n s  so  lo n g  a s  th e



k in e t i c  d ata  o f  r e a c t io n s  and th e  p h y s ic a l  p r o p e r t ie s  o f  

th e  components a r e  known.

From t h i s  i n i t i a l * d a t a , th e  h e a t  o f  r e a c t io n ,  h e a t  o f  

form ation  and th e  e q u ilib r iu m  c o n s ta n ts  a re  d efin ed  a s  

fu n c t io n s  o f  tem p eratu re. T hese fu n c t io n s  a r e  la t e r  

ev a lu a ted  to  g iv e  p o in t  c o n d it io n s  in  th e  r e a c t io n  

f l u i d s .

The r e a c to r  i s  s e c t io n e d  o f f  in t o  increm ent s e c t io n s .  

S im u ltaneous m a te r ia l ,  momentum, and en ergy  b a la n ces  a r e  

perform ed on each s e c t io n .

The tem p eratu re, p r e s su r e  and co m p o sitio n  o f  r e a c t io n  

f l u i d s  a t  th e i n l e t  o f  an in crem en ta l s e c t io n  a re  known 

from p r ev io u s  c a l c u la t io n .  The tem perature o f  th e  o u ts id e  

o f  th e  r e a c to r  w a ll  i s  su p p lie d  by th e  fu rn a ce  m odel. A 

tem p eratu re , p r e s su r e  and com p osition  a r e  assumed a t  th e  end 

o f  th e  in crem en t. A b e t t e r  e s t im a te  i s  made by c a lc u la t in g  

th e  r e a c t io n  r a te s  a t  th e  two ends and a v era g in g  th e  r e s u l t .  

T h is procedure i s  co n tin u ed  u n t i l  agreem ent i s  reached  

betw een two s u c c e s s f u l  e s t im a te s .

The increm ent o f  h e a t  f lo w  to  th e  r e a c to r  i s  c a lc u la te d  

by summing th e s e n s ib le  h e a t  ga in  o f  th e  r e a c t io n  mass and 

th e  h ea t o f  r e a c t io n  o f  each  com peting r e a c t io n .  T h is  

m ust eq u a l th e  n e t  h e a t  f lu x  through th e  w a l l s .  The
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increm ent h e a t  f lu x  i s  then  summed over th e  le n g th  o f  

each r e a c to r  s e c t io n .

The r e a c to r  model a l s o  c a lc u la t e s  th e  coke b u ild u p  as  

a fu n c tio n  o f  r e a c t io n  r a t e s .  The r e a c t io n  r a t e s  a re  

assumed to  be in v a r ia n t  over th e  tim e span d uring  w hich th e  

carbon i s  d e p o s it e d . New r e a c to r  c o n d it io n s  a r e  th en  used  

d u rin g  each a d d it io n a l  tim e span o f  carbon d e p o s it io n .  The 

c o k e 's  c h ie f  e f f e c t  on r e a c to r  c o n d it io n s  i s  a d e c r e a se  in  

o v e r a l l  r e a c t io n  r a t e  due to  th e  fo l lo w in g  e f f e c t s :

1 . A d e c r e a se  in  th e  n e t  h e a t  f lu x  through th e  w a ll  

o f  th e  r e a c to r  due to  th e  p resen ce  o f  a coke la y e r .

2 . A r e d u c t io n  in  r e a c to r  volum e and h en ce , r e a c to r  

mean r e s id e n c e  t im e .

3 . A la r g e r  p r e s su r e  drop through out th e  r e a c to r  

le n g th  n e c e s s i t a t in g  a h ig h e r  i n l e t  p r e s s u r e ,  

a d v e r s e ly  a f f e c t in g  e q u ilib r iu m .

The r e a c to r  m odel r e s u l t s  in  a new tem perature p r o f i l e  

fo r  th e  r e a c to r .  The new p r o f i l e  i s  then  mapped in t o  th r ee  

corresp on d in g  p r o c e s s  tem perature p r o f i l e s  which i s  then  

tr a n s fe r r e d  in t o  th e  fu rn ace m od el.

The fu rn a ce  m odel and th e  r e a c to r  m odel a r e  so lv e d  

r e p e a te d ly  u n t i l  good agreem ent i s  reached  betw een assumed 

and c a lc u la te d  tem perature p r o f i l e s .  The n e t  h e a t  f lu x
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through th e  w a ll  I s  a l s o  fo rced  to  co n v erg e . The n e t  h ea t  

f lu x  in t o  th e  r e a c to r  i s  so lv ed  by th e  r e la t io n s h ip

q = UA i  T (1 -7 )

The o v e r a l l  h ea t t r a n s fe r  c o e f f i c i e n t  ( U ) used by

th e r e a c to r  m odel, i s  a fu n c t io n  o f  th e  th ic k n e s s  o f  th e

r e a c to r  w a l l ,  th e  th ic k n e s s s ,  i f  any, o f  th e  coke la y e r  and

th e in s id e  f i lm  c o e f f i c i e n t  (H ) .  H i s  in  turn  a fu n c tio n
i  i

o f  th e  r e a c t io n  m ixtu re v e l o c i t y ,  therm al c o n d u c t iv ity  and 

co m p o sitio n .

The o v e r a l l  h ea t t r a n s fe r  c o e f f i c i e n t  used by th e  fu r ­

nace m odel (Up) to  c a lc u la t e  th e  o u ts id e  w a ll  tem perature  

from th e  known tem perature o f  th e  p ro cess  f lu id  must be 

mapped in t o  th e  tube p la n e . The mapping i s  n e ce ssa r y  due 

to  th e  pseudo two d im en sio n a l n atu re  o f  th e  fu rn ace m odel. 

The mapping i s  done through a n e t  h ea t f lu x  b a la n ce  on th e  

re a c to r  w a l l .  The v a lu e  o f  U i s  thus mapped by fo r c in g  

agreem ent between th e  o v e r a l l  h ea t  f lu x  c a lc u la te d  by th e  

furnace m odel and th e  h e a t  f lu x  c a lc u la te d  by th e  r e a c to r  

m odel. does n o t correspond w ith  U c a lc u la te d  by the  

r e a c to r  m odel.

S in c e  both  th e  r e a c to r  and furnace m odels were s e t  up 

in  a computer program i t  was p o s s ib le  to  make a p aram etoric
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stu d y  on th e  com p lete  sj*stem. Thus th e  e f f e c t  o f  tube  

p la cem en t, o i l  f i r e d  r a t e ,  fu rn ace d im en sio n s , r e a c to r  

le n g th , r e a c to r  co m p o sitio n  can be c o r r e la te d  to  d es ig n  

a fu rn a ce  o f  optimum y ie ld  w ith  minimum f u e l  consum ption. 

One o f  th e  major c o n tr ib u t io n s  o f  t h i s  t h e s i s  i s  to  c o r r e i  

l a t e  th e s e  q u a n t i t ie s  to  p r e d ic t  optimum fu rn a ce  and 

r e a c to r  d e s ig n .
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CHAPTER I I

1 . The Furnace Model

A . I n tr o d u c t io n  

T h is a n a ly s i s  j depends on th e  developm ent o f  two 

u n r e la te d , b u t in terd ep en d en t m o d e ls . These two m odels 

a r e  then  cou p led  to g e th e r  and form an e f f e c t i v e  method to  

p r e d ic t  optimum fu rn ace d e s ig n .

une m o d el, th e  fu rn ace m odel, w i l l  be d is c u s s e d  i s  

Chapter I I - 1 .  The o th er  m odel, th e  k in e t i c  m odel, w i l l  

be d isc u sse d  in  C hapter I I - 2 .  The c o u p lin g  m odel i s  then  

ex p la in ed  in  C hapter I I - 3 .

An in c r e a se d  u n d ersta n d in g  o f  th e  b a s ic  p r in c ip le s  

u n d er ly in g  h e a t  t r a n s fe r  p r o c e s s e s  has fo rced  a r e a l i z a t io n  

o f  th e  in p o r ta n c e  o f  therm al r a d ia t io n  a s  th e  dom inant mode 

o f  h e a t  t r a n s fe r  in  h ig h  tem perature in d u s t r ia l  fu r n a c e s .  

High i n s t a l l a t i o n  and m aintenance co sts  a s  w e l l  a s  th e  

c o m p e t it iv e  m arket o f  today c a l l  fo r  th e  d e s ig n  o f  fu rn a ces  

or h e a te r s  w hich w i l l  perform  j e f f i c i e n t l y  and e c o n o m ic a lly . 

Furtherm ore, b eca u se  o f  v a r ia t io n s  in  p r o c e ss  c o n d it io n s  

one would l i k e  to  be a b le  to  p r e d ic t  th e  e f f e c t  o f  such  

v a r ia t io n s  on fu rn a ce  o p e r a t io n . To th e s e  en d s, th e r e fo r e ,  

c o n s id e r a b le  e f f o r t  has been extended  to  p u t th e  c a lc u la t io n  

and p r e d ic t io n  o f  r a d ia n t  h e a t  in te r c h a n g e  on a firm  e n g i­

n e e r in g  b a s i s .
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The model makes u se  erf work dor,e by Col&n (^8) and 
(63)Roche which a llo w s  fo r  th e  n on -u n iform ity  o f gas

tem peratures in  an e n c lo su r e .

B. Fundamental Laws Governing S u rface  and Gas 

R adiation

1« R ad ia tion  from S o lid  S u rfaces

A l l  s o l id s * ,  a t  any tem perature o th er  than a b so lu te  

z e r o , em it andabsorb ra d ia n t en ergy . Both th e  magnitude 

o f th e  em ission  and i t s  q u a li ty  ( i . e . ,  i t s  s p e c tr a l  

d is tr ib u t io n )  depend p r im a r ily  on th e tem perature o f  th e  

m a te r ia l ,  but a l s o ,  to  a l e s s e r  e x te n t , on th e  p a r t ic u la r  

n atu re o f  i t s  su r fa c e . The r a te  o f  em ission  from a 

p e r fe c t  r a d ia to r  (d e fin ed  as a b lack  body) i s  g iv en  by th e  

fa m ilia r  Stefan-B oltzm ann Law: th e em itted  f lu x  (energy

per u n it  tim e per u n it  a rea ) i s  p ro p o r tio n a l to  th e  fo u rth  

power o f  th e  a b so lu te  tem perature. The s p e c tr a l  d is t r ib u ­

t io n  o f  b lack-body r a d ia t io n  i s  a fu n c tio n  o f  tem perature  

on ly  and i s  g iven  by P la n c k 's  Law. Any r e a l  su rfa ce  

alw ays em its l e s s  than b lack -body r a d ia t io n , and i f  i t s  

s p e c t t a l i  d is t r ib u t io n  i s  th e  same as th e  P lanck d is t r ib u ­

t io n ,  th e  body i s  sa id  to  be gray . The r a t io  o f  th e  energy  

em itted  by any gray body a t  a f ix e d  tem perature to  b la ck -  

body em iss io n  a t  th e  same tem perature i s  termed th e
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e m is s iv i t y ;  by th e -v e r y  n atu re o f  i t s  d e f in i t i o n ,  n u m erica l 

v a lu e s  o f  e m is s iv i t y  m ust alw ays l i e  betw een zero  and 

u n it y .

For a fu r th e r  rev iew  o f  s u r fa c e  e m is s iv i t i e s  and 

r a d ia t io n  from s o l i d s  J a k o b ) M c A d a m s a n d  H o t te l  

and S arofim v } or o th e r  standard  r e fe r e n c e s  on h ea t  

t r a n s fe r  may be c o n s u lte d .

2 . R a d ia tio n  from Gases

In  a d d it io n  to  s u r fa c e s ,  c e r ta in  g a se s  absorb and em it 

energy  when h e a te d , u f g r e a te s t  i n t e r e s t  to  th e  fu rn a ce  

d e s ig n e r  a re  w ater  vapor and carbon d io x id e ,  th e  prim ary  

p ro d u cts  o f  com b ustion . Data on th e  r a d ia t in g  and 

a b so rb in g  c h a r a c t e r i s t i c s  e x i s t  fo r  b oth  carbon d io x id e  

and w ater v a p o r . ( ^ »  ( ^  ) Somewhat more l im ite d

d ata  a r e  a v a i la b le  fo r  carbon m onoxide, s u lfu r  d io x id e  and
( 1 6 ) ,  < 2«; ,  (5 9 ) .  (88)

ammonia.

Gas r a d ia t io n  d i f f e r s  from s u r fa c e  r a d ia t io n  in  one 

im portant r e s p e c t .  Gas r a d ia t io n  i s  by no means g ra y , r a th e r  

th e s e  g a se s  e x h ib i t  v ery  stro n g  em iss io n  and a b so rp tio n  

bands in  c e r ta in  s p e c tr a l  r e g io n s  and a r e  p r a c t i c a l ly  

tra n sp a ren t in  o t h e r s . T h is n on -grayn ess o f  r e a l  g a se s  le a d s  

t o  enormous c o m p lic a t io n s  in  fu rn a ce  d e s ig n  c a lc u la t io n s  

i f  i t  i s  to  be a llo w ed  fo r  r ig o r o u s ly .  F o r tu n a te ly ,  

approxim ation  tech n iq u es  e x i s t  fo r  h a n d lin g  th e  r e a l - g a s  

c a s e ;  th ey  w i l l  be d isc u sse d  in  l a t e r  s e c t io n s  o f  t h i s
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c h a p te r .

C. T echniques A v a ila b le  fo r  P r e d ic t in g  R adjafit

H eat In terch a n g e  in  Furnace E n clo su res  

The c a lc u la t io n  o f  th e  r a d ia n t  in te rc h a n g e  in  a 

fu rn ace e n c lo su r e  may be r e so lv e d  in t o  th r ee  d i f f e r e n t ,  

though n o t c o m p le te ly  s e p a r a b le , problem s;

1 . A llow an ce fo r  th e  geom etry o f  th e  sy stem .

2 . E m ission  o f  r a d ia t io n  from th e  gas and i t s  

a b so rp tio n  a n d /o r  r e f l e c t i o n  a t  th e  v a r io u s  

s u r f a c e s .

3 .  A b so rp tio n  by th e  gas o f  r a d ia t io n  em itted  by 

or r e f l e c t e d  a t  th e  d i f f e r e n t  s u r fa c e s .

A l i t t l e  thought w i l l  show th a t  a co m p le te ly  r ig o r o u s  

c a lc u la t io n  o f  th e  in te rc h a n g e  in  an en c lo su r e  would be  

e x c e e d in g ly  com plex, and, in  f a c t ,  a p e r f e c t ly  r ig o r o u s  

s o lu t io n  ap pears to  be a lm ost im p o s s ib le  to  a t t a i n ,  one o f  

th e  m ost im portant re a so n s fo r  t h i s  co m p lex ity  i s  th e  f a c t  

th a t  in  a r a d ia t in g  s y s t e n ,  what go es on a t  any p o in t  i s  

in f lu e n c e d  by ev ery  o th er  p o in t  in  th e  sy stem . That i s ,  one 

m ust w r ite  an in t e g r a l  eq u a tio n  t o  ex p ress  th e  h e a t  t r a n s fe r  

r a t e s  everyw here, in s te a d  o f  a d i f f e r e n t i a l  e x p r e ss io n  

e x p r e ss in g  th e  lo c a l  r a t e  dependent o n ly  upon l o c a l  

c o n d it io n s ,  a s  i s  p o s s ib le  fo r  c o n v e c t iv e  and co n d u c tiv e  h ea t  

t r a n s fe r .  For t h i s  reason  c e r ta in  s im p l i f i c a t io n s  have been
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made w hich have enorm ously d ecreased  th e  co m p lex ity  o f

th e  c a lc u la t io n s  but w hich  n e v e r th e le s s  y ie ld  answ ers fo r

c e r ta in  c a s e s  o f  s u f f i c i e n t  accu racy  fo r  e n g in e e r in g  u s e .

A b r i e f  r e v ie w , w ith o u t any d e r iv a t io n s  or e la b o r a te

e x p la n a t io n s , o f  th e  m ethods p r e s e n t ly  a v a i la b le  fo r

c a lc u la t in g  r a d ia n t  h e a t  t r a n s fe r  appears b e lo w .

A . In terch a n g e  in  Gray E n clo su res C o n ta in in g  Non-

A bsorbing Media

The r a d ia n t  in te r c h a n g e  in  a gray fu rn a ce  e n c lo s u r e ,

o f  any d eg re e  o f  co m p lex ity  s o  lon g  a s  i t  does n o t co n ta in

any a b so rb in g  g a s , i s  c a lc u la b le  by th e  method p resen ted  
(46) .

by H o t te l  The n e t  t r a n s fe r  by r a d ia t io n  betw een any

two s u r fa c e s  such as A  ̂ and i s  g iv en  a s ;

% -m* = A  I 'u  6  (T,4 - i f  ) ( 3-0
(A p o r t io n  o f  th e  e n c lo su r e  may be grouped to g e th e r  a s  a 

s u r fa c e , e . g . ,  A^, when i t  has a s u b s t a n t ia l ly  uniform  

tem perature and when a l l  p o r t io n s  o f  i t  have s u b s t a n t ia l ly  

th e  same "view" o f  th e  rem ainder o f  th e  e n c lo s u r e .)  The 

term A^ g I s dependent upon th e  geom etry o f  th e  e n t ir e  

system  a s  w e l l  a s th e  e m i s s i v i t i e s  (eq u a l t o  th e  

a b s o r p t i v i t i e s  fo r  a gray system ) o f  a l l  s u r f a c e s ,  but i t  

i s  n o t a fu n c t io n  o f  th e  tem peratures o f  any s u r fa c e s  so  ‘ 

lon g  a s  t h e ir  e m is s iv i t i e s  a r e  th em se lv es in depend en t o f  

tem perature.
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B . In terch a n g e  in  Gray E n closu res C on ta in in g  a Gray

Iso th erm a l Gas Mass 

I f  now, th e  e n c lo su r e  i s  f i l l e d  w ith  a gray gas o f  

uniform  tem p eratu re, th e  in te rch a n g e  betw een th e  gas and 

any s u r fa c e  or betw een any two su r fa c e s  sep a ra ted  by g a s ,  

may be c a lc u la te d  by a s l i g h t  n o d if ic a t io n  o f  th e  above  

m ethod. G a s-su r fa ce  in te r c h a n g e  i s  d e f in e d  by th e  fo llo w in g  

eq u a tio n :

%  - M .  =  A, 3 F , *  1 ; * )  (? -* )

The s u r f a c e - t o - s u r f a c e  h e a t  t r a n s fe r  i s  e x a c t ly  th e  same 

a s  g iv e n  in  eq u ation  (2 -1 )  w ith  th e  m o d if ic a t io n , how ever, 

th a t  th e  in terch a n g e  fa c to r  ^  has been a d ju sted  so  a s  

to  a llo w  fo r  th e  f a c t  th a t  on each p a ss  from su r fa c e  A
1

to  s u r fa c e  A , d i r e c t ly  or v ia  any s u r fa c e  form ing th e  en ­

c lo s u r e ,  a p o r t io n  o f  th e  energy i s  absorbed by th e  g a s .

The in te rc h a n g e  fa c t o r s  fo r  t h i s  c a s e ,  a s  b e fo r e , a re  

dependent upon th e  geom etry o f  th e  e n t i r e  system  as w e l l  

a s  th e  e m is s iv i t i e s  o f  a l l  s u r fa c e s ,  and in  a d d it io n  a re  

dependent upon th e  gas e m is s iv i t y .  For opaque s u r fa c e s ,  

th e  e m is s iv i t y  i s  eq u a l t o  th e  a b s o r p t iv ity  and th e  

complement o f  th e  r e f l e c t i v i t y :  th a t  i s  £  = cf\ -

They a r e  n o t  fu n c t io n s  o f  any tem perature in  th e  system ,
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s o  lo n g  a s  th e  e m is s iv i - t ie s  o f  th e  sy stem , b oth  gas and 

s u r f a c e ,  a re  in depend en t o f  tem p eratu re .

D. AAllowaflce fo r  a R eal Gas

Non-lum inous gas r a d ia t io n ,p a r t ic u la r ly  r a d ia t io n  from  

carbon d io x id e  and w ater v a p o r , w hich a r e  o f  g r e a te s t  

im portance to  th e  fu rn a ce  d e s ig n e r , i s  n o t g ra y . The 

t r a n s m is s iv ity  o f  such  a gas i s  n o t o n ly  a fu n c t io n  o f  th e  

g a s p r o p e r t ie s ,  b u t i s  a l s o  v ery  m arkedly in flu e n c e d  by th e  

s p e c t r a l  d is t r ib u t io n  o f  th e  energy w hich i s  b e in g  a b sorb ed . 

For exam ple, th e  a b so r p tio n  o f  v ery  h ig h -tem p era tu re  

r a d ia t io n  by carbon d io x id e ,  w ith  i t s  s tr o n g  a b so rp tio n  

bands in  th e  lo n g  w avelen g th  r e g io n  would be v er y  low  

b eca u se  th e  sou rce  o f  r a d ia t io n  would be predom inantly  o f  

sh o r t  w avelength ; b u t th e  a b so rp tio n  o f  low er tem perature  

gray r a d ia t io n ,  w ith  a consequent la r g e r  f r a c t io n  o f  th e  

in c id e n t  energy in  th e  same s p e c tr a l  r e g io n  a s  th e  gas  

a b so r p tio n  bands, would be much h ig h e r . In  th e  trea tm en t  

o f  th e  gray gas system  m entioned in  s u b s e c t io n  2 , i t  was 

assumed th a t  th e  a b s o r p t iv i t y  o f  th e  gas fo r  su r fa c e  

r a d ia t io n  was in d ep en d en t o f  th e  q u a l i ty  o f  th a t  in c id e n t  

r a d ia t io n ,  and fo r  t h i s  rea so n  th e  g ra y -g a s  fo rm u la tio n  i s

in  erro r  i f  a p p lied  d i r e c t l y  to  a r e a l  sy stem .
( '  33

H o t te l  and S arofim   ̂ havfc Shown I t  16 p o s s ib le  to
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approxim ate v ery  c lo s e ly  r e a l-g a s  r a d ia t io n , w ith o u t  

lo s in g  th e m echanics o f  th e g ra y -g a s  fo rm u la tio n . S in c e  

fo r  th e  gray gas th e  tra n sm itta n ce  o f  a gas beam o f  le n g th

where k 1 i s  th e  a b so rp tio n  c o e f f i c i e n t  o f  th e gas and i s  

independent o f  w a v e len g th sf th e  e m is s iv i ty  and a b s o r p t iv ity  

a r e  equal and may be exp ressed  a s:

fo r  a r e a l  gas to  any d egree o f  p r e c is io n  by a s e r ie s  o f

exponential ty p e  terms such a s;

v '  O V  i Xu f t  X  -  * c  Pc-X
£ - * = * e - K* Pe- y + i < f  . . . ( S i -

T his eq u ation  in d ic a t e s  th a t  th e  tr a n s m is s iv ity  o f  a r e a l  

gas may be thought o f  a s  a w eighted  sum o f a number o f  gray-  

gas t r a n s m is s iv i t i e s ,  each a p p lic a b le  over a d i f f e r e n t  

s p e c tr a l  r e g io n . The sum o f  th e  w e ig h tin g  f a c t o r s ,  a ,b ,

c , .................m ust be u n it y ,  s in c e  th e  e m is s iv i ty  o f  a gray

gas having no th ic k n e s s  (x=0) m ust be u n ity .  The i n t e r ­

change in  an e n c lo su r e , th e r e fo r e , :can be thought o f  as  

eq u iv a len t to  th e  sum o f  th e  in terch a n g es  o f  a number o f  

gray-gas system s each w eighted in  p o rp o rtio n  to  th a t  

f r a c t io n  o f  th e  s p e c tr a l  reg io n  over which i t  a c t s .  I t  i s

x  w ith  a gas p r e ssu r e  t  i s  g iv en  by:
G
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to  be noted  th a t  th e  gray gas in  each reg io n  has a d i f f e r ­

en t a b so rp tio n  c o e f f i c i e n t  and hence a d i f f e r e n t  e m is s iv i t y .

In  th e  l i m i t ,  as one co n s id e r s  an i n f i n i t e  number o f  

s p e c tr a l  r e g io n s  each obeying th e gray -gas fo rm u la tio n , the  

answer o f  c o u r se , must be e x a c t .  For en g in eer in g  c a lc u la -  

t io n s ,  how ever, t h is  type o f  approach would be e x tr a o r d in a r i­

ly  complex i f  one had to  c o n s id e r  a la r g e  number o f  z o n e s . 

Num erical a n a ly s is  o f  t y p ic a l  problem s has in d ic a te d ,  

fo r tu n a te ly ,  th a t  i f  th e cu rve i s  to  be f i t t e d  anew

fo r  each n um erica l problem , i t  i s  in  g en era l s u f f i c i e n t  to  

co n sid er  o n ly  two s p e c tr a l  r e g io n s ,  a and b , where th e  

f r a c t io n  "a" c o n s is t s  o f  a gray gas w ith  a f i n i t e  a b so rp tio n  

c o e f f i c i e n t  ka and th e  f r a c t io n  "b" ( th e  complement o f  "a”) 

c o n s is t s  o f  a gas w ith  a zero  a b so rp tio n  c o e f f i c i e n t  ( i , e , ,  a 

c le a r  gas which n e ith e r  absorbs nor e m it s ) .  A ga in , sp ace  

l im it a t io n s  p r o h ib it  a more adequate d is c u s s io n  o f  t h is  

problerri and, fo r  d e t a i l s ,  th e  read er i s  r e fe r r e d  to  

H o t te l^ 9 )  and H o tte l and Sarofim .^ *^

E, L im ita t io n s  on th e  C a lc u la t jo n a l T echniques 

R e c a p itu la t in g , i t  has been shown th a t  one i s  a b le  to  

handle s a t i s f a c t o r i l y  an e n c lo su r e  made up o f  any number o f  

gray su r fa c e s  and f i l l e d  w ith  a r e a l  iso th erm a l gas m ass.

In  a c tu a l  p r a c t ic e  i t  may he d i f f i c u l t  to  o b ta in  a num erical
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s o lu t io n  fo r  a v ery  com p lica ted  c a s e ;  however, th e  p r in c ip le s  

govern ing  th e  in terch a n g e  in  such e n c lo su r e s  and th e  te c h ­

n ique fo r  o b ta in in g  s o lu t io n s  have been form ulated  and a re  

g e n e r a lly  a v a i la b le .

perhaps th e  m ost se r v io u s  l im it a t io n  to  th e  c a lc u la t io n -  

a l  methods o u t lin e d  above i s  th e  f a c t  th a t  th e  gas tem pera­

tu re  and com p osition  have been assumed to  be uniform  

throughout th e  e n c lo su r e . O b v iou sly , t h i s  assum ption  i s  

never co m p le te ly  tru e  fo r  any in d u s t r ia l  fu r n a c e , and in  a 

good many c a se s  i t  may be very  s e r io u s ly  in  e r r o r . I f  

th e fu rn ace chamber i s  rou gh ly  c u b ic a l in  sh ap e , and i f  

tu rb u len ce  and m ix in g  a re  p r e se n t  to  a h igh  d e g r e e , then th e  

gas tem perature w i l l  be n e a r ly  uniform  and eq u al to  th e  

tem perature o f  th e  e x i t  gas so  th a t  th e  above methods ap p ly  

d ir e c t ly .  Even i f  th e se  c o n d it io n s  apply  o n ly  approxim ate­

l y ,  that i s ,  i f  th e  gas tem perature and com p osition  a t  th e  

i n l e t  and o u t le t  o f  th e  fu rn ace a re  n o t too  d i f f e r e n t  from 

each o th e r , then some mean o f  th e  two tem peratures ought 

to  g iv e  a rea so n a b ly  a cc u r a te  answ er. U U nfortun ately , few  

in d u s t r ia l  fu rn a ces f a l l  in  t h i s  ca te g o r y .

I f ,  on th e  o th er  hands, th e  furnace i s  v ery  lon g  

compared to  th e  d im ensions o f  th e  c r o s s - s e c t io n  normal to  

th e  d ir e c t io n  o f  gas f lo w , and i f  com bustion i s  rap id  a t  th e  

furnace e n tr a n c e -9 th e  tem perature o f  th e  gas f a l l s  c o n tin u -
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o u s ly  a s  i t  p a s s e s  through th e  -fu rn ace. In  th e  l im it in g  

c a se  o f  a fu rn a ce  w ith  le n g th  i n f i n i t e l y  g r e a t  r e l a t i v e  to  

th e  tr a n s v e r s e  d im en sio n s , a llo w a n c e  fo r  t h i s  drop in  gas  

tem perature can be made by c a lc u la t in g  lo c a l  h e a t  t r a n s fe r  

r a te s  a t  s e v e r a l  p o in ts  and g r a p h ic a lly  in t e g r a t in g  a lo n g  

th e  fu rn a ce  le n g th . Long fu rn a ces  have been handled  

a d eq u a te ly  by t h i s  te c h n iq u e , w hich in  e f f e c t  ig n o r e s  

r a d ia n t  f lu x  in  th e  d ir e c t io n  o f  gas f lo w , a s  lo n g  as  

th e re  i s  a d e f i n i t i v e  n e g a t iv e  tem perature g r a d ie n t  from 

th e  b o tto n  o f  th e  com bustion chamber to  th e  to p . T h is  

te d io u s  p r o c e s s ,  which a p p l ie s  o n ly  to  one v e r y  s p e c ia l  

typ e o f  fu r n a c e , has been perform ed fo r  a w ide range o f  

fu rn ace v a r ia b le s ,  and a s im p l i f ie d  method o f  p r e d ic t in g  

a mean gas tem perature to  g iv e  th e  answer in  a s in g le  

s te p  i s  a v a i l a b l e / 17^

In  t h i s  t h e s i s  a fu rn a ce  m odel o f  th e  i n f i n i t e  le n g th  

r e la t iv e i t o  th e  tr a n sv e r se  d im ension  i s  c o n s id e r e d . However, 

th e  m odel in c o r p o r a te s  r a d ia n t  f lu x  c o n s id e r a t io n  in  b oth  

tr a n s v e r s e  d ir e c t io n s . R ad iant f lu x  a lo n g  th e  i n f i n i t e  

a x is  i s  a l s o  c a lc u la t e d ,  b u t ig n o r e s  end c o n d it io n s  a lo n g  

th e  i n f i n i t e  a x i s . T h is makes i t  p o s s ib le  t o  s e c t io n  th e  

model a lo n g  th e  lo n g  a x is  and c o n s id e r  each s e c t io n  

in d ep e n d en tly  o f  th e  o th e r s .  Some erro r  i s  in tro d u ced
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in  th a t  th e  model can n o t show any n e t  h ea t f lu x  between  

a d ja c en t s e c t io n s  d e s p it e  th e  e x is te n c e  o f  tem perature  

g r a d ie n ts  between s e c t io n s .  The erro rs  thus gen erated  

a re  m inim al due to  th e  r e l a t i v e l y  sm a ll d if f e r e n c e  o f  

tem perature and th e  low v a lu e  o f  th e  h ea t t r a n s fe r  due 

to  eddy d i f f u s io n .

W hile one i s  a b le  to  h an d le  th e  two l im it in g  c a s e s  o f  

fu rn aces m entioned above q u it e  s im p ly , i t  i s  r a th e r  

u n fo rtu n a te  th a t  m ost in d u s t r ia l  furnaces f a l l  in t o  a 

ca teg o ry  somewhere in  betw een them. At th e  p r e s e n t  t im e ,
/ 1 o\

on ly  th e  method developed by Cohen a llo w s  bhe tb  takd  

in to  acco u n t th e  f a c t  th a t  in  a c tu a l  fu r n a c e s , very  

s u b s ta n t ia l  gas tem perature g r a d ie n ts  e x i s t ,  b o th  in  th e  

d ir e c t io n  o f  gas flo w  and tr a n sv e r se  to  i t .  The method, 

however, i s  v ery  te d io u s , and does n o t e a s i ly  lend  i t s e l f  

to  computer c a lc u la t io n s  due to  th e  g ra p h ica l tech n iq u es  

or methodology em ployed.

Sim ply to  i l l u s t r a t e  th e  m agnitude o f  th e  tem perature  

g r a d ie n ts , a few  num erical exam ples w i l l  be g iv e n .

1 .  Data ob ta ined  by S m ith ^ ^ / and rep o r ted  by

C o h e n o n  a scaled-dow n model o f  a s t e e l -  

r e h e a tin g  fu r n a c e , u s in g  premixed a i r  and 

gaseous f u e l ,  have in d ic a te d  th a t  a drop o f

about 300-400 C en tig ta d e  d egrees betw een th e
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gas tem perature n ear th e  r e fr a c to r y  r o o f  and 

th e  c o o l  f lo o r  s in k ,  a t o t a l  d is ta n c e  o f  about 

one f o o t  in  h i s  equipm ent, i s  n o t  a t  a l l  

u n u su a l.

2 . The la r g e - s c a le  fu rn a ce  (abou t 6 f e e t  by 6 

f e e t  by 20 f e e t )  u sed  by th e  I n te r n a t io n a l  

Flame R a d ia tio n  R esearch  Com m ittee, and f ir e d  

w ith  e i t h e r  g a seo u s or l iq u id  f u e l 0 in  a burner 

j e t ,  has shown tem perature drops betw een th e  

h o t com bustion zone n ear th e  c e n te r  o f  th e  

flam e and th e  r e fr a c to r y  w a ll  o f  a s  much as  

600 C en tigrad e d eg rees  in  a d is t a n c e  o f  about 

th r e e  f e e t .

These f ig u r e s  have been quoted m ere ly  fo r  i l l u s t r a t i v e  pur­

p o ses  . However, when one c o n s id e r s  th a t  gas em iss io n  i s  

rou gh ly  p r o p o r t io n a l to  th e  second  or th ir d  power o f  a b so ­

lu te  gas tem p eratu re , i t  seem s l i k e l y  th a t  th e  consequences  

o f  th e s e  la r g e  g r a d ie n ts  m igh t be ex trem ely  im p o rta n t.

I t  i s  p o s s ib le  fo r  one to  h a n d le  r ig o r o u s ly  th e  s im p le s t

p o s s ib le  c a s e  o f  a llo w in g  fo r  tem perature n o n -u n ifo rm ity  in
(4q)th e  g a s . T h is method has been  p resen ted  by H o t t e lv 7 fo r  

th e  c a s e  o f  en ergy  r e c e p t io n  by a b la ck  w a ll  a d ja c e n t  to  a 

gas m ass h a v in g  a known o n e -d im en sio n a l tem perature g r a d ie n t .
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F . Methods Used t o  -S o lve Furnace Model

T here a r e ,  o f  c o u r s e , two fun dam en ta lly  d i f f e r e n t  

approaches th a t  one m ight u se  in  a t ta c k in g  t h i s  problem .

The f i r s t  i s  co m p le te ly  t h e o r e t i c a l  and in v o lv e s  th e  

developm ent o f  c a lc u la t io n a l  tech n iq u es  to  en a b le  th e  p r e ­

d ic t io n  o f  th e  e f f e c t  o f  tem perature g r a d ie n ts  on r a d ia n t  

h e a t in te r c h a n g e , b in c e  b a s i c a l ly  th e  p r o c e s s e s  o ccu r in g  

w ith in  a fu rn a ce  a re  determ ined  s o l e l y  by th e  fundam ental 

law s o f  h e a t  t r a n s f e r ,  f lu id  f lo w , and com bustion  k i n e t i c s ,  

th e  problem  red u ces i t s e l f  t o  one o f  e x p r e s s in g  th e  i n t e r ­

r e la t io n s h ip s  o f  th e  v a r io u s  mechanisms in t e r a c t in g  w ith  one 

an oth er  in  such  a way th a t  i t  becomes p o s s ib le  t o  o b ta in  a 

n um erica l s o lu t io n .  The second tech n iq u e  would be to  

d eterm in e ex p e r im e n ta lly  h e a t  t r a n s fe r  r a te s  under a w ide  

v a r ie t y  o f  c o n d it io n s  w ith  th e  hope o f  o b ta in in g  some s o r t  

o f  c o r r e la t io n  w hich would en a b le  one to  p r e d ic t  th e  

o p era tio n  o f  fu rn a ces o th e r  than th o se  s tu d ie d .

The f i r s t  method o f  a t ta c k  was f e l t  t o  be th e  more 

p r o f i t a b le  one in  t h i s  c a s e ,  and a c c o r d in g ly  a p u r e ly  

c a lc u la t io n a l  approach was u se d . The ad ven t o f  th e  h ig h  

speed d i g i t a l  computer has a llo w ed  im plem en tation  o f  t h i s  

approach t o  h an d le  fa r  more com plex system s than h e r e to fo r  

have been  a ttem p ted . The Speed o f  com putation  a l s o  a llo w s
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fo r  s o lu t io n  o f  many fu rn a ce  -models w ith  th e  u lt im a te  

o b j e c t iv e  o f  b e in g  a b le  t o  s im p lify  th e  r e s u l t  in to  

some g e n e r a liz e d  e m p ir lc le  r e la t io n s h ip .  The s o lu t io n  

has been  to  s e t  up in  th e  m ost g en er a l term s p o s s ib le ,  th a t  

i s , in  such  a form th a t  i f  one ha*J: s p e c i f i c  know ledge  

o f  com bustion  and m ix in g , he would be a b le  to  in c o r p o r a te  

such  in fo rm a tio n  d ir e c t ly  in to  th e  recommended te ch n iq u e .

In  a l l  f a ir n e s s  to  th e  r e a d e r , i t  m ust be p o in ted  ou t  

th a t  th e  com bination  o f  p r o c e s s e s  o ccu r in g  in  a fu rn a ce  i s  

ex trem ely  com plex. The e x te n t  to  which th e  method 

d evelop ed  in  t h i s  d i s s e r t a t io n  m ight be used  by an en g in eer  

i s  dependent s o l e ly  upon th e  amount o f  tim e w hich he i s  

j u s t i f i e d  in  spending on any p a r t ic u la r  problem . For one 

w ish in g  o n ly  an approxim ate answ er, i t  would be uneconom ical 

to  go through th e  c o s t ly  and in v o lv ed  p r o c e s s e s  d escr ib ed  

l a t e r ,  un th e  o th er  hand, i f  i t  i s  r e a l l y  im portan t th a t  

one has th e  r ig h t  an sw er, th e  author s e e s  no a l t e r n a t iv e  to  

f o l lo w in g  th e  methods recommended in  t h i s  d i s s e r t a t io n  or 

£ h e ir  e q u iv a le n t .  T h e ir  u se  to  prove th e  v a l i d i t y  o f  

e n g in e e r in g  sh o r tc u ts  i s  an in t e r e s t in g  a p p l ic a t io n ,  but 

n o t th e  s u b je c t  o f  t h i s  d i s s e r t a t io n .  The u se  o f  th e  

com puter in  h an d lin g  th e  m odel w i l l  make i t  f e a s i b l e  fo r  

an in v e s t ig a t o r  to  f in d  such  s im p lif ie d  ap p ro a ch es.
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2 . The R eactor  Model

A . In tr o d u c tio n

To perform  an O p tim iz a tio n  one n eed s sane s o r t  o f  

p la n t  d e s c r ip t io n  to  form an o b je c t iv e  fu n c t io n  such a s  

p ro d u ctio n  r a t e  or p r o f i t  m argin w hich m ust be op tim ized  

in  term s o f  th e  in d ep en d en t v a r ia b le s .

H i s t o r i c a l ly ,  p la n t  d a ta  were used  in  d e r iv in g  

m ath em atica l m odels by r e g r e s s io n  a n a ly s i s .  Some p la n ts  

had even  been d e l ib e r a t e ly  d is tu r b e d  in  order to  o b ta in  

enough d ata  to  d eterm in e th e  in depend en t v a r ia b le s  in to  

w hich  th e  p la n t  was b e in g  f i t t e d .

T h is method has many drawbacks such  as n o is e  in  th e  

p la n t  d a ta  ca u sin g  u n r e l i a b i l i t y  in  th e  rea d in g  and a 

l im ite d  range o f  c o n d it io n s  under w hich th e  d a ta  i s  

c o l l e c t e d . C o n d itio n s o u ts id e  o f  th e  ran ge o f  th o se  

s p e c i f i c a l l y  s tu d ie d  m ust be c a lc u la te d  by th e  r e l a t i v e l y  

u n r e l ia b le  method o f  e x tr a p o la t io n .

An a l t e r n a t iv e  method i s  to  s im u la te  th e  p la n t  based  

on th e  p h y s ic a l  and ch em ica l c o n d it io n s .  T h is s im u la ted  

m odel can then  be p ertu rb ed  to  d eterm in e th e  e f f e c t  on 

th e  fu n c t io n  to  be o p tim iz e d .

In  order to  d e s c r ib e  p la n t  c o n d it io n s  a s thorough ly  

and a c c u r a te ly  a s p o s s ib l e ,  a m odel sh ou ld  c o n s id e r  th e  

e n t ir e  p la n t ,  in c lu d in g  r e c y c le  stre a m s, se p a r a to r s  and 

p e r ip h e r a l equ ipm ent, a s  w e l l  a s  th e  r e a c t o r .  T h is i s  n o t
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th e  in t e n t  o f  t h is  study-.

I t  was decided  th a t  th e  o p tim iz a tio n  o f  f u e l  

consum ption would be m ost m ean ingfu l and would g iv e  

optimum c o n d it io n s  c lo s e  to  th e  optimum based on an o v e r a l l  

p r o f i t  o b je c t iv e  fu n c t io n .

The purpose o f  t h i s  d is s e r a t io n  i s  to  d evelop  an 

a lg o r ith m  which s u c c e s s f u l ly  p r e d ic ts  th e  b eh av ior  o f  a 

r e a c to r - fu r n a c e . In  order to  be a b le  to  v e r i f y  th e  

r e s u l t s  a r e a c t io n  system  was chosen which has been  

e x te n s iv e ly  rep orted  in  th e  l i t e r a t u r e .  The r e a c t io n  

system  thus d ecided  upon was th e  cra ck in g  o f  ethane to  form  

e th y le n e .

B . r y r o ly s j s  o f  Ethane p ro cess

E th ylen e i s  a b a s ic  raw m a te r ia l used in  th e  manu­

fa c tu r e  o f  p o ly e th y le n e  and p o ly e th y le n e  copolym ers and a s  

an in te r m ed ia te  in  th e  s y n th e s is  o f  many org a n ic  compounds, 

w ith  p la n t  s i z e s  ran g in g  betw een 50 to  250 m il l io n  pounds

p er y e a r . The p y r o ly s is  o f  ethane i s  v er y  p r o f i ta b le

b ecu a se  th e  raw m a te r ia l ,  e th a n e , would have a minimum 

v a lu e  a s a f u e l  g a s . E th y len e i s  produced by "crack ing” 

o f  th e  feed  s to ck  in  f ir e d  r e a c to r s  a t  tem peratures up to  

1250°K.

A lm ost a l l  la r g e r  p etro ch em ica l f a c i l i t i e s  have s e v e r a l
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fu rn a ces  which o p era te  w ith  d i f f e r e n t  feed  s t o c k s ,  

n o ta b ly  v a r io u s  p r o p o r tio n s  o f  e th a n e , propane, butane  

an d'h ap htha" . The r e a c to r  p r e ssu r e  and tem perature  

p r o f i l e s  and feed  r a t e s  a r e  a l s o  v a r ie d .  The p rod u cts  

from th e s e  d i f f e r e n t  stream s a re  g e n e r a lly  combined in t o  

one stream  a f t e r  "quenching" to  term in a te  th e  p ro d u ctio n  

o f  unwanted b y p r o d u cts .

The r e a c to r  m odel i s  a b le  t o  h a n d le  each s e t  o f  feed  

s to c k s  in d ep en d en tly  and perform  s e p a r a te  o p t im iz a t io n s  fo r  

each  fu rn a ce . In  t h i s  s tu d y , th e  c a s e s  o f  pure e th a n e , 

p ropane, and co m b in a tio n s , each m ixed w ith  steam , were 

c o n s id e r e d . The steam  p ro v id es  a ch em ica l mechanism to  

m in im ize  th e  r a t e  o f  coke d e p o s it io n .  The m odel i s  a l s o  

ca p a b le  o f  o p tim iz in g  th e  p ro d u ctio n  o f  a c e ty le n e  by 

in c r e a s in g  th e  r e s id e n c e  t im e .

C. Carbon D e p o s it io n

Carbon i s  one o f  th e  b yproducts o f  th e  p y r o ly s is  

r e a c t io n s .  Carbon i s  d e p o s ite d  on th e  w a ll  o f  th e  r e a c to r  

and r e s u l t s  in  a c o n t in u o u s ly  d e c r e a s in g  r e a c to r  r a d iu s . 

T h is r e s u l t s  in  la r g e r  p r e s su r e  drops o ccu r in g  w ith in  th e  

r e a c to r  tu b e , fciventually th e  p r e s su r e  drop rea ch es  a 

v a lu e  w hich i s  to o  h ig h  to  keep th e  system  o p e r a t in g , and 

th e  r e a c to r  m ust be sh u t down fo r  c le a n in g .  A nother e f f e c t  

o f  th e  carbon d e p o s it io n  i s  to  red u ce  th e  o v e r a l l  h e a t
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h e a t  t r a n s fe r  c o e f f i c i e n t  making th e  f ir e d  h ea ter  l e s s  

e f f i c i e n t .

An in c r e a se  in  r e a c to r  o u t le t  tem perature in c r e a s e s  

b oth  th e  y ie ld  o f  e th y le n e  and th e  r a t e  o f  carbon 

d e p o s it io n , hence ca u sin g  an in c r e a s e  in  th e  freq u en cy o f  

r e a c to r  shutdown fo r  c le a n in g . As f u e l  consum ption in  th e  

fu rn ace in c r e a s e s ,  so  does th e  r e a c to r  y i e l d .  The 

fu n c tio n  o f  r e a c to r  y ie ld  d iv id ed  by f u e l  consum ption  

p lo t te d  a g a in s t  f u e l  consum ption goes through a maximum 

which r e p r e se n ts  an optimum o p era tin g  c o n d it io n  fo r  any  

g iv en  s e t  o f  fu rn ace and r e a c to r  p aram eters, i . e .

Y ie ld /F u e l Consumption = f ( r e a c t o r  p aram eters, fu rn ace

p a r a m e te r s ) /fu e l consum ption (2-Jf)

The r e a c to r - fu m a c e  m odel developed  in  t h i s  d i s s e r t a t io n  i s  

a b le  to  determ ine t h i s  id e a l  o p e ra tin g  p o in t  fo r  m ost 

e x i s t in g  fu r n a c e s . The model a l s o  len d s i t s e l f  to  th e  

d eterm in a tio n  o f  th e  optimum d e s ig n  o f  m ost new fu m a c e -  

r e a c to r  sy stem s.

D. Chem istry o f  r y r o ly s j s

The c h ie f  p rod u cts from therm al cra ck in g  fu r n a c e s - 

r e a c to r s  vary from feed  to  fe e d . For th e  feed  co n sid ered  

in  t h i s  s tu d y , th e  c h ie f  p rod ucts were e th a n e , e th y le n e ,
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a c e ty le n e ,  m ethane, propane, p rop en e, hydrogen and co k e . 

Sm all amounts o f  a ro m a tics  w ere a l s o  form ed. As an 

approxim ation  th e s e  were d e fin e d  t o  have th e  p r o p e r t ie s  

o f  C 4's and C 6's a lp ha  o l e f i n s .

The e ig h t  eq u a tio n s  co n sid er ed  in  t h i s  s tu d y  a re ;^  ^

Order Forward Order R everse

C9H C9H, + H 1 1 -1  (2 -5 )
2 6 ^  2 4 2

C H  ^  CH + J;C H 1 1 -1  (2 -6 )
2 6 4 2 4

C2H4 ^  C2H2 + H2 1 1 -1  (2 -7 )

2 1-1 ( 2- 8)

2C2H2 ^  C4H4 ( i . e . )  C 4's 1 1 (2 -9 )

C + H 0 CO + H 1 -0  1 -1  (2 -1 0 )
2 2

C H C H + H 1 1 -1  (2 -1 1 )
3 8 3 6 2

C 0H0 c H + CH 1 1 -1  (2 -1 2 )
3 o 3 4 4

A d e ta i le d  e x p la n a tio n  o f  th e  k in e t i c  r e a c to r  m odel can be  

found in  th e  M .S. T h e s is  o f  R o b ertso n . I t  was n e c e ssa r y

to  m odify R o b er tso n 's  m odel in  ord er to  in c o r p o r a te  th e  

c a lc u la t io n  o f  th e  n e t  h e a t  f lu x  through th e  w a ll  o f  th e  

r e a c to r  when th e  d e t a i l s  o f  th e  p o in tw is e  tem perature



d i s t r i b u t i o n  a r e  known.

F u r th e r  d e t a i l m a y  b e f o u n d i n  th e  fo l lo w in g  s-

r e f e r e n c e s :  ■ i v i,,; ?

1 . U se o f  com puters i n  p y r o ly s i s  -  s e e  R e fe re n c e  

Numbers ( 3 ,  9 , 1 2 , 2 3 , 2 5 , 4 4 , 4 5 , 5 3 , 6 0 , 6 2 , 

6 5 , 6 8 , 6 9 , 70 , 8 6 , 95)

2 . C h em istry  o f  P y r o ly s i s  ( 2 ,  38)

3 . R e a c tio n  R a te  (8 0 , 81)

4 .  E q u il ib r iu m  R a te  (40 )

5 . H ea t o f  R e a c tio n  (7$)

6 .  H eat T ra n s f e r  (1 3 , 7$)

7 . Carbon D e p o s i t io n  (1 0 ,  1 4 , 2 0 , 2 8 , 5 5 , 5 7 , 82)

8 . Furfcfcce C o n s tru c t io n  (1 5 , 3 7 , 4 8 , 6 7 , 7 4 , 78)
'■V*

9 . S u p e rso n ic  O x id a tiv e  P y r o ly s i s  (90 )

10 . S u b -so n ic  O x id a tiv e  P y r o ly s is  (89 )

1 1 . P y r o ly s i s  o f  Heavy Feed S to c k  (7 9 , 86)
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3• The Mapping F unction

The developm ent o f  th e  k in e t i c  model and th e  

fu rn ace model are Independent o f each other# In order to  

make th e  two m odels in terd ep en d en t i t  was n e c e ssa r y  to  

d evelop  a th ir d  model which cou ld  communicate betw een th e  

f i r s t  two m odels# T h is th ir d  or mapping model i s  the  

a u th o r 's  s p e c i f i c  c o n tr ib u t io n  In  t h i s  d is s e r t a t io n #  I t  

was u t i l i z e d  t o  in v e s t ig a t e  th e  product y i e l d ,  f u e l  

consum ption geom etry and tube p lacem ent o f th e  r e a c to r -  

furnace# The f i r in g  p a tte r n s  produced by d i f f e r e n t  t ip s  

on th e  b urners can a ls o  be s tu d ie d  w ith  th e  id ea  o f  

d e s ig n in g  a f i r in g  t ip  which would y ie ld  an optimum 

f i r in g  p a ttern #

The mapping model has to  t$ k e  in to  accou n t a number o f  

in c o n s is t e n c ie s  which in c lu d e :

1# The fu rn ace model assum es th a t  th e r e  i s  no 

v a r ia t io n  in  tem p eratu res aL ong i t s  i n f i n i t e  

axes#  The k in e t i c  m odel, how ever, shows a 

con tin u ou s in c r e a s e  in  tem perature a s  th e  r e a c t io n  

mass flow s through th e  r e a c to r  tu b e , which has 

v e r t i c a l  a s w e l l  as lo n g itu d in a l v a r ia t io n s  in  

geometry#

2# The furnace model ‘•'views"' the fu rn ace w a ll as a 

con tin u ou s sem i-p orou s p la n e , a p p r tio n  o f  which



i s  a h ea t s in k  to  th e  am bient (through  th e  

in s u la t in g  w a lls  o f  th e  fu r n a c e ) . The k in e t i c  

model c o n s id e r s  i t s e l f  a d i s c r e e t  s e c t io n  o f  

tub in g  w ith  a r a d ia l  uniform  o u ts id e  su r fa c e  

tem perature.

3 . The furnace m odel was p icked  to  have a h e ig h t  o f  

28' f e e t .  The r e a c to r  model was 400 f e e t  lo n g .

T h is made i t  n ece ssa r y  to  fo ld  th e  r e a c to r  tube  

in to  a s e r i e s  o f  "u" bends w hich run up and down 

a lo n g  th e  w a ll  o f  th e  fu rn a ce .

4 .  The furnace model co n sid ered  [ i t s e l f  i n f i n i t e l y  

lon g  w ith  no end e f f e c t s  due to  th e  p resen ce  o f  

W alls a t  b o th  ends o f  th e  fu r n a c e . The r e a c to r  

model was c l e a r ly  f i n i t e  in  le n g th .

Methods used to  h an d le  each o f  th e se  in c o n s is t e n c ie s  w i l l  

be d isc u sse d  la t e r  in  t h i s  s e c t io n .

In  order to  make th e  m odels com patable, b oth  tem perature  

and n e t  h ea t f lu x  p r o f i l e s  through th e  r e a c to r  w a ll  had to  

be In  agreem ent. As each  o f  th e se  q u a n t i t ie s  i s  c a lc u la te d  

in d ep en d en tly  by both  m od els, a t r i a l  and erro r  type o f  

s o lu t io n  was d ev elo p ed .

The tem perature p r o f i l e  o f  th e o u te r  r e a c to r  w a ll was 

assum ed. With t h i s  assumed p r o f i l e ,  th e  k in e t i c  c a lc u la t io n s
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were com p leted . The k in e t i c  c a lc u la t io n s  in clu d ed  a 

r e a c to r  f lu id  tem perature p r o f i l e  and a n e t  h ea t f lu x .  The 

fu rn ace c a lc u la t io n s  w ere then perform ed and y ie ld e d  a new 

o u ter  r e a c to r  w a ll  tem perature p r o f i l e  and a n e t h ea t f lu x  

to  th e  r e a c t io n  f l u i d s .

T h is new o u ter  w a ll  tem perature p r o f i l e  was then used  

to  r e p e a t th e  k in e t i c  c a lc u la t io n s .  T h is p ro ce ss  was 

then rep eated  u n t i l  th e maximum d if f e r e n c e  between o ld  and 

new r e a c to r  f lu id  tempera tu r e s>was l e s s  than 1.25°K  and th e  

n e t  h ea t f lu x e s  c a lc u la te d  by th e  two m odels were w ith in  

27o o f  each o th e r .

A. Temperature V a r ia t io n s  A long R eactor Length

The tem perature o f  th e  r e a c t io n  f lu id s  in c r e a se s  

c o n tin u o u s ly  a s  th e  r e a c t io n s  take p la c e .  The n e t  h e a t f lu x  

in to  th e  r e a c to r  r e s u l t s  in  two n e t  e f f e c t s :

1 . An in c r e a s e  in  th e  tem perature o f th e  

r e a c t io n  mass due t o  a s e n s ib le  h e a t  g a in .

2 . A change in  r e a c to r  mass com p osition  due 

to  ch em ica l change. (The p r in c ip a l  reac*» 

t io n  b e in g  en d o th erm ic).

In  th e  i n i t i a l  s ta g e  o f  r e a c t io n  th e  m ixtu re has an 

i n s u f f i c i e n t  tem perature fo r  any a p p r e c ia b le  r e a c t io n  to  

ta k e  p la c e ,  h en ce , m ost o f  th e  h ea t f lu x  r e s u l t s  in  a 

s e n s ib le  h ea t g a in .



37

In  a second p o r t io n  o f ' t h e  r e a c to r  th e  r e a c t io n  mass 

i s  a t  r e a c t io n  tem perature w ith  la r g e  q u a n t it ie s  o f  

unreacted  s p e c ie s  p r e s e n t . A m a jo r ity  o f  th e  h ea t f lu x  

goes to  su p p ly in g  th e  r e a c t io n  mass w ith  th e  n ecessa ry  

h ea t o f  r e a c t io n ,  w ith  some s e n s ib le  h ea t ga in  s t i l l  

o c cu rr in g .

A f i n a l  p o r t io n  o f  th e  r e a c to r  c o n s is t s  o f  an ev er  

d e c l in in g  p o r t io n  o f  th e  n e t  h e a t  f lu x  c o n tr ib u t in g  to  

th e  h ea t o f  r e a c t io n *

I t  becomes p o s s ib le  to  ta k e  advantage o f  th e se  

ten d e n c ie s  by s p l i t t i n g  th e  fu rn ace in to  th r ee  z o n e s . In  

th e  f i r s t  zone th e r e  i s  c o n s id e r a b le  in c r e a s e  in  th e  

tem perature o f  th e  r e a c t io n  m ass. T h is in  turn r e s u l t s  in  

r a p id ly  changing w a ll f lu x .  However, s in c e  in  t h i s  s e c t io n  

o f  th e  r e a c to r  l i t t l e  r e a c t io n  ta k es  p la c e ,  an a v era g in g  

tech n iq u e o f  th e  th e  tem perature f lu x  a lo n g  th e  i n f i n i t e  

a x is  fo r  each iso th er m a l w a ll zone w i l l  n o t s e r io u s ly  a f f e c t  

th e  k in e t i c  m odel.

In  th e  second zone th e  k in e t i c  m odel p r e d ic ts  la r g e  

e x te n t  o f  r e a c t io n  b u t on ly  m ild  in c r e a s in g  tem p era tu res. 

A gain an a v era g in g  tech n iq u e fo r  each iso th erm a l w a ll  zone  

a lo n g  th e  i n i f i n i t e  a x is  l iv e s  tem perature d is t r ib u t io n s  

w hich can be used by th e  k in e t i c  m odel, s in c e  on ly  r e l a t i v e l y  

sm a ll tem perature d if f e r e n c e s  e x i s t .
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In the th ir d  zone both r e l a t i v e l y  e x te n s iv e  amounts 

o f  r e a c t io n  and f a i r l y  la r g e  r e a c to r  f lu id  tem perature  

changes take p la c e .  By m in im izing th e  s i z e  o f  t h i s  s e c t io n ,  

th e  averag in g  tech n iq u e  i s  aga in  a p p l ic a b le .

The reader should  n ote  th a t  c o n s id e r a b le  f lu e  gas 

tem perature g r a d ie n ts  e x i s t  between each iso th erm a l zone  

in  a d jo in in g  s e c t io n s .  This would su g g e s t  th a t  a 

su b d iv is io n  o f  each s e c t io n  in to  two or more s u b -s e c t io n s  

would r e s u l t  in  s t i l l  more p r e c is e  r e s u l t s .  However, th e  

a d d it io n a l com p u tation a l tim e req u ired  by th e  computer fo r  

such an u nd ertak in g  would be p r o h ib i t iv e ly  la r g e .

B. Mapping th e  " r lan e In to  A R eactor Tube

The fu rn ace model v iew s th e w a ll  o f  th e  furnace a s  a 

con tinu ou s p la n e  w ith  iso th erm s running a lo n g  the h o r iz o n ta l  

and d is c r e e t  tem peratures o f  r a d ia t io n  running a lo n g  th e  

v e r t i c a l .  The p la n e  i s  porous in  th a t  i t  "views" th e  

furnace w a ll and r e a c to r  tub ing  s im u lta n e o u s ly , d i f f e r e n t i ­

a t in g  between them a s  th e  r a t io  o f  t h e ir  r e s p e c t iv e  a r e a s .  

The furnace m odel does n ot d is t in g u is h  in d iv id u a l s e c t io n s  

o f  tube and w a l l ,  r a th er  " con sid ers"  th e  two as th e  w a ll  

o f  th e  fu r n a c e .

The k in e t i c  m odel "uses" th e  o u ter  s^:in tem perature o f  

th e  r e a c to r  to  c a lc u la t e  the n e t  h ea t f lu x  to  the r e a c t io n  

m ix tu re . In a fu rn ace tube th e re  would be some r a d ia l



39

tem perature d is t r ib u t io n  s in c e  th e  s id e  o f  th e  tube fa c in g  

th e w a ll o f  th e  fu rn ace would have a low er tem perature than  

th e  s id e  fa c in g  th e  b u lk  o f  th e  h o t f lu e  g a s e s . The n e t  

tem perature d if f e r e n c e  i s  n o t to o  g r e a t  s in c e  th e  m ajor 

r e s is ta n c e  to  h ea t f lo w  i s  th e  r e s u l t  o f  th e  in s id e  f i lm  

h ea t tr a n s fe r  c o e f f i c i e n t .  (The r e s is t a n c e  to  h ea t flo w  

through th e  coke la y e r  would a l s o  be la r g e ,  but t h i s  

q u a n tity  i s  a v a r ia b le ,  depending on th e  le n g th  o f  tim e th e  

coke has been form ing and th e  p a r t ic u la r  lo c a t io n  in  th e  

r e a c to r  tu b e ) . The r a t io  o f  h e a t  r e s is t a n c e  in  th e  tube  

m eta l to  th a t  caused by th e  in s id e  f i lm  c o e f f i c i e n t  i s  an 

order o f  m agnitude g r e a te r  than 10 to  1 , as was c a lc u la te d  

by R obertson .

In  order to  make some a llo w a n ce  fo r  t h is  e f f e c t ,  th e  

n e t  h ea t tr a n s fe r  c o e f f i c i e n t  c a lc u la te d  from r e a c t io n  m ix­

tu re  to  o u ter  tube w a ll  tem perature used by th e  fu rn ace was 

a d ju sted  in  such a fa sh io n  th a t  th e  n e t  h ea t f lu x  as  

c a lc u la te d  from th e  furnace eq u a tio n  was equal to  th e  n et  

h ea t f lu x  a s  c a lc u la te d  from th e  r e a c to r  e q u a tio n s .

The n e t  h e a t  tr a n s fe r  c o e f f i c i e n t  found by th e  r e a c t io n  

equation  was c a lc u la te d  from c o n s id e r a tio n s  o f  p h y s ic a l  

p r o p e r t ie s  o f  th e  r e a c to r  tu b e , th e  th ic k n ess  o f  th e  coke 

la y e r  and th e  chem ical com p osition  and p h y s ic a l p r o p e r t ie s



1*0

o f th e  r e a c t io n  m a s s  # ^ 2 )

C• P lacem ent o f R eactor Tube

The r e a c to r  b e in g  1*00 f e e t  o f con tinu ou s tu b in g  which 

i s  hung in  th e  v er tica l, d ir e c t io n  ( to  avo id  gradual bending  

o f  th e  tube near i t s  c e n ter  i f  th e  tube were p laced  in  a 

h o rizo n ta l p o s i t io n  due to  th e  e x c e s s iv e  h eat req u ired  fo r  

p y r o ly s is )  would not f i t  in to  a fu rn ace 20 f e e t  in  h e igh t*

I t  was th e r e fo r e  p la ced  in  th e  furnace in  a s e r ie s  o f  tt'Uw 

bends running f i r s t  from top to  bottom  and"then bottom  to  top#  

A t o t a l  o f 11* such bends was req u ired  to  accomodate th e  

e n t ir e  re a c to r  len g th #  A t o t a l  o f 11* such r e a c to r s  

can be p laced  in  th e 1*0 fo o t  le n g th  o f th e  fu rn a ce , seven  

on each s id e  o f th e  flam e w all#  The ''U"' bends p rov id e  

m echanical support w h ile  a llo w in g  fo r  therm al expansion#

W ithin th e  s e r ie s  o f  11* "U" b ends, th e furnace was 

fu r th e r  su b d iv id ed  in to  th r ee  d i s t in c t  rea c to r  zones  

d iscu sse d  e a r l ie r  in  t h i s  Chapter# The mapping model 

had to  be a b le  t o  d is t in g u is h  in  which furnace zone the  

corresponding r e a c to r  segment la y #  I t  4 s a ls o  n ecessa ry  

to  know whether th e tube was running up th e  furnace or 

down# The tem perature p r o f i le s  used by the furnace and th e  

r e a c to r  are i l l u s t r a t e d  in  F igu re 1#
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The smooth curve shown ~in F ig u re  1 was c a lc u la te d  by 

f i t t i n g  a fo u r th  power p o ly n o m ia l o f  T -  f  (Z) = a + bZ +  

cZ^ + dZ^ + eZ^ u s in g  th e  m id p o in t o f  each  d is c r e e t  fu rn ace  

zone tem perature a s c a lc u la te d  by th e  fu rn a ce  m odel. These  

d is c r e e t  tem perature zon es were a d ju ste d  a t  th e  end o f  each  

fu rn a ce  c a lc u la t io n  and smooth cu rves were r e f i t t e d  fo r  

each o f  th e  th r e e  fu rn a ce  zon es r e c a lc u la t e d .

F ig u re s  2 and 3 show th e  a c tu a l  lo c a t io n  o f  th e  tu b in g  

in  th e  fu rn a ce  as w e l l  a s  th e  p lacem ent o f  th e  iso th erm a l  

z o n e s . The b r id g e  w a ll  ex ten d s on h a l f  th e  d is ta n c e  a lo n g  

th e  top o f  th e  fu r n a c e , th e  rem ain ing h a l f  b e in g  th e  

opening in t o  th e  co n v ec tio n  s e c t io n  and th e  s ta c k .

D. End E f fe c t s

The fu rn ace m odel s tu d ie d  in  t h i s  t h e s i s  was co n sid ered  

to  be i n f i n i t e l y  lon g  and end e f f e c t s  w ere ig n o r e d . As th e  

dominant mode o f  h ea t t r a n s fe r  i s  r a d ia t io n ,  an e s t im a te  o f  

th e  d is ta n c e  n e ce ssa r y  to  co m p le te ly  absorb  a l l  in c id e n t  

r a d ia t io n  was made fo r  th e  gray g a se s  c o n s is t in g  o f  th e  

f lo w  g a s . I t  was determ ined  th a t  fo r  beam le n g th s  o f  65 

f e e t ,  l e s s  than one p a r t  p er  m i l l io n  o f  th e  o r ig in a l  r a d ia ­

t io n  was s t i l l  p r e se n t  in  th e  beam. The c le a r  gas 

c o n tr ib u t io n  was somewhat h ig h e r .

The fu rn ace m odel was fu r th e r  com p lica ted  by assum ing
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s u b d iv is io n s  a lo n g  th e  r e a c to r  le n g th  (S ee  F ig u re  2 ) .

Each su b d iv is io n  assum es th a t  i t s  un ique p r o p e r t ie s  

e x i s t  unchanged through n eighbor s u b d iv is io n s  in  th e  h o r i ­

z o n ta l  p la n e . In  th e  fu rn a ce  m odel s tu d ie d , which was 

70 f e e t  lo n g , th e r e  occurred  21 s u b d iv is io n s .  There w ere , 

how ever, on ly  th r e e  d i s t i n c t  fu rn ace su b d iv is io n s  Which had 

to  be c a lc u la te d .
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C h a p te r  I I I

p roced u res Used in  S o lu t io n  o f  th e  Zoned F u m a ce-R ea cto r

Model

1 . The Furnace Model

T h is Chapter w i l l  d is c u s s  in  d e t a i l  th e  mechanism used  

in  th e  s o lu t io n  o f  each  o f  th e  problem s handled in  t h is  

s tu d y . The furnace m odel w i l l  be d isc u sse d  in  Chapter I I I - l ,  

th e  k i n e t i c  m odel in  C hapter I I I - 2 ,  and th e  mapping model 

in  C hapter I I I - 3 .  In  a d d it io n ,  Chapter I I I - 4  w i l l  show th e  

com p u ta tion a l procedure used  in  order to  a r r iv e  a t  th e  

s o lu t io n  w hich com prises t h i s  s tu d y . In  th e  rem ainder o f  

t h i s  d i s s e r t a t io n ,  a l l  d is c u s s io n  w i l l  be l im ite d  to  

s t e a d y - s t a t e  c o n d it io n s  in  an e n c lo su r e .

In  t h i s  stu d y  th e  fu rn a ce  was zoned in t o  iso th erm a l  

gas volum es and su r fa c e s  a r e a s .  The volum es run through  

th e  e n t i r e  ftnngth o f  th e  fu rn a ce  and a re  in  f a c t  tr e a te d  

as i n f i n i t e  in  le n g th ;  th e  h e ig h t  and w id th  o f  each o f  

th e s e  zo n es b e in g  f i n i t e .  L ik ew ise  th e  s u r fa c e  a re a s  a re  

i n f i n i t e  in  le n g th  and f i n i t e  in  w id th  i f  in  th e  h o r iz o n ta l  

p la n e , or in  h e ig h t  i f . i n  th e  v e r t i c a l  p la n e . The model 

does n o t co n s id e r  any p la n e  or volume w hich i s  n o t e i th e r  

m u tu a lly  p a r a l l e l  or p e rp en d ic u la r  to  th e  i n f i n i t e  a x is  

( s e e  F ig u res  2 , - 3 ,  4 ) .  These l im it a t io n s  sh ou ld  b e k ep t in  

mind fo r  a l l  fu tu r e  r e fe r e n c e s  to  su r fa c e  areaand gas
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v o lu m es.

The fu rn ace was fu r th e r  su b d iv id ed  a lo n g  th e  i n f i n i t e  

a x is  in  order to  make a llo w a n ce  fo r  th e  n on u n iform ity  a lo n g  

th a t  a x i s .  However, f o r  th e  c a lc u la t io n ,  each su b d iv is io n  

i s  tr e a te d  as i f  th o se  c o n d it io n s  in  th a t  s u b d iv is io n  

e x is t e d  a lo n g  th e  e n t ir e  le n g th  o f  th e  fu r n a c e . T h is  

p reced u re  a llo w s  th e  h a n d lin g  o f  each s u b d iv is io n  a s  an 

in d ep en d en t c a lc u la t io n ,  g r e a t ly  red u cin g  th e  c o m p le x it ie s  

o f  th e  c a lc u la t io n  p ro ced u re .

The g e n e r a l approach to  be used c o n s i s t s  o f  d iv id in g  

th e  sp a ce  en c lo sed  and th e  bounding s u r fa c e s  in t o  zo n es , 

each  zone b e in g  taken  sm a ll enough so  th a t  i t  may be  

co n sid ered  iso th e r m a l.

An energy b a la n ce  may be w r it te n  fo r  each  zone in  th e  

sy stem , and when t h i s  i s  done i t  w i l l  be found th a t  the  

s e r i e s  o f  eq u a tio n s c o n ta in s  o n ly  gas tem p era tu res , 

s u r fa c e  tem peratures or w a ll  f lu x e s  a s  unknowns. F u th er- 

m ore, th e  number o f  unknowns w i l l  be found to  eq u a l 

e x a c t ly  th e  number o f  e q u a t io n s . In p r in c ip le  th e n , one 

can s o lv e  e i t h e r  fo r  th e  tem perature a t  any g iv en  p o in t  

in  th e  system  or th e  f lu x  through th e  w a l l .

A . Energy B a lan ces on th e  System

C onsider th e  e n c lo su r e  to  be made up o f  iso th e rm a l  

volum es of; Space c o n ta in in g  a gray g a s , and d e s ig n a ted  as
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V  § 2 - S3  3nd iS ° therm al 8reaS ° £ b° Undlng
su r fa c e  ( e i t h e r  h e a t  s in k s  or r e fr a c to r y )  d e s ig n a ted  a s

s „ , s  , s „ .................  The su r fa c e  a rea s  w i l l  c o in c id e  e x a c t ly
1* 2* 3

w ith  th e  gas volum es th a t  touch them.

The co n v en tio n s o f  naming th e  v a r io u s  s u r fa c e s  and 

gas volum es used in  t h i s  d i s s e r t a t io n  a r e  a s  fo llo w s ;  

(R e fer  to  F ig u re  2 , c r o s s  s e c t io n  v ie w ) .

1 . The gas volum es a r e  numbered from l e f t  to  r i g h t ,  

s t a r t in g  in  th e  upper l e f t  hand corn er and working  

down a s  each row i s  com p leted . Hence th e  f i r s t  gas  

volum e in  th e  upper l e f t  hand co rn er  would be g^.

2 . The su r fa c e  a re a s  a r e  numbered from l e f t  to  r ig h t  

a lo n g  th e f lo o r  o f  th e  fu rn a ce . The s id e s  o f  th e  

fu rn a ce  a re  then  enumerated from top  to  bottom  go in g  

down th e  r ig h t  w a l l ,  then  from top  to  bottom  go in g  

down th e  l e f t  w a l l .  Hence th e  l a s t  s u r fa c e  a r e a , 

number 2 2 , would be on th e  bottom  o f  th e  r ig h t  s id e  

o f  th e  v e r t i c a l  w a ll  o f  th e  fu rn a ce  and would be 

c a l le d  s 22#

s in c e  th e  tem perature o f  th e  gas in  any volume g (a  

volum e d e fin e d  a s  f ix e d  in  sp ace) w i l l  rem ain unchanged 

once steady s t a t e  has been  rea ch ed , an en ergy  b a la n ce  on 

any volum e such a s  g^ may be w r it te n  a s  fo l lo w s :
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T o ta l outward R ad ia tion  absorbed R ad ia tion  ab-
r a d ia t io n  in  by g from a l l  volumes sorbed by volume
a l l  d ir e c t io n s  = b oth  d ir e c t  and by + g , from a l l
through th e  m u lt ip le  r e f l e c t io n s  su r fa ce  e lem en ts ,
bounding w a lls  a t  th e  w a lls  b oth  d ir e c t  and
o f  volume g- by m u lt ip le  r e ­

f l e c t io n s

N et energy to  volume N et energy to
+ g x by bulk  tra n sp o rt + volume g by

or th e  flow in g  gas co n v ectio n  from
stream  ad ja cen t gas v o l ­

umes or su r fa c e  
elem ents

(3 -1 )

R ew ritin g  in  terms o f sym bole, where th e  v a r io u s terms 

correspond d ir e c t ly :

A

In  th e  above and a l l  subsequent eq u ation s a double s e t  o f  

s u b s c r ip ts  such as gg , gs or s s  in d ic a te s  th e  d ir e c t io n  o f  

th e  energy tr a n s fe r , th e  f i r s t  s u b s c r ip t  d en otin g  th e  sou rce  

o f  th e  energy and th e  second th e r e c e iv e r .  S u b scr ip ts  on 

th e  l a s t  2 terms r e f e r  to  bulk  tra n sp o r t B or co n v ectio n  C, 

w ith  an a d d it io n a l su b sc r ip t  to  in d ic a te  which s in g le  gas 

or su r fa ce  elem ent i s  in v o lv e d .

s im i la r ly , w r it in g  an energy b a la n ce  on any su r fa ce

s :
1
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T o ta l outward R a d ia tio n  absorbed R a d ia tio n  a b -
r a d ia t io n  in  = by s from a l l  + sorbed by su r fa ce -
a l l  d ir e c t io n s  volum es b oth  d ir e c t  from a l l  s u r fa c e
from su r fa c e  s^ and by m u lt ip le  r e ^ i* -e le m e n ts  b o th  d i ­

f l e c t i o n s  a t  th e  r e c t  and by m ul-
w a l l s .  t i p l e  r e f l e c t i o n s .

+ N et energy to  su r -  Energy f lu x
fa c e  s by co n v ec - - through w a ll  s 
t io n  from a d ja c e n t  
gas cubes

(3*3)

R ew ritin g  a g a in  in  sym bols:

E s l  = 5 ,  +  £  S ,  +■ 9 c s , ~  ° l ^ s ,

*  (3 -4 )

A l i t t l e  c o n s id e r a t io n  o f  eq u a tio n s (3 -2 )  and (3 -4 )

w i l l  show th a t  a l l  th e  term s w ith  th e  e x c e p tio n  o f  w a l l -
q

f lu x  Wg  ̂ may be w r it t e n  a s  fu n c t io n s  o f  tem p era tu res, t  

c o e f f i c i e n t s  on th e  tem perature term s b e in g  fu n c t io n s  o f

th e  geom etry, h e a t  c a p a c i t i e s ,  f lo w  r a t e s  and e m is s iv i t i e s  

(and a b s o r p t iv i t i e s )  o f  th e  sy stem . I f  i t  may be assumed 

th a t  th e se  tem perature c o e f f i c i e n t s  can a l l  be ev a lu a ted  

a t  some mean tem perature fo r  th e  sy stem , then  th e re  w i l l  

r e s u l t  a t o t a l  o f  g + s eq u a tio n s on g unknown gas tem pera­

tu r e s  and s unknown w a ll  tem peratures or w a ll  f lu x e s .

I t  i s  to  be noted  a t  t h i s  p o in t  t h a t ,  m ost u n fo r tu n a te ­

l y ,  th e  r e s u l t in g  s e r i e s  o f  s im u lta n eo u s eq u a tio n s i s
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n e ith e r  l in e a r  in  tem perature nor in  any power o f  

tem perature. I f  one i s  w i l l in g  to  a s s ig n  to  th e  

tem perature c o e f f i c i e n t s  mean v a lu e s  fo r  th e  system  then  

th e  ra d ia tio n  term s w i l l  be p r o p o r tio n a l to  th e  fo u r th  

power o f  tem perature w h ile  th e  co n v ec tio n  and b u lk  flo w  

terms are p r o p o r tio n a l to  th e f i r s t  power o f  tem perature.

In  order to  s im p lify  th e  f i n a l  s o lu t io n  o f  th e  e q u a tio n s ,  

i t  i s  a d v isa b le  t o  l in e a r iz e  them by fo r c in g  th e  co n v ec tio n  

and bulk  flo w  term s in to  a fo u r th  power law . I t  would 

a ls o  be p o s s ib le  to  fo r c e  th e  r a d ia n t  terms in to  th e  

f i r s t  power law . However, t h i s  a l t e r n a t e  procedure does  

n ot r e f l e c t  th e  ra d ia n t  dominant n a tu re  o f  th e  f ir e d  h ea ter  

or fu rn a ce . U sin g  th e  f i r s t  method means th a t  th e  co e ffi* -  

c ie n t s  on th e se  terms a re  very  s tr o n g  fu n c tio n s  o f  

tem perature and hence o f  th e  s o lu t io n  to  th e  e q u a tio n s , 

n e c e s s i t a t in g  an i t e r a t i v e  procedure in  s o lu t io n .  D e t a i ls  

o f  t h is  tech n iq u e  w i l l  be p resen ted  la t e r  In t h i s  s e c t io n .

B. R adiant In terch a n g e  in  a B lack  E n closure  

C on ta in in g  a Gray Gas 

To s im p lify  th e  problem  o f  d eterm in in g  th e r a d ia n t  

in terch a n g e  fa c to r s  in  th e  m ost g e n e r a l c a s e ,  i t  was 

decided  to  d eterm in e them f i r s t  fo r  t h i s  s im p le ca se :  An 

en c lo su r e  c o n ta in in g  b la ck  w a lls  (and thus no m u lt ip le
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r e f l e c t io n s )  and f i l l e d " w it h  a gray g a s . In  th e  c a s e  o f  

a s in g le -te m p e r a tu r e  gas zone a s  was d escr ib ed  in  Chapter 

2 , i t  was found p o s s ib le  to  b u ild  up th e  in terc h a n g e  

fa c to r  which a llo w s  fo r  m u lt ip le  r e f l e c t i o n s  from th e  much 

s im p ler  one o f  d ir e c t  in te rc h a n g e  o n ly ;  a s im ila r  s i t u a t io n  

i s  found in  th e  m u lt i-g a s  zone c a s e s .  Futherm ore, th 6  

tech n iq u e  fo r  a llo w a n ce  fo r  a r e a l  gas a s  th e  w eigh ted  

sums o f  a number o f  gray g a se s  a l s o  a p p l i e s . For th e s e  

r e a s o n s , th e  d i r e c t  in te rc h a n g e  f a c t o r s  fo r  th e  g ra y -g a s  

c a s e  w i l l  be ev a lu a ted  f i r s t ;  then  th e  method o f  b u ild in g  

up s o lu t io n s  to  th e  more com plex s i t u a t io n  o f  gray w a lls  

and a r e a l  gas w i l l  be in d ic a te d .

1 . E m ission  from a Volume o f  Gas 

The r a t e  o f  em iss io n  o f  energy from an iso th e r m a l gas 

volum e, i f  th e r e  w ere no a t te n u a t io n  o f  r a d ia t io n  w ith in  

th e  volum e, would be eq u al to  th e  gas e m is s iv i t y  p er  u n it  

volume m u lt ip l ie d  by th e  volume and by "b lack  body" 

em iss io n  a t  th e  same tem perature:

E f  r ' V - V g  • < T T 4
9  J  (3 -5 )

where E * i s  th e  r a te  o f  em iss io n  i f  no a t te n u a t io n  
g

occurs

V  i s  th e  gas e m is s iv i t y  on a volume b a se



V i s  th e  volume o f  th e  gas
g
4

(f  T i s  th e  S tefan-B oltzm ann C onstant tim es th e

tem perature to  th e  fo u r th  power

S in ce  th e  gas volume i s  i n f i n i t e  in  le n g th , some d is ta n c e  

(such  as th e  a c tu a l  len g th  o f  th e  fu rn ace) i s  used in  

c a lc u la t in g  t h i s  volum e.

I t  may r e a d i ly  be shown th a t  th e  gas e m is s iv i t y  on a 

volume b a s is  i s  eq u al to  4k , where k i s  th e  a b so rp tio n  

c o e f f i c i e n t  fo r  a c h a r a c t e r is t ic  gas such th a t  th e  gas 

e m is s iv i t y ,  g ,  i s  equal to  (1  -  G>“kx) . ( 3 3 )

S in c e  fo r  any r e s t r ic t e d  volume o f  gas th e r e  w i l l  be 

a tte n u a tio n  o f  energy o r ig in a t in g  w ith in  th e  volum e, the  

a c tu a l em iss io n  w i l l  be l e s s  than th a t  g iven  by eq u ation  

( 3 - 5 ) .

2 . E m ission  from a S u rfa ce  Area

There i s  no problem in v o lv ed  in  th e  fo rm u la tio n  o f  th e

t o t a l  r a te  o f  energy em iss io n  from a su r fa ce  w hich i s

sim ply eq u al to  th e  su r fa c e  e m is s iv i ty  m u lt ip lie d  by b lack

r a d ia t io n  a t  th e  tem perature o f  th e  s u r fa c e . The v a lu e s

o f  e m is s iv ity  fo r  a wide v a r ie t y  o f  m a te r ia ls  encountered
(34in  in d u s t r ia l  p r a c t ic e  a re  a v a i la b le  in  th e  l i t e r a t u r e .  9
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3 . In terch a n g e  Between Two S u r fa c es

The one-way r a d ia t io n  from su r fa c e  s^ to  su r fa c e  s^

i s  g iv e n  by th e  fo l lo w in g  eq u a tio n  w hich may be co n sid ered

a d e f in i t i o n  o f  th e fa c to r  f  :
SI S 2

(S. 6)

The fa c to r  f g g p la in ly  r e p r e s e n ts  th e  f r a c t io n  o f  th e  
1  2

en ergy  le a v in g  su r fa c e  s^ th a t  i s  in te r c e p te d  by su r fa c e

8 2  and i s  a fu n c tio n  o f  th e  a re a s  and g e o m e tr ic a l

c o n f ig u r a t io n s  o f  th e  two su r fa c e s  a s w e l l  a s  th e

a b so rp tio n  c o e f f i c i e n t  o f  th e  in te r v e n in g  g a s  m ass. For

e v a lu a t io n  o f  th e  f a c t o r s  o f  th e  type f  i t  w i l l  be
s s

assumed th a t  th e  in te r v e n in g  gas has c o n s ta n t  a b so rp tio n

p r o p e r t ie s ,  th a t  i s ,  a c o n s ta n t  a b so rp tio n  c o e f f i c i e n t  k ,

no m a tter  how fa r  a p a rt th e  s u r fa c e s  a r e .  T h is i s  in

accord an ce w ith  an e a r l i e r  sta tem en t th a t  i t  i s

d e s ir a b le  to  e v a lu a te  th e  c o e f f i c i e n t s  on th e  tem perature

term s in  th e  energy b a la n c e s , eq u a tio n s (3 -2 )  and (3 -4 )  a t

some mean tem perature fo r  each  iso th e r m ic  gas volum e.

C onsider two d i f f e r e n t i a l  a rea s  dA_ and dA sep ara ted
1  2

by d is ta n c e s  4 x ,  A y a n d /lz  measured on th e  th r e e  cp o rd in a te  

a x es  and th e r e fo r e  sep a ra ted  by a c e n t e r - t o - c e n t e r  d is ta n c e  

r ,  where:
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i" -  / t £ n ? a + £ ~ ? * + a  2 a  0 - 7 )

The one-way r a d ia t io n  between th e  two d i f f e r e n t i a l  a re a s  i s  

p la in ly  p r o p o r tio n a l to  th e  a re a s  o f  each  as viewed from  

th e  o th e r , in v e r s e ly  p r o p o r tio n a l to  th e  square o f  th e  

se p a r a tin g  d is ta n c e ,  and must be d im in ished  by th e  tr a n s ­

m is s iv i t y  o f th e  in te r v e n in g  gas o f  a b so rp tio n  c o e f f i c i e n t  

k and p ath  le n g th  r .  E xp ressin g  t h i s  m eth em a tica lly  and

p u tt in g  in  th e p r o p o r t io n a lity  c o n sta n t l/'f f /which has
(46)been e s ta b lis h e d  e lse w h e r e , one o b ta in s;

(3 -8 )

I t  i s  now n ecessa ry  to  in te g r a te  t h i s  ex p ress io n  over th e

two f i n i t e  areas A„ and A to  o b ta in  th e  in te r c h a n g e , and
S 1  s 2

com bining t h is  r e s u l t  w ith  eq u ation  (3 -6 )  one can e v a lu a te

th e  fa c to r s  f 0 _ , Due to  th e p resen ce  o f  both  an 
1 2

e x p o n e n tia l term and a p o lynom ial i t  i s  n o t p o s s ib le  to  

in t e g r a t e  eq u ation  (3 -8 )  a n a ly t i c a l l y .  At t h is  p o in t  i t  

i s  adequate to  p o in t  ou t th a t  two d i s t i n c t  c a se s  o f  

in terch a n g e  between su r fa c e s  must be handled -  su r fa c e s  in  

p a r a l l e l  p la n es and su r fa c e s  in  p erp en d icu la r  p la n e s .  

C on sid erin g  th e s e  two c a s e s  on ly  fo r  th e  p a r a l le l  and
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o r th o g o n a l c a s e s ,  one a r r i v e s  a t  th e  two fo llo w in g

e x p re s s io n s  t o  b e  n u m e r ic a lly  I n te g r a te d  to  o b ta in  th e

F :
8 8

Fa = .
6 T +  “  SS/ » S

^ s s " ^A\ C o 5  (j>! C o s c j ) ^  <AAf U A ^

w here r  I s  th e  d i s t a n c e  s e p a r a t in g  th e  In c re m e n ta l

a r e a  dA and dA .

F or O rth o g o n a l P a i r



57

cos &
Z
r

cos i
X
r

dA -  dy dz 
X

dA « dx  dz 
2

Y' *  / /A t i i  + ^ y a  +  4 * a

fsj- ; j- f  f  '-jr ^ r^ d yd y j ig

- C C C f - 7

F or P a r a l l e l  P a i r :
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co s  d> i  g- y / r COS (I *  /p

dA' * dy dz
1  ^ *

dA2 = dx dz

(3-13)

Similar relation&Lps exist for the other possible 
orientations* but will not be given here* It now becomes 
possible to perform numerical Integration on equations 
(3-10) and (3-11) and any of the other required orientations* 

The method of Gaussian quadratures was combined with 
Sfepson’s integration^) to yield the numerics! results*

All of the possible orientations were of the following n
form s

W h e n g .

U  -
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and f ( x ,y )  ta k es  in to  a ccou n t th e  p a r t ic u la r  o r ie n ta t io n  

b ein g  e v a lu a te d , th e  fu n c t io n  can be brought o u ts id e  o f  

th e two in n te r  in t e g r a ls  b ecau se  i t  i s  independent o f  z .

The l im i t s  o f  in te g r a t io n  and a r e  e i th e r  both  

x ,  or b oth  y ,  or x  and y ,  ag a in  depending on th e  o r ie n ta ­

t io n  o f  th e  su r fa c e s  under e v a lu a t io n .

E v a lu a tin g  th e  two in d e f i n i t e  in t e g r a ls  u s in g  

Sim pson's in te g r a t io n  o f  th e  fo llo w in g  form:

f V c * ) * ’*’ -  — + ^ C a +*»') + 9L-PfCL 4-a h )  4
3 L

4 f f a + - 5 h )  +- +  4 - f  ( a + f c / w j - i j M  +

(3 -1 5 )

where h = (b -  a ) / 2m

and m i s  th e  number o f  s u b d iv is io n s  u sed .

C on sid erin g  th e in n er  in t e g r a l  o f  (3 -1 4 )  and a llo w in g

U2  = x^ + y 2  and r = J x^ + y^ + z 2  r e s u l t s  in :

f Z  e-"h j?±-
~  ' - C O  —-----r~.------a ,  j ' a  (3 -1 6 )

r  (  l +  2 a/ a a ) a
L e tt in g  w = z /u  or dz = udw y ie ld s :

CO _

Q  ~ i+ti/Z C / a n -  q q  /rr-= r
■op — - 7 - .--------------— —  -  j _  - k i / v w s :

^  l/* I

: (3 - n j
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D efin in g :

f ( k o ) '= . f  f ---------------- — d h /
'  (  \ W  & )

V 1 7  (3 -1 8 )

N oting:

r o o  „  -  K C /V T T w a
F C « < /)=  7  j  J : ________________

0  f i t * * ) *  (3-19)

/ v
Jr\ f I . L /P   ̂^/ V

o  Q I -V- w g )

Equation (3 -1 9 ) can now be ev a lu a ted  from eq u ation  (3 + 1 5 ).

The replacem ent o f  th e  upper l im i t  in  eq u ation  (3 -1 9 )  

t o  a v a lu e  o f  40 was j u s t i f i e d  by e v a lu a t in g  (3 -1 9 ) fo r  

a v a lu e  o f  KU = 0 , s in c e  when t h is  s u b s t i t u t io n  i s  made, 

eq u a tio n  (3 -1 9 )  can be ev a lu a ted  a n a ly t i c a l ly  y ie ld in g  

a v a lu e  o f

F ( o ) - a r _ ^

=  i l i f i + u , * )  + j &  T « * i - , ( ^ ) J oa ^ ' n ' / ? - 3

The num erical e v a lu a t io n  o f  (3 -1 9 )  u s in g  th e  upper 

l im i t  o f  40 and u s in g  h = .05  i . e .  e v a lu a t in g  800 terms
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in  the Simpson in te g r a t io n )  r e s u lte d  in  a v a lu e  o f  F (0 ) =

1.570795£r tr/a).
I t  i s  im portant to  n o te  th a t  KU w i l l  a lw ays be  

p o s i t i v e ,  so  th a t  th e  e v a lu a t io n  o f  (3^19) by S im pson's  

R ule w i l l  r e s u l t  in  n um erica l v a lu e s  sm a lle r  than  

fo r  K = 0 (a c le a r  g a s ) .

S e tto n g  KU = 0 to  ev a lu a ted  F(KU) r e s u l t s  in  th e  

l a r g e s t  n um erica l d e v ia t io n  from th e  c o r r e c t  v a lu e  o f  

th e  fu n c t io n .

The v a lu e  o f  F(KU) can now be ev a lu a ted  s e p a r a te ly  fo r  

v a r io u s  v a lu e s  o f  KU. T h is p rocedu re was ca r r ie d  out fo r  

v a lu e s  o f  KU v a ry in g  betw een 0 and 2 0 , a s  shown on 

F igu re 4 .  Above 20 th e  c o n tr ib u t io n s  o f  th e  terms 

c o n s t i t u t in g  th e  n u m erica l e q u iv a le n t  o f  th e  in t e g r a l  

made no s i g n i f i c a n t  c o n tr ib u t io n  to  th e  c a lc u la t io n  o f  th e  

v iew  fa c to r  and thu s was taken a s  0 .  T h is would correspond  

to  a beam le n g th  o f  ap p roxim ately  60 f e e t .  The v a lu e  b e in g  

d isca rd ed  r e s u l t s  in  an erro r  l e s s  than one p a r t in  a 

m il l i o n ,  p rev io u s  to  t h i s ,  g r a p h ic a l in te g r a t io n  tech n iq u es  

cou ld  o n ly  y ie ld  r e s u l t s  th a t  were a c c u r a te  to  one p a r t  in  

a hundred.

The fu n c t io n  o f  F(KU) v er su s  lo g  (KU) was then  f i t t e d  

to  a 7th  order p o ly n o m ia l, in  ord er to  g e t  th e  b e s t  

p o s s ib le  f i t ,  th e  fu n c t io n  was broken down in to  fo u r  r a n g e s ,



a se p a r a te  p o lyn om ia l b e in g  used  fo r  each in t e r v a l .  The

r e s u l t s  o f  th e s e  cu rve f i t s  can be found in  A ppendix B

w hich g iv e s  th e  F ortran  l i s t i n g  o f  th e  c a lc u la t io n
(19)

p ro ced u re . The r e s u l t s  a r e  shown in  F unction  W.

Once th e  v a lu e  o f  F(KU) i s  d eterm in ed , i t  i s  

n ec e ssa r y  to  e v a lu a te  th e  r e s t  o f  th e  eq u a tio n  ( 3 - 1 4 ) .  

T h is i s  done by u s in g  G aussian  q u a d r a tu r e s ,^ ^  th e  

r e la t io n s h ip  i s :

A - ' (3 -2 1 )

Where W

used  by th e  H erm ite in te g r a t io n s

X i s  th e  a s s o c ia te d  v a lu e  o f  th e  in dependent 
i

v a r ia b le
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T h is r e la t io n s h ip  i s  a p p lied  tw ic e  to  eq u ation  (3 -1 4 )  

t o  y i e l d : ^

p 5 s = £  v *  f  ^  f  • F ( t ' k ’)

* JT (3 -2 2 )

In  doing th e  c a lc u la t io n  i t  was d ecided  to  u se  a v a lu e  o f  

9 fo r  N, r e s u l t in g  in  81 c a lc u la t io n s  fo r  th e  determ in a­

t io n  o f each Fgs term . The v a lu e  o f 9 fo r  N was s e le c te d  

as a compromise between accuracy and tim e req u ired  to  

perform  th e  c a lc u la t io n .

4 . In terch a n g e  Between a Volume o f  Gas and a 

Bounding S urface  

The d e f in in g  eq u ation s fo r  th e  one-way r a d ia t io n , gas 

to  su r fa ce  or su r fa c e  to  g a s , a re  as fo llo w s:

^ 5 9  2 ‘ « T S (3 -2 3 )

(3 -2 4 )

As T  ̂ approaches T , th a t i s  a s  th e  tem peratures o f  th e  

two elem ents approach each o th e r , th e  v a lu es  o f  q must 

l ik e w is e  approach each other and i t  fo llo w s  th a t;

(3 -2 5 )
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F orm erly , when th e  v a lu e s  o f  F w ere c a lc u la te d  by
s s

tech n iq u es  w ith  an estim a ted  er ro r  in  one p a r t  p er  

hundred, th e  d if f e r e n c e  betw een th e  s i x  v a lu e s  was sm all 

in  com parison to  th e  m agnitude o f  th e  s o lu t io n .  By 

u s in g  th e  computer t h i s  problem  has been  e l im in a te d ,  

and th e  e r ro r  reduced to  ap p rox im ately  one p a r t  in  a 

m il l i o n .

In  our two d im en sio n a l m odel th e  r a d ia t io n  e n te r in g

and le a v in g  th e  i n f i n i t e  a re a s  can n o t be "viewed" by th e

s u r fa c e .  T h is means th a t  o n ly  a t o t a l  o f  fo u r  v a lu e s  o f

f  need to  be c a lc u la te d  and summed to g e th e r  w ith  the  s s

a p p r o p r ia te  s ig n  to  y ie ld  th e  d e s ir e d  v a lu e  o f  ^gg»

In  in stru m en tin g  t h i s  p rocedu re on th e  com puter,

g r e a t  ca r e  m ust be taken  in  th e  d e term in a tio n  o f  th e  c o r r e c t

o r ie n t a t io n .  Once t h i s  i s  a cco m p lish ed , i t  becomes p o s s ib le

to  u se  th e  a lr ea d y  e x i s t in g  p roced u res f o r t t h e  c a lc u la t io n s

o f  th e  v a lu e s  o f  f  . The rea d er  i s  r e fe r r e d  to  th e  F ortrans s
l i s t i n g  o f  th e  c a lc u la t io n  p roced u res and s p e c i f i c a l l y  to  

FUNCTION SG, on page 96 o f  A ppendix B.

5 . In terch a n g e  Between Two Gas Volumes 

The d e f in in g  eq u a tio n  fo r  t h is  f i n a l  c a s e  o f  one­

way r a d ia t io n  exchange, th a t  i s  th e  energy  t r a n s fe r  from one  

volum e t o  a n oth er  in  th e  system  may be w r it t e n  a s :



(3-26)

The m eaning o f  t h i s  ty p e  o f  in te rc h a n g e  a r e a s ,  as

b e f o r e ,  i s  th e  f r a c t io n  o f  th e r a d ia t io n  o r ig in a t in g  in

one elem ent th a t  rea ch es  and i s  absorbed by any o th e r  in

th e  sy stem . I f  th e  two s u b s c r ip ts  g r e f e r  to  th e same

gas volum e, q r e p r e s e n ts  th e  r a d ia t io n  o r ig in a t in g  in  th e

volum e q and absorbed by i t s e l f  b e fo r e  rea ch in g  th e  
gg

boundary s u r fa c e .

Once aga in  th e  fa c to r  f  i s  fu n c t io n  o f  th e geom etry
gg

o f  th e  system  and th e  a b so rp tio n  c o e f f i c i e n t  o f  th e  g a s .

J u s t  a s  i t  was p o s s ib le  to  o b ta in  f gg by p ro p er ly  add ing

up s i x  v a lu e s  o f  f  i t  i s  a l s o  p o s s ib le  to  c a lc u la t e  f
s s  r gg

by th e  a p p ro p r ia te  a d d it io n  o f  s i x  v a lu e s  o f  f g g in  a

system  where th e  gas volum es have f i n i t e  le n g th . P la in ly ,

f  m ust eq u al th e  sum o f  th e  f  v a lu e s  to  th e  near  
gg gs

fa c e s  o f  th e second volum e, minus th e  sum o f  th e f
gs

v a lu e s  seen  dim ly through th e  volum e.

In  th e  two d im en sio n a l model b e in g  developed  in  t h i s  

s tu d y , o n ly  fou r v a lu e s  o f  f  need to  be computed, th e  

two ed ges a t  th e  end o f  th e  f i n i t e  a x is  b e in g  unab le to  

v iew  each o th e r .



67

The e v a lu a t io n  o f  f  a g a in  re q u ir e s  the e v a lu a t io n
o®

o f  fou r f  terms* T his means fo r  each  f  terra 
s s  SS

c a lc u la te d , a t o t a l  o f  s ix t e e n  f aa terms need to  be
S 9

eva lu a ted *  W ith the o r ie n ta t io n  determ ined , the

e v a lu a t io n  o f  f  I s  accom plished  by u s in g  FUNCTION SG
SS

w hich  in  tu rn  u se s  FUNCTION SS.

C a lc u la t io n  o f  D ir e c t  Energy T ransfer  

I t  w i l l  be u s e f u l  a t t h i s  p o in t  to  d e fin e  a new 

type o f in terch a n g e  fa c to r  -  one th a t  when m u lt ip lie d  by 

( S ’ T^ the b la c k  e m iss iv e  power o f  a u n it  su r fa ce  a t  the  

tem perature o f  the r a d ia t in g  zone w i l l  y ie ld  d i r e c t ly  the  

r a te  o f en erg y  a b so rp tio n  by any o th er  zone in  th e sy stem . 

A gain the r e a c e r  i s  reminded th a t  d is c u s s io n  i s  p r e s e n t ly  

r e s t r ic t e d  to  one in  which a l l  su r fa c e s  are p e r f e c t  

a b so rb ers . These f a c t o r s ,  in  s im p lif ie d  nom enclature, 

w i l l  alw ays be w r it t e n  as two l e t t e r s  -  e i t h e r  s s ,  s g ,  

g s or gg -  where g and s stan d  f o r  gas and su rfa ce  

r e s p e c t iv e ly .  Furthermore each  o f  the l e t t e r s  w i l l  have 

a numerical su b s c r ip t  to  id e n t i f y  w hich p a r t ic u la r  volume 

or su rfa ce  i s  under co n s id er a tio n *  For example the energy  

tr a n sfe r r e d  from  su r fa ce  2  to  g a s  volume 1). i s  equal to  

S2 ®[|.*Wa2 * 8  *mH a r3Ly* fck® tr a n s fe r  from gas volume k  to  

su r fa ce  2 I s  S^s 2 ® ĝl|.* w ^ e r 0  ^ *s aqual to  the r a te  o f  

em iss io n  from  u n it  area  o f  a b la c k  body a t  a tem perature
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in d ic a te d  by su b sc r ip t  ( i . e . .  tem perature o f  su r fa ce  n) . 

S in c e , a s th e tem perature o f  the gas zone and the su rfa ce  

zone approach each o th er  ( i . e .  as th e v a lu e s  o f  W approach  

each o ther) the n e t tr a n s fe r  between th e  two zones must be

in  which two zones are m entioned i s  im m ater ia l. This same 

rea so n in g  a p p lie s  to  both  s u r fa c e -su r fa c e  and g a s-g a s  

r a d ia t io n .

The u se  o f four symbols to  d e sc r ib e  in terch an ge areas - 

two to  in d ic a te  the typ es o f  zones in v o lv ed  (gas or 

su r fa ce )  and two to  in d ic a te  the p a r t ic u la r  zones - 

i s  a n ecessa ry  consequence o f  having more than one gas zone 

in  th e  e n c lo su r e .

I t  i s  noted th a t  th e  t o t a l  o f  a l l  th e  in terch an ge areas  

from any one zone to  a l l  o th er  zones in  th e  en c lo su re  

in c lu d in g  i t s e l f  must add up to  the energy o r ig in a t in g  from 

th a t same area per u n it  em iss iv e  power. Expressed  

m ath em atica lly :

zero ; th e  on ly  way th a t  t h is  can happen i s  fo r  to

equal §^S2 » an<* th u s , in  t h is  type o f  form u lation  the order

51 Sf + 5,S& V S, S 3  *+ +• • '  - S i  9 i  +  S, g a  +  S ,  •** S / A 3 1

(3 -2 7 )

or

(3 -2 8 )
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and 9 ) 3 . + 9 - 5 >  + 5 ' 5 ^  +  +

(3 -2 9 )

A
(3 -3 0 )

D. A llow an ce fo r  G rayness o f  W alls

The d is c u s s io n  w hich fo l lo w s  sum m arizes th e  work o f
( 3 3  an , (18 )

H o t t e l '  ' and Cohen
(18)

A l l  d is c u s s io n  up to  t h i s  p o in t  has been  concerned  w ith  

a sy s ta n  in  w hich a l l  w a l ls  were p e r f e c t  a b so rb ers s o  th a t  

any en ergy  w hich reach ed  a w a ll  s u r fa c e  was n o t r e f l e c t e d  

back in t o  th e  sy stem , hence t o t a l  or p e r f e c t  a b so r p tio n  

took  p la c e .  In  g e n e r a l ,  how ever, th e  w a l ls  o f  a fu rn a ce  

a r e  n o t b la ck  b u t a r e  ca p a b le  o f  r e f l e c t i n g  some o f  th e  . 

en ergy  in c id e n t  upon them . T h is r e f l e c t e d  energy  i s  d i s ­

t r ib u te d  among a l l  th e  gas and a l l  th e  s u r fa c e s  in  a c c o r d ­

an ce w ith  th e  g e o m e tr ic a l c o n f ig u r a t io n  o f  th e  v a r io u s  

s u r fa c e s  and th e  a b so rb in g  power o f  th e  g a s;  and th a t  p o r t io n  

in c id e n t  on th e  s u r fa c e  i s  a g a in  p a r t i a l l y  absorbed and 

p a r t i a l l y  r e f l e c t e d  to  r e p e a t  th e  p r o c e s s  ad in f in itu m . The 

r e s u l t  i s  an ex trem ely  com plex s i t u a t io n  n e c e s s i t a t in g  a 

c o n d is e r a t io n  o f  a l l  p o s s ib le  beams o f  o r ig in a l  en ergy  and 

th e  r e s u l t s  o f  an i n f i n i t e  number o f  r e f l e c t i o n s  a t  th e  w a l l s .
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The tech n iq u e  fo r  making a llo w a n ce  fo r  t h i s  com p lica ted  

problem  to  be g iv e n  h er e  i s  s im p ly  an e x te n s io n  o f  th e  one 

p resen te d  by H o t t e l ^ ^  fo r  th e  o n e-g a s  zo n e , m u lt i ­

su rfa ced  e n c lo s u r e . As in  H o t t e l ' s  trea tm en t where th e  

d ir e c t  in te r c h a n g e  betw een two zon es was eq u al to  

or m u lt ip l ie d  by th e  d i f f e r e n c e  in  e m is s iv e  pow ers,

so  in  th e  p r e s e n t  c a s e  i t  i s  eq u a l to  a fa c to r  g^g2 » S2 S3 > 

e t c .  S im i la r ly ,  i f  one a llo w s  fo r  th e  m u lt ip le  r e f l e c t i o n s  

w ith in  th e  e n c lo s u r e , d e fin e d  a s  G^G2 » Gl Si  or S1 S1 * one 

can e v a lu a te  such  f a c t o r s  a s  G s, GG, or SS from th e  

d ir e c t  f a c to r s  g s ,  gg or s s .  N ote th a t  th e  fa c to r s  GG, GS, 

and s s  l i k e  t h e ir  lo w e r -c a se  co u n te rp a r ts  a l l  have th e  

d im ensions o f  a r e a .

I t  i s  p la in  th a t  th e  in te rc h a n g e  area  betw een any  

two zones in  th e  e n c lo su r e  can n ot be a fu n c t io n  o f  tem pera­

tu r e  a s  lon g  a s  th e  p h y s ic a l  p r o p e r t ie s  o f  th e  system  

( e m i s s i v i t i e s  and a b s o r p t iv i t i e s )  a r e  in depend en t o f  

tem p eratu re . T h erefo re  one i s  j u s t i f i e d  in  e v a lu a t in g  th e  

in terch a n g e  a r e a s  a t  any co n v en ie n t tem perature and th e  

r e s u l t s  w i l l  be c o m p le te ly  g e n e r a l .  The problem  o f  

e v a lu a t in g  th e  in te rc h a n g e  a re a s  i s  v ery  much s im p li f ie d  

i f  one ca u se s  th e  tem perature o f  ev ery  su r fa c e  and gas zone  

e x c e p t  one to  be m ain ta in ed  a t  a b s o lu te  zero  and a s  a c o n se ­

quence th e  e m is s iv e  powers o f  ev ery  zone ex cep t one area  a re
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a l l  a e r o . T h is n e c e s s i t a t e s  some s o r t  o f  energy w ithdraw al 

from a l l  z o n e s , in c lu d in g  th e  gas zo n es , by means u n sp e c i­

f ie d  but n o t in t e r f e r in g  w ith  tr a n sm iss io n . Furtherm ore, 

one can l e t  th e  tem perature o f  th e  one e m it t in g  zone be

such th a t  i t s  b la ck  e m iss iv e  power i s  u n ity ;  i . e .  such th a t  
_  4
<y T i s  u n it y .  As a r e s u l t  o f  m a in ta in in g  th e  tem perature  

4a t  (T T = 1 a t  th e  s in g le  su r fa c e  or gas zo n e , th e r e  w i l l

be a r a d ia n t  f lu x  a t  anil toward every  su r fa c e  in  th e  system ,

and a t  and away from i t  a s  w e l l  due S o le ly e to o o r ig in a l

em ission  from th e  one zone and to  th e  m u lt ip le  r e f l e c t io n s

w ith in  th e  e n c lo su r e . In  a b la ck  system  t h i s  r e f le c t e d

f lu x  w ould , o f  co u r se , be eq u al t o  z e r o . The term in ology

to  d e sc r ib e  t h i s  ou tgo in g  f lu x  d e n s ity  w i l l  be R w ith  a

p r e su b sc r ip t  d e s ig n a t in g  th e  o r ig in a l  sou rce  o f  th e  energy

and a f i n a l  s u b s c r ip t ,  th e  r e f l e c t in g  s u r fa c e . Thus i f

gas zone g^ were th e  on ly  e m itte r  in  th e sy stem , th e  f lu x

d e n s ity  a t  su r fa c e s  s^ , s ^ ,  would be in d ic a te d  by

g_̂ Rs ^, g^RS2 >.............. S im ila r ly  i f  su r fa ce  s^ were th e  on ly

o r ig in a l  e m itte r  th e  f lu x  d e n s ity  a t  su r fa c e s  ..........

would be s Rs , g R ...............bu t th e  f lu x  d e n s ity  a t
1 2  1 3

su r fa ce  s would be equal to  R„ due to  r e f l e c t io n s  
1  S 1  S 1  

co rrec ted  fo r  £  to  a llo w  fo r  o r ig in a l  em iss io n  from
S 1

th e  s u r fa c e .
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i .  O r ig in a l E m itter  i s  a Gas Zone

I f ,  fo r  exam ple, gas zone i s  th e  s o le  o r ig in a l

e m itte r  then  th e t o t a l  r a d ia n t f lu x  a t  and away from any

su r fa c e  such as s^ in  th e  system  i s  d es ig n a ted  as

„ R0  • A_ • (TT^, S in c e  t h i s  i s  th e  r e f l e c t e d  f lu x ,
§ 1  S 1  S 1

i f  one m u lt ip l ie s  i t  by th e  r a t io  o f  th e  a b s o r p t iv ity  (eq u a l

to  e m is s iv ity )  o f  th e  su r fa c e  to  th e  r e f l e c t i v i t y  o f  th e

su r fa c e  ( th e  complement o f  a b s o r p t iv ity )  th e  r e s u l t  w i l l  be

th e  absorbed energy a t  th e  s u r fa c e , and s in c e  th e  v a lu e  
4

o f  ( fT  o f  th e o r ig in a l  e m itte r  was made eq u al to  u n it y ,  

t h i s  m ust by d e f in i t io n  be id e n t ic a l  w ith  th e  d es ir ed  

f a c to r  G^s^. E xp ressin g  t h i s  s ta tem en t more g e n e r a lly  

by co n s id er in g  th e  i - t h  gas zone and th e  j - t h  su r fa c e  zone;

S 3  ' - 5 i  £ >j-
(3 -3 1 )

In  order to  determ ine th e  v a lu e  o f  th e  r e f l e c t e d  f lu x  R 

a t  any su r fa c e  one can w r ite  an energy b a la n ce  on each  

s u r fa c e . The t o t a l  r a t e  o f  energy impingement on su r fa c e  

s^  i s  eq u a l to  th e  c o n tr ib u t io n s  from a l l  th e  su r fa c e s  in  

th e  system  in c lu d in g  i t s e l f  p lu s  th e  energy  i t  r e c e iv e s  

d ir e c t ly  from th e  s in g le  gas zone w hich i s  th e  o r ig in a l  

e m it te r . I f  th e  sum o f  a l l  th e se  term s i s  then  m u lt ip lie d
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by th e  su r fa c e  r e f l e c t i v i t y ,  then  th e  r e s u l t  which i s

th e  r e f l e c t e d  f lu x  m ust be eq u al t o  R- * A_ . T h is
S i  s i  s i

summation can be c a r r ie d  o u t fo r  ev ery  s u r fa c e  in  th e

system  y ie ld in g  a s e t  o f  e q u a tio n s , one fo r  each s u r fa c e ,  

a s  fo llo w s :

f s ,  S ,  • ^ f ?  u  +  S, Sg, ■ ^  l?5jl +  • • ■ A si 'j F 9>

f  3 ,  H p i  5 ,  +  h  %  'b ••

r  5 >S S  +  5 5  f  Sp +  ■ • '̂ A Syl  S 3

’

(3 -3 2 )

I t  i s  apparent th a t  th e  t o t a l  number o f  eq u a tio n s  in  s e t

(3 -3 2 )  i s  e x a c t ly  eq u a l t o  th e  number o f  unknown

r e f l e c t e d - f l u x  d e n s i t i e s  R .
s

E xp ression  (3 -3 2 )  in  m a tr ix  form:

1̂1 ■ I ( 3 - 3 3 )
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Equation (3 -3 3 )  can then  be S olved  by ta k in g  th e  

m a tr ix  in v e r se :

P -  r ( D (  ' *  I ̂ _ I A I
(3 -3 4 )

The read er i s  a g a in  r e fe r r e d  to  A pprendix B to  SUBROUTINE

INVERT Rage 104 to  g e t  th e  d e t a i l s  o f  th e  in v e r s io n

p roced u re . The in v e r t  a lg o r ith m  ta k e s  advantage o f  th e

f a c t  th a t  D i s  a d ia g o n a lly  dom inant m a tr ix .

From th e  v a lu e s  o f  th e  r e f l e c t e d  f lu x  d e n s ity  a t  th e

v a r io u s  s u r fa c e s  i t  i s  a l s o  p o s s ib le  to  c a lc u la t e  th e

t o t a l  in terch a n g e  fa c to r  betw een any two gas cu b es .

I f  gas zone g i s  th e  o r ig in a l  e m it te r ,  then  th e  t o t a l  
1

r e c e p t io n  a t  any o th e r  gas zone g^ i s  eq u al to  th e  d ir e c t  

r a d ia t io n  from g to  g (eq u a l t o  g-,S9) p lu s  th e  sum o f
x  Z  x  ^

th e  p rod u cts o f  th e  r e f l e c t e d  f lu x  a t  each s u r fa c e  in  th e

system  m u lt ip lie d  by th e  f r a c t io n  o f  th a t  f lu x  w hich re a ch es

and i s  absorbed by gas zone g^ . A ga in , s in c e  th e  b la c k -

body em iss io n  from zone g^ has been  s e t  a t  u n ity  t h i s  sum

r e p r e se n ts  th e  d e s ir e d  fa c to r  G G . The g en er a l e x p r e s s io n
*■

fo r  t h i s  f a c to r  betw een any two gas zon es m and n then  

becom es:

$/m fr/v) ^  C  ^ >j ( 3- 35)
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i i .  o r ig in a l  E m ission  in  a S u rface  Zone

In ord er to  o b ta in  th e  one rem aining fa c to r  -  

in terch a n g e  betw een two su r fa c e s  -  i t  i s  n ec e ssa r y  to  l e t  

one o f  th e  su r fa c e  zones be a t  such  a tem perature th a t  

i t s  b la ck  body em iss io n  would be eq u al to  u n ity  and to  

l e t  a l l  o th er  su r fa c e s  as w e l l  a s  a l l  gas zones be a t  

a b so lu te  z e r o , une can ag a in  w r it e  energy b a la n ces  on 

each su r fa c e  in  th e  system , th e  on ly  changes b e in g  th a t  

th e re  w i l l  be no d ir e c t  r a d ia t io n  from th e  gas and th a t  

th e  su r fa c e  th a t  i s  th e  o r ig in a l  e m itte r  w i l l  send o u t , in  

a d d it io n  to  th e  r e f le c t e d  f lu x  term , an amount o f  energy  

p e r w iit  area  eq u al to  i t s  e m is s iv i t y .  The s e t  o f  

r e s u lta n t  eq u a tio n s  fo r  t h i s  c a s e  where su r fa c e  s  i s

(3 -3 6 )
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J u s t  a s  b e fo r e  th e  t o t a l  number o f  eq u a tio n s  i s  eq u a l to  

th e  t o t a l  number o f  unknown r e f l e c t e d  f lu x  d e n s i t i e s  and 

th e  s o lu t io n  fo r  any one o f  them may be w r it te n  a s:

where D i s  e x a c t ly  th e  same a s  th e  e x p r e ss io n  ob ta in ed  

e a r l i e r  and g iven  in  eq u a tio n  ( 3 - 3 3 ) .

E. A llow an ce fo r  a R ea l Gas

I t  has a lr e a d y  been  shown in  C hapter 2 , th a t  i t  i s  

p o s s ib le  to  ap proxim ate th e  b eh a v io r  o f  a r e a l  gas in  a 

system  by c o n s id e r in g  i t  to  be a w eigh ted  sum o f  gray  

g a se s  and one c le a r  g a s ,  each w eigh ted  in  p ro p o rtio n  to  

th e  energy f r a c t io n  o f  th e  spectrum  th a t  i t  o c c u p ie s .  

Furtherm ore, s in c e  in  m ost sy stem s i t  i s  th e  f i r s t  beam 

th a t  i s  th e  im portan t one a l l  s u c c e s s iv e  beams undergo  

d ou b le  a t te n u a t io n  by th e  gas and th e  s u r fa c e  on each  

p a s s ,  an ad eq u ate approxim ation  to  th e  r e a l  gas i s  th e  

s im p le  sum o f  two c h a r a c t e r i s t i c  g a se s  -  one h av in g  an 

a b so rp tio n  c o e f f i c i e n t  k and occup yin g  th e  f r a c t io n  "a”

(3 -3 7 )

H o t t e l ^ ^  and C o h e n d e m o n s t r a t e  th a t

(3 -3 8 )
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o f  th e  Spectrum , th e  second b e in g  a c le a r  gas (a b so r p tio n  

c o e f f i c i e n t  e q u a ls  z ero ) and occup yin g  th e  f r a c t io n  " l - a ” 

o f  th e  spectrum .

Une i s  ca u tio n ed  th a t  such an ap proxim ation  would n o t  

b e v a l id  in  a system  where th e  i s  soIQ*' th a t  th e  gas  

t r a n s m is s iv ity  i s  v ery  h ig h  and where th e  w a lls  a r e  

h ig h ly  r e f l e c t i v e .  For th e  s in g le -g r a y  + c le a r -g a s  c a se  

th e  e m is s iv i t y  and a b s o r p t iv i ty  a r e  then  r e la te d  to  th e  

p a th  le n g th  x  a s  fo l lo w s :

I f  one then  f i t s  th e  above e x p o n e n tia l to  th e  a c tu a l  

e m is s iv i t y  v e r su s  p a th  le n g th  cu rve fo r  a r e a l  g a s ,  a t  a  

p a th  le n g th  eq u a l t o  th e  prim ary p ath  le n g th  fo r  th e  sy stem , 

and a t  tw ic e  t h i s  v a lu e ,  m ath em atica l m a n ip u la tio n  le a d s  

t o  th e  fo l lo w in g  e x p r e ss io n  fo r  "a", th e  f r a c t io n  o f  th e  

spectrum  occup ied  by th e  gray p o r t io n :

(3 -3 9 )

(X -
(3 -4 0 )
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The v a lu e  o f  kL fo r  t h i s  ca se  i s  then  eq u al to :

K t - -  u  ( ■ & . )  '  L *  ( t &  )
(3 -4 1 )

In  b oth  th e  above e x p r e ss io n s  r e f e r s  to  th e  gas

e m is s iv ity  ev a lu a ted  a t  th e  c h a r a c t e r is t ic  path  le n g th  fo r

th e  system  and £  i s  th e  e m is s iv i t y  eva lu a ted  a t
2

tw ice  th a t  p a th  le n g th .

s in c e  ^  i s  a fu n c tio n  o f  tem perature, i t  i s  now 
x

p o s s ib le  to  f in d  a s e r ie s  o f  " £  " a t  d i f f e r e n t  tem pera­

tu r e s  and c a lc u la t e  th e  corresp on d in g  v a lu e s  o f  "a” .

The r e s u l t in g  v a lu e s  o f  "a" can now be f i t t e d  to  p o lyn om ia ls  

in  tem perature r e s u l t in g  in :

r

(3 -4 2 )

The v a lu e  o f  £  was c a lc u la te d  from a r e g r e s s io n  f i t  

o f  th e  e m is s iv i t y  data  rep orted  by H o tte l  in  McAdams 

Chapter 4 . ^ ^  The re g re ssed  data  f i t  co n s id e r s  carbon  

d io x id e , s u lfu r  d io x id e  and w ater vap or. The c a lc u la t io n  

procedures a re  p resen ted  in  th e  F ortran  program in  Appendix  

B FUNCTION i£Ml2>i>. The reg ressed  curve f i t  tak es in to
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c o n s id e r a tio n  th e  p a r t ia l  p r e ssu r e  o f  th e  com ponents, 

th e  t o t a l  p re ssu r e  o f  th e  system  and th e  tem perature o f  

th e  gas system  b e in g  determ in ed .

Once th e  v a lu e  o f  ,fa M has been  determ ined as a fu n c tio n  

o f  tem perature i t  can be a p p lied  to  th e  fo llo w in g  eq u ation :

s s =  <X +  CI ~a )E Ssl  fa -o
(3 -4 3 )

The v a lu e  o f  f s s j } ^  r e p r e se n ts  th e  v a lu e  o f  th e

in terch a n g e  area  eva lu a ted  fo r  a c le a r  g a s .

«  l ^ K L  (3 -4 4 )

& &  s  a  £ ( r ( r j  y ,L
(3 -4 5 ;

$

I t  i s  to  be noted  t h a t ,  a s  a r e s u l t  o f  t h i s  r e a l- g a s
ft

ap proxim ation , s e v e r a l  im portant changes have been made;

1 . In  a d d it io n  to> th e  fa c t o s  SS, 5G and GG ev a lu a ted  

a t  kL by th e  methods o f  th e  p rev io u s  s e c t io n s ,  one 

m ust e v a lu a te  a new s e t  o f  th e  S S -fa c to r s  fo r  th e  

c le a r  gas p o r tio n ;  i . e .  a t  kL = 0 .

2 . As b e fo r e , th e  sun o f  th e  t o t a l  in terch a n g e  fa c to s  

from any su r fa c e  to  a l l  su r fa c e  and gas zon es i s
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eq u a l to  th e  s u r fa c e  e m is s iv i t y  tim es th e  a r e a .

The sum o f  th e  fa c t o r s  from one gas zone to  a l l  

z o n e s , how ever, i s  now g iv e n  by:

^  ^  f  SJ  *  +  * + « *  (3 -4 6 ;

The v a lu e s  o f  th e  p a r t ia l  p r e ssu r e  o f  Cu , ou and
2 2

H 0 a r e  c a lc u la te d  v ia  a f l u e  gas a n a ly s i s .  No a ttem p t was 
2

made to  c a lc u la t e  th e  v a lu e s  o f  p a r t ia l  p r e s su r e  w ith in  each  

iso th erm , th e  f lo w  p a tte r n s  b e in g  assumed known throughout  

th e  sy stem .

In  e v a lu a t in g  th e  t o t a l  in te rc h a n g e  areas w ith in  a

g iv en  zo n e , each in  turn  was co n sid ered  to  b e th e  o r ig in a l

e m it te r . T h is  enabled  th e  e v a lu a t io n  o f  th e  s e t  o f

fa c to r s  a t  th e  KU o f  th e  e m it t in g  zo n e . T h is means th a t

G G no lo n g er  i s  eq u al to  G G . s i n c e  each i s  now based  
1 2 2 1

on e v a lu a t io n s  a t  d i f f e r e n t  tem p era tu res.

I t  was n e c e ssa r y  f i r s t  to  e s t im a te  a l l  th e  tem peratures  

in  th e  system  and th en , a f t e r  th e  f i n a l  s o lu t io n  to  th e  

problem , r e v i s e  th e  e s t im a te s  o f  tem perature and r e p e a t  

th e  co m p u ta tio n a l p roced u re . T h is procedure was con tinu ed  

u n t i l  th e  d i f f e r e n c e  betw een th e  guessed  v a lu e s  and th e  

a c tu a l v a lu e s  was l e s s  than .5 °  Jiankin.
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T h is p roced u re, however,- i s  n o t co m p lete ly  r ig o ro u s  

s in c e  om sh ou ld  a llo w  fo r  th a t  f a c t  th a t  th e  kL o f  th e  gas  

i s  c o n s ta n t ly  changing w ith  p ath  le n g th . I t  i s  co n ce iv a b le  

th a t  one co u ld , fo r  each in d iv id u a l problem , s t a r t  a t  th e  

b eg in n in g  and re p e a t th e  n um erica l in t e g r a t io n s ,  a llo w in g  

fo r  th e  f a c t  th a t  th e  a b so rp tio n  c o e f f i c i e n t  was changing  

as one moved a lo n g  a p ath  le n g th . I t  should  be stated  th a t  

th e  computer tim e in v o lv ed  in  such a tech n iq u e would be 

a b s o lu te ly  p r o h ib it iv e  fo r  e n g in ee r in g  c a lc u la t io n s .

F . Energy Balance o f  Gas Volumes

The energy b a la n ce  on th e  gas volumes and th e  su r fa c e  

area have been decoupled  . T h is procedure has two c h ie f  

a d v a n ta g es:

1 . I t  red u ces th e  com p u tation a l m agnitude o f  th e  

energy b a la n ces  t o  more m anageable s i z e .

2 . I t  ta k es  advantage o f  w a ll  tem perature b e in g  

r e l a t i v e l y  s t a b le  due to  th e  p resen ce  o f  s in k s  

( i . e .  th e  r e a c to r > .

The d isa d v a n ta g e  o f  th e  procedure i s  th a t  th e  

convergence procedure has to  be rep eated  fo r  th e  su r fa c e  

and volume energy b a la n c e s .

The term q in  th e  energy b a la n ce  on a gas zone in  
B

eq u ation  (3 -2 )  r e p r e se n ts  th e  n e t  energy tr a n s fe r r e d  to  th e
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mones by th e  bulk  flo w  o f  th e gas stream* I t  i s  equal to

the t o t a l  en th a lp y  above any a r b itr a r y  base tem perature o f

a l l  e n te r in g  stream s minus th e  t o t a l  en th a lp y  above the

same b ase tem perature o f a l l  le a v in g  stream s* In order to

form ulate t h i s  en th a lp y  f lu x  v o r r e c t ly ,  one would need to

know th e  d e t a i l s  o f the gas flo w  p a tter n  w ith in  th e

en clo su re*  U n fo rtu n a te ly , fo r  most e n c lo su r e s  one does not

have a d e ta i le d  d e s c r ip t io n  o f th e flow  p a ttern *

Some s tu d ie s  have been ca r r ie d  out u t i l i z i n g  th e  use

o f  m e ta l;f i l i n g s  b ein g  in trod u ced  in to  th e  f lo w  stream* Stop

a c t io n  photography tech n iq u es are then  employed to  determ ine

a c tu a l f lo w  d is tr ib u t io n *  The r e s u l t s  o f one such stud y
( 9? )were rep o rted  by Yeich J and are used in  t h i s  study* The

d e t a i l s  o f  t h i s  flow  p a tter n  are p resen ted  in  Appendix A*

The flo w  p a tte r n s  were d e fin ed  fo r  an i n f i n i t e  fu rn a ce ,

hence no f lo w  i s  p erm issa b le  a lon g  th e  i n f i n i t e  a x is*  The

flow  in  th e p lan e p erp en d icu la r  to  the i n f i n i t e  a x is  was

re so lv e d  in to  th e  flow  aL ong th e  other two m utually

p erp en d icu la r  d ir e c t io n s *  Flow from the e ig h tee n  gas volumes

would thus be rep resen ted  as (GM ,GM ) •
X18 yl8

A com putational check was performed to  v e r i f y  th a t  th e  gas 

volume had n e ith e r  a p o s i t iv e  or a n e g a tiv e  accum ulation  

term* I t  should  be noted th a t  GM . i s  a v e c to r  q u a n tity



84

and i s  used in  th e  same se n se  a s a re  th e  gas volume 

o r ie n t a t io n s ,  as shown in  F ig u re  2 .

i . e .  th e  co o r d in a te  system  i s :

+ JC

I t  now becomes p o s s ib le  to  w r ite  an energy b a la n ce  on th e  

gas volume:

N ote th e  su b s c r ip t  I  r e f e r s  to  i n l e t  c o n d it io n s

u r e f e r s  to  o u t le t  c o n d it io n s

Heat In  -  Heat Out + Sources = 0 (3 -4 7 )

[ ia t t a lp y j .  -  “ t h a l p ^ ^  Flow H -peat^ -  H e a tQ (IConvection

+ ^Radiant Energy^. -  R adiant Knergy^j-f- H eat R e le a se

by Combustion = 0 (3 -48 )
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Equation (3 -48) can now be rew r itten  fo r  gas volume i

O * *  • WfTjj) - H(ria)] + -H ( \ )  Hft,)

+ t ^ - T , ) - h , . / ^ ( T . . jT O

+ z - r < t ( . x / i y x )  =  o

/  (3-49)

where

H(T) i s  the enthalpy o f th e  f lu e  gas and i s  ca lcu la te d

by in te g r a t in g  C (T) = c .  + c T + c T2 + c_T3
“ 0  1 <£ 3

between a b so lu te  0 and T

HCt) -  Co T 4  %  <T,-va + ' h  C? T 3 +  'kT *

(3-50)

hY i s  converted h eat tra n sfe r  c o e f f ic ie n t  between
I

the gas and the gas su rfa ce  w ith  co n ta ct area

axt and gT ^  i s  th e  su rface  tem perature in  co n ta ct

w ith  the volume.

(7) (X Y ) i s  the fr a c t io n  o f  th e t o t a l  h ea t re lea sed  w ith in  
• i  i

the iso th erm al gas volume by combustion  

Elj, i s  the t o t a l  h eat re lea sed  w ith in  the furnace.



t

♦  ' / *  ^

-  < / < > j  t?A

C * ' - [ - * ?  ^ J - T /  +

T o  — h  ii _ .

_ h  4 ” * ^ > 1  J > s - * V o A y 0  J X q

y* ^  ^ X .) - Jrr  0  c* j y )  + <*'V y * + y * +  r * J

" 3/4 T*x +  +"Zi + $ % x +■

4 y ' &  +■ y " r ^  +  s i * -  4  s * t > #  J . +

Where * ,  3 > Y > k  ar e t hebul l c f l ow t erms from t be four
s i d e s  o f  t h e  i s o t h e r m unde r  c o n s i d e r a t i o n .
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S

The s in g l e  prim e on th e  b u lk  flo w  term  in d ic a t e s  th a t  th e r e  

i s  a s e n s ib le  h e a t  f lo w  from th e  f a c in g  iso th erm . The 

d o u b le  prim e on th e  b u lk  f lo w  term in d ic a t e s  th e  s e n s ib le  

h e a t  f lo w  from w ith in  th e  iso th erm . The t r i p l e  prim e o f  

th e  b u lk  f lo w  term  in d ic a t e s  th e  en th a lp y  g a in  w ith in  th e  

iso th e r m .

The b u lk  f lo w  term s a r e  ev a lu a ted  a s  fo l lo w s ;  ( 3 - S \  a.) 
(xA A  qp O

No Area C ontact 3  Area C ontact

*C'a G-AHjt%-Cp O © ^ )  

* * *  a  0 . 0

A'* O. o
0i / / *  0 - 0

(T 0 x x ) - C p c r % )  T o Xj" |

± o . o

4 f ~ o.o
G - ^ X x  «  0 . 0

0 . 0  

^  *  0 . 0
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( r / A y j ,  7  O

No Area Contact Area Contact

( r / ^ y -  * £ p  C t o y ^ )  o «o

^  -» o » o

-  < " * *  r H  ( T o y j )  - C p ( T o ^ )  . T * ^  * * - - < * > • H<r*)

^  ^  C -/tA  v _  * o . e
0 - > * N y .

■ o ' . ®

j i / /  .  w f l 's  o « 0
-  ■ c P C T 0(i )  ^

4 y

*  ~  ~ G * > ,  C P ( T o u )  -T o jJ  & " ~ o . d

/ / />P  *  ^ ' + > 0 * '  *  v ^ 5

y ' * ®  y ^ o . o

y « 0 . o

y f  H Cfo4)-tp(T *.)tJ J/*’-  O.O



89

G v f V v  c  ©  ^ X o  * °
No A reaO S o n tac t A rea C o n ta c t

y ' r  0 . 0  Y ' ~  o - o

Y *  < * * } .' CP  ( T° j O  y " *  *

y*s &*x. CH(T.Xt)-cp(T* [̂l y*s
y *  y  *  y ~  + y ~

0 " ^ y c  ■? o  G - s i y o  *  o
A rea C o n ta c t

b  $ ' •  o . o

$ * 9 c p ( - r ° x e )  & "=  o - o

f '  •** r* (\ )  i~* -<** H (T„)
< r / * y 0 < . o

No A rea C o n ta c t

S's. o o
i " * o

s ' - 0 . 0

1 r - » .

i *  1
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Isoth erm  Under C o n sid era tio n

The r e la t io n s h ip  used in  eq u ation  (3 -5 1 )  can be changed

by r e fe r e n c e  to  th e  above f ig u r e .  The gas volume i  has a

tem perature T . The tem perature fo r  th e  iso th erm  to  th e  
° i

l e f t  i s  Tx . The su b s c r ip t  I  r e f e r s  to  i n l e t  tem peratures

in  r e fe r e n c e  to  p o s i t v e  X a x i s ,  b im i la r ly ,  th e  0 in  Tx ^

r e fe r s  to  o u t le t  tem p eratu re. The TY and Tv have
I *u

s im ila r  m eanings in  r e fe r e n c e  to  th e  p o s i t i v e  Y a r e a . The

tem perature T r e f e r s  to  th e  f u e l - a i r  tem perature o f  th e
FA

incom ing f u e l .  The rea d er  should n o te  th a t  a l l  p o s s ib le

burner lo c a t io n s  a re  accounted  fo r  by th e  fou r s p e c ia l

c a s e s  o f  area  c o n ta c t .  To i l l u s t r a t e  t h i s  p o in t ,  co n sid er

th e  c a se  fo r  and GM̂  0 . I f

m ix tu re  could  e n ter  s in c e  no bulk  flo w  term i s  p r e s e n t . I f

GM 0 th e  bulk  flo w  would have to  go in  th e  d ir e c t io n  o f  
X

th e  fu rn ace w a ll and s in c e  th e  gas volume i s  in  c o n ta c t

w ith  th e  w a l l ,  th e r e  cou ld  c le a r ly  be no f lo w . C onsidera­

t io n  o f  th e  o th er  th r e e  c a s e s  le a d s  to  s im ila r  r e s u l t s .

GM« = 0 , no f u e l - a i r



91

Temperature term s which have a p r e s u b sc r ip t  & such a s  

gTx  would r e fe r  to  a su r fa c e  tem perature o f  th e  e n c lo s in g  

fu rn ace w a l l .  The s u b s c r ip t  would have th e  same 

m eaning as p r e v io u s ly  d is c u s s e d .

Equation (3 -5 1 )  may now be w r it te n  fo r  every  gas 

volume w ith  th e  number o f  unknown gas volume tem peratures  

eq u a l to  th e  number o f  e q u a tio n s . The m a tr ix  i s  again  

d ia g o n a lly  dominant and can be so lv ed  by th e  methods o f  

G auss-Jordan w ith ou t double p iv o t in g . The m a tr ix  co n ta in s  

su r fa c e  area  tem peratures which a re  assumed co n sta n t in  

th e  s o lu t io n  o f  th e  gas volume tem perature. In th e  n ex t  

s e c t io n  th e  su r fa c e  area  tem perature b a la n c e  w i l l  be made 

assum ing known gas volume tem perature. T h is procedure  

a llo w s  fo r  se p e r a tio n  o f  th e  su r fa c e  energy b a la n ce  from 

th e  gas volume energy b a la n c e .

The two energy b a la n c es  a r e  then so lv e d  r e p e a te d ly  

(a d ju s t in g  th e t o t a l  in terch a n g e  area fo r  th e  newly  

c a lc u la te d  tem perature) u s in g  th e  Newton-Raphson tech n iq u e .

G. Energy B alance on o u r fa ce  Area 

The h ea t b a la n ce  on th e  su r fa c e  i s  exp ressed  a s;

H eat In  -  H eat ftut = o (3 -5 2 )

or



H eat r e le a s e  due to  com bustion + R adiant Energy In  -  

R adiant Energy Out + Heat T ran sfer In  -  Heat 

T ra n sfer  Out by c o n v ec tio n  -  Heat e o s s  to  Ambient 

surroundings = 0 (3 -5 3 )

The en thalp y  c o n s id e r a tio n  i s  z e r o  a s a r e s u l t  o f  

c o n s id e r in g  h ea t t r a n s fe r  due to  b u lk  f lo w  to  have 

occurred b e fo re  f lu e  gas has passed  through th e  "porous 

membrane."

i .  The so u rce  Term 

The sou rce term accou n ts fo r  burner h e a t r e le a s e  

th a t  i s  very  near th e  fu rn a ce . I t  i s  assumed th a t  th e  

d e ta i le d  in form ation  o f  such h ea t r e le a s e  i s  known. T his  

term i s  p resen ted  a s:

N j S ^ T .1 » l * / ( * » * )  (3 -5 4

where (X,Y) = f r a c t io n s  o f  t o t a l  h ea t  r e le a se d  a t

su r fa c e  a re a .

i i .  Radiantr.Energy Term 

The ra d ia n t energy term accoun ts fo r  a l l  r a d ia t io n  in  

th e  system . R adiant energy from a l l  th e  su r fa c e  zones and 

a l l  o f  th e  gas volum es over su r fa c e  i  may be exp ressed  a s
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J

f4 C" E t-jfTi-Z s; Sj 6tSJ
J  i

(3 -5 5 )

i i i .  C o n v ectiv e  Heat T ran sfer  

C on vective  h ea t  t r a n s fe r  can ta k e  p la c e  in  th e  bounding  

w a ll  aa w e ll  a s  in t e r n a l  h ea t  t r a n s fe r  s u r fa c e .

I f  th e  h ea t t r a n s fe r  ta k es p la c e  in  th e  bounding w a l l ,  

th e  n e t  convected  h e a t  tr a n s fe r  becomes:

•56)
-  *»« (  T t  -  T |» fc#<

where

Tg i s  th e  tem perature o f  th e  a d jo in in g  gas volume

T i s  th e  tem perature o f  Area A.
i  *■

Tgin k  i s  t*16 tem perature o f  am bient

T i s  th e  tem perature o f  th e  p ro ce ss  f lu id
proc

h i s  th e  a d ju sted  o v e r a l l  h ea t tr a n s fe r  c o e f f i c i e n t

betw een su r fa c e  i  and th e  f lu e  gas

h* i s  th e  a d ju sted  o v e r a l l  h ea t  tr a n s fe r

c o e f f i c i e n t  between th e  area  A  ̂ and th e  p r o c e ss  

f lu id



94

h ’c ’ i s  th e  a d ju sted  o v e r a l l  h e a t  t r a n s fe r

c o e f f i c i e n t  betw een th e area  A. and th e
x

am bient tem perature

The n e t  con vected  h e a t  t r a n s fe r  fo r  in t e r n a l  su r fa c e  

becomes:

- t *  )a A  ♦  K  (J * - -  fc'c ( X,

* e r +  <3 - 57>

N ote in t e r n a l  s u r fa c e s  alw ays have a v e r t i c a l  

o r ie n t a t io n .

i v .  Net H eat Absorbed by a s u r fa c e  

The n e t  h ea t absorbed by a su r fa c e  can be exp ressed

as:

he o v e r a l l  h e a t  b a la n c e  on su r fa c e  zone

(3 -5 9 )
-  o



I t  ia  now p o s s ib le  to  w r it e  (3 -5 9 )  fo r  each  su r fa c e  

a rea  and l in e a r i z e  i t  in  term s o f  T^. The r e s u l t in g  

eq u a tio n  can be so lv ed  fo r  t / 1" by assum ing th e  gas  

volum e tem perature as c o n s ta n t .  The eq u a tio n  has th e  

form:

4 *  T/ + [  feu j  T : * =  cA-
j  J J (3 -6 0 )

where

% %  -  E  5x G j J j

A

f  $■ t .
J  >VC

= - <T I  0-, T /  -  +
-  Et ^  (*-) y)+ vfc/v*>? )H<Tx\7-2>/̂

The read «r should  n o te  th a t  T^ i s  tr e a te d  a s  a c o n sta n t  

and th e  eq u a tio n  i s  then  s o lv e d . The s o lu t io n  i s  then  used  

to  r e s o lv e  th e  e q u a tio n . T h is procedure i s  rep ea ted  u n t i l  

th e  maximum d if f e r e n c e  betw een two s u c c e s s iv e  T-j/s i s  l e s s  

than some a b s tr a c t  sm a ll q u a n t ity .  1 °  R was used  a s  th e  

c r i t e r io n  fo r  con vergen ce in  t h i s  s tu d y .



2 • The K in e tic  Model

The com plete d e s c r ip t io n  o f the k in e t ic  model i s  

given  by R o b e r tso n ^ 2  ̂ and w i l l  not be rep eated  here#

A b r i e f  d isc u ss io n *  how ever, w i l l  be p resen ted  and 

th e  method o f in co rp o r a tin g  th e  p o in tw ise  tem perature  

d is t r ib u t io n  o f th e  r e a c to r  w a ll w i l l  be exp la in ed #

A# D e s c r ip t i o n o f R eactor  

The r e a c to r  i s  a tube 100 f e e t  lon g  p laced  in  a 

furnace in  a s e r i e s  o f U bends# The tube runs up and down 

in  the r e a c to r  t o  prevent bending o f th e  tube in  th e  

ce n ter  which would occur i f  i t  was stru n g  out in  an 

e lo n g a ted  p o s i t io n .

The tube i t s e l f  i s  3#6lO in ch es  in  in s id e  ra d iu s and 

the w a lls  are .226  in ch es th ic k  (a  .nominal, fo u r  inch  tu b e ) .  

The tube i s  assumed to  have s c a le  both on i t s  in n er  and 

outer w a lls  th a t  add to  th e  r e s is t a n c e  of h eat flow # The 

r e a c to r  tube was con sid ered  to  be fr e e  o f coke d ep o sit#  A ll  

i n i t i a l  d es ig n  c o n s id e r a tio n s  d id  not co n sid er  th e  e f f e c t  

o f coke on o v e r a l l  perform ance. However, a coke p r o f i l e  

was c a lc u la te d  and la t e r  used to  determ ine i t s  e f f e c t  on 

r e a c to r  y i e ld .

The r e a c to r  i n l e t  p ressu r e  was ad ju sted  to  g iv e  an



o u t le t  p r e s su r e  o f  two a tm osp h eres. The i n i t i a l  r e a c to r  

feed  co m sisted  o f  steam , e th a n e  and propane. I t  i s  

p o s s ib le  to  in c lu d e  o th e r  m a te r ia l  a s  lon g  a s  th e  

v a r io u s  mechanisms o f  r e a c t io n  a r e  known. The u se r  

would have to  in p u t k in e t i c  and therm o-dynam ic d a ta .

These how ever, w ere n o t in c lu d ed  as a p a r t  o f  t h i s  s tu d y .

B. The M a ter ia l B alance  

C o n sid er in g  any in cr em en ta l le n g th  o f  r e a c to r  th e  

m a te r ia l  b a la n ce  can be w r it t e n  as:

IN = ©UT + Change By R ea c tio n  -}- A ccum ulation  (3 -6 1 )

s in c e  s te a d y  s t a t e  i s  assum ed, th e  on ly  accu m u lation  

term in v o lv ed  in  t h i s  stu d y  was th e  d e p o s it io n  o f  carbon  

on th e  r e a c to r  w a l l .  When (3 -6 1 )  i s  r e w r it te n  in  

sym bolic  term s i t  becomes:

\ ** L  * 1 1 * * I + % A '*i**,1 a *A X V U t  / ,  'a/T icr i  'X W e*

(3 -6 2 )

where

N =s number o f  m olar f lo w  r a t e  in to  in cr em en ta l
i

r e a c to r

A = s to ic h io m e tr ic  c o e f f i c i e n t  o f  th e  i*"*1

ch em ica l component in  th e  j*"*1 r e a c t io n



N = th e  m olar flo w  r a t e  o f  th e  j*"*1 r e a c t io n  o f

i j  „ , thth e  i* component

A  X. = th e  in crem en ta l co n v ers io n  c a lc u la te d  w ith in
3

th e  in crem en ta l le n g th

A = accum ulation  term
cc

tinEquation (3 -6 2 ) can be w r it te n  fo r  th e  i  component 

to  y ie ld  a component b a la n c e .

C, C a lc u la t io n  o f  In crem en ta l C onversion  

For th e  fiilug f lo w  r e a c to r  th e  sp ace  tim e i s  d e fin e d

by

i s  c * .  £ *  ^  v -
* (3 -6 3 )

where

T  = i s  th e  r e a c to r  sp ace tim e =

dxa = d i f f e r e n t i a l  co n v ersio n  o f  A component

-r r a t e  o f  r e a c t io n
A

nO9 injL txal co n ce n tra tio n  o f  component A

V r e a c to r  volume =

Fa = v o lu m etr ic  flo w  r a te

S = sp ace  tim e

C on sid erin g  f i n i t e  d if f e r e n c e s  in  eq u ation  (3 -6 3 )  and 

s o lv in g  fo r  r e s u l t s  in :
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a x a  = -►>
(3-64)

E quation (3 -6 4 ) can now be exp ressed  in  terms o f  flow  

r a te s :

AXa -
(3 -6 5 )

Where 4  ^ = t*16 in crem en ta l r e a c to r  le n g th  under 

c o n s id e r a t io n .

D efin in g  th e  r e a c t io n  r a te  ( - r  ) in  term s o f  th eiV
A rrhen ius r a te  law:

l - h . ) = < f - * - ‘ / * r  c  k T c £ j -
J  *  *  (3 -6 6 )

Where

K = th e  A rrhenius frequency fa c to r  
o

K^* = th e  A rrhenius energy o f  r e a c t iv a t io n

R = gas co n sta n t

T s  a b s o lu te  tem perature
4. 1.

= order o f  r e a c t io n  j o f  th e  i  component 

K = eq u ilib r iu m  co n sta n t

CQ. = co n cen tra tio n  o f  component



The reader should note πj  refers to the Pi product 

of the concentration terms. The concentration terms 

can be calculated from the ideal gas law: 

where 

P 	= Pressure of component a 
a 

 

R' 	= Gas constant 

D. Calculation of Pressure Profile  

In order to calculate the pressure at the end of the 

incremental reactor section a momentum balance was 

performed using the Bernouli equation.(51)  

where 

P = Pressure drop 

V1,V2  = Reactor gas velocity at inlet, outlet conditions 

F a  Friction factor 

L/R = Incremental length of reactor radius ratio 

g o Gravitational constant 

100  



101

E. C a lc u la t io n  o f  T em pera tu re  P r o f i l e  

I n  o rd e r  to  c a l c u l a t e  th e  te m p e ra tu re  a t  th e  end o f  

t h e  r e a c t o r  in c re m e n t, a  h e a t  b a la n c e  was perfo rm ed  on 

th e  in c re m e n ta l  r e a c t o r  segm ent.

H eat f l u x  in  « s e n s ib l e  h e a t  g a in  + h e a t  o f  r e a c t io n

VAA"TX - Q3 -  yo)

r ' • '

w here

U -  t o  th e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  from

r e a c t o r  tu b e  o u te r  w a ll  t o  r e a c t io n  f l u id

A » th e  a r e a  th ro u g h  w hich h e a t  f lu x  i s  t r a n s m it te d  *

2 R L

» The te m p e ra tu re  betw een o u ts id e  w a l l  and

r e a c t io n  f l u i d

Tg « T em p era tu re  d i f f e r e n c e  betw een  r e a c t io n  f l u i d  a t

i t a r t  o f  in c re m en t and end o f  in c rem en t

H. “  H eat o f  r e a c t io n
% i th

F t  x * M olar f lo w  r a t e  o f  key  com ponent K (i)  o f  th e  i
K ( i)

r e a c t io n
£ti= E x te n t o f  1 r e a c t io n  betw een  th e  s t a r t  and end 

o f  r e a c t o r  In crem en t
th

CPj » H eat c a p a c i ty  o f  th e  j  com ponent.
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The reaction rate (~v.) was determined by calculating 
its value at both ends of the incremental portion of the 
reactor and averaging the results. The average value was 
then used to recalculate the reactor conditions at the 
far end of the increment. This procedure was repeated 
until good values were obtained between the assumed end 
conditions and the actual end conditions. Thus an 
implicit method of solving differential equations was 
combined with Euler's method.

The convergence of reaction rate (a>r̂ ) took place 
simultaneously with convergence of the pressure profile.
The concentration profile and the temperature profile 
converged through repeated applications of momentum, compo­
nent, overall material and energy balances.

F. Calculation of Overall Heat Transfer Coefficient
The prf$Vious discussion has been condensed; readers who

are Interested in more details are again referred to 
(62)Robertson •

However, more detailed information will be given on 
the calculation of U the overall heat transfer coefficient, 
as the concept was not fully developed in Robertson's work.
The overall heat transfer coefficient from outer wall to 
reaction mass can be defined as:



where

R - Resistance to heat flow
1

R ,Rt » Scale resistance to heat flow on outside,.
° hr. -J$ °Fand Inside of reactor tube - .001 giu

(44A)
.001 from Ludvig 

XgT » xc * Thickness of heat resisting material
WS ■ steel reactor tube thickness
t
C ■ coke thickness 

Kgi t * Thermal conductivity, BTU/hr. ft (°F/ft.)
K__ - 26., K - 2.90 (44-A)

Si c
A, Ag,Ag “ Average area of heat transfer area

Asi " 2 L (ro * ri) 1 ln
AC “ 2 L (r! ' r0) '  ln <ri/rC)
A - 2 L rI C

and where
r ■ radius of reactor tube (center to

0
outer wall)

r - radius of reactor tube (center to
1

inner wall)
r “ radius of coke deposit (center of tube c

to coke surface)
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h - heat £ransf$i> coefficient from coke surface to 
I

reaction fluid.

The value of is a function of reaction fluid 
temperature, pressure,,, composition, velocity and tempera­
ture and can be calculated from the Selden Tate equation 
since the clow is maintained in the turbulent re 
to minimize residence time and product degradation via 
carbon deposition.

C3 - 1 3 ?

where
V ™ velocity of reaction fluid 
P - density of reactor fluid
- viscosity of reaction fluid
-  viscorifcy of reaction fluid at wall temperature

Cp “ heat capacity of reaction fluid
K “ thermal conductivity of the fluid
H » Reynold's number
N - Prandtl's numberPr

- Diameter of the reactor radius after 1 increments of 
coke deposition
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The methods of calculating , V and P are

discussed in Robertson's Thesis' . However, the calculation
•, .a.

of the thermal conductivity has not been discussed.
_  - (1 1 ,  o r )fne Hason equation was used:

_ 5 “ * L K J

* * '* '  2  f X i & j
where J

(3-74)

[ ' * ( £ )

M » molecular weight of the compoent
X - mole fraction of the compo$iint

(19-A)TQTiei value of K j  was calculated from Eucken's 
development of handling energy exchange in polyatomic gases 
and is given by

K.-- C c *  ( 3 . 7 5 )

The method used to calculate the viscosity utilizes
(111the Lennard Jones equation*'

/ / • / . - ft-CC0!*} ^*10 ^ (3-76)
where

^  is the characteristic of collision diameter of 
the molecule

-An. is a a lowly varying function of the dlmensionless temperature KT/cT
£^and K/&are commonly known as the Lennard Jones constants, 

The reader is referred to Robertson's Thesis ; for the 
details of the evaluation of •
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The r e a c to r  m odel now i s  a b le  to  c a lc u la t e  an increm ent

o f  co n v ers io n  b u t r e q u ir e s  th e  o u ter  tube m eta l tem perature.

T his c a lc u la t io n  p rocedu re i s  rep ea ted  fo r  th e  e n t ir e

le n g th  o f  th e  r e a c t o r .

3 . xhe mapping m odels

t \ .  Furnace model to  R eactor tuodel

The fu rn a ce  model s u p p lie s  th e  fu rn a ce  p la n e  w a ll

tem perature. T h is p la n e  w a ll tem perature i s  s p l i t  in to

m iso th erm a l tem perature a r e a s , m  a d d it io n  th ere  were n

s e t s  o f  th e se  iso th e r m a l zo n es , one fo r  each  s u b d iv is io n
*

o f  th e  fu r n a c e -r e a c to r  m odel.

i t  would be p o s s ib le  to  u se th e s e  d i s c r e e t  iso th erm a l 

zones a s th e  tube m eta l tem perature used by th e  r e a c to r .

However, i t  was f e l t  th a t  a b e t t e r  ap proxim ation  o f  th e  

n e t  h ea t f lu x  cou ld  be ob ta in ed  by c o n s id e r in g  th e m 

iso th er m a l tem p eratu res a s  m p o in ts  in  a con tin u ou s  

cu rv e . The lo c a t io n  o f  each p o in t  would be th e  mid 

p o in t  o f  th e  iso th erm a l zon e, ih e s e  p o in ts  a re  then  f i t t e d  

to  a fo u rth  order p o lyn om ia l in  Y ( th e  fu rn ace h e i g h t ) . 

ih e  f i t  i s  accom p lished  by a l in e a r  le»£t square f i t  

( fu n c t io n  f iT I T ) , w hich i s  g iv en  in  a p p en d ix  B. /m 

a c tu a l  f i t  i s  i l l u s t r a t e d  in  F ig u re  2 o f  Chapter I .

T his p rocedu re i s  rep ea ted  fo r  th e  o th er  n -1  fu rn ace  

s u b s e c t io n s . In  order to  d eterm in e what th e  r e a c to r  tube
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w a n  tem perature 1 0  a t  any p w in t, a l l  th a t  i»  req u ired  i s  

t c  d eterm in e w hich s u b s e c t io n  o f  th e  fu m a c #  th e  r e a c to r  

tube i s  lo c a te d  i n ,  and what h e ig h t  th a t  lo c a t io n  l i e s  

r e l a t i v e  to  th e  fu rn a ce  w a l l .  ihi& can be determ ined by 

th e  fo llo w in g  r e la t io n s h ip :

:  2 /  -  C&AU*)'¥ La
v 3 i - 7 6 )

where i s  twic© th e  fu rn a ce  h e ig h t

In te g e r  im p lie s  th a t  th e  r e s u l t  o f  Z^/56 i s  rounded  

o f f  to  th e  low er w hole number. That i s ,  th e  

r e s u l t  o f  I n te g e r  {5 1 .9 9 7 1 ; 51

Z . i s  th e p o s i t io n  o f  Lhe r e a c to r  tube b e in g  

ev a lu a ted  fo r  th e  tube m eta l tem p era tu res.

i f  th e  v a lu e  of i  i s  g r e a te r  than VI*i /^> Y is  r e d e fin e d  m  

t«rm$ ©r th e  ©rigjinflJ. Y by

y *  ■ U  ~  I V3_7 7 J

j.he furnace S u b je c t io n  th e  tube i s  in  i s  e a s i l y  determ ined  

by knowing th e  le n g th  o f  each r e a c t o r  su b d iv is io n *

The standard  d e v ia t io n  o f  th e  tem perature a s  fu n c t io n  

o f  w a ll  h e ig h t  was ap p roxim ately  one h a l f  o f  a £*arenheit 

dqgree.



By u s in g  th e  method d e s c r ib e d ,  i t  i s  p o s s ib l e  t o  take  

in t o  account th e  f lu c t u a t io n  uf  tempera cure w ith  w a i l  

h e ig h t .  V a r ia t io n s  a io n g  th e  lon g  a x es  a r e  hajjdied as  a 

s e t  o f  th r e e  d isc o n t in u o u s  is o th e r m s .

One method wouid e n t a n  th e  d e term in a tio n  o f  aune 

c^ntmuwus and smooth fu n c t io n s  which Would y i e l d  th e  

tem perature a s  a fu n c t io n  Y and z ,  which i s ;

une such methwd WwUid be t u determ ine th e  b e s t  

s t r a i g h t  l i n e ,  «r th e  b e s t  second wrd er  pwiyn^miai through  

Che th r e e  tem peratures f wr  th e  v a lu e  wf  X and then

determ ine th e  v a lu e  fo r  th e  p a r t i c u la r  lo c a t io n  above  

th e  long or z  a x i s .

This p rocedure was n o t  in co r p o r a te d  m  t h i s  s tu d y ,  

but; i t  i s  recommended thau c o n s id e r a t io n  be g iv e n  to  i t  in  

any fu tu r e  r e f in e m e n t  o f  t h i s  work.

B . R eactor  Model to  Furnace Model

i t  was n e c e s s a r y  to  map th e  r e a c to r  p r o c e ss  f l u i d

tem perature i n t o  a s e t  o f  (n X m) i s o t h e r m a ls . This was 

accom plished  by c o n s id e r in g  each one o f  the  n s u b d iv is io n s  

s e p a r a te ly  The tem perature o f  th e  r e a c to r  p r o c e s s  f l u i d  

was recorded a t  m furnace h e ig h t  f o r  every  up and down pass

(3 78 ,

r

r
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o f  th e  r e a c to r  tube in  th e  fu r n a c e . i.t then became 

p o s s ib l e  t o  sum th e  tem peratures fo r  any g iv en  fu rnace  

h e ig h t  and a verage  the  r e s u l t . Thus:

I
T p p .  -  

y r * Vf
(3 -7 9 )

Where = average tem perature o f  p ro cess  f lu i d
i

fo r  iso th erm  a t  h e ig h t  Y 

(Tpj, ) = s u c c e s s i v e  tem peratures o f  th e  p ro cess

p lan e  each tim e th e  tube p a s s e s  through  

the  h e ig h t

= number o f  tim es th e  r e a c to r  tube p a s s e s  

through th e  hfeight

R efer r in g  to  F igu re 5 fo r  exam ple, to  c a lc u la t e  th e  

tem perature o f  iso th erm a l zone b e in g  in  iso th erm  4 ,

would r e s u l t  in :

T.
\  + T | ,

• r

(3 -8 0 )

In order t o  determ ine th e  v a lu e  o f  i t  was

n e c e ssa r y  t o  m anually d eterm ine which tem perature la y  in  

which iso th erm . This procedure was repeated  f o r  each o f  

th e  furnace  s u b s e c t io n s  under i n v e s t i g a t i o n .  The
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tem perature lo c a t io n s  w ere th en  s to r e d  as a p a r t  o f  th e  

computer program (A pprendix B ) .

Any fu r th e r  u ser  who had a d i f f e r e n t  s e t  o f  fu rn ace  

or r e a c to r  c o n d it io n s  or who d e s ir e d  to  zone th e  fu rn ace  

in  a d i f f e r e n t  way would have to  redo  th e se  d e term in a tio n s  

and r e w r ite  th e  main program . No changes in  any su b ro u tin es  

or fu n c t io n s  (w ith  th e  e x c e p tio n  o f  TfciriT) would have to  be 

p erform ed .



Figure 5

Mapping th e  R eactor Tem perature P r o f i l e  I n to  An
Isotherm o

ZoneIsoth erm  S u rfa ce  Area
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Furnace S u b sec tio n
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The a v era g e  p ro c e ss  temjSffirature can thus be c a lc u la te d

from any s e t  o f  iso th erm s fo r  any fu rn ace s u b s e c t io n .

The o v e r a l l  h e a t  t r a n s fe r  c o e f f i c i e n t  from tube p la n e

to  p r o ce ss  f lu id  p la n e  w i l l  h o t  be th e  same c o e f f i c i e n t

c a lc u la te d  from o u te r  tube w a ll  to  p ro ce ss  f lu id  in  th e

r e a c to r  m o d e l.. T h is i s  due to  th e  d if f e r e n c e s  in  geom etry

between th e  two m o d e ls , i t  was d ec id ed  to  a llo w  th e  m odels

th em se lv es  t o  do th e  mapping betw een th e  two g e o m e tr ie s .

T h is mapping was accom p lished  by c a lc u la t in g  th e  n e t

h ea t f lu x  ^  through th e  r e a c to r  tube v ia  th e  method

d escr ib ed  in  C hapter i l l - 2 £or  each  fu rn ace s u b s e c t io n .

The fu rn a ce  m odel then  u se s  a fu e sse d  v a lu e  fo r  th e  o v e r a ll

h ea t t r a n s fe r  U to  c a lc u la t e  th e  n e t  h ea t f lu x  Q_ to  th e
F F

p ro ce ss  f l u i d .

At th e  n ex t r e p e a t  o f  th e  fu rn a ce  c a lc u la t io n  th e  

v a lu e  o f  th e  o v e r a l l  h ea t t r a n s fe r  i s  a d ju sted  a cco rd in g

( 3 - 8 1 )

Where U' = form er guessed  v a lu e  o f  th e  o v e r a l l  h ea t  
F

tr a n s fe r  c o e f f i c i e n t  

D = Damping fa c to r



I t  was n e c e ssa r y  to  damp th e  change in  th e  v a lu e  o f  Up 

as th e  undamped change i . e . :

Uf r Op- C?nl <?p-
(3 -8 2 )

r e s u l t s  in  d iv e r g e n t  o s c i l l a t i o n  o f  th e  s o lu t io n  around 

th e  s o lu t io n .  The v a lu e  o f  was c a lc u la te d  in d ep en d en tly  

fo r  each fu rn a ce  s u b s e c t io n .

4 . C a lc u la t io n  '"Flow”

a . in tr o d u c t io n  

T his s e c t io n  i s  an a ttem p t to  g iv e  th e rea d er  a " fe e l"  

fo r  th e  co m p u ta tio n a l seq u en ce . Thr read er i s  reminded  

th a t  th e  c a lc u la t io n s  were c a r r ie d  out on a h ig h  speed  

computer so  some r e fe r e n c e s  w i l l  be made to  data  " in p u t’ 

and •‘ou tp u t, , .

i t  would be ex trem ely  co m p lica ted  to  g iv e  d e ta i le d  

c a lc u la t io n s  o f  each  s t e p ,  in  order to  avoid  t h i s  d i f f i ­

c u l t y ,  w hole groups o f  c a lc u la t io n s  w i l l  be r e fe r r e d  to  

by a few d e s c r ip t ib e  w ords, i t  would a l s o  be d i f f i c u l t  to  

g iv e  a " flow  diagram" but r e fe r e n c e  w i l l  be made r e f e r r in g  

back to  p rev io u s  s t e p s .  This w i l l  be accom plished  by 

numbering th e  v a r io u s  s t e p s .
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B. The '‘F low

StEp I .  i n p u t  F u rn a c e  Data

1. T o t a l  h e a t  r e l e a s e  d i s t r i b u t i o n

2. F u e l - e x c e s s  a i r  a n a l y s i s

3 . Geometry o f  f u rn a c e

4 .  Bull; f : ov7 p a t t e r n

5 . F u rface  p r o p e r t ie s

a . T r a n s m i s s i v i t y

b . i ^ m is s iv i ty

c .  H ea t  t r a n s f e r  c o e f f i c i e n t

6. Sti.rfa ; e  boundary  c o n d i t i o n s

STEP 11 . * r e lim in a r y  Furnace C a lc u la t io n s

1. .blue gas a n a ly s is

2 . s p e c i f i c  h ea t  en th a lp y  data

3 . i n i t i a l  tem perature p r o f i l e  ( i f  n o t in p u tte d )

4 . C h a r a c te r is t ic  f lu e  gas by c le a r -g r a y  gas 

co m b in ta tio n . ( i s o l a t e  tem perature dependence)

STEP 111. c a lc u la t e  D ir e c t  in te r c h a n g e  Area

1. s u r fa c e  to  su r fa c e  -  s s  ( c le a r  gas . gray  

g a s ( e s ; )

2. ~ u r fa c e -g a s /  g a s - s u r fa c e ,  s g ,  gs (gray g a s ( e s ; ;

3 . Gas -  gas gg (gray g a s ( e s ; ,
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^TEo. IV. A cco u n t  f o r  s u r f a c e  R e f l e c t i v i t y

1.  R e f l e c t i o n  w i t h  gas volume a s  t h e  e m i t t e r .

u o lv e  f o r  II (g ra y  g a s ( e s ; )
S s

2. R e f l e c t i o n  w i t h  s u r f a c e  a r e a  a s  t h e  e m i t t e r

S o lv e  f o r  R (g ra y  g a s ( e s )
s s

«TEr V. C a l c u l a t e  T o t a l  I n t e r c h a n g e  Area - f o r  a

C h a r a c t e r i s t i c  Gas (T e m p e ra tu re  I n d e p e n d e n t )

1. Gas t o  g a s  GG = gg R V*g ( Gray g a s ( e s )
S a

2. Gas t o  s u r f a c e / s u r f a c e  t o  gas

GS -S Rs * (Gray g a s ( e s ) ;

3. u r f a c e  t o  S u r f a c e
*C  -  /  £ / F

s  ( C l e a r  Gas;

b . ✓ 3  (Gray g a s ( e s ) ;

3TSr V r . i n p u t  R e a c t i o n  Data

1. i n i t i a l  Tube \l a n  l e m p e r a t u r e  (Guessed,1

2. d e s c r ip t io n  o f  R ea c tio n s

3 . d e s c r ip t io n  o f  R eactop

4 .  i n i t i a l  R e a c t a n t  C o n c e n t r a t i o n

5. i h y s i c a l  p a t a

a .  H ea t  C a p a c i ty

b .  A r r h e n i u s  K i n e t i c  Data

c . g n th a i p  7

d . Bntropy
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e .  R e a c t io n  E q u i l i b r iu m

f .  tenn^*?^ - Jones i n s t a n t s

5. M is c e l l a n e o u s  C o n t ro l  p a r a m e te r

oTEp V il .  C a l c u l a t e  P a ram e te r  Needed f o r  R e ac to r

C a l c u l a t i o n  as  a l u n a t i o n  o f  Temperature 

STEP V III . Output th e  R eaction  System and G enerate  

param eters

STETP IX. C a l c u l a t e  R e a c to r  P r e s s u r e ,  Component, T em pera tu re ,  

H ea t  F lu x  and Carbon D e p o s i t i o n  p r o f i l e s

1. Dete rm ine  t h e  Tem pera tu re  r r o f i l e s  f o r  Each 

Fu rnace  o u b s e c t io n

2. D eterm ine  P a te s  f o r  B eg inn ing  of In c re m e n t  (I 11  

C o n d i t lo n s  Known}

3. Guess ur  Update Tem perature, Com position and 

p ressu re  a t  End o f  Increm ent and Determine 

R eaction  R ates a t  End o f  Increm ent

4 . C a lc u la te  Average R eaction  R ates

5 . U sing Average Rates do:

h . M a ter ia l Balance

i .  Component Balance

i i .  p ressu re  Drop C a lcu la tio n

i i i .  M a ter ia l Balance

B. Heat Balance

i .  S e n s ib le  Heat Gain
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i i .  Heat F lu x  C a lc u la t io n  U sing T = f(z)

6 . Compare End C o n d itio n s , ( i f  in  agreem ent w ith  

s e t  used (go to  o tep  IX -7) o th erw ise  (go  to  

w»tep iX -3 )

7 . C a lc u la te  Next R eactor increm ent U sing  End 

C on d ition s as i n i t i a l  C ond ition s

a . i f  F in ish ed  th e  le n g th  o f  th e n e a c to r , Go to  

£ te p  X.

b . o th erw ise - _ tep  iX -3

sTEp A u s in g  th e  R eactor F lu id  Temperature p r o f i l e ,

C a lcu la ted  in  s te p  iV , C a lcu la te  Iso th erm a l Area 

Temperature fo r  Each Isotherm  in  each Furnace 

s u b s e c t io n .

$TEP XI C a lc u la te  New u r fa c e  and Gas Volume Temperatures 

U sing  th e Iso th erm al Temperature C a lcu la ted  in  

w'tep X or wtep X i-3

1 . T o ta l in terch an ge  area  fo r  r e a l  gas (tem perature

dependent) 1 co rrec ted  fo r  in term ed ia te  su r fa c e  i f  

any tr a n s m is s iv ity

a . S u rface  to  Gas SG I  An * SG .TT
b . S u rfa ce  to  S u rface SS p .  ■ s s n +

2 . T o ta l in terch an ge  area  fo r  r e a l  gas (tem perature

dependent) 2 C orrected  fo r  in te rm ed ia te  su r fa c e ,  

i f  any t r a n s m is s iv ity



a .  Gas to  Gas GG =T ^  GG J
n AS

b . Gas to  S u r fa ce  Gs = * ®*nJ

Gas Volume H eat B alance

a .  S u rfa ce  area  tem peratures a re  assumed 

c o n sta n t

b . H eat B alance  

i .  Bulk Flow

i i .  R a d ia tio n

i i i .  Source

i v .  C onvection

c .  L inear Heat B alance Equation U sing  I te r a te d  

Newton-i\aphson

d . S o lv e  fo r  T

e .  Update G&s Volume Temperature

f . T est th e  S iz e  o f  th e  wax T 

S u rfa ce  /Irea  H eat B alance

a . Gas Volume Tem peratures a re  assumed C onstant

b . H eat B alance

i .  ivad ia tion

i i .  Sources

i i i .  C onvection

c .  L in e a r iz e  H eat B alance E quation  U sin g  I te r a te d  

Newton-Kaphson (a s  in  S tep  X l-3 c )
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Chapter XV 

R e s u lt s  and C onclusions

The c a l c u la t io n  procedures d escr ib ed  In the f i r s t  

th r ee  ch ap ters  were used to  make a parameter study o f  a 

t y p i c a l  la r g e  s c a le  in d u s t r ia l  furnace producing e th y len e  

and propylen e (as  a secondary p ro d u c t) .

The c h i e f  param eters which were ad ju sted  were the  

f u e l  r a t e  and th e  w a l l  t o  w a ll  s e p a r a t io n .  The r e s u l t s  

obtained  were compared w ith  p la n t  o b s e r v a t io n s .  I t  should  

be r e a l iz e d  th a t  an ex a c t  matching of th e  two i s  d i f f i c u l t  

in  v iew  o f  the erro rs  in  p la n t  measurements and th e  u n c e r t a in t i e s  

in  th e  v a lu e  of k in e t i c  d a ta ,  e m i s s i v i t i e s ,  and other p h y s ic a l  

p r o p e r t ie s  o f  furnace and r e a c to r .

The v a lu e s  o f  y e i l d s  obtained have good agreement w ith  

data obta ined  with a d ju sted  o f  the Arrhenius frequency

fa c t o r  (A ) .  As th e se  adjustm ents were in  the  unimportanti
s id e  r e a c t io n s ,  i t  was decided  to  perform th e  o p tim iza tio n  

with th e  unadjusted c o n s ta n t s .

Comparing th e  o v e r a l l  furnace perform ances was somewhat 

more d i f f i c u l t  a s  th e se  r e s u l t s  are h ig h ly  dependent on th e  

p h y s ic a l  p p o p er t ie s  o f  the  furnace being s t u d ie d .  The author  

was unable to  lo c a te  any data from in d u s t r ia l  furnaces w ith  

s u f f i c i e n t  amount o f  d e t a i l  t o  d u p lic a te  th e  c a l c u la t i o n s .  

However, e x c e l l e n t  agreement was found w ith  g e n e r a l  op eratin g
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conditions of Industrial plants. The point of optimum 
operation determined In this study corresponds to actual 
operating conditions found In existing furnaces.

1. Verification of Results
The results from this study were compared with results 

reported by two other Investigators, Shah^  ̂  and Nelson^. ^  ̂
Shah had simulated a reactor system using the method of 

(46)Lobo to calculate the outer tube wall temperature. Shah 
then adjusted the Arrhenius rate constant to force agreement 
of his results with data he had available.

Nelson reported data from a variety of Industrial 
fftrna&es. As a result, the individual furnace characteristics 
are not available.

Table I shows a comparison of Shah, Nelson and results 
from this study. It should be noted that good agreement 
exists between Shah's results and the results reported In this 
study. There is some disparity in the reported outlet tempera­
ture. The two cases reported In this table represent different 
rates of firing. The two rates bracket the firing rates 
found In some industrial furnaces Is in excellent agreement.

The operating point of the Industrial furnaces as 
reported by Nelson was In agreement with the optimum operating 
report as developed in this study.
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t a b l e  I

COMPARISON of results of t h is  study with shah

NELSON

and

Heat A v a i la b i l i t y  
106 BTU/H r.-Foot 
Furnace

T o ta l Feed 
( lb /  m o le s /h r ;)

Steam-Feed R a tio

I n le t  P re ssu re  
(atm .)

O u tlet p r e s su r e  
(a tm .)

R eactor Length  
( f e e t )

Tube Radius 
( in c h e s )

Gas I n l e t  
Temperature °F

Gas O u tle t  
Temperature F

Mole %
E th y len e  Y ie ld

Mole R a tio  
M ethane/Ethane

Mole R a tio

S hah 's
R e s u lt s

171

.363

4 .4 3

394

(+)

(+)

1010 '

1400°

47.6%

.0177

N elson  R obertson R obertson  
R eports Case 1 Case 2

A cety len e /E th a n e  ' .00053

Thermo E f f ic ie n c y  
R atio  BTU to  R ea c to r / -  
BTU F ired

.3 -  1 .1

1 .2  -  3

1515-1525°  

58 -  62% 

.0 2 5 -.0 6 7  

.0014

2 .86

280

.35

6 . 6

2 . 0

400

1012 ’

1544

.0142

,00101

3 .2 2

280

.35

6 . 6

2 . 2

400

1012<

1560°

52.48% 60.05%

.350

.0157

.00145

.315
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2* Furnace Temperature D riv ing  Force  

F igure 6 shows a t y p i c a l  tem perature d r iv in g  fo rce  

c a lc u la te d  by the procedure o u tlin e d  in  t h i s  study*

I t  should be noted th a t  f lu c t u a t io n s  ranging up 

t o  790°F are found between a d jo in in g  gas zone isotherm s*  

D if fe r e n c e s  of 1100°F e x i s t  between th e  h ig h e s t  and the  

lo w e s t  iso th erm al tem perature zones#

The la r g e  d i f f e r e n c e s  c a lc u la te d  are  a stron g  j u s t i f i c a t i o n  

fo r  the use  of t h i s  complex procedure, e x p e c ia l l y  when 

h ig h ly  temperature dependent c a l c u la t io n s  are b ein g  used*

I t  i s  a ls o  in t e r e s t in g  to  n ote  th a t  th e  tem perature  

d r iv in g  fo r c e  between th e tube w a ll “'p lane” and th e p ro cess  

“p la n e ” i s  not c o n s ta n t , but i s  dependent on tube h e igh t*

Normally the p ro cess  p lan e  tem perature nould be n e a r ly  

co n sta n t  a t  th e  average tem perature o f  th e  p ro c e ss  f l u i d .  

However, in  t h i s  example th e re  i s  an in c r e a s e  near the  

bottom o f  the furnace due t o  an uneven number o f  tubes in  

t h i s  su b section #

Figure 7 i s  a num erical example o f  the temperature  

d r iv in g  fo r c e  in each of the th r ee  furnace su b sec t io n s*
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Each su b s e c t io n  r e p r e s e n ts  o n ly  h a l f  o f  th e  p la n e  o f  th e  

fu rn ace su b s e c t io n  ( th e  m is s in g  h a l f  would be sym m etrica l 

to  th a t  sh ow n).

S e v e r a l in t e r e s t in g  o b s e r v a tio n s  may be drawn from 

t h i s  f ig u r e :

1 . Once a g a in , c o n s id e r a b le  tem perature d if f e r e n c e s  

e x i s t  betw een a d jo in in g  isotherm ®! zones in  d i f f e r e n t  

fu rn ace s u b s e c t io n s .

2 . The tem perature o f  th e  c e n tr a l  iso th erm a l zone  

shows o n ly  r e l a t i v e l y  sm a ll v a r ia t io n  from s u b s e c t io n  to  

s u b s e c t io n .

3 . C o n sid era b ly  la r g e r  tem perature f lu c t u a t io n s  

e x i s t  in  th o se  iso th erm s a b u tt in g  th e  fu rn a ce  w a l l .  T h is  

i s  im portant a s  th e se  iso th erm s a c t  a s th e  c h ie f  d r iv in g  

fo r c e  fo r  c o n v e c t iv e  h e a t  t r a n s f e r .  I t  has been  g e n e r a lly  

accep ted  th a t  r a d ia t io n  i s  th e  dominant mode o f  h e a t  

tr a n s fe r  in  th e  f i r e  b ox . The r e s u l t s  o f  t h i s  stu d y  

suggest^ th a t  co n v ec tio n  a l s o  p la y s  a s i g n i f i c a n t  r o l e .  I t  

should be g iv en  c o n s id e r a t io n  in  th e  d es ig n  o f  an "optimum 

fu rn a ce ."

The u se  o f  a s in g le  gas iso th erm  fo r  th e  e n t ir e  

furnace zone would do a poor job  a t  e s t im a t in g  th e  

im portance o f  th e  con vected  h e a t  t r a n s fe r .
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3 . Convected H eat T ra n sfe r  in  th e  R adiant S e c t io n  o f  t^>e 

Furnace

In  order to  d ram atize  th e  e f f e c t  o f  con vected  h e a t  

t r a n s f e r ,  a s e r ie s  o f  c a lc u la t io n s  w ere made which v a r ie d  

th e  w a ll  to  w a ll  s e p a r a t io n . During th e  f i r s t  s e t  o f  

c a lc u la t io n s ,  no c o r r e c t io n  was made to  th e  gas to  su r fa c e  

h e a t  t r a n s fe r  c o e f f i c i e n t .  (N orm ally a s  th e  w a lls  o f  th e  

fu rn a ce  g e t  c lo s e r  to g e th e r  r e ta in in g  th e  same f u e l  

consum ption r a t e ,  th e  con vected  h e a t  t r a n s fe r  c o e f f i c i e n t  

would in c r e a s e  a cc o rd in g  to  th e  .8  power o f  th e  b u lk  f lo w  

r a t e s .)

The r e s u l t  (S ee  F ig u re  8 - and T ab le  2 ) was an in c r e a s e  

in  r e a c to r  y ie ld  w ith  in c r e a s in g  w a l l  s e p a r a t io n . The 

r e s u l t  i s  a r e p r e s e n ta t io n  o f  an i s o l a t i o n  o f  th e  r a d ia t iv e  

h e a t  t r a n s fe r  r a te  w hich  would in c r e a s e  a s  th e  su r fa c e  area  

i s  a b le  to  v iew  la r g e r  s e c t io n s  o f  th e  flam e boundary a t  

l e s s  o b liq u e  a n g le s .

I f  th e  d is ta n c e  se p a r a tin g  th e  w a l l  cpntim ied  to  

in c r e a s e ,  th e  r a t e  would u lt im a te ly  drop o f f  a s  th e  area  

would ’'view" a l i n e  so u rce  o f  r a d ia t io n .

In  th e  second s e t  o f  c a l c u la t io n s ,  th e  su r fa c e  to  gas  

volum e h e a t  t r a n s fe r  c o e f f i c i e n t  was c o r r e c te d  fo r  b u lk  f lo w  

c o n s id e r a t io n . (S e e  F ig u re  9 and T ab le  3 .)  The r e s u l t s  

w ere r e v e r se d , w ith  th e  c lo s e r  th e  w a ll  to  w a ll  s e p a r a t io n ,  

th e  h ig h e r  th e  y ie ld  fo r  th e  same amount o f  f u e l  f i r e d .
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T a b le  2 -

E ffe c t  o f  W all S ep a ra tio n  on R ea cto r  Y ie ld  R a d ia tio n  E f f e c t s  

I s o la t e d  by U sin g  U ncorrected  S u rfa ce  to  Gas Heat T r a n sfe r  

C o e f f ic ie n t

Heat A v a i l a b i l i t y  2.142*10** BTU/hr . - f o o t  (furnace.)

W all-W all % Y ie ld  U ncorrected  Heat
S ep aration  E th y len e T ra n sfer  C o e f f ic ie n t

F e e t ----------------------Area Base
-------------------- BTU/hr S E /f t

6 32 .27  3 .1 4

8 3 2 .5 2  3 .1 4

10 3 3 .2 0  3 .1 4

50 37 .16  3 .1 4

T ab le 3

E f f e c t  o f  W all S ep ara tion  on R ea cto r  Y ie ld  U sing  C orrected  

S u rfa ce  to  Gas H eat T ra n sfer  C o e f f i c ie n t

H eat A v a i l a b i l i t y  2 .1 4 2  *  10^ BTU/hr. - fo o t f fu r n a c e

W all-W all % Y ie ld  C orrected  H eat
S ep a ra tio n  E th y len e  T ra n sfer  C o e f f i c ie n t

F e e t  ---------------- (Area B ases)
-------------------  BTU/hr ° F / f t

6 3 4 .3 5  4 .7 3

8 3 3 .8 3  3 .7 6

10 3 3 .2 0  3 .1 4

14 3 1 .9 5  2 .4 0

18 3 1 .5 9  1 .9 6
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F igure t
E f fe c t  o f  W all t o  W all S ep aration  on E th ylen e Y ie ld  

(R adiant E f f e c t  I s o la te d  -  No A djustm ent o f  Gas to  W all
H eat T ran sfer C o e f f ic ie n t )

Heat A v a ila b le  2 .142  * 10 BTU/Hour -  F oot Furnace

40

35

30
10 12 14 166 8 18 50420

40

35

30

W all to  W all S ep a ra tio n  (F e e t)

F igu re 9 .

E f fe c t  o f  W all S ep ara tion  on E th y len e Y ie ld  (H eat T ran sfer
A djusted)

6
H eat A v a ila b le  2 .1 4 2  X 10 BTU/hr. f o o t  fu rn ace

6 i IcT 12 14 1’6

W all t o  W all S ep a ra tio n  (F eet)

18
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T h is would su g g e s t  th a t  optimum fu rn a ce  c o n s tr u c t io n  

should  have th e  w a lls  a s  c l o s e  a s p o s s ib le  w h ile  a llo w in g  

s u f f i c i e n t  volum e fo r  th e  com p lete  com bustion  o f  th e  

f u e l .

The above d is c u s s io n  d id  n o t a llo w  fo r  th e  in tr o d u c t io n  

o f  more isoth erm ol zon es a s  th e  w a ll  s e p a r a t io n  was in c r e a s e d .

I t  i s  l i k e l y  th a t  i f  such  a p rocedu re had been  fo llo w e d ,  

th e  e f f e c t s  would have been  l e s s  pronounced , b u t s t i l l  

v a l i d .

4 .  O p tim iza tio n  o f  th e  F u rn ace-R eactor a s  a F u n ction  o f  

F u e l R ate

S e v e r a l s e t s  o f  c a lc u la t io n s  were perform ed v a ry in g  

th e  n e t  h e a t  a v a i l a b i l i t y  (E ) .  The e th y le n e  y ie ld  was
I*

then  p lo t t e d  a s  a fu n c t io n  o f  n e t  h e a t  a v a i l a b i l i t y  (F ig u r e  

9 ) . The w a ll  to  w a ll  s e p a r a t io n  was k ep t c o n s ta n t  a t  10

feet^ io ft. separation being used as a basis for all variations.
F ig u re  It) and T ab le  4 p r e d ic t  th e  p o s s i b i l i t y  o f  e th y ­

le n e  y i e l d s  in  e x c e ss  o f  70% p er p a s s .  T here a r e ,  how ever, 

two main re a so n s  why t h i s  y i e ld  i s  n o t p r a c t i c a l .

The f i r s t  rea so n  i s  i l l u s t r a t e d  in  F ig u reJ 0  which  

shows th e  r a t e  o f  e th y le n e  p ro d u ctio n  in  term s o f  pounds 

o f  e th y le n e  produced/pound o f  f u e l  consumed v e r su s  n e t  h e a t  

a v a i l a b i l i t y  o f  th e  fu r n a c e . The p lo t  g o es  through a
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T a b le  %

E f f e c t  o f  H eat A v a i la b i l i t y  on R eactor Y ie ld  fo r

10 F oot W all -  W all S ep a ra tio n

H eat A v a i la b i l i t y  % E th y len e S u rface  to  Gas H eat Trans*
BTU/hr, F oot Furnace Y ie ld  f e r  C o e f f ic ie n t*  A djusted

X 106_______________  ____________ Area B ases BTU/hr. F / f t .

1 .7 9  23 .18  2 .7 2

2 .1 4  3 3 .2 0  3 .1 4

2 .5 0  4 3 .4 2  3 .5 5

2 .8 6  5 2 .48  3 .9 5

3 .2 2  6 0 .0 5  4 .3 5

3 .5 7  6 6 .6 7  4 .7 3

3 .9 3  7 2 .1 4  5 .1 0

*Adjustm ent ta k e s  in t o  c o n s id e r a t io n  in c r e a se  in  f lu e  

gas v e l o c i t y  due to  in c r e a se  in  f u e l  f i r e d .
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F igu re 10 

E th y len e Y ie ld  a s a F un ction  o f
/

Heat A v a i la b i l i t y

1------------1-----------1-------------1------------1------------r
.0  1 .5  2 .0  2 .5  3 .0  3 .5

N et Heat A v a i la b i l i t y  
10^ BTU/hr. F oot Furnace
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Figure 11

O p tim ization  o f  Furnace Based on F u el Economy

S c a le  1 
S c a le  2

N et H eat A v a ila b le  in  th e  Furnace 
% E th y len e  Y ie ld /p a s s  (N ote S c a le  i s  n o t

P ro p o rtio n a l)

/

+ +
1’5% 1<5% 41% 58% 64%

S c a le  2 . E th y len e  Y ie ld  /P er  p a ss

Oo IT 2V0 ~ 2^5 ilo 
6

73%

3 .5

S c a le  1 . Heat A v a i la b i l i t y  10 BTU/Hr. Foot Furnace



O
pe

ra
tin

g 
Ti

m
e 

in 
H

ou
rs

i33
F igu re

E f f e c t  o f  E th y len e  Y ie ld  on R ate o f  Coke Buildup  

in  R eactor Tube
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maximum. The curve is flat near the top, however, and at 
first consideration it would be possible to assume yield of 
65-70% would be possible. This would correspond with an 
optimum fuel economy of 5.4 pounds of ethylene/pound of fuel 
consumed.

Figure 112 however, shows that the rate of coke buildup 
in the pyrolysis tubes becomes very rapid when large yields of 
ethylene are desired. A yield of 65-70% would necessitate the 
cleaning of the reactor every 3-4 days. A 40% yiild with a 
corresponding fuel economy of 4.1 pounds of ethylene/pound of 
fuel would result in a reactor requiring cleaning only every 
18 - 20 days.

If a manufacturer wishes to obtain the higher fuel 
economy predicted in this study, clearly something would have 
to be done about the coke buildup. One possible solution 
lies in the supersonic oxidative pyrolysis of Vasil'ev 
or his subsonic oxidative p y r o l y s i s w h i c h  Incorporated the 
introduction of oxygen into the reactant stream. This 
resulted in a blocking of the coke reaction and 58% yields 
of ethylene.
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Chapter V 

Recommendations

The com p u tation a l procedures d evelop ed  in  t h i s  stu d y  

a r e  v ery  e x t e n s iv e ,  en a b lin g  th e  h a n d lin g  o f  com plex  

fu r n a ce -rea d to r  d e s ig n . The fu rn ace d es ig n  u t i l i z e s  th e  

com plex method o f  H o t te l  and Cohen in  h an d lin g  zoned  

fu r n a c e s . I t  in c o r p o r a te s  s e v e r a l  su g g e s t io n s  o f  Cohen, 

n o ta b ly  th e  e v a lu a t io n  o f  th e  gas e m is s iv i t i e s  and ab­

so r p t io n  a t  in d iv id u a l zone tem peratures in s te a d  o f  a 

system  mean tem p eratu re .

There ar^  how ever, im portant l im it a t io n s :

1 . The fu rn a ce  was assumed to  be i n f i n i t e  in  le n g th ,  

thus no end e f f e c t s  were taken in t o  c o n s id e r a t io n . The 

s u b d iv is io n  o f  th e  fu rn ace in to  fu rn ace su b s e c t io n s  

enabled  th e  h a n d lin g  o f  v a r ia b le  w a ll  f lu x e s ,  bu t a llow ed  

no in te r r e a c t io n  betw een s u b s e c t io n s .

2 . The zon es in  th e  system  have been assumed to  be 

iso th e r m a l. The s o lu t io n  could  o n ly  become e x a c t a s th e  

s i z e  o f  th e zon es a re  shrunk to  in f in i t e s s im a l  s i z e .

3 . The r e a c to r  m odel c a lc u la t e s  coke d e p o s it  a s  a 

fu n c t io n  o f r e a c t io n  r a t e .  No meolMl&tifflpt? pras su p p lied  to  

to  a llo w  a p o r t io n  o f  th e  coke to  be ca r r ie d  out o f  th e  

fu r n a c e . The e x a c t  mechanism o f  coke form ation  i s  n o t  

known. I t  has been con sid ered  to  be c a t a ly t i c  in  n a tu r e .



.136

T his depends on whether s u f f i c i e n t  d e p o s it io n  ta k es  

p la c e  on th e  bare m eta l o f  th e  r e a c to r  or on o th er  coke 

d e p o s i t s .

4 .  The r e a c to r  in crem en ts were to  have uniform  

average p r o p e r t ie s .  The s o lu t io n  could  o n ly  become 

ex a c t a s  th e  increm ents a r e  shrunk to  in f i n i t e s s im a l  

s i z e .

It is therefore recommended:
1 . To take end effect into consideration in order to 

make a "true" three dimensional model.
2. To determine the exact nature of the coke formation.
3. To apply the calculation, procedure to a large 

variety of furnaces with the objective of formulating a 
general correlation which would allow for rapid estimation 
of design criterion.

4. To apply the calculation procedure to the 
optimization of existing furnace-reactor structures.

5. To design optimum furnace configurations by 
repeated application of the calculation procedures.
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APPENDIX A 
TABLE OF NOMENCLATURE 

Area of a surface, square feet; A^, A^ area
of a source-sink surface; A , A ,

1 *2
area of surface zones s^, s^, ....

AMWT Average molecular weight of reacting system 
B Normal distance between differential radiating volume

elements and a plane, feet

fcli £hB(I,K) Coefficient o £ component in K position I reaction
thBB(I,K) Order of reaction of component in I position 

Kth reaction

C Convectlve-flux coefficient, square feet, C
g

evaluated at T , C evaluated at Tg 8 8

c Exponent on temperature ratio in obtaining ^ from
. dimen8 lonless 

6*

oc Heat capacity, B.t.u./lb, F.
th 3C(J) Concentration of J component (lb. moles/ft. )

CF Temporary constant used in calculating the product
of concentration raised to order of reaction compo­
nents in the forward direction

CLJ(J,1) Constant of Leonard and Jones - collision diameter 
o th(A) J component



A-2

CLJ(J,2) C onstant of Lennard aid  Jones -  /K -(° K )J ^

component
thC P (J ,l-u ) Heat c a p a c ity  data  fo r  J component Gp»CP(J,l) +

2
CP(J,2)*T+CP(J,3)*T +CP(J,U)*T^ (BTU /lb. mole °P)

CR Temporary co n sta n t used in  c a lc u la t in g  th e products

o f co n cen tra tio n  r a ise d  to  th e order of r e a c t io n  of

each r e a c t io n  component in  th e re v er se  d ir e c t io n  

CT « C(J) (lb *  m o le s / f t .3 )

D »MAX(ABS(DXA(I)) )  i . e .  the max of th e  a b so lu te

in crem en ta l change o f r e a c t io n

D B a sic  determ inant fo r  th e  system  of sim ultaneous

eq u ation s used to  o b ta in  t o t a l  in terchan ge fa c to r s

D Determ inant formed by re p la c in g  th e  a -column o f D
Bi  J J

by a column of g ^ -fu n c tio n s

d ln Q /  In PL, d lm en sio n less

SR (I) , * SF(1)
D C P (I,1-U  -  C P (I ,l- lt )  -

K -SF(I)+1 B (I ,1 )  K -l

(BTU/lb. mole °F) ( l )

I ttttt cp (1 *1"1̂ )

( i . e . )  Summation o f h ea t ca p a c ity  o f  products -  

h ea t ca p a c ity  o f r e a c ta n ts
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DF(I)

DH(I)

»S(I)

EA(I)
EE(I)
E

E

F

F

f

Summation of free energy of products - free energy 
thof reactants I reaction (BTU/lb. mole)

Summation of heat of formation of products - heat 
of formation of reactants (BTU/lb. mole)
Summation of entropy of products - entropy of 
reactants (BTU/lb. mole)
Arrhenius frequency factor of 1 ^  reaction
Arrhenius activation energy of I^ 1 reaction (cal/m)
R a d ia tio n -em iss io n  r a t e ,  energy per u n it  tim e;

E_. , ,   from surface zone s , s ......
gl

Eddy dlffu8 ivity, square feet per hour

View Factor « Fraction of radiation from one surface 
zone intercepted by another surface zone in the 
presence of a non-absorbing medium, dimensionless;
Fe s from surface to

1 2  ® i  s 2

k',Fraction of energy from a point radiating source
absorbed by a sphere of gas, dimensionless; F^
intercepted by a portion of spherical surface F2

absorbed by a portion of a spherical shell
Fraction of radiation originating in one zone which
reaches and is absorbed by another zone in a black-
walled enclosure, dimensionless; f between two

ss



surface zones J. f between two gas zones, f
gg *g

from a surface zone to a gas zone; f from ags
gas zone to a surface zone

Factor by which the 'Arrhenius frequency factor 
Is changed - assumed to be one

Constant of Integration used in calculating the 
equilibrium constant

OkGas constant * 1.341 At/lb mole 
Molal flow rate per unit area mols/hr. sq. ft. 
fotal interchange factor between any two gas zones 
including reflections at all surfaces, square ft.;

Gl'G2 ( G2G1) 18 eqUBl t0  q8 l8 2 /W8 1 “  

q8 2 g i / M8 2

Total interchange factor between any gas and 
surface zone including reflections at all sur-
aces, square feet;; G S ( S G ) is equal to

1 1  1 1

o r  <1 cr / * .
8 1 1 8 1 g2 8l 1

Gas zone with a numerical subscript to designate 
the particular zone under consideration 
Direct interchange factor between any two gas 
zones, square feet; g g ( g g ) is equal to

i  At X
g )direct/W or (q g ) direct/W ®i 2 gA g2 1 8 2
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gs direct interchange factor between any gas and surface
zone, square feet; 8 j®^ ( si®i^ *s e<lual to
(q s ) direct/W or (qR )direct/W 

8 l  1 8 1  s i £ i  8 i

H Total enthalpy of entering fuel and air per unit time,ex
B.t.u./hr.

H Enthalpy-flux coefficient evaluated at T , square ft.
8 8

h j h ^ h ^ j h 11' Convective coefficient of heat transfer,c c p c oB.t.u./hr. sq. ft. F

h Enthalpy content, B.t.u./mol;h sensible enthalpy;s
h . chemical enthalpy ch

HR Number of hours in which carbon has been accumulating
HT(J) Heat of reaction of the (J) component (BTU/lb. mole)

, thI Temporary storage to denote 1 reaction
1A(I,K) Used identify J in the reaction species in the

1 ^  reaction the position (i.e. J«IA(J,K)
IB Number of increments the reactor will calculate

before it is forced off
K,K' Correction factors by which to multiply t ,avg.

dimensionless•
-1k Absorption coefficient of a gas, ft.

L Mean beam length for gas radiation, feet.
F Pressure, atmospheres; F partial pressure of waterw

vapor; Pc partial pressure of carbon dioxide].
Pg gas pressure



p

P(J)

PIT

PDIP

PI

P OUT

P P I(J)

Pr

R

R

r

RA

RAD
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D im en sion less  r a t i o  r /g  fo r  e v a lu a t in g  f p 

P ressu re  o f  J component (a t* )

P ressu re  drop increm ent ( in  at*)

I n i t i a l  in crem en ta l p ressu re  change used in  convergence  

(a t« )

P ressu re  in t o  r e a c to r  (a t* )

P ressu re  out o f  r e a c to r  (a t* )
tilI n i t i a l  p re ssu r e  of J component (a t* )

P ran dtl Number / k ,  d im en sio n less

Heat t r a n s fe r  r a t e ,  B*t*u* per hour} 2 n e t  between

su r fa c e s  1 and 2} q a e t  between su r fa ce  1 and th e

gasj qg g one-way from g^ to  g1 ; qs g l  one-way from
i 1 j

g to  s . }  qn n et to  g by bulk  tra n sp o r t}  q- n e t
gl  B1

to  by co n v ec tio n } qc n et to  s^ by con vection }
61

q„ n et through su r fa c e  s ,  •
Bi  1

R e la t iv e  f lu x  d e n s i t y ,  d im e n s io n le ss}  S^PS > f lu x

d e n s ity  away from s ,  due s o le ly  to  r a d ia t io n  o r ig in a t in g
2

a t  s^» and expressed  as  a r a t io  t o  Wg } Rg , same,
1 ^1 2

but due to  r a d ia t io n  o r ig in a t in g  in  gas zone g^*

Gas co n sta n t 1*987 cal/gram  mole °K 

L inear d is ta n c e  between two e lem en ts ( f e e t )

Rate of r e a c t io n

Radius o f  the r e a c to r  ( f e e t )
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RADD(I)

RADP(I)

R A D l(l)

RADU

RAP

RATE

Re

SS

s

Sg

as

R adius o f r e a c to r  a t  1% tem porary s to ra g e

Radius o f r e a c to r  a t  1# p r e v io u s ly  c a lc u la te d

R adius o f r e a c to r  a t  1% p r e s e n t ly  b e in g  c a lc u la te d

O r ig in a l ra d iu s  o f  c lea n  r e a c to r  ( f e e t )

O rig in a l ra d iu s  o f  c lea n  r e a c to r  ( f e e t )

T o ta l r a te  o f  r e a c t io n

R eynolds Number DG/ , d im en sio n less

T o ta l in terch an ge  fa c to r  between any two su r fa ce

zones in c lu d in g  r e f l e c t io n s  a t a l l  s u r fa c e s ,  s q . f t .

S G ( G S ) i s  equal to  q /W or q /W 
1 1  1 1 i 8l  S1 g l Sl  gl

Surface zone w ith  a num erical s u b s c r ip t  to  d e s ig n a te  

th e p a r t ic u la r  zone under c o n s id e r a tio n  

D ir e c t  in terch an ge fa c to r  between any su r fa ce  and 

gas zone, sq . f t ;  S1 S1 ( gl Sl^ i s  e<l u a l 'fco 

(q s g_) d irect/W ^ or (q ^ g  ) d irect/W c
161 s- gl ° l g-

Di r e c t  in terch a n g e  fa c to r  between any two s u r fa c e s ,

s q . f t . *  s s ( s s ) i s  equal to  (q „
1 2  2 1 4 V jf lg )  d ir e c t  w

s.

or s ) d ir e c t  W 2 1



SR(I)

T

T
lIN 
TMPH 
IMP HI
tJ

V
VELI
VC(J,L)
W

WDZA(I,L
WPJ(L)
WT(L)
W1M(J,L)

th(Integer) number of components in I reverse 
reaction
Temperature, °R; T , T , of gas zone g,, g„, ... ;

n  g2 1 2
Tg , Tg , .... of surface zone s , s^, Tg uid

I 2 ^
T of gas and surface respectively; T_^ and T0 ofS JL JL
surfaces 1 and 2
Temperature of reactor (any point) (°F)
Temperature of inlet conditions jf0F)
Total moles fier hour (lb moles/hour)
Initial molar flow rate (lb. moles/hour^
6ver-all coefficient of beat transfer through a wall 
based on inside surface and outside air temperatures 
B.t.u./hr. sq. ft.°F 
Gas volume cubicefeet
Velocity of gas at any point in reactor (ft/sec)
Concentration of component J at L% into reactor
Rate of emission from a unit area of a black-body at
the temperature indicated by a subscript (W at the

8 i
temperature of g^)^ B.t.u./hr. sq. ft.

) Rate of reaction I at distance L% into reactor 
Pressure L% into reactor (At)
Temperature h% into reactor (°F)
Total mole/hour of component J, L% into reactor



WTMPH(L)
WVELI(L)
WZIC(L)
X

XN

x,y,z

<k

* * * > * ,Y

r

Y

JSr
e

A-9

Total mole/hour L% Into reactor 
Velocity ft/sec L% into reactor 
Length ' ft L% into reactor
Used as temporary in calculating heat of reaction, 
heat capacity
Used to calculate temperature profile in reactor 
Thickness of gas layers, feet.
Linear dimensions along the three coordinate axes, ft
Absorptivity, dimensionless, eg of a gas for surface
radiation; of a gas of path length x, of a x s
surface.
Positional parameter indicating the magnitude and 
direction of hulk flow heat exchange between gas 
volumes
Factor by which to multiply center-to-center distance
between two zones to obtain correct mean beam length
between them for radiation, dimensionless.
Emission coefficient, sq. ft. VV « 4kaV ;f S g

y* s s s
Denotes a difference
Determinant formulation of energy balances
Emissivity, dimensionless; £  of a surface} £  o xs G
£ of a gas| evaluated at the arithmetic mean
S avg
of the gas and surface temperatures; £  of path



length x; £  , £^, . . .  of a gas at PL^, PL2...........

O v era ll In terch an ge f a c t o r ,  d im e n s io n le s s ; ^  «
1G

r a d ia t io n  rea ch in g  gas and 7 i 2  r a d ia t io n  re a ch in g

su r fa c e  A , due to  o r ig in a l  em iss io n  from A o n ly , h u t  
2 1

in c lu d in g  a s s i s t a n c e  g iv en  by r e f l e c t io n  a t  a l l
_  4

s u r fa c e s ,  exp ressed  a s a r a t io  to o  T

A ngle betw een l i n e  jo in in g  c e n te r s  o f  two zon es and

th e  normal to  a s u r fa c e , r a d ia n s .

A ngles used  in  e v a lu a tio n  o f  f^ ,  rad ian s  

V is c o s i t y ,  l b / f t .  h r .
-1

B m iss iv ity  o f  a gas on a volume b a s i s ,  f t .

D e n s ity , lb /c u .  f t .
<

R e f l e c t i v i t y  o f  a s u r fa c e , d im e n s io n le ss  

Stefan -^ oltzm ann  co n sta n t » 0 .1713  x  10  ̂ B . t .u . / h r .  

sq . f t .  °R^

Gas t r a n s m is s iv i t y ,  d im e n s io n le ss ;  o f  path  le n g th  x
x

Escape fa c to r  fo r  r a d ia t io n  from a cube o f  gas c r a t io  

o f  energy le a v in g  boundaries to  energy  o r ig in a t in g  

w ith in  v o lu m e), d im en sio n le ss  

A ngles betw een r a d ia n t  beam and norm als to  a s u r fa c e ,  

rad ian s

S o lid  a n g le ,  s te r a d ia n s



Appendix B 

Computer Program
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r -  l c |  a ,  c t)  c o  vc 
cc ca co cd cc e  
CM C\| AJ CM AJ A 

4-4 4— 4- 
4- 4- 

LU Lii U i UJ LU Li
2  z i 2  a  2  2

I cr 
UJ A 
X
x  q  ■ H
UJ 
X C  
X  c

o* c
A- S

Li <X 1I >  X

U X 
►> X

h a
SO 3

m  r-  cxi i> c
«  ff| c  c  

t c  co co co eo a
CM CM CM Al CM A 
4 -  4 -j 4 -  4 -r 4 -  
4 -  4 4  4 -  H* 4 - 
Ui LU UJ Ul Ui Li 
Z 2 Z 2 Z 2

a
Cl C  >

X  X
«

I LIU<1 <  x
a" X
I -

o x  x <  
H L

o d  U J  H  
X X

x H

K
U
> a

m a
ac x

a •a h

r- a

h  < a m a  
o  cm o» c* 
cc a) ® al 
CM AJ CM CM CM A 
t— 4- 4- 4- 4- H

tn <
ch o 
co a

U i UJ UJ U i UI
Z  Z |  Z  A

• * ■ 4  i 
i u i I

c

X

4— 4*
l4  U iL U  UJ UJ U i U

Z  2

a  a  
u* u

<3

aV
Uic

I -
UL U 
OC 
3  in < *2 M ■
- 9  C l

O  A|f«l 
ST NT ( J

o c |ha  m-a O* O' & o

r -  cc 
O' o  
co a
CM A

Z  33

3
a
*

>-4
-4* IT 
-9s3 
M
-> c
x c

O' O'

On
O' q  
to  
AJ A

Z 2

H  A
© C 
ON 0 
AJ A

tt — 
= ■ -9

<t Cl< L

Ui
nc/i 
z  u
M  CC

□ a
L> C

V| O
(J

r- cd 0* c 
a* a on c



FO
RT

RA
N 

iv 
<V

E« 
L4

3)
 

SU
yR

CE
 

UI
ST

IN
G|

 
NE

TT
Ai

j 
SU

BR
OU

TI
NE

 
03

/0
5/

74
 

PA
GE

 
00

70 m < m«c o  d cc  
o\ &-Cb o 
r u  o  1 snj cv

u j  u  i u j  u

< .  C

•.<u

"  U «̂ UI

r -  cel o> c) n  ty m  ^
©  _ _
(T O  O ' a  ( M > 0  O f f f 'C  
o j  c e  cv j o  cvj cvj «vi o j  cvj rv  

h K H H h
H-

U I u j  U J u l  U i  IU  U J U J U J u
Z 2 Z

«/| oo
0tOH|l 

cn

%c

% C_ ■
H  c

<1 c  
<

UJ 
M Z 
a .  <

»-4 o (^*4 r - a
o  c  o :

aC- r 
3 Z  to 5
:<£ 2

» luuir->
x  r* ̂m M rr *
4 3 0 0  < 1 .0  u

mm
« i t n

<  u
c e  a

u
tn *

>r 
< r
2  Cc
< r  
o

IT
u  *r

M q O 'O  
^4 ^  rvj CM
<> crt o* o> a* 1 
0 4  cvj r u  cvj cvj
t— Hr >— H- H- I
I- H- |- H  I 
u j  u j  u i  u t  u j  1
z a  z .

T I
3 - • 
N if
- j r - --1
<c c> 
o c

ovQ^rji^'4 m■<) h a| ^  c
c* * 4 n4 *• I **4 »• t »>4 •“ [ rM ^  I *“•  C

x  r  «
LU
X  UL 
X

■».t  > X

co 4 - m ^  h  
cvj rv i o j  r e  o j  o  

0> O' 0» C'O
CVJ o j  CVJ O J  CVJ o

U i  U J  U i  U i  U J
Z 2 2 Z Z Z 1

t:- - ’ + l|i 
o I a£
* X M
*+ ct 
U  X  

X

n
<> r* tn

«v

kTt
a  >

L i U i < ;
X .*T 

1 X  *  ( M U  1
» LU *0 > 
t  X > 

i K X ? l l  
^  X  U  J -cH X 
I L I L X  □ >  CJ

m 
m ̂01 
rvi «v

H [•
U i  U i  U i  U iL U  l4  U J 'L
3 Z Z 3 3  2

Ov o  —• r e m  «a 
cv: cn m  cn cn rr 
O' Oj O ' o »co  o  
cvj cm o j  o j  re o  
hHH J— H

CC
X
X
■v
vu
x
X

c oH •
P *

I u i  
- o

V*-*

<CCJ : 
1U 1

m <‘tn 4 
o  rrf- r-

h wm<• *w r-cpo* oho |tî  in<Jh«
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