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This report constitutes a repri tit of two chapters on turb opropulsion :o’i E Jst ion
expressly prepared as part of a Propulsion Text Book entitled “~~ Comprehensive
Study of Aircraft Gas Turbine Engines , ed ited by G .C. Oates , Professor of the
University of Washi ngton , to be published in 1977 as an Air Force Aero Pr il ;u1-
sion Laboratory report. This report contains Chapter 15 dealing with t t t
fundamentals of combustion and Chapter 20 dealing with the current st a t e  nf

technology of turbopropulsion combustion .- ’ A variety of subjects are reviewed
ranging from fundamenta l chemistry, thermodynamics and gas dynamics of combustio —‘~. t.. J
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to jet eng ine combusto r des ign factors , performance characteristics and
eng ineering/analysis tools. In addition , the impact of environmental controls
and regulations is discussed and the effects alternate and/or non-spec fuels
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an exttlns ive reference list of related topics many of which expand further on
key points discussed .
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- FOREWORD

This review is a reprint of two Chapters dealing with the fundamentals
and current state of technology in turbopropulsion combustion. These
Chapters , Chapter 15 and 20, were expressly prepared as part of a Com-
p rehens i ve Study of A i rcra ft Gas Tur bi ne Engi nes , edited by G. C. Oates ,
Professor of the University of Washin gton. This propulsion textbook will
be published by the Air Force Aero-Propulsion Laboratory in 1977. The
Combustion Chapters reprinted herein were authored by Dr. William S.
Blazowsk i ,* Fuels Branch , Fuels and Lubrication Division , and Mr. Robert
E. Henderson , Components Bran ch , Turb i ne Engine Division ,A i r Force Aero-
Propulsion Laboratory , A i r Force Wr ig ht Aeronau ti cal La bora tor i es , Wright-
Pat terson A i r Force Base , Ohio.

The work reported herein was assembled and written during the period
March 1975 to December 1976 under the di rection of the authors , Dr. William
Blazows ki (AFAPL/SFF) and Mr. Robert Henderson (AFAPL/TBC). The Chapters
were released by the authors for textbook publication in January 1977.

The authors wish to thank Mr. Frank J. Vcrkamp of Detroit Diesel Allison ,
General Motors Corporation; Mr. Donald W. Bahr of the General Electric
Company , Advanced Engine Group; and Dr. Joseph Faucher of Pratt and Whitney
Ai rcraft , Commerc ial Products Division, for their assistance and technical
contributions given duri ng the preparation and review of these combustion
chapters.

* Currently at Exxon Research and Engineering Company , Linden, New Jersey .
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PART I

FUNDAMENTALS OF COMBUSTION

Chap ter 15 of A Comprehensive Study of Airc raft Gas

Turbine Engines , ed it ed by C. C . )ates

by:

William S. Blazowski*
AF Aero Propulsion Laboratory

AF Wright Aeronautical Laboratorfcs
Wri ght— Patterson AFB , Ohio ii S ( i

* C u r re nt  IV  at ~~~~~~ R i - - .U . I  r. and nd t s r  Ing COmp .IUV . 1. 1 mis-n , ‘, i w  . I , -r , i , -
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Fl N I I V ’ l l . N  S I _ S  i l l  C l I N I C S  I 1113

15. 0 1 N I R O I I L C I  1113

i l i - l i g r s - u n d  i n f o r m a t i o n  Ils- s essrlr y to  t h e  u n d - - i - — [he i r s l , r m a t i l s  I s  I I , .  I ,  S S C I I C C  i i ~ t h i s
standing o f  a i r c r a f t  t u r b in e  s - n ) - i i i s - S s - n s l s s s s t i s u l  v ? l I p t s - r  i S  or c snj z e s i  m t - s  i~~ t s r t h e r  si - s t  1. - u s .
systems is dist inc t1~- di i fi rs-s I t  f r o m  t h a t  a p p l y i n g  As 115 1 1111 be ss l ie -  t ed , t h e  f i r s t  ( C r 5 - , - c O 1 I ~U o c r
t i  d i f f u s e r s , r o t a t  i i ig  sr - sos l i  i l e F t - , or nozzles an d a s h e m i  s t  rv , t h e r m o dyn am i c s , and gas  d v I l I n l  i ~ s. The
.s,.-pa r .II ,.- d i s c u s s i o n  o ~u o dam s - l I t a 1  s is w a r r a I I t , . - d . f o u r t h  i s iv i - I v e s  d i s c u s s i o n  of  -d
Fi le l o r I s -se of t h i s  c h a p t e r  is  to  r i - v i s e  L i i , . -  - s r r l t s s e t e r s  - - I  i m p o r t i l t i s e  to  t h s - r i i i l - r i , . t

f u n d r i n i s s n t a l  sCsncepts i mp o r t a l l t  lii . i u r o p r o p u l s  i o n  d e s i g ner .  F i l i a l l y  • t he  ci v i i  l i s t  I I l l  p r  p er t  l eS
, om h u st  io n .  Two a d d i t i o n a l  c h a p t e r s  W i l l  c o n s i d e r  ct f u e l s  I r s -  b r i e )  lv  d es . r i d s - - I .
t h e  pr I ct  b a !  .lpp l sc a t  ion s - f  t h i s  i n f o r m l l t ion I s

m a i n bu r n e r s  ( C h a p t e r  2 0 )  and a f t e r b u r ne r s  ( C h a p t e r  15 .1  C I I I 1 - l i S I I f S
.11).

i l i r s e  c o m b u s t i o n  c h e m i s t r y  t op ics  W i l l  be
i l i s i l e  l . s r g i - v o l u m e s  can be W r i t t e n  on t h e  sub— d i s c u s s e d  in t h i s  s e c t i on .  Tb5 f i r s t , v l s e n i r , i

j , .-c t of a e r o p r o p u l s i l - l n  combus t  ion • t h e  55 5- P~ of re.o t i o n  r a t e , ad drs- s~~s-s f lllis i lr - ss - 1 I 1  a l  - f l i ep I s
th i s c h ap t i s r is l i m i t e d  t s -  h i g h l i p ! lt i n g  key j n f o r —  v i t a t  t o  a l l  5’f c h e m i c a l  3 i n ~-t  i v y . I m p s - r I  a C t
mat  ion.  The d i f i l i s u l t  I r I s k  of dec id i n S  wh i c h  d ep e n d e nt  ies of  r e a c t  ion  r a t  s- - s s th, rv i ss l v I l r ,ns i -

i l l ~~ - r ) ) I . I t  I I  t o  i n c l u d e  Was a c c o m p l i s h e d  by . I d i l 5 - r i l s g  c o n d i t  i s - u s , c - sp e c i a l 1  v i . r . i  I r e , w i l l  be
t s ’ t h e  o b l s r c t  lee t h a t  t he  rs s i s I s - r  he p r o v i d ed  t h a t  a d d r e s s e d . The ss nd t - - s I  - c h e m i c a l  e q u il  I r r - r
:-s. ste r i a l os- i - c ss ar v  for understanding the combustion is of i m p o r t a n c e  in r e i r s t i o n  to  t h e  u n d s i  - . ing
system ’s i sp i r a t i n g  principles , performance parameters , s - f  and ability t o  analyze 1 15 15  ts-1r 3ss- rrI(.lrs - cOm—

and l i m i ta t i o n s .  The r e a d e r  c o n t e m p l a t i n g  n e r o —  b u s t i o n  systems. Finall y, I ll s- current under—
p r o p u l s i o n  c o m b u s t i o n  as an a rea  of s p e c i a l i z a t i o n  s t a n d i n g  of gr i s t i . a l  hy d r s .c a r b o n  t u e l  c - n i t i u s t  I s - u i
s hou ld  d e v e l o p  a more t h o r o u g h  b a c k g r o u n d  and is c h e m i s t r y  w i l l  he r e v ie -.-re - L u i d i . r s t a n d i i r  o t  t he
r i - t , . - r r s - sI to  a number  of r e a d i l y a v a i l able t e xt s  s e q u e n c e  oi  s i l s i f l i s s l I V r ,s5~~ sses lead i ssc t - - 11 0 and
l i s t e d  in t h e  b i b l i s ig r a p h y  t s  t h i s  c h a p t e r  (S e c t i o n  CI) p r o d u c t i o n  a l low s  t i n  exp lan  t i - s i  - i f  m s n v
15 . 7 . 1  s r I c t  i l i l l  combu -i t l o i s  cha t -  t e r i . v u  i -  5.

- - n s h l s s t i o n  involve  i n t e r d i s c i p l i n a r y  15 .1 .1  Re ss t i - - I s  R a t e
I I  - s i s l i r i n g  c o n s i d o r a t  ion of t h r e e

top ics :  c h e m i s t r y ,  the rmc s— One of t i l e  V O S I  b a s i s  O u c  C ot S  -

I S  d y n a m i c s .  I n t e r r e l a t i o n s h ips c h e m i s t ry  i n v o l v e s  the i r i s  f -r ss s - I  i s~I l  s clii sh
IC .sr e Is , shown s c h e m a t i c a l ly in r e l a t e s  t i l e  r o t s  — a r s- s s - t  is - i s . . -r  t l l~ t i f l i e  t I

1, 1.1 , r e q u i re  c o m b u s t i o n  e n g i n e e r s  and of c h a ng e  of t h e  r s - s s I a n t  S U-s , l C I l s I e I i t rs t l s - I I ,

s c i en t i s ts  to  d e v e l o p  a f u n d a m e n t a l  u n d e r s t a n d i n g  t o  t h e  c o n c e n t r a t i o n s  of r e . s s  I c 5  sgs s l b s . s 0 1 5

of each  t o p i c .  A n u m b e r  of s u b — t o p i c s  in each  of can be f l i s i s t  r a t e d  w i t h  I l l s  lU-C of t I l s  t o I l  I c i n g
t h e s e  I r e a s  have  been l i s t e d  Is’ f u r t h e r  d e s c r i b e  g e n e r a l i z e d  c h e m i c a l  n h  l ion :
t h e  broad  scope of s u b j e c t  ma t  let  i n v o l v e d . Each
sI I l l s -s, .  s u b j e c t s  will be addressed  in t h i s  chapter. 155 + bB - siC ± dLl (15 .1.1)

In this examp le , a moles .1) moles u le A combOs ,

with b y s s ) s -s of intols-cul e B I - - I .~~5 1 C i l .  d irs ’ es
5- f p ro d u ct s  C and 0.  The ri -ac I S I s )  s t oi  i i i  or e t  r i  -
cs- s - f l i e  i s - s s t S  0 1  t h e  . s t - m v i c  balance-  s - s l s i. s t i s -n I s

— 

CHEMI STRY T HE t MO~ 

~~~ 

o l s o  
e s t  h s t l  hs r d  o 

- - -

~~•1/0 c~
’ ,a .t,y FI. ’T a ~P~~.t pr idu t II 1 I r i t i  n u  I r I t int I

rais s-sI to t i n - s r  n c - s p e c t i v - s s t - i Ii t n i r s - e t f i —

c i e n t s .  Fsir t h i s  , -ss ~~~i . t i e  = t s r W , l l i

COMBUSTION ri- l et  ion • r~ , would be:

TECHNOLOGY 
Cf  = k1[55]~[I1]~

’ (15 1. 2 )

The i r s  Se t s , [ ] , - -r r us ;i snd I - - I is- r IO  i
GAS DYNAMICS - - c -  ~- ,  s t  i - n  1 1 .  Is -s / v s l s c r s  ) s ’ S  t l s e  m silec u !- ir
L.~~Inu, FI...~ p s - . u s  S nd i c - t i - sI  - k i s l b s  r i  I e . - i  t ic I i i  ) 1 .
DIf~~~~~~ CS~I.,.I ( i s  I rs,ii ii r : ~~ I I I I I I S  I I I It

r • c Oil 12 ‘i rep r~ - si lt it ? we I s I )  ss I r h  IC 0!

d i —  5 j 5 ~~ e . l I . 5 l 5  i s )  I i i , .  r e l  t a I l t S  A and B s r  1 1 1 1  r i t e

F i g - I n - - 15 .0.1 T h e  i n t s - r i l I s c i p l i n . i r r  N , s t - s n s -  ~- or I t i - n  itt - r O s s  I s  l o s - I  0 . l s s s  I s s i r
of Combu st ion I -  h n o l ’ g v .  r I  s Irs- i s s l i .- r r , . - I s l e d  by I l l s -  s t - i - h  i n c

C s - i  I l i s l~ - s s l — - .i , I , - , In s - I .  For iX . i f l 3 - s i r ,  I f  r
5,5 1 , - r i - I  - 0 , 5 5 1 51  bye 1 the I 1~~~ .0  - l i s . i  I I l I l s

s t  5 , t f l i  I _ I  l o s b i t s  r i - s t  l i - i t - s h i p s  ss- s uld he va lid:

15—i

L. 
~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - _ _ _



— ~L-’ I — — 
b ~i[sj s w i t h  t h e  i t s -  — e x I s s l i s l  L i i ?  1 5 0 1 5 - i  I l i - I l  is  I e C I —

— - I t  — 
ii s i t  

— 
- i d t  ture i n d e p s - n , I s - t t t  (i.e., n i t  in c  l usi iluli (il, I -

s i e p e l l d i I I I s )  i s  c a l le d  t h e  A r n i s e l l l  e l l I s - s I  l o l l .
= si d[D1 Equal i Ct l  :s. 1.4 itself is s i  i i i  t o  be t i s e  tnod i I l id

a si t  ( I S .  I . 3 )  A r r h s - n i l ls  re 1 a t  i o n sh u i  p .

It slis lu Id I~e n t  ,.-i l t h a t  t h e  t i l l s- s l i - j i s - t uds - t u i  v
5 i v e i I  b y E q u a t i s i n  15 . 1 . 4  i s  o n l y  s s r r , - s I i n  r os e s

The v a r i a b l e  t r e l l n i - s c i lt s  time-, wher e t h e  written sto je h i o m e t r i s  e l l I l s I  l e ss

represents the entire sequence- s t  s-vein s lei d is s 5 -

rh ens -  is analytical justification for the oh— t i  product fs sr r s ul t i - s s .  As w i l l  be d i s s  su s s e s i  in
si- no- ed r i- l e t  l I s t  concen t  r a t  ion dependenc i e s  of t h e  Sec t  ion 15 . 1 .  3 , combustion -I -, I r s  t i - i ?  i iy s l r i _

law si t  mass  ac t  ton .  An anOl ys i s  based on t h e  c a r b o n  f ue l  i n v olv e s  m a n y  e o n s i s l  cx elss-n s u s _ s i  re .c- —

a s s u m p t i o n  t h a t  p r o d u c t f o r n l a t  ion can on l y occur l i o n  s t e p s  b e f o r e  f s - n n i U i l l  of I t tnal prs~d is I s , Cl)

l I t e r  c o l l i s i o n  of  r e a c t a n t  m o L e c u l e s  p r e d i c t s  and 1 0 .  In C; ISS .S where t i l e  s I s s I s i I j s I I x e t n i v

t l s e  Sante o ln- ,.- l t tr a t i o n  d ependencies as d e s c r i b e d  e q u a t i o n  does  nsl t describe t i l e  c u t  i r e  r e , s  I i i s t t

in Equat ion 15. 1.2. Tue rats- c o e f f i c i e n t  in s e qU e i t ce  , t ile  d e lse  I l i e l l  b e s  1 f t h e  r e ,  I s e l l  n I t  C On

Equa l  ion 15 . 1 . 2 , k~- . a p p r o p r ia t e ly  c o n v e r t s  t h e  r e a c t a n t  e s - I l e c  I t  r a t  ion nay no t  v s - r r e s 1  - s I l s I  I s  t i l e
r e s u l t s  of c o l l i s i o n  t h e o r y  to y i e l d  the  u n i t s  of m o l e c u l a r i t y  and eV e ll fras - t i s - s I s  I i l~~~, 5  t h i n  o r d e r s ”
r e a c t i o n  r a t e .  in a d d i t i o n , k 1 a c c o u n t s  f o r  may be observed . N c v e r l l s e l e s s , t h e -  I - n v  I - f
reaction rate dependencies due to variations in Equation 15.1 . 4 is valid for erich i n d i v i d u a l
m s - I s - c s l l I r  energy levels and in tile g e o m e t r i c a l  t e s s  1 lO l l  s t e p  s f  the counp l cx sequence -
s s ni s - n t l t i o n  of colliding molecules.

15 .1. 2 C b c - m i c o l h 1 s s l h b r u . S I I I 5
I5 s n  many reac tions of importance to ccmbustion

sV S t i . ifl S , kf is a s t r o n g  f u n c t i o n  of t e m p e r a t u r e .  As a r i - l e t  l s s n  l i k e  t h a t  d e s c r i b e d  in
- t i -m i s e r a t u r e  d e p e n d e n c e  of t h e  m o l e c u l a r  c o l l i —  E q u a t i o n  15 . 1. 1  p r o c e e d s , c h a n g e s  of s - - I l s e  f i t r a l  i s v

S i s f i l  ra te is minor (T h / 2 ) and lta s only  a smal l  w i t h  t ime s s c s r u r  as i l l u s t r a t e d  in [ I h i l i n e  1 5 . 1 . 1 .  -
.

m t  luence on kf. The predominan t temperature Il i le l l  the concentrations of products I o l d  0
d e p e n d en c e  is a r e s u l t  of t h e  n e c e s s i t y  for molec— become signifi cant , backward sir reverse nesc I i i sn
u l a r  c o l l i s i o n s  to ilceur w i t h  s u f f i c i e n t  ii f ( n i

~ ( i . e . ,  c o n v e r s i o n  o f  p r o d u c t s  back  to  ns- ~~e t I h i t S )

tO Ove rCo I t s e any energy barrier necessary fsr can become important . The r a t e  of b a c k w a r d
n c - I s  t I n t  m o l e c u l e s  to u n d e r g o  conve r s ion  to  p r o —  r eac t  ion , ri, , may be a n a l y z e d  in t s i - s ame m a I l m e n

d u c t s .  P h y s i c a l l y ,  t he  f o r m a t i o n  of an a c t i v a t e d  as in t h e  case of f o r w a r d  r e a c t i o t n  ( i r s j s i . s t  ion  15 . 1 . 2 )
comp lex  is assumed to be necessary f or  s u c c e s s f u l  to  yield the following r e l i t i o n :
c o n v e r s i o n  of c o l l i d i n g  r e a c t a n t s  to  p r o d u c t s .
The height of the energy barrier , the energy rb kb[C]

t [012 (15.1.5)
necessary to form the activated comp lex , is of t en
t ermed the activation s i - s l e n i - y , E 1 . Not all of the
co l’ 1d ing reac tant molecules will have sufficient
Cl. - gy and only a fraction of the collisions will 1.
b ~uccessfu1. Since molecular energy dis tribution - A
can be described by Boltzman statistics , the
frac tion of collisions which are successful is
exp(—E af/RT) where R is the universal gas c o n s t a n t
and the subscript refers to the forward reslction.

4
The ges.ime trical misalignment of reactant

molecules during collision can also preven t con—
version to products ; only a fr,lcliotl of the
c o l l i s i o n s  oc c u r r  log w i t h  s u f f i c i e n t  i- ni- nix will be z c
s u c c e s s f u l .  C o n s i d e r a t i o n  of t h e  “ s t e ri c  f a c t o r ” 0 /0
is a f i n a l  n e c e s s a r y  a s p e c t  in a n a l y s i s  s f  t h e  V
n s a - I  i n  r a t e  c o e f f i c i e n t .  T h i s  f a c t o r  can he
thought 511 is a means of c omp e n s at  i n g  for  c oI l  i— _______________________________________________
sional .  i n e f f i c i e n c i e s  due  I s -  t h e  ‘es u l  i . l n i t i e s  s - f
g e l l n I l - t  r u s !  a l i g n m e n t  n e c e s sar y  f - n  s u s e s - s s f , i l TI M E
FC I C  I 0)11 -

An O v p - r I l lnt i - xpr i-s .s i o n  fo r  n i - i l  t i s -s u rate is
- -111 1 ins- si -v c o m b i n i n g  the react ion r o t c - Cs ’  s - f l  j e l l - n I  F l - i n n s -  1 5 . 1 .  I ( I - s I s - e n t r s t  i n  V i r i s I  I l l s  D u r i n g  t i l l -
s lepi .- I I I i e - s s  1, 15  d i s c u s s e d  above w i t h  E q u a t  ion 15 . 1 2 .  ( once ’ of a R e i c t  i s l e .
The f o r w u  n s I  r a t e  s - f  t h e  cs - u s  n I l  r I - i -  I i s i l l  l e s s - r i  heel
in E q u a t i o n  15 . 1 . 1  i s :

_ — d [ A ]r f — 
d t  In  r e cog n i  Ion  i f  I l l s , X i s t i I I 5 ( 11 I h ot l l

- I l s - r e s r d  and r i -Ce r s i -  r s - s 1 s l s ~- . t l t e  ms - r i

[A] ° [BI
b 

C 1
( T i  2e x p ( — I T  f / RT) ( 1 5 . 1 . 4 )  a pp r c ip r  l a t e  Cs l llveItt i - I )  I n  cxp r e s s il i s l  l i t , - in - l I e U - i l

s - i i , - rs i - s I  S C S I  s - h i  s i s S s l  l i - i - s i . t  1 l 1 s l s I i s ’ I t 13 . 1 . 1 i s :
wher e Cf includes t l s e  ster i- l O s  I r  ansi t h e  1 -
n e c e s s l r v  5 s n t i f l t  -i I - -  c o n v e r t  c o i l  i s  i n  n i l , - I-

r c a s :t  ion  r u t s - . I he  s t ru ng s x ~~ s h I n t  i i !  n a t u r e  of  Is\ * hR cC + dO (15.1 H,)

t h e  r e a c t  ton n l I e  d e p e n d t - n c s - ssi s 1cm p e r I l  ur e  was
l r s t  r i - c s -  ~t uiiir d by A r r h e n i l i s .  E q i l I t  1 -t n  1 3 . 1 . 3

1 5 — 2
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Because ri-verse l a-r o t s i t s  IIIw :iVs s- s i s I  t o  Sonli CII + 1 / 2  I I  
-

- 1 1 5  ( 1 5 . 1 . 1 2 )
e N t e l l t  • i l l S  s i l l r , I t  ~ O 5 5 5  s t  iS s t i ts l  B wil I eVs~ll l  i i i  l i v
Jeers - -Is, t s -  55 -mi - t i t i i t  - - Ic- i l l— s u e v a l  l I e s  s h e l l  I l s . I t  I? + 1 / 2  0 - I? I I  ( 1 5 . 1 . 1 3 )

i t s -s ui t tsr w;i r d Sill,! n i - ve r s i  n s - s t  Is l i l s  I n s  s -qual  -
l i e - i s - s - 1 s l i  I ib ri uni 5 0 5 1 5  e l l t t _ i i  ions s r i  t h e  s l s y m p —  M i t  I s e s i s t  I l l  I r s - I t n s i - n t  o f  t i s i si- i I l - s i  1 I b r i l l n .

t s ’t e - s  s f  i - i p s i r s - 1 5 . 1 . 1 .  N - I , - h i l t  I he  mi t r e  r e l n l t i - s l s i s i p s  Is 5 1 1 1 1 5  simplifi ed by t i l e  s l s e  i - I
ce~ si - n s I  s c-sc sci ss - i n -  the r s - r s s  t an t s  es I s e l s I  r a t  lu l l S the w a t e r  gas  rca  t isle :

ar e ’  I l s it  i t t  s - X I s  I s t ss i ch i i o me t r i c  p r o i l l lr t  i s les has
hi - s-si I i l u s l u i t s -J in Figure 15.1.1 W i l i c i l  e l n  r e s l l s i u l d s  CO + 11 (1 ‘ F! + CO (1 5 . 1 . 1 4 )
to  th5’ sitsilt ion of  a I s r  ( a s  t - e s - ss  I I U - I l  1 111 1 A.

I t  sh i lu l d  be n o t i - i l  t h a t  t h i s  iS  I s - - I  a t h i r d
Tb5’ e q u i l i b r i u m  s s s I l c e I l t  c - I t  si l l s  can  he- i s s s i s - ) s s - us l l e n t  r e l a t  i o n s h i 1 s  but a 1 S I s a l  n c o m b in a t  i on

d e l e r t i i t l e d  t r o n l  E q u a t i o n s  15. 1.2 slits! 15.1 .5 .  At 0 E q u a t i o n s  1 5 . 1 . 1 2  511151 1 5 . 1 . 1 3 .  p s i r t i , 1
e q t i i l  i h r i u m , t i l e  r a t e  i l t  ci i sappi’ s lr a n c e  l i i  r U - s t - s I l t  p r e s su r s - e q u i l i b r i u m  5 s i l I S t l I s t S  f s .s r . i e b s  sf  t l u e s s -
I E qu. lt  i s s i  15 . 1 .2 )  w i l l  be elIt i r e  I y b a l a n c e d  by t i l e  t l ur e s -  r e a c t  ion s  a r e -  i l l  i l - s t  r i l e d  i i i  F i g u re 1 5 . 1  . 2
ri-a s  t a t l t  f I ’r Inni t iot t  r a t e  ( E q u a l  i l l  I I .  1 . 5 ) .  Coin— ( d s i t ; i  f r o m  Re- I s - I s - C -  i 15 . 1  h ay s-  h i - c l u t i  I izc-d ) -

s e l l l l i 1 5 t l v , this equilibrium condition Is rf = rh o r :  N s i ts - I l l , -  nc-lrl t iVs- t i - I b l l s I . - r s l t u r e  15155- n s i t i v i t v  It

- 
t i l e  wa t e r  gas  e q s . i u i h n i u m  c O n 5 t u I t I  -

k
f[A]

0
[R]

b 
= k

b
[C]5[D]

d ( 1 5 . 1 . 7 )

i s  i r n i n g i u t g  o xe l d s  t h e  f o l l o s , - i s s c  s u s s - l u l  e:-.l sn essi s s ss : 
lo4

P 
- 

H2 +’/,O, . H2 0

Because  k~ and  kb ar c  f u t i s  t ions of t en l P ~~r,l::::.

’’ ~~~ ~~

s l i p ,  Equat ion Ii.1.8 provid es a c o n v e n i e nt  155e51115 2 Co+Y,02 -- CO 2
of relat iec equilibrium concentration t s s  mixture 10

C s  i i  ~~~~~~~~~~ n~~~~~~ a~~~ -~~~~ K c .
An addi t ional e s - s I l l  ibrium constant bass-si s i t  mole — -~

f r I c tions , K can silso be develssped . 10 CO2 
+H 2 H 20+ CO

• w ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~

An even more f s im i l i a r  means  of c h s n . i c t e r —
izing equilibrium illvs-h ~es the partial pressiure
equilibrium cs,nstant , K 1 .  Partial pressure is a 1
C h I n e s -p t  in which tile t s s t s l  mixture pressure is 1800 2000 2200 2400 2600 2800 3000
e n v i s i o n e d  as si suns of p r e s s u r e  c o n t r i b u t i o n s  TEMPERATURE ( ° K )
fri’m i i i i - h  - I f  the mixture c o n s t i t u e n t s .  ihe partial
p r e s ss u r e  o f  each  constituent is the fraction of - - - -

- Ft  s l s l r e  l 5 . 1 . .  E q u i l i b r i u m  Ccs ’ nst s in t s  f s - r  I m p - n  t I l t
t i l e  t O  1.11 -n e s sl i r e  S s ir n e s po n d i t t g  to the mole Disn cuc lot ion R e r s  I O i ls .

F r I  l ion I I I  h i l t  c o m p o u n d .  The c q u i l t h r i u m  con—
st i n t  d5 -f m e d  i n  terms of par tial ,sni-ss slre is:

d 
y i l I l -e  t h e  m ax i m u m  l I e - m i s  I l l  e l l e n  ( lv  is

(p
C

) t (P
0

) r e l e a s e d  f r o m  a hy d r o c a r b o n  f s s e l  upou l  c - l l \ er s i s l n

K ~~~~~~~~~~~~~~~~ ( 1 5. 1 . 9)  t o  CO and I f S , dissociati sis s of either s f  t i e  Sc

p r o d u c t s  r e s u u l t s  in a d e c r ea s e  of  e n e r c v
r e le a s el i . As w i l l  be shown in Section 15. 2 .

- e q u i l i b r i u m  f l a m e  t e m pe r a t u r e  is s t r o n g ly
w h e r e  

~ A ’ ~ B . P , and P 1) sire t h e  i i  r t  l i i  p r e s s s s n u - s  - . .  -

- - - influenced by dissoci ation. Because of t h e  t e r n - i  n-
o f  each  I-l as t i t u e n t .  By c o n v e n t  ion , t h e s e  p n i - s—  . . .  - -

- a t u r e  s e n s i tiv i t y  of t h e  e q u i l i b r i u m  con st s l t s .
ss I res  I n s -  a l w a y s  expressed in atmospheres wilen - - -  -

- - - - - - - d i s s o c i a t i o n  is more  p r o t lo u u n c e d  a t  h t p l icr  I l ame
used its  e q u i l i b r i u m  - : h e r n l s l r v  c a l c u l a t i o n s .  - - -e -m p er s i t u i r e s .  I- igu r e  15 . 1 .3  xl l u s t  n I t  i-s t i l e

- c f f e s  t of f i n a l  m i x t u r e  t e m p e r a t u r e  on dissee i c -  isin
Bo th  K - and K p I r e  fu n c t  1s shS sif  t i - l s r l s s - n - s t u r e  - - - - -

- I s  15I ~~ I l l s -  e x a m p l e  of st o i c l l l sn m et n i c  c o m b u s ti e l l  of
o n l y .  The t e m l i c r I t l I r i -  depe l l s l i - s l s  u i -v can he s l e s l s s s ,- i - . - - —

- - a C II I V~~e I c - e l  w i t h  a i r  a t  one a t n l o s s p l l s - r s  - ThI s-
t r o m  E q u a t e o n s  15 . 1.4  an, ! 1 5. 1 . 7 :  - 

1 fl - - -in f l u i s - n e s i  ol  f i n a l  m i x t u r e  t u - m s i - n . l t u r e  on CO and

[
~~
]

t 
[~~]

h 
C f F 2 s - x p ( — E  / R T )  

l1~ - 0111 e l l I  r a t  illIl in  t h e  cc’mbust  ion  p r o d u c t  i s
I l l  p r i ln i l i lu lc i - s i

~ ]
, 

[D l ii C ~ 0 , x p  i - i / R F )  ( 15 . 1 . 10 )  -
- h h 1 5 . 1 . 3  )~~~~1~~c~~1~~on C h e m I s t r y

w h i c h  CO I l  by r i - si l l  esh t I l  : 
- 

The sequence  of e v e n t s  s-c s - s l r r  i n c  d u r i n g

— F ~ 
combus t  i o n of ~ ir is  I I - i l  h v d r - u r b o n  I s s e  I i s

- f i b  si f  1 s-xtr cm elv comp lex and not uulller st os id its - I d  I i  I -
K ‘- s -C u )  - --- i (15 .1.11) - 

- . - -I p ~ F ~t s  s-r  Iss p c e l  S sO h v d r o c a r lu i ’n  c i u n s l u s t  s 11 e l l e n - I  s I rs
ln vi ul v s- iss I n s  s r i - -n s v r o l v s i i s  and p a r t i a l  ox l d ~~—

Ci tlse .qili-llt l y ,  th e -  e q u i l l b r i t i m  - s l l s t , l I l I  x i v  hays ’ a I i s i l l  I s  !1~ rind 111 . s h . ij t i  h r o u s c h i n g  r e l  t i o n s
st  r - - n ~n ,  e x p o n e n t  l i l  t e m p i -  r s t s i r e  d e p e n d e n c y ,  r e s u l t  i ng  in I! c s in s u m p t  ion , and CO sv x i d a t  i ’ll hv

r a d i l -a l s  C e l s e n l I e s i  d u r i t u g  s-h a i t t  I — r n Il  s I s s s  - I c - i s

In Il -; l r - - s lrh o n—n I i r  c o m b u s t i o n  a p p i i e r s t i - - s b , of l b s - s i -  n h  I l s i l l  s t ep s  is  s c l s u - l - l t i l .- s i I I V  i l l u s t r i —
two i- i 1 ,i i I i b r l u m  n- - l i ’  ions ar e  sif p or Ins I s Ill impo r_ t i - si in FlaIr s I s I S . i - - I - that ti l i ChlrOn ll l slIt C

t . i 1 1  i . They I r e  t h e -  dissoc 1.11 Ions i-I CO and H u t :  I hese p r s u s  i - s - s e - s  i s  sc !icmstt  i - - i l l  v i n d I c a t e d  liv I i s -

1 5 — 5
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I I i i . - .‘t  n _ I n s  t ll r si s lg hu t i l e - ne il 1 105 1 s t i l l s .  I i i  1 1 1 1 1  l 5 X ’ s~~’ i I I i  a s s - s-n i c - u t  u - n .  - ‘ s i , - — s s l t  s :
a s e s -  i s  inch i v id u a l ly  d s s e  n i b s -U i s c-  I s i w .

ii [ i : l i ] 
= 

3 . 5 2  I I I  
[s~ Ii— - - - - — - t Ill

40 - - -— I I  In .

2OJ 
- 

- - [ Ii  ]s’xp (-1 .,- i s l lOi i I 11 . 1 . 1 5 )

e l l e n  e C u l l i l s- i l l I I I  S s s I i 5  u i r e -  exp re s ses !  i n  mo l~~- s / l  ~~.10. 
— I its °i , and  P i l l  s t  I l l O s 1i i  I i  i , - ., I i v a l  i _ - I

o co - l I e  I 24 c-SOO i s  u t  t i l e  u n i t . - s - u I / g  I s s i e l -

A l t  i l l - l U - i l  t i , i s  e x I s i  en s  t~~- s s  i i i  I r s - n e i l  I -  he u l s e t  1 . 1

—~~ 4 - 
/

0 
~~li sl ime 5 I I I h 5 I S I  1 515 n luIIlils . a d d i t  c - I l l l  e t  I - r I  ~ S

— — 
- n s - u l l u i  re- ui h i s  d t e n e t  ee s i l , I I 5 1  i i  4 i l u s t i s~ i l l  f l u  r i - u s  s -s

2 - 
— b l e t C e i l l  h e s i r  s - s i r  hon t u i e  I I s p - s  and  t o  t i - s .o H 1 ~-~~a pvc ly sts Se 5 s l l i s m s  i l l  r i s - . I s s n c s . i s s l I l l i r . t h I s

I c - s r i - s  I b C t W S u 5l h u e - I s y r - l y s i s  l I S s I  - s n O ut

~ 0- ~0 , s i n h h i i i l s l s  l I e :  t i - f l  r e q s l i n i - s  s i d e l i t i - s l I l l  s t uj d v .
5=

I 6 - 
Thus- l r - W s s  I 5  - f  i ’ -  c s - I s - s u n  s a r i -  ns—d 11 5-sI

4 .  
— 

5 1 5 1 1  5 5 5 I I I I I O 5 i I 1 5 I S  I i i h C)  - Oxid at ion of I O s -s e  s pe ci s -. -
is ile l t s r n O i l - I c - n - c -  1 1 5 1 1 1  ti n I I  I - - r U - I t  u - u : .  Ihs-
i m p o r t a n t  s l h i s l S l t  1 5 1 1  ni- s l s l t i s - I I s  f - n  I se  n , - s i s j s e d—

2 
- 

- S I s t e  I p i s I n s i s  I c e  i l l  t l t e  s s e s t e n u I  f- n :-:

I - I u 5 —~~~~~~~~~ R SC + Ilk = (ISO + RH (1 5 .  1 - I K
1800 2000 22 00 2400 2600 2800 3000

TEMPERATURE ( ° K )  v-N s - n i -  RSC r e d u c e d — s t  s t e  c l l 1 1 l s - h u l t d
OH = oxidizing radical

OSC = o x i d i z e d — s t a l e  ci inupound
i s - i r e  1 5 . 1 .3  Equilibrium CO aun d I! Co slceuu tr.lt ion RH = n s  sius i ng  rns s i  i cu l l -

D e p e n d e l t e e  I n n  T e m p e ra  I u i n s

This -  r a t e  of ox i sia t  I on s5 l i i  R SC S l y  be I S S I I c  SC

BRANC HI NG t el he C l  Ve I l  b y t he  i u p p r s u p n i  s t e  A r r h e n i u s  - s - I : L r o l l e d
mi - s 

r e a c t i o n s  of t i u e  n a t u , r e  d e s c r i b e d  by
Ta,, Equa tion 15.1 .16 p l ay a role in consuming the Ii

f - r n s e s l  d u r i n g  the pyrolvsis prou :ess , m an s -  g r s u s s
Fuel ‘

~~ 
‘
~ charac teristic s of hydroc surbou l combustion sire a

ressult of other s h c - : n i i  i l  r e a c t i o n s  wh ic !u  involve
“ci t a i n  h r - n c h i n g . ” T h i s  t y p e  of r e a c t i o n
se-quenci .  i nvo lves  t h e  p r o d u c t i o n  of a d d i t i o n a l

~~~ OXIDATION 
CO2 r ad i ca l ap e  

I d a t i o f l p r l v s a c , t he i t np l lr t I r t  
c a se

c h a i n  b r a n c h i n g  r e l e  I i e l f lS  I n 5
F l g s i r e  1 5 . 1 .  H y d r o c a r b o n  Com b l i st iu i n  l i l s - m i s t r y

5- I l - r e s t  ic  i~~ + I I  - H + 01! (15.1.17)

“- n r s s i v s i s  i s  t ic-- t e rm s - iv e n  n the  pr s- - ess H + 0 - OH + 0 ( 15 . 1 . 1 8 )
b y w h i c h  i s o - I  m o l e c u l e s  a re  h r -j k e n  i n t o  stnsi l l en
f r i g m i - u t t s  d l i e  to i - X s  e ss iv e - I s-l o ser -It u r e  and p s u n t  j a i l  N o t e  t ! ta t  in el t h e n  ne ss - t lois .-i 5 1 1 : 1 0  rod lea 1  (0
- - I t s l  i -n .  r h i s  0- I s  s u l a r  s l s - s I  rn I i on  i s  r u c s -s ~m— s r  H )  r e s u l t s  in  t ine p r s i s l s s e t  I s - I s  s f  two r a d i c a l s
p l i s h l e d  i s s r i n g  t i s s -  I Inst phase of t i l e  combustion (H + OH (In OIl  + 0). T h i s  l y l e  ii rev s l i o n  !las

u n I v  1 5 5 5  - his -r i - lOIS  I font r - s s s l  t i ng  pr - s s l s u e  t s  on e  t h e  p o t e n t  i a i  of p r oc luc  i ng  l a r g e  quain t i tie s  of
) t y l h r - s p e t n  ~nd s- s I r h l s I I  51 n i i i e .  Little l i -U - l i l u s I  r l u l i c a l  s h e  u S c -  I l l  p~~r I i i i f l S  s - f  t i e  s s un slsssst i s l : i

u sc- - r m n I t ) s l n  i s  ~ v a 1 l i h h i -  - n I - s  r l l i t t g  t h i s -  c i t e - m i s t  r n  Z o ne  i I - l V i l s g  11 0 11 Ii c l i i l C s l s t  n - s t i o n  radical I l e s  i s
of t l 5 n ~~ - ln r o es- S s e S  I - n  prasl t 1 . 1 1  f l u e l  s — — l a r p s -  can  r , - I e ll levels f —I n in e xc e s s  -f eq eu l 1 ibrium.
I s , - s h r - - s , r l n - n s  s n i t l i  m i l e - n i  r ws- i s : l s t s  of  50 to  200. D u r i n g  t h i s  n r l - e ss . Dli r r u d i s l s  .ils ~- p ar t i c i p a t e-
I t  u - s  sc-c :  — re  os i z e d  I s  s t  l : ; s l n - c i n h o n  s t r u c t s , n i - l I l  RSC r e s e t  i l I t uS  ( E q u a t i o n  1 5 . 1. 16 )  t O  ~r s s s  l e e
.1113 i t s  i l t t i n e t l c e  on ths- p y r s s l v s c - i  eh e - m i s t r  II I)  I r s e l s  II
. i f f e s : t s  the sasIsitlIS t I 55. For example , low
f u e l  i l v s i r l u g s - l t  c o n ce nt  n i t  i s - n  leads t -  - e x c e s s  1 ye c a r —  Carbon moni,x ide cl in s s lm p  i o n  i s  csint r- - l I e s )
h sti part i d e  I - - n — s a t  i sun  i n  the- e a r l  s t a~~s- i - ’  f iv  t i i i -  lu l l l o w i l n i s  RSC r i - l e t  i s s l :
5 m h u s l  (il l

CO + OH - CI ) + II (15.1.19)
Ellelman (Ref. 13 .2 ) has d i i -  l o p ed  .1 s I n g l e —

st i -I s q u a s i — g lob- i l mI l l s 1  I -  c i l s I r r I :  I n is’ s - t h e -  p y r o l y —  S i - I s  I t h e  a c t  i V I t i e u n  i - l l i - n g v s O t l s s -  n I - n i -  l i o n
c l v  -1111! - m t  O i l  - n l d i t i  II i f  s lny  p r o -  I iest l h y d r o —  i n d i - s l e - d  by  E q u a l  l O l l  1 5 .1 . 1- i is gen e -rally I i ’ w
- a r h l s f i  f u e l - Il l s s i p p r i s a l -h  i s  I l l  s I r s -  t cni ze t i e -  i o n l y  .1 fs’w k c a l / g — m c i l i - I  t h i s ’  c a r b on  m o n o x i d e -
k i t u c - t i  s -f I l l s -  s i u m i -  n - us  c s i m p l i x  s i l l ’ r n i s  ~I rea ct i l l S  ~. i ~ l s I  11111 nul l s- i s  p r s - l i o ’ l l i n s I I l I  l v  i ts f l u s-nccsl by OH
r i - s t i l t  l eg  In  I s r - ’ - i l l c t  i - m u  of F! au t i !  CO liv 1 s i u i g l e  - os l o I s l r a t i s u s ) . Sn p r o  l o u s l e  s I l i • t !li s  qeus l i l l  i t s
r e s i s t  i n  - v h s - p .  .-\n ‘s r n i l l - n  l I l y  t y p e  s’X~~l - 55  1011 h- i s i x  — I I  r s u l  I s -  by  t i l e  c h a i n  m uss  i si fl g m e c h a n i s m .

f i t  t N  I - - i m I - I s t i l  s i l t O  i i u v N e  i n  V l t i . u —  N i - a s - r u  l l lO h’Ss , Sl eu l m m l l n  fl u - I  hod i f  a pp s - ’ i m s l t i l l ) :
I 5 1 1 1 s  i l l  t i - m p n - r . u t s s r . -  and  Ire ss u n ,  as w e l l  is f s s e l  r a d i e i i  0555 e u n t r - i t i o n  in a u S C  i c - i l l  t l i s l n  i t n v o l v c s
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. Iss s u l l s i l l c  I o s - n s l m r  p i r t i l l  I I I  Ib r i u t t i . T h i s  t y p e  rAB I i 15 . 1 . 1 ;  Hyd r l s ~ I is i s I . u I  I - - l u  m i s s - t i c s
I s  b ia s h e - eu  I l 5 5 C 5 i  I l l  15 1—n i s l . m u  i - I1  s l s s 1 i 1 - — s  - - :~ s I , -  ( P 1 5 5 1 1  1, - l i - c  i - s - , l 5 _ - . s

I sv  Howard , t  o h .  (Re- f 1 5 .1) .  i l e s o i i u s s -  I l l s  U - I l l -

t i - i t _ i l rel . *t  i s s s l i I p  S el l s  I I  i - u l l l l  I i b n i l i m  tI l l  ~~l l l t s  e l 5 ~~
t t i t i s h l t  u t i  I s I l s i l e r _ I t u l n e  i ll  i X I s s s s I e S l t  i ,i l  ( I ~ s~~- i s t  i - u t  (1 0

9
(1 + I i , a. H

8
O

1 9 . 1 . 1 1 ) ,  sin 5 \r r b i e n iu s  I k e  s i e ts e  I t s i i O l e e  s a i l  he  —

c r I t I c -I n f r  -i q s e a i — g l s m h i . u I I S  + CO r u - i s - l i o n  i n  ( 2 )  1 1 1
4

11 + 0 . 1110, 4 CO + CH~ + 1~
t h e  pr i l s e l ic s  of  H I l . I I s - u i s r 1 . s-h i i .  d e - t , - r l l i I i i - s i :  

1 — — —

— 111 , 50 11) ( 1 )  C
9
!!

11 
I I I I )  . ( ( I I I  CH

3 
+ IC Ii ,

- J [I N ) ]  = 4 [ S N i ] [ s I  ]- [ l h i) ]
5
~ () (15.1.20) (4) t .H

~ 
C Il ( ( 1:11 hI

- 1 5)  C!!.1 - , I l l - H , C i I  + OH
where k is a - s - n s t a l l l  -- 1 . 3 x 10 cc/nuole s ee .  —

This suss umpt i - - s  u s  nsit f l ed  i - s s i n i l y  in e s - I l f l i c t  I - I  H i s i  + OH . I! I i  + C I I  I!
w i t h  t ile k n o w l i - u lg e  t b t . i t  b l i g i u e - r — t h a l l — e q u i  I ib r  oIl s — —

f r e e  r i d  i c , i l  c o t l c c n t r . I t i s m u ns  may be pr s id suced  b y ( ( I  I i I ~ + O . - l i i  O i l
thu s- n e c - t~~0is5 s i  - o i l s - S I  i s t s  15 . 1 . 7  11)11 1 5 . 1 . 1 9 . - - -

CO s s x i d i t  1011 is much sI - u s - n  than II i o s l s s l l s l s t i o n  1 - 9)  C~ (I + lu l l  . Cu
3 

+ I) CI I
sin e! • in non—nec incub I iu n g s y s t e m s , o c c u r s  I r e - — - --

d u s m iu t a n t  l v  o f t e n  th e chain b r an c ! li s I -g U, (9) Cu
3 

+ ii - 
-. Cli , * H

n c - i s - I  i ons  a re  l a r g e l y  con t p l e t e .  ! lows sv er  • gas — C

lu r b  Inc cs -m O s s - s t ion sy s t e m s  do empl iiv r ed  m d l  l i t  i s _ n  (10) C II - C ~H ., + I!,
11115 t lt e  s i l i t s l b i l  i t c  sit t h i s  s l s s i u m p t i u l e  f s s n  111. 11 — — —

111 111 u c I t  ion  15 11111 - it  r u  i g h t  f i n r w a r d .  I l l )  c~H, + II I . CU, + CO

lh s -  p n i m s h i i c t i s i n  of  Fi ll and s ap s- s isl ly CO- I I ll 2)! + ~l - h i - + S
thro siglu tite RSC react i s - I l - i  descr lbs-ui subove results --

in t h e  n i l  e s ise  of a g r e - s t si c- al  01  5- ne r sgY . Con— ( I  15 20 + 1! - . 0 + S
s e q e u e n t l v , I I c  c u t e - 5 s f  c e l n s u m p h i l m n  ssf  CO and the
y n e f r i  m on t  i’ l n e r g y  rd ease r i t e  I r e  S tr o s I l l  I y ( I N )  OH + 1! + >1 . H ~I l  ~ S
connected . Exper I 011cc- has showtn tluat combust l u ll

e l I  l r s l e t  er i St ic s  i n f l s i e n c e d  by  t h e  p r i n c i p al  h e a t  ( 1 5 )  H + 02 - OH + 0
r e l e a s e  prssces e-s ( e . g .  f l a m e  t r o p a gu l l i o n )  a re
correlated by considerations s- f  E q u , l t i e m n s  15.1. 19 (16 )  0 + H

2 
-. OH + I!

and 15.1.20. Dun the other hand , th ose inssnsle t e-r —
ist I- depend ent on fsiel breakdsmwn/ pvrsm l vsi s (e s: . (17) Fl + 11

2
1) - Il~ + OH

i g n ih i o n  d e l a y )  s i r e  b e t t e r  c o r r e l a t e d  by c o ut s i d e r s  -

l i o n  of  Equation 15 .1.15. 118) 0 + 1 ,0 - - 1 1 1 1

The above d i s c s i s s i e m n  p r o v i d e s  - m l  y a ( 1 9 )  CO + I I I  - Cl1 Ii
simplified descrip tion of t l ii  - l e x  c h e m i s t ry  —

of h y d r o c a r b o n  c o m b u s t i o u t . N i sis l  i n  h ss s s l sleti jled (20) ((S 1  S - H + 0
2 

+ S
t r e a t m e n t  has  n c - c e - l I t  ly  been un d e r t . sk e u t  in c - f l  s m n t  ss -

t -- predict pollutant e i n i s s i i l t s  f r o m  c o m b u s t i s - s s  ( 2 1 )  I1s5 + II - l i i i )
- s y s t e m s .  l s i ! tl e  15 . 1 . 1  i l l u st r s i t e s  one of t !le —

more comp lex s c h e m e - s  w h i c h  has beets s u t i l i z e - u h  in ~~ — — —  — - - - 

Ref ereitce 1 5 . 4 .  
I, = ii (:/a 

~ I + 
( 1 5 . 2 . 1 )

1 5 \ i i  + 1 J 21
( . 2  r i l l :115 l 10YN5 \ SI C S

where: h~ = t s l t S 1  c ’ I it h l l l ) IV ( K c s i l / k g )
Th i s se- s t i ’ll is jnleniled l -  d e s c r i b e  t I s i  - -

- - . - - 0 = s en s e b i s -  s - n t i t a l pv ( Ks - i l / k g )
I i l en r l s s i v l l i l v t C  relatiotts !teps oF lmp lirtsmce in 5 -

i - y s l s u i t  i n u l  t h e  s f I s ~ s t  of  c i l e - l i l c a l  e n e r gy  n i l e o s s f / s i  = - l s s s -5 n I l  i i i  s l f  f et e l  I l l  a i r
in s~ssmbus t  i s -s s y s t e m s . The f i r s t  S l l I s S S  t u s 1I I t i g i t —  -  - -

- - - -l = - I s I l l  I  . 1 1  s- I n s - rev  ( K  i l  1kg l i e  1
l i g h t s  a p p l i c I t  si o f  t he  f i r s t  law of  the rms- — -

d v s u s u i n i c s  m r n  S t  ~~ l i g l l t  f s u r w s i r d  c U- i  111511 i l m n S  01 si = I l s ~i I I I V  ( t h I n  S i c  1
f l u m e -  101155. r I l a l n u s  s i S O I m e n d s - s l s  i s , and h e s s  n i h i -s - - ,-

- - I = I s l e s  h I l l s  - 1  e q lu u s- . l  I - 5 1 1  1~ I i i  5 1  —
y-e t iu --sl smls - uIv used u n  n i l  s s l s t  ~ni g f l - i n n -  t - r n l e - I I I s u c s - .

I b u e -  se- - s i c - l i  s i d d r e - s s s- s  i m p s m r t . l n t  f l i l m il - I s - e l m s - n  I I  I r e  4 ~~m n I e
d e j i i - l l l i e - n -  i s-s in the p r o e t  i - a l  s i l s s s t h u m n  smf el Re s i

f - I c -  I / l i  r u - u i m b u s t  i t s  -

I l n s - 1 - I l e - s s l l v . Sl om l I r I  1II s I  S - I  i s - r o s a —

1 5 :  1 I l e - r_~~s Il k- - i s c  and F l l r l e l e n lj S e r 5 s l 5_ sI _ r e  I l - O l  l i i  I I I s  s u e t  . i  ni 01 , 1 5 , 1 i - i i  s I l l  I g n

ri- I c is c- sI (b In i It 0 I s m i l l ) s l s s I  i - I l  p t i m  cSs - ~I li5
[hi f i s - v s  is, u i f  l i i i  nm l - _ - l l I m i - - . • s-I v y t  s l l l l a t d  Il  s I  f : - r n  I t  It , bI t . I e i l  c- s  t I i ~

- ( i f l s u n s . s l  si n . i s  u t u  i l v ~~s -  r t a n t  f i s  t i — n  i i i  l I l y  m - I l e n s ;v , i d s i i l  s i l l  I s . sr s  i — n  0 1 0 1 1 5 0 1  —5550 e
- i l l - I l  v - s i  s -f i— I i m h l l s l  i l i n  i -i t  e l l I S . 151! l ilsal 1 - - , f 0 10551 I i s i u n  I I  51 0 111 ~O 5 iic-l f r - s  i s  s e l i - rse - I - . l i t
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In add i t ion , fl u te t h at dissoc l i t  ion causes the
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Fi g u r e  1 5 . 2 .1 :  Theoretical Flame lemperat urc
Dependence on Equivalence Rat io .  EQUIVALENCE RATIO

Fi gure 15.2.2: Effe ct of  Equivalence Ra tio on
A d i a b a t i c  F lame’ 1 s - mj l s - us u t l u r e .

A number  of m e t h o d s  of s o l v i n g  t h e s e
equa tions are practical. One technique involves
assuming a flame temperature and calculating
species concentrations using the equilibrium An understanding of tite influences of
rela tionships. The valules are then used to check initial pressure and tempenat sune on flame
fu,r balance of the energy equation. Additional temperature is important to the combustion
guesses and iteration s- ice made till a tetnpersiture engineer , as res ting is frequs-ntly accomp lished
is de termined such that t he  con s e r v a t i o n  of energy  at scaled operating conditions. Figure 15.2,3
is satisfied within acceptable limits. Illustrates the relationshI p between sts ’i ch s i s~~

metri c fi.-sme temperature and inlet temperattune at
Because of the involved na ture s m f  these a pressure of 25 atmospheres using le t  5 fuel .

caicelisl tions , de tailed tabulated results and Note that only one—half of an increase in Inlet
comp uter programs have been establisited Il l assist temperature is tnan slated to flame lemper aliune sit
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c a l  -i n tl i c l i s s l  f l - i r s , , -  t i - n h l s e - r . i t s I n l -  i — s  l h i i -  m I n t - i n , -  I s - I - - c b u r l -  ~n,i p r e s s - . r e -  i ’ i t s s f  s I l _ SS,iç I s h i l l
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t h e  c o m b u s t i o n  e - sIs - i l n s-(- r - Wh i  I i -  ~i I l - I S  l s i n l i i s m ,
26011 - - c n u _ - i n s -  ma i n  h t u r n e r  c - In c u s  u n t e r s  ~i i  n w i  thu  Sip;mr . S I s -  l v

2I~ hI  in  I I  u u a l  l m p c u i t  i s - I s  ( p c  5’ 1 I n C i l e i m i
1 -c s I n s s l  ished lm y t h u  essm 1m n - s n - c l  . I - S I  I f l g  I s
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be stoichiomelvjcsally burn e-sb; ni- 1 s i s s-] f i s y u l I l sssss - 15 . h .  1 l u s u n C  
-~ ~s u n s i n s  i s  I I

t , -l us l s e’r siture WillIhd sc - preilic tesh by Eq uatiim n s
15 _ i .) and 1 5 . 2 . 6. FI g u r e  l S . 2 . Im I l l u m s t r s i t c s  t l t e  U se  Sj I h l l i I i - - t  s i t s u a t i s - s s  I s s l .l s I v u s s ,

c-I f s - c l  of redu ced s~~x c - pet l  Il 5 1 c c - l I t  r a t i o n  is -5 f u n c —  s i m i u l t S I i l s -~ is  5 t I  5 s t l ; - : 5 I  u t  c s h i s u s b  i s h l l  ;iimd ~s i s -
l i o n  of t h e  s l o g n e c -  ~~ v i t i a t i on .  These e a l c e u i a —  d yn su n u i s n s  i s  tite - n c - u ~ s e t  l Sillsil5slr I s - - - - - I l l  t i s  I
l ions w e r e  p e r f o r m e d  w i t h  c o m b s u s t s u r  i n l e t  s i n e , a c s - I s  I i s - s 5  l n , u l I n  h s  C s c -  - - s - - s a

c 5 in d i t io n s  of 900°K .51551 outs - a tniosp h e n e  I s r e s s s I r s - , u n i f o r m  s l i n t  s u r e  o h  5 s s S e s m s i S  I s i s - I  - 1 1 5 0  . 111  s I t u  a
values typical s u f  turbine en & t  s i l t s ]  I t  1 0 0 5.  Thi ~s constant I I n s s i S i c  1 i s I l l  ‘s I t I - s’l iu  s l s s l v n i s .  of I I I ,

r e s u l t s  Inc  lude  thi s ’  e f f e c t s  s sl  dissociat ion, mass • n t l lm e n t  s c s  , at id  i - u s c -  n-ps’ - - m i s,  ci - r~ i s l I n  u 5 - u s l s o  15
s i n c - r n i m n g t in i s  - - 5 c  ( s i b  l ed t h u s - Rain ~ I

Hugim niot analysis) n c - u i  I S  t s . . l v I s i - s  -- I s-s I n t l  Ins — .
First , t h e  r e _ i s - C  i o n  I n s i s t  I I  h 1 11111  l I e

u n b l u r u t e d  gases .s~ e s i - c s o s s i c s s l  I s . I I I ’  l s s s  I t  - - I
_____________________________ t i m e  b u r n e d  g i s , - s s  w i t l u  r i -n I - - - I s  I h u ,  r i - us t i - I l

front can be 5 - i t  h I s - n s s I i l b S i u l I l s  i l h s s  -1 - I  5 I t  J 1 U )  c u s i ’ )

2400 •~ or Su p e r s o u n i c ( t i l e’  s i s s l e c i s n i s  comb s i st  i lls l O s s - I  -

Secondly , t i l e r e - i t  I s s ~ i I r s s I u C  s- n u n  I l I l t\\\
\
\
\ 

t i u s -  u n h u l n n e - d s i n e .  s a s h - s  -s ~ i c s i l b v .  In :Iii n d i n e ,

t he  b u r n e d  l a s s- s  m u s t  ~~I s s s  hi.- s , s l s S - - 5 i h  - lii t h u

~~ 2200 supersonic cs i s c  would e i - I s I  - I I s -  ses -1id l i w  - i f
0 t h e r m o dyn a m i c s  - Suhnsonlc ft m s s -  c s s t s . u . I s s I  I - h - s

‘U 
a l so  c - a i l s-si s f s i g s a t i o n .

~h i i l e  C i i i .- R u l l k h u i e - — I I s s . - - I l i - s I  i1 1 l si i li m fl S2000 
I n r c - d i s t t i l e ’  e x i s t s - I s -  i of s l s I l i - a n s I  i l -n  s s S s l  n i . - I t i s ln
sh ips  be tw s - emt t  h u e  - r s - ; o - r l  ies u - I  b u c l l e . I  and
u n b s u n n e d  pas s-s • t h e  a t ia l y s  iss I s -c S 1 ~1 l b i s - s ,

~~ 1800 - c s i l c u l a t i on  i u f  t h u s -  I s c c - p I s s I l  l o i n  v i s h - - -  i t~ - S
~~.

‘U P r e d i c t  Ion of S~ n e - i s s i  c s -s  l u s i s h e c s l l i o n  o r  h i e j i
c o n d u u c t  ion sc-tel sp c -s  l i - s  d i i  f u s i o n  I n s  -ss I lie

‘U rc- i c t i s u s s  r u n t .  Ih e  b a s i s  C l u e - r I d t h  I c c - n v  s - f
M a l l a r d  altd L c - I _ i I s u i  c - I  i s - c  f i r s t  p c - - h - s -s i- s i in 1811 3

~~ 1600 - 
. - - -n i - us - 1  Is n i t  t i l e  I s m l l  -5,- u  5 5 5 1  I I  -- n t  t n t  I n c - s c  -

d s - 1 s e u u d e s l s  s - u
S.)

1400 - S1 ‘c s-s- ~~
l — b  I _ihl l f ) l J S ~ i d )

Q This t e s - l i e s s I s I n s -  re - i  0 ~s l i l S l s t p  u - i  s i m i l a r  I s  t I c - i t

I I n  I~e - _ i s  I I l l  n - i t s  b h : s b m u l h i i l l n  15 .1  -~~ S c - X C I - l l t  l o t

~ 1200 - l u  I 2 in I I  1(11 11 r i b  b a t  Ps- sI ll h s s . s l s m c ,
1 i 1 s t i r - n  15 .3 .1 l n c s m h n s u i n t s l l t  W i t h  i - I 5 1 1- i c s c . i l
f l s u n c -  h nns s I i i - . 1 1 i I  i ’m sb e t u u - i s s l sll l i l s - s  - m l  f s u e l s i r  r a I l - -

1.0 ~~. Is shown in  N c - i r s - 1 5 .3.1 ; thI s - I u i : . I s m - s t  - n - -p a I n s - —
1000 INIfl TIMP8IATUU = 900 K t i s s n  v e I l s - i l  - i s  s i t  s h s y n ’ 1 1 . I 1 1 5 , u I i  I c  1 , sci~ s- c e

I f i s  a t  i t s  m a i s h m u im  v i i  -

V . i n I s l  i s i I l ~ i n  l i e - s r - - I - a  1 i - s- r i t e  w I t s

20 40 60 SO 100 t h e  h v d r s s e s u r b o n  t v p s - m s  unf  - m s  t Ical i l l t  r i - - I  10

t u u n h i i a p n s ’p s u l s i o n  - s s v s f l s s — c -  l o l l  I r s -  I n s - i  — - s — I  s i l l  i _ u i

% VITIATION ( R s - f .  15 .8) .  P n i s  t 1 e 1  i t  I s i s - il l  s s m i l i h  I l l -

expec teui to l l i - l s . s v e  in a I tu s I n n e r  sc- l u I~ s n t - i l l  0 5 - -

tine fu els h i -s — - n i  l i i i in Fl i - I n . - 15. 1 ,1 - 1 is , -
pni- ssmun . shi - se - l l s i s - u s s s - -1  f i a s - s- - c - s i -  5 cc - i l  h e ’l l  I S  u s - - I

F i si sirs - l 5 . _ i -~ m Effect oi  Vitiation on S t o i c h s i i , m e t n I e  s t n I l g h t f s m n w a n s I . In n u s t s l r , - s  5 1 1 1 5  b u i n l l u b l l

Flame I i -s s s 1l s - r s l t  I c e  - 
5 1  l b s  i h l s s  below 50 i m / a u s - 5b dee n c- i ll s- s. w i  tin

i n e n l - I n s I s s -. p n e s s s u r e .  IC 1551 - - 5 I  50 and 100 cnc - s ss - ,

S1 —s -mains I I u I s r O X j tflhi t - I ~ 1 0 105 1 l I l t  -

1015 (‘m/sc-c 
~ I ie ’ccm is,~-s w i t h  i n I h n s - s - s i l l s l  I I  - - - s h I n -

1 5 . 3  CAS I 1 Y N A M I C S AN O j I _~~~~’ R ç E~ sy. (Re f  15 - 8 ) .  
-

Tb ,- i n f l u e - u s  s-s of  - c - m s  s l v n su mic i s  and  d i f f u s j s u n  f s c n s m s s  I I I - r i - u  I I c - l i  I .11 -u - . s s h m s S l  5 5 1 1 i s I
s f  I ’~ ’ Is-s and I s - s t  on s s — h s u s t  1- s n  - I r s - i- v t  1 1 1 1 1 1  decrease in ga s  , le n s i  I - s u e  c u r s  I l - i l  I i s l s t  I . .

- C h i l e - i s ,  R a t l s l - n  t h a n  t n s - -~~I t l s i - - i -  i n v o l v e d  mass - s m l l s u - n V s t i u jn ci -s 1 si u ni-s 1 ‘is ih al I l l  I l  is s s c s - u s
t i n s m e- l lSes us ~~ l u l l , this sect  i u m s s  ln t e n s l s  I~ in vs - lim it . This s- c i -  I s - n s i t  11111 r~ - , s s i l l  1 l i i , -

explai n th u , c - n -  I I of I s - - u s- p heni i -nenon in I sinb o— expense  s f  55- Ills- p r - - a s s - s r  - - s c - - s  S t h u s -  i r s - i t  -
I l n s s p s I l s  1- - t n  I - l s t  u s u u  s i nd  I I I  l I l t  l i n e  the’ c i - n i s r s l  I The- p r i - - —~ s s s n u r  slrop i s :
I s - p r - i l  l u - - S  u t i l I z e d  I I s - I  i.~~c - - s~~- p n s s s i- - S - l i - S  10 

5 / -: - i r - I n , -  en g i n e ’  - e b s l s t  I - - m i  ; s t c -m s .  The t I - I s i s - S  of 
/ 

-

c o n s u - I c - n s l  I s s s s  in  lu d e  - - n - m i x e d  I s i m i t n a r  f i s u m e  -~~ = -
~ 

- ~~ II  ~~~~~~ ~~~~
m n s p u d i t i i m n . W f s s s i s - s u — - - - ’ n t r o l l e d  c n - J s s i n t l - n , 

I 
~ r J \

i - i t s Is -‘ I t sn l s sle u s - ,- s u n  e s s m h i u s t  Is - n processo n , s I n - b
t h u s -  p - - n h -  t l y  sI m n - i  n ’ - - s - - t - - r .  . -

- lie-ri- I i s _  t i le -  c I t  I s  , u t  i~~ - I I  i l  psI ’s N b c - e l  f u -
h i s - s i t s , I I i s  t i l l  i n i t i u l  I c - s  I i  t I l l -

s pe c - i l  - f  Si c - in ch i tn  t I ’ i  i u i i  5~ i i i  - s - I  it I -
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FLAME SUSFACE
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EQUIVALENCE RATIO V V

EADIAL POSITION

I I  s u r e  15. 3.1 Flame V s- I s i c - i t  les ot b’ irs i ff in—Oxygen
5b i x t s u  i t  u - i ou - Atmins1uhs-ne I c i - s s s i s n c -  -

- in .  I m p o r t a n t  P n s h l  t i e s  at
and Roonu I s - s~sp c - r i t  s i n , - - -Plane- -‘5 :  tI , I S n v s s - b l  (. ssll s s - n t  ra t  isn n

F • I-~ u , - l  Colle s - nI  null i0fl • T, Tempe-  r a t  m i r e

This quantity represents h i t s -  m i m u i m u n l  p r e s s u r e  d r o p
( u S u u s u  I I  V l e s s  I h im I I  ) a c s l m h u u s t  11111 syStem can

s - s - p s -n i s - l u - c- in under t s -  a c c o m p l i s h  a gIven energy Fi gure 15 I i  Dl f f m u s i u m r  I - l a m e  Ch .- n n s u c t e r  ist  i c - s .

r e l e a s e .

V a l u e s  of ls iminar  f l u - s i c  I l n u l b l s m c s u t  i -tn a re  B u n k s-  and  S c h u m a n n ’ s a n a ly s i s  csnst fluted
u s u a l l y  110 S u n s - l I e - n than 5 m I n i - c  - S i n c e -  r e f e r e n c e  t h e  first s s u c e  e s s f u l  t n e - s i t m e n t  of l a m i n a r  d i f f u —
- s - h - s i t  is-s in nss sl,-nn combust ion turbine engine sion I l s i m e - ss , and it c s i l r l  lunues to represent the
sy s t e m s  i r e  s s s - s s c - r a l l v  p n e . l t c - r  than 25 m/sec , lam i — a p p r o a ch  t ak e - n in  m u i d e r n  w - u r k .  Th ey  modeled t hl e i
u s s r  I I l l s -  p r o p a g a t i o n  is not c o n s i d e r s - e l  a p r e d o m i —  f l m m e  as an I n f i n i t e l y  t h i n  sheet  I n t o  w h i s~h f u e l
mi n t  ~s i s - l c  e s s i s s l m s u s t  i s ~ s n .  5 5 1  lie- n modes of com h us t  I u m n and i -x v pe - mt  I low in s t o ic  h i su m e t  r I c proport ions.
Involvin g diffusion e s - t i t r , u h  • t unIu u l ent - i i  is-c , and All I s - u I  nc - Is-sin ,- from c i l e c - i l i s  I i  r , - s u c t  ic- n l I e s -  sans  at
t ln i-  establishment of .Is lls-~i s l b ’ I l r s u c  h i  Il s I I t e r f e c t  l y t h i s  ss s r l i c e - This a p l i n i l S u c h u  is , - s

~
s s  i s - s  I eat 1,1 t h e

s t i r r e d  ri- l e t - c s  i r e -  nes s- s - S i r . i is su mp t  Ion t I c - u t the - i l I - I - s l e . s l  r u - i - t i l m t t s  s I t e
iun f m i  t ,  l v  f a s t  s s m l s .i re- - h  t o  I i s , -  di ffsus ii ’n h l n s i s u - a se -s

I - . 1 . 2  I I I  f s i s u I s s s l  111 m s - I l  s - h  I s l s ’ s b m i i s l  u - n  wbmjch , t lsu - r s - r - - r i- . s- us tt t rol l ine  h s u n n i n i ~ r a t e .  In
s -r s i c - n  t u b  r n i t i i e - r i i i t i c a l 1 ~ ’ - n -  I s i I I t  i r s  m l  I tu  i t s -

in I l s i I l i  - n i -  t l e a l  d e v i c e s  t in t ’  fue l  and s i r  s n i h  is -nt u I  f u u e ’ I on v5 I t  1 1w- 1 1 . 1 1 1 1 ,  s un s s-
i r s -  n i l t e - l l t j  ni -I ’,- p n e - -- l i l : i -P m c i - n I s  cu , nthuus t  ion.  I n  ( s - l u  i s  Is w o u l d  l in eh i - s I , - l I l t n i l e  f l s i x  ln t su  I t 1 ,
these  -~~~~ s-i . n i - - i -  I Ions take p l a c e  i n  f I Ulle z u m t tes S I I n I  s c - )  I t  is ln , -c s - s ’ i . l n v  r - - requ ire botbn fuel and
c h i c - n i - t i l e - i s s I  Is ix  of oxygen and I - s e - I o c c u r  s i t  a n u t s -  O X V g e t l  c - l l s - c - l t t n s i t I i l i t S  l s s  his ce - r I -  s t  I i i , -  s i u n f s i c , - .

s i r n esp o n u i  i s l e .  1 5  t h u s -  S z - - l s b l i s s l s s , — h n i e  r a t  I - . In  T h i s  d s ls  5 1 s t  s I  d s l l c  e n t r S l t u s ’ n  and t s - s n l s c - r i t l l r e -
l a m i n a r  f l s w s u , hues m e c h a n i s m  l u - n  t r a n s p o r t  ‘f f s u c b  p r o f I le s  is I I  1 1151 n i t  , - 5 h  in F i e s u n c -  1 5 .  I .  . l m  -

.ini 5155 V ,I,-ll m l i i  these-  zu m nes is m u i b e r u l a r  d i l l  s s s l s s l l
- i t t d t h e - - s c -  hi is i t t  sv st ( ’ m s  s r i -  c i i  I s - u i  s h I f f u u s l s m n  I v p s m n t a l n b d l i  f c m s m u s  i -S  i~ i - I l . i e l s  i s i i I I I I I I 1 s i  and

1 s - s .  i b l f f e u s i i ’ t t  I I w - s -  i ne-n t  en ar n u m nd I h i  c x  i s b  c -us e of
time- b l s n - s ,  s l I e s t  . In t i ne  - u ’ s  I t I l l -  p r em i i o - h

Ce ,mm i ’Im e- n u n u p l c - s s cm f l a m i n a r  s h i l l  isi I I  f l a m e - s f sn ,- with no flame ~ u s c - c - I , t c - n s b s u - n a t s l n s s  i n t l  
- I r e -  C I s c -  e i in d l e , a k - m s - - S i - s c - -  l I s p ,  m m  a v i s i t - I s ;  In co n r e s p i n u t s i  I s  that I r e - m i  t i b l i  I~ n I ~~~~~s r u  c s i l s I l I s l u u I i s is

- u s ~ the I su e-I and II chit not premix pr i s - n  t i t  t h u s -  a t  I he~ pr em l : - s t s I r , - f u e l — a i r  m s I  Is and I h u e  i s i r m  I l l S
fi no - An u ( l p n s -  i l l  l~ un h u n  I u i - natsm ne sf ~~i i  f e u s l o n  r s m t e  is s on t  r o l l e d  by I s i  - I s , - s s s I s  s i l  is i l l s - I  I i
f I  Is s u - may sc- p 1 1 1 1 , - s b  by e x a m i n i n g  t i l l  i-Sir lv wilrk ot  and f l a m e  I s - m p l - n s u b  s s r c  1 1 5 1 5 1 . 1 ion 15. 1.1) . hliss e -s ’ , - n .
i l mi r ime-  and  S s -h l l m a n n  ( R e - f .  l 5 .~ l s  w hi i - b n  was pi u h l  I s h s , - s i  in the rise of lsim ittar e h il I s Is i l l  (I s - sm-s . r msm h m u s t  leu n
In l u  ~ I S t u i - n l s s ~s l l t u l l v . I t s , - - -  u t i l i z e d  ii s-v s s l a l wa y s  s I r ’ s  SlIt s i l s s l s  l u l l s - i - I r i s  - s - l n s b i t i - l l l a I t  I t s , -
s [m i l i n  t I ’  1 : 1 . 5 1  shown In F i e s i n , -  1 3.  3. L u .  Fuel  f I  so-Is- -- ( l e e -I  and l iii- b m ~i n n  i l l c  r i l e  s s s , m b l I n - I  led by
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mu , I c - s  i l u i  i i i  I I u s  i u u i l  . ‘ , - s i - I , t h i s  I I s u l s I l s -  - u  I i i i  1 5 5 , l s l i t  I i s s i s s -  t I se-s r v ; I i u n h i u  I i  s s -  5 e I I i  - I s  l u _ i-

l l -  l i s l e  e l i - u -s I n s - I s i - t i c - r u 1  I -  s r n s - S I - s s l s s l  t i -  I i s , -  - - - I  r e - m , - l y  551 1 5 - n m - lIst amu d t h e -  i - I  l i - s ts i f  t i u r l s , u I ,
p r e l - - i s s c s h  i ’ s u l n t _ u l i t  I r e . n l l n c  s t - i - I c - - s i - c- I ri f I n s ,  d l l l s s - . i n i t v  t I lU s t  i l l  i l I e l I i 3 s - s h _  i b i u s s e  i - i l  l i , -
t c - 1 1 5 1 5 s c l t s s u ,  — l h ue  l b  I i C 5 s s i S l i c i l l s  S i i  t h e  I l S i u t l e -  s l s  — I sh l ’is s u n ’ s e s l  i u u  t he  I i s l  luuwin g 5 1 5 b - 5 c - s  I i s I s .
i t , -  l it  rs l l u s s l y  i t t f l s i , - s s s s-cl bu y  h I 1  n I l  i - - s- - I l  I u u_ ’.u t  u t i s i

111055 1 0 5 1 5 5 1 c r  s e - s r  C l i i -  I l . i I I I c -  ( I - c - . ,  n iass 5uun d 1 5 . 3 . 1  f i i n b s i l c - i s s -e E f f e c t s
C c-lI1~i , c s l  si n, - g r u d i e ’utts) I l l s l  s r i -  t o t  e c m l e s u l S l i l l , -

I I s n - s s . h s  t h 5 - else i l l  .1 S l i l l h u l s  c- s u i -n s l v  i v u l i t l s e - l n i - s s i i , s u n  d i s c u s s i o n s  s t  Iii ~ t h u  - m i - r l i n e - s l  and
d I f f u s l s s l s  c o n t r u u l  l u s h  s s s s h s i s s s s t  ton u i -sc- s I l l  5 - l u t r a t e d

h u e  simp l I I  y i u l g  Su S S C u f l I l l t  i s l l l  s t  alt i t t 5 n h t e  i l i l  l i n l i l l i r  sv s t i - l l l s .  In  p r lu c t  I s e- , I l s s C e  -.s, - n  , t I m e - -
1 - h ues ls u s .s 1 nc - _i s - I  l s h l l  n i t , - ic-lit be-- s- I  I l I l I t S u t e s I  t h c s s s i i - I s  1s n i - se - n c e - I i f  t c u r b u i e i n n e —  has an s-I -I t c - I - i s - I s -  Import ant
the sit ilizatieo s t  1 nuc lu s - s s s n  c - so p h u s s t I s  l I e s I  l u l l lv— i l i b  I s s e t l i  i-  out  b o t h  p n s - h l s i l - cs l a n s I  d i f f u s i s ~~s s i .i n l r s - t  t~~5 h
s in .  F l u e - p r i s a i r v  e l  f e el s  su f i n c l u d i n g  f I t t i t e  5 s m l I I b s s i ’ i l  I s it .
m e - u  I I s l i  rsute ’s arc - i r c - d i c t i i s t r  01  .1 f l a m e  s a t  f i n i t e
t h u i c k s m e ’ss . lesser -c m s b i c - l i  1s s 5 1  e u s l l e s - I l l  n i t  I on  sund The n ot e  n il f l s l l S e l l n s s I s i - s s l t  iusn in a p r e m lx e d
I c c - I l - i - c  s t u n -  I I  l h t e  I l s i m e , sc-nd 1 s I c - s - n  pc - u k I l uts s- sys tem Is p r e i t  I s  c - I l l I S s I l s  i-sI bu y t s s m h u s l , - l u e , - - ~t s s S t

t i - - s - ; s c - n u t s s n e -s .  W h i l e - -mi s- nc - sc s s r s I e  p r e d i c t  u s s s i  of a v s u i l i i b l e  i n f o r m u i t i o n  on t h i s  s u b j e c t  has  use s  i s
n i - u n —  f lj r s s e  - - i i i  n I -  1, - r u n t  ins u s  is ii Is -vs -el  by t h u s -  h i s s l n c -  developed h o  i s r l l m n s  y e  time sunderst lund Ito o f  t u n i s - s  1 , - I l l
s op h I s t  s- I t  i l l  sI l l I s - s  u s , many  i m p e r t a u n t p r o p s -n t  u s , flame propaga t i s - t i  in :ifts-rhsurners. h i s s w e  cc .
I l - - c - s h I v  h e sr n i n g  m I t e  , s n ,  I ’ n s s s h u c t s - s l  n e a r ly  as well turbul ent flame lirsipagat ion information is c s u r r u s i n t l v
w i t h  t i l e  i c - i s i s  e l s s b o r u l i -  u u p p m s a u c h i .  of a d d i t i o n a l  imp s nn tanc e , as low u- m islSii-ts c-ombuStons

e m p l o y  a hig luly tur h sule in l fuel—air m ix in c and
T h e  I n s t  a l I c e -  i t t  w h i c h  I Ise c li s s  u - a 1 1 I t i t s  vuip isrizat loul zone prior I l l  com Inuust ion (see Us .s  p 1 , - c

f l u m n u e  h i u u - s - n y  ssl . 1 1 1  f u s i o n  i h su m e s  Is of i III ilssnt anC e 20). An important e s st s s i d c ’n . s t  ion In such s v s t e v
t o  t u r b i t u s  lssIss i s S t l s s l  s v s l c - 1 1 5 5  l u n v e s l y c - s I  h i s i l I m s I l s I c t  is h i t s -  1 s s s n s u i s l l  i lv  u ’ l ’’ f l a s h b a c k ’ or t u n h s u l e n t
burn l t i s ~~ hs’ b l i l e  maIn s -  combus t  ion c - n p  c -l e e r s  ques t  u s _ s i  i i  ~s- . p r s ip a g a t  ion  up s t r e a m  to t h e  f u e l  i n j c - s  t i - i
w h e s l l u e r  d r o p h c - t  c o m b s u s t i o u n  sIc-cc-u t - u n d e r  l i n e  i s i p i s  p o i n t .
I 
~~~~ 

n . i  I s i n e - u u s s l  I s u r b s u l e n t  5 5 5 1 1 5 1  i t  i - s o s  h s s n s c l i - r i s t  I s
e l I  b i d s  p o w e r  s - I s c m s s t i o n , it would he l i k e l y  i h u r i n g  L e f e h v r c -  and R e - i d  ( R e f .  1 5 . 1 11  have-
S t a r t  u lip and I d l e  s s ; s c - m a t  u , s r s  - In  t h i s  s i s o , v a p o n i —  r e v i e w e d i m p o r t a n t  I s u n h u s l e n t  f l a m c -  ; s n i s l s a p . I I  ion
cat  i um n is e s s l I s c - i l  he h u e - s t  I c - I l l s  I s - n  t r I m  Si I I  sills - l i t e r a t u r e .  The r e l a t i o n s h i ps shown in 1
S s s m r - s s u s l h i n g  t h s, - l i q e u id sinop i s-I , Sussum ed to  he i t  1 5 . 3 . 1  have been - i I s - s h  SIS r c - 1n r o s en l a t i V c  s f  t l s i
i t s  h - s - i l  i ng  t i - i I l p i - c l t s l c s - . l bsc - gisc-i s s ls I s i c - i proceeds  sunde r s t and ing of I u u r b u l e n c e  e f f e i- t s .  l Ime
I s  t h e  f I i ~sss- and s t  i c h s  s s s n s c - t  n u s  sI l v  n e - s s s  l i i  vi  t l u  i m p o r t s s n t  pS l na me t e -ns  i n f l u e n ci n g  t i u n b e u l c-n l f l s u i v s -
I n n s - s - e n  diffusin g radIall y inwsurd I c u r s  t he  s u r r o u n d —  propas - s u t  Io n , ST a r e :
in gs. Anal\- sis c f  this sl tu ,it lumun , similar I s  t i n e
B u r k e -  at td Sebl l ims unn s u n s u l y s i s  d i scussesl  above , n e - i su l t s  u ’ — the fluctuating component of psus
in  C i s c -  f o l l o w i n g  h s s I n l l  l i l s I  m I t e - 1 -c s - s  i c t i o o :  s - e l s e i t s - .

2 
— kt ( 1 5 .  3)  y = p a n . l I s s c - l  c m  s t e - n c r  i l s e i i s s  f r e e  sI n s - srI a nd

t~~~ili5l f c - l l c - n u t s - sh t u r b u l e n c e  intensit y .

si’ I is n e  d is t i l u -  I uuss l slns - ; ul, - t e l i i n i c - t e s r S i t  i l s u l s  1 , d0 I s  t c i r h s u l e n s l e l e n g t h  s c a l e .
ul s t  1 0 , ans I k is  ~i e s s n s t  s i l t .  T l n i s  m s - l i t  i i m n S l h i 1m .
k n i ’w u n  i t  t 1 5 5 v u ’ -S l ild , I r s - i l l s  C s  I l l s - I  c - f l s s n t n  t I s m s - I l i s I s  S s - t l e m si l I\ s p e a k i nc , I l l s -  t u n h u l , - s s t  l I I l I . n  v s - I s - s  i t ,
- - s r i  l i s t s - a  i n  Is 1 1 1 , 1 .  1 5 . 1 ( 1 1 .  I l l s -  u s s b l s u e r n c e  m l  r a I n  is , -  th e- order of C l u e -  I s u r h u l e - i n t  v e l o c i ty . U ’ ,

s o Ils -em t i s - i  )c -  I mc II y , s i n  t e m p e n a t u i r e  , ansi 5 5 X V 5 1s-Is  f i n  exi’ c-~~sh I ng S L .
con cs-ntr it Ion can also he Iun c~l uded  ill s i c - I  e r m i u n s u t  ion
s t  h e  V I  I sl e - - o h  k. Ni - t i ’  C 11.11 this relat ion slm l p Is Tuur h u le -l s s e il 511 I s  sos i n c r s - . i s s - s5 b u r n i n g
5 5  o s i i  s s - l i i i -  I s  d roplet evaporation witbn otub m I t  i- s In h i  f u s i o n  I hsmmes (Ref. 15.18). \n s I yses
- 0 l f l i 5 5 5 n C  I - I , t in , -  d i l l  c - r i - s i  s- be hug a smab  Is-c value I smn I l u r h u l e n t  d i f f u s i o n  fl5in1es, su n , si-Il l lan I s -  t h e
01 k.  l a m i n a r  c i s c -  i tut  u s e  an ant i f i c i u l l s -  huigh

d i f f n s s I s i t v  - 01155 1 ~u l l l . P h y s i c a l l s - , t h s , ’ i n r n , - s l h s i - d
I - s n s - s s s - i n I S -  d i s el u s s i o n  i s l s h m e - s s e n  11w f u e l  s i n  rs~i x i n g  i S  i - x j m l i i  s i - b  as s t s s s -  t i n  i s i s  s i

-s i n _ i l l  I I I  s i - I t  s t  I _ l u _ i  d r o p l e t  c u t m h c u s t i o n  m i x I n g  s I t  smS u l l  I s u s - 1  I c - a l l  o r  ( s u e1  r i c h  - I i - u - i -~l t s  i t t
o s - c c - i n  I l l ,  - c  .s s f  s- seh  it t s l iv i d e sa l  i b m - I s  l e t  i s  c-OS by ts unl mu i l eutt I - - n  s- s .  I l s e s e  s r n . i l b  s - b  5 , - s i t s  s - u  

h h i ’  he’ m i s  p . s - h e - i t  and t h u s -  f u e l  is s s s l ’ s l s r  i sed ps us i l l  i - - I  s - I d  s i ’ s . Time . u s v u l ’ s t l e a l  i s I  i - ~ ’i u s e - I l l
s i  1 S I c - i l l  c- I s s s t r  I Is  s - I I I ’i s s s l l u s l t  - In m s- s i  ~ t V . c a l h , - s I e d d y  I h i f I s I s I v I l  s i t s  I _ - i - I l s , - u i c - s s ~ i n

the- s i l t - s i t  1 0  us s I r  mor e l u - I . ; s i l s i l i e t  l i s t - c s -  — m i x i n g  i t  h ue- r i - s i 5  t i l l  m i n t  . Ibis s i - c - a s  hi i s
t i o f l 5  aw -h  l i - r i p  I i i  I t  ions u - b  - - - s  l b  i— -s-s  1 - s - s n s  s i r  f I l C h s  t . u k c - l l  u s  Si 5 550 1 1 1 1 0 1 1 5  ‘ .-m n ui i s  h- ~~-— , .1 u,n , -rv I m i  n I 1
- mii ’ s,- signi f l i n t  s t i - 1 s s s m t i s n i - s  t~ - s t I l e ’  simp i I I  i c- Il  - - - c r e l a t  i ons  m . s t h , -n  than  f u s ne l s n i - I l l i l  i - b  h i t s -  i 1 s I - ’ s  -
n i -si diuueu sse - sl . s I  I N - f .  i s . i l  .11111 0 1 2 ) .  Tbt c ’
. s s l ’ l I I m i S I  i - I r s  - - s s S - i n e e - r  shu ’u mhib 1 1 1 1 1  i s - i -  e m p i r i c a l  Ih e ’  1 p m  I l l n e u - i - i  t u I n h u s b e l l s , un s i l l s -
i n l s s n s u l _ m t  I i ’ l l  s - i l l , - I I  u s - _ u i  h a u l , - . l h , - c e i u t  i l l i  S s u n ,  p r u t  i c s l  1 5 1 1, 1 5  s I  b I t t 1 1 11 - 5 I I . 5 5 1 ,  s 5 1 1 - l s s s l  l i bl l  h as

- s c -I s - h  i s s  Ii, b u  n c - c e  15 .12. c u - s e 1st  lv hi’s-n Im igh i I c l l t  - -I  by ~t u I l - n  S R e t  - 15. 1 R b.
l i e  l m s l l l i s ‘s e-mu  si usimp I II i s - i m m m d c l  I s - n  t i i s u i n  heur nen

h u l I f l u s i - l l — c s l l l t r s u l I u s l  I I - l I s i , l u u s t I s - i s  scil b - s I s s —  h i s - s t i s — I l  in  u,- l l i c h  i r ’lj ms - m t  5 5 5 1  h - n - s i  ‘— s - I S  I r s  I S  

- ( - - s i r  in t hi s - c- - i — u i - — s s-bo re- l s s , - l  - h c s - 1 s 1 c - l u s  hi -a’ e ’ ’ - ljl s s r — I s ’  os— r u i n in -i h i s - i s I s -  t s s m b - s s l c - n t  s h i l l  51510 11 f l _ i r s ,
i ,’,-d h I l t  I t s - I m i n u - si wIth - S s l r r l b u u n d i n g S u n . thess -sl a bll Ize’,h b -v a r u - c  i r  s i l a t . i s -  c s - n e  i s ,  h ind a h s u t  i
f u r r i n g  f- u u - l — r i s  h : I t s  t ime- - u s e - a  frito bu ’i iv  (se-s Fis t - sm , - 15 .3. 5). Ills .in lulv s sl s . - 0 5 , - sb on
i rich -n m c m v z i m n e -  155 05 -c i  t b  h u m  a In. 110115 - s - u n - u s  I e n I s I  i n  t imes I s-u - t i u n h C u l u - l l t  s - i s - s l I p and

s i t  t h e ’  - - n  -r b s . s m . v  l - r i ~~- l I s  s , t  5 s - I  iSu ’,- i - s s s - c s h - ~~I b i l l  1 5 . - I  uutd I s I s — _ u s 5 - on the s s i s , - . s m  i s . ’
- - S  s - I  s-ms c m - m I t  i rs— the s - s i - - b ’  ~

- - i sac-i i — - u - - - r h - I n s  I s - I  rsl i I - : i l l c  s i t  - Ii. ss h sit iu ssu, t s m  b1 s - I s  s c - S  s b u s 1  in

‘sc- l u - n - - - i~~ 5 . I - 5 .  ( I  r , I s , ’  s h l f f i i s i s ’ n  e u s u n t l  - t  l e u l  s - m m -  b i ting - , 1 5 5 5 1 - l I e n  s - f  - l i - s i S I  i ru n s h i i r . s s - l m ’ r i m i -l h e x
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s i l p n i s u e l t c - n  Si- = U ’ s l e t e r l h s i n e d  solely by teur bu l ,-~s t

ye Ion Ity.
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~t ) 2 J~

5 
u n  u l S I m s - c u l l l s t  with Oatllkunhler .

At ini gh is- s - u s c - I t  les titis Sulthur oac ltes
= U ’

Kan l~ mv I t s -  ( R e f .  15. 16) For wea k t u n h u l e u t c e  ST hi 1 + a ’ S 1 Is ind ehmm- tnds-nt s - I  t s s r b s s u l e l s s s-
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SI sI c - 
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s = S ( ~ ‘ - L a m i n u u n f l ame- -s I - s - c - sb  i s  lIdlSi t
- T L — ‘  I. i m p o r t  l I s t  p s u r s u s - l e t  e c -

IP is c- n,-

S e S u r b o c k I R s - I .  b~~.17) 5T = Sl,[l + C 3 ( v / - b )
2
]~~
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i is t h e  I si -  hu I s - i l  s- s c s i  s- ; C3 is a
c o n s t a n t .

t h e  n Su t e S  ansI end prod u c t s  i -f the  c iu m ln u s h iu ,n  p r - i n - i s is .
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bs u i s t s n s  and r e I - -  t i l l S  he-h u i u n d  f I s l n i s - h s s H b s - u s s s s i l l s - n —
I m u r n er s — —  5 in e- ch i  I s - s n  m o d e l e d  5551105 PSR a n s u l v s , -s -
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- — h~ 
I I  R U ’ I I s O  u - b y - r i - s i  k l I n e -t ie  s t s u , u u - - s .  L 5 s i s u t u -  - .

I 3 . 1 . 5  a Iss, ic - i l  i - I s -s  l b s ,  i sc-  - l i e  u s I  ~- u ‘ s t . - t

I - s i l l — l i _ J E T  ) ( 1 5 .  1 5 )  h s i e b s c - m  V l S c n  s I  
~~ 

o tt  -st s b i l . s s s- l i - n i .  T i n i n  can
a p 

b - c  I s  b s i e s - s - s I  I - v  I s l s i s e u  i n i t i a l  n l I ~ I . i s  l u m p - c s l i m ’

w h e r e :  I’ = ce- i c - I n volum e-s isis s i l l s / I l  in El ,~ssce 1 5 . 3 .  -
‘ I and/s -n atn s- s i  V l i e _ s

— - r u t  iii u l o s - s r  uu un i c y - , I I s -u s - . 15. 3. S i l l  5 5 5 C r  H us
m = mass  1 1 w  c u t e  in t o  l h s -  m s - s  t m  - 

- 
-t h ,  - - i s  , I i i  s- i  1 — - i n  c m i - . r e , i -  ‘ s - n

= t u m t s u l i - c s-  t i c u n  s n s i u c at u I — I l u r s  n i - - u _ s - s  s l y  , s i l i b  s’a l c’~~- , u  ~~ i s - , 5_ s s i i s , i ~ i - u :  I u  -

- - - - u l l - s l s s u _ l s l u  s l c s S s c - s i s - m s  SI  r i - - , t u s  l e s t s -  1 u n i l s s s n s  / 5 m m - s
s - u s  I l s . l I  I c  f l a m e - -  t c I I l l l e r l t u n e .  I _ I n  cclmp h e l  - . . .  - -

- s , l s b c b u s -  i t  s l - u l i n s t i s I u I  S t i l l  I f l  s C i l - i s s  t i l e
m s - s i c - t I l l s 

s t - - u - b n i s I r s  f s u e ’ l - : u u m  r s i u l s i n e  I s i  Is- .

= l’SR C s  i s - s - s - n  S I  l i n e

1u m i t  i l l t e - m p e ’ n s t l u n e -  s - I
I s s r s h s s n l s s - s I  ) 1—1 l is t sri- -

F i 5 s i s n c -  I S .  b - i i I l ~ s-s t n s u h c - s  t h i s -  r e I - s t l s u n s l n i p  b s - I s s s t n  
5

r s u s s  I s s i m l u  1 s t :  r I t e  and me I t - I  t s - l s s i s e m s t s u n s - .  Hi ss r ~ I - -
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hi s i i  s s -n i l e’ a n s i  s - i -  - s - - b s t - : ~- - h m i c  - - - ~~‘ s . - -  s - i  , i  Is i u l — 5

v i c - l s l  i t l i ’ 1 F va l i se s  ‘f 2 5 2 5 1 , 250 0 and I 4 1 5 1 1 5 1 5 :  feu r I 2 S T A B I I
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_ _ I  1000 , - s I l l , and isI I I ) 5 - Eq uu ,u t I s-Il 1 5 . 3 . 5  I COMBUSTION ‘I
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t he-- I -s - - c - - I  t e - r i p s -  n u t - s n , - u t  s c - h u i c - h n  -5- I s i i u l e  s - n  a u d i b l e
s - V i s b s - I I s  c- 01 c - ss s n ls mu s t I, un Is -i s sc-n ve- sI l v 1 m l c-si l ~~ 50 -

v u l - i c - i s  c-s I S I t  s I c I I n t C e l  Itn Table Ssste-

t ile-’ I n s -I l l I _ I s - _ i  nJs n e h m i u , -si S IT us l I n e  l e n g t h  of a E
i s -  c - i s  s i n  is c- — . I s s u h s I .  Fcsrtiuen the impact

s - i s Is- s I c - I l l ’ s ’j  n - m s s s 7 s  I i i  t i l e ’ c - , s ’ s e  f is s s — u s c - t s s t n u n -  is
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‘-or osen e  I I P ~~n s -n Je t  ‘i)  501 
m I x t u r e s .  I t  is imp ilntan t hi) c- ot e  t in a t  t I n e

JP—3 511 
minimum condition u.s no t  a l w a y s  a t  -s st , s i ss - hu s ss - s -is - ln ic

I l — S 5 15  
mis t s lm s- r a t i o .  F s c heavy fuels I l l s -  n t s n i mu s m  occurs

J P 5  506 e l s e - c  to I 2. s l tb s e - c  impssrt ant variables
inc-lade initia l mixture te s- t l sen i tur u ’ and s n ,  s s l in c - .
Finuill v , in h u e  mom ,- pn s c - I  i c - a l  c - s s s u n -  o f  I 1551111 f u e l
s p ra y — i g n i t i o n , the extent of f u e l vap oni zatsilll is

‘il h u e ’  S~n s s - , I S b u S  i s - - n i t  i Is  Is- pi l l - - n i l - I rs- 
vi  tsi 1 to  I gni  I Ion c i n a n a c t e n l s t  ics . Ra o and

t h e  k I m ’ c - s , s s s h m s i t l s s u n  s b s s m r i c - r s - n i s t f c  is t i u s -  ignit ion 
s - l i - I s - . r c -  ( 1 5 . 2 7 )  have shown 111_st l i q u i d  f s s e l

del uv I l l s , b /h is  sr - si --s e ’s-s-n i-, defis se -si sus r i u e  t i ts -c l~~ si I I l e t  d I s c - c  t e n  has i c - s _ l i e  r I  h I I  i nt l  sue - c - ce  on

i - i s -  f s , r  a given l b s u - h — , u I n  m i s t - I r e -  ts, achieve 
t- s u n l m c u m  I s s - I l u t  I s- ri s - s i c - m g ’ s -.

s i g t ~ i f I c a n t  r d s s e t i l s I l . Zero  t (’-e may l i e -  f i ~ n , - 5 l  sls
t i l e  In c  ju h ms rt s e- of tist Ii 1 m i n i  up  (as in u flow
n e - u -  i s n l  - - m  5 ,1  1 , 5 5 1  u n s t c - u u l t . l n e - - s - s u s u  t I e l t l t l g  (as in 1
u O i s c - k  c - s h e - I .  ‘.l h l h  I s -  Ihere s-ne many w i - s I s - 1,-fine

Is , - ‘se t Of  S I  s-I l  I f  I s s - s l l l t  n c - s u c t i o n  5 - b  I t , ‘- TI -

c - hi s- - ) , I l i .  i s -  c l int s s l n t  Is h l n . u l  tb sc- i g n i t  i - n  _______________________________________________
h Il l 55 is s - s - s - p s  5 !  L I l l y  n e - l a t e i b  I c -  l n l t i s u l l l -I s I s e - r s —  E ‘ I I

is s a i l _ I - 1/ • 
- 

- I - I I  b c - n  d e l  -iv I Irs i -s I c .2 I • I
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l b s .  ‘s - s I  c ommon s- , tlu s,d ~s f  .~~s i s i e v j r u g this is time --
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I 5 . I I l b  F I L l S 300 - r 1 - 1 I - r— - -y-— - — -

15 . 5 .1 C o n t b s u s u t i s l u n  C h u , u r s m s s - t e n i s t i c s

The most  f u u n d a m e -n t a l  5i f  a l l  f u e l  ss - l u , ur , uc - — ~~ _~~is  
- 

-

t e ’ n i s h i c- S  is the’ is - s t  i f  coutubs sstiss -n or heating I — s-’c-- - 
-

v a l u e .  This e ’ m p i n i c - s u l l y — d e t e u r n i i n e d  s . s r s I t I S s - t s s n  
I ,.~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

-

r e p r e sen t s  t h e  e n e r g y  r e l e - ss n e - d per mass of f u e l  200 5 ~~~~~
_-— 

-
upon c o m p l e t e  c o m b u s t i o n  wIs e--n boI ls  i c - i t  i i i  and  -

f I n a l  t e m p e r u t u n e s  a re  nea r l y 25 5m C. The s - c - t s s s s l  - ‘

e x p e r i m e n t  i nvo lves  - s c - c l u l u h , s s t i o n  bomb p m e s s u n i z e - ’d 150
w i t h  pu re  s s x v g e t u  innuner se ’d In a w e l l  i u t s e u h s m t s - s l
w s u t e r  b a t h .  The t e m p e r a t u r e  m i s s -  of t In e wat e r
( u s u a l l y  o n l y  a f e w  °C) is d e t e r m i n e d  and t i l e  c i s c  m s - . v 

~ 100 4
lI e- c - s - s n - s  lV 10 c - s s l i S e’ t h i s  i Inc  m e - s i n s -  f o r  t i n s - e n t i re  w
sy s tem  is  d e t e r m i n e d .  This ‘s-.dss e , whic lu is
c a l c u l a t e d  sus n e g a t i v e  for e-xu sth ennu ic combustion
nui,ic-tions , is the Cons tant volume higher heating 50
vsulue.

Since the’ experiment is ps-n l’ ss~~~ed at 25°C , 0 I I 5 s-~~ I 5

condensed  w a t e r  f r o m  the  coutnb u s t l a u n  p r o d u c t s  0 20 40 60 80 100s e u t h i n  t ile’ bomb provides additional e n e r g y
n c l e _ s se  w lu i c h  is i n c l u d e d  in the  c o n s t a n t  vo lume  % EVAPORATED
b s i s s - l s e n  h e a l i n g  v a l u e . The uc-ea smurem ent can be
c - s m n s - c - I e d  to v i e - l i  t he ’  c o n s t a n t  v o l u m e  lower
6, - u t  l i n u s -  v a lue  ( s/sh c ) v  w h i c h  e s i r r esponds  I I I  the Fi gsure 15 .5.1 i h i s l i l b a t i c i n Chal ,- - L s  c i s - t i s - -c-
cc-erg ’s-  w h i c h  wo em l d  have  been released if  the -  w a t e r

- 
- 

- - - Colnmo mu b c - I  F u e l s .
iii the’ c - s - r i b - i s - s t 15111 b m n s s c l s I c - I 5  bu~md remained in the
v a p o r  p h u s s -  - The c - s - I n s t a n t  p r e s s u r e  lower  inea t i t i l s -
‘s’ uls u s - I ‘.Iu c- ), whl chu has bee-un previously d i sc eu ss ed
in Sec tion 15. 7 .1 c- sun then be calculated : - - - . ,

s5s f I b s - s I  u f l l b m i l r h s S I l I  I uss ’l ei ) ss c . s s t c - i ’ IS I S S  I r s - -- . t : s u -  - -

- RT h i u n d l i l t g ,  c r i s i s  h a z a s , b , c-nd I i s  t i - s I  s ’ i s s n s - n s l h i h i l s -
ulh — I h ) = (mu — n )—  ( 1 5 . 5 .1 )  - - - - - - -C c- v P R 2 standpoints is t hus -  llsl s lu p o u l s s -  - I h i s  s i c  I l l s - I s  r S ’ S

e m p i r i c a l l y s lc ’ t e - r t i s i i n  i -si s i c - i s 5 : a l u s t  rd I~ -~h t e n s - s - n —
where n~ and tng are the c-umber of moles of gaseous tune c-ont .uic-en partiallY i l l s - I  uc -itlu Isi s- i A

produc ts and ne uctsnnh , T is iunitia l or final small flame is psnssesi s ’s- s- n  the IlseI. ’sim s n i y C - s m s -

l s m I I s - m . u t b u m u .  ( a p p r o x i m a t e ly  298°K) , and J is Ihe The m i n i m c s m  t c -I l t I b s c l t S i n s  - i t  ‘ s c - m a c - l u  s l Ime  c - i d e - I l

m e c han i c a i  e q u i v a l e n t  s f  h e a t .  Va lues  of Sh y and  of i g n i t i o n  is s s h s ,- s e m y s- sI i i -  ~l s~~i~ m e-si su n  t h e  I I  s s s I

h e a l s  i - f  f i n s - i s - h  i s i s f o r  t y p i c a l  h y dr s ss -anbon s  and I~ i l i l .  I t  has  h~.- s - m s- s h e m o n s t c s s t , - s b  C b s s t  I i s i s

j e t  f u e l s  sure shown In Table 15 .5 .1 .  t e m p e n s l l lu r e  s ’ ss r n s - s p s - i s s b s s h i s  c - s l l l s l  L h l s s u t s s  5 . 5 5 5 ’ s l  l b s
e q u i l i b n i u r u  v a p o r / s i r  m i s - c - i n c - above t iuu: l i q u i n

W h i l e  hea l  of c-s sin i s i u s t i o n  differences among fsuel is at the lean flammability i s - l i t  - Th is
h y d r o c a r b o n s  s u r e  re - I ll i ’s -e ly  s m a l l , changes In char suct en imuh ic - is i l  lu u s t  r I c I  i n  I - i - . m e  1 5 . 4 .
v o l a t i l i t y  sure  s u b s t a n t i a l .  F s u c l s  c-s u n r ange  f r o m
m e t h a n e  ( ‘b s - i l i n g  point  of  — 1 6 1 ° C )  to heavy liq,uicb 15.5.2 Common let Fuu e- ’ I ms
h v s l n s s s s  u m b o n s  c - s s n c - s i n i n g  n a p t h a l e n e  ( b o i l i un g p u l i c - t
~s f  2 1  I s - C )  - In  l I s b I n — si I n c - m s  f t  t u r b i n e  app l i c a t i o n s , Three ’  j - - t  f u i e l  I i ’ s - ,  s I n s -  i n  s c - i d e -  suse
f u l t u r e  feme l  c a n d i d a t e s  i n c l u d e  even r e s i d u a l  s m i l s  t b u n o u u g h e s u h  t i se  f r e e  w s i m l u l  , , 1I  — s-u is t h e  I s I s - h  i I 5 ~ - sI
( w h i c h  have n o n — v o l a t  i l e  c s lt r p onen t s )  . Common by t i t e  s u n  f - m s  s-s s f  N s \ I 5  • inc lud h I l i l  I I t s  1: 1111 s-sh

a i r c r a f t  t u r b i n e  f u e l s , however , are a blend of States~ -Is- I Il , ss fuel une .uml y i5l I t  I - s I  1 ’ s - : : _ s - ,

many hydn sucarbons and their volatility Is usually is used b’s- Can a d i s l I n  c - msts - smc - ms i c - I  c - i s / b  I b i s - - S c -

ss-haractenized by a distillation c u r v e  as shown in fuels can he gr ss s t s  I v  n c - p c I - s- i - I - l i s t  n I’s , b - I c - n - i  s i

Figure 15.5.1. k s - r o s s - u s e  and u s - a n i l i n e - .  . ‘ 5 se l i i  ith VI l I t II i s - : of
.I P — 4  m s - s m u t s in a vapor pr e sssunu- 1 i l m s s  sit I )  - l b sum

The chemical composi tion of cot tntuon jet (2.5 pslsi l sit 3l0°K (lOOmm F ) . s i c - h  -m f l a s h  s-sh Il l s - I

f- se-Is is extremely complex. The hu ndreds of approximate- I ’s’ _ J 5s-(’,

Isv s l nssc - i n l s s - c - Ivimes present I rs- o f t e n  categorized
in to t h r e e  grsssups , p s u n a f f i n s , o l e- f i n s , and Jet  A is t h e  s , - c - - n e - t i s - — I - s s c - s b  I sl e - h s u s s l i  in ’s
s r n t i s u t i c s .  P a m s l f i t - u s ,ur e the  s t r a i s s - i n t  cha in  or m s-SI  of h iue wonb sl us s~ s - s c - 5 s s c -  nci s u l s i m l i -  i n ss - I s m s hluies -

e y s~- I Ic n I l - s m i l e d  m o l e c u l e s  l i ke  p r o p su u n e ’ ,  b u t an e , t i le  United f I s t  s -s . It h i s  -u mu ch I s - i c - s - c  ‘s- em l u t i l l  I v

s m  c - v c - l o h e x a n e .  These a r e  g e n e ra  l l y  v e r y  c l e a n  t h a n  .bb’ —I  r e - i s u l t  lng i u t  - u  I I s s s l i  1155 h u l l  I l l  . i h s i i t

s l u m  i l l s fiue- ’ls (low s,~I m 5 I  I fssm ~,~ -Iliac-) . Olef Ins -n r c 52 u 1 C .  IIs -s ’ .i s s s .  I t b s s  s s - s h~ s , u - s  p n i i l m s u h i l  i t s - i l l

characterized by the pnesene-e of a c- .unh oc -—c ,-unb on Ill s - S I  s n s u s b s  f i n s- s  and l i m e  n , - s l s s  I i c u i l  ssf c o m b  5 1

ulouble bumn d sms occusra In ethylene . Tile-sc’ compouinds ‘ s s - , l n e - m , s h  I l i l y  • l i s s -  ic \ l5 b Il S I  i c i l  s i n  t e l l -  I . m e

ins- i s I ssIs e- - t ed  o f  -: :sIusillg geuun and stability linmiblems celn sle i c - r i l b s - c-s s c - v u - m s s i s h l l  Ism I f — i . l u i n  f s s s - I  I - s  I t s - - s n —
in s-i fuels. A r - s c - b u t  Ic-S are molecules con taining ly i s I s - l I t  hr - al to I ,  I A—I . .u c - s - - p s I - n c -  i c - I  c- s - - I n i - s i  Isu n
- s n - s  5 1 - s r - s b  s i  m i n g  s t n e - m c t s u r e s  . These’ may be single to . I~ -h  A in a l l  m e n 1 - c - - - I s  u s -  c - s --b - I  I c s - s - s - c  m s- l I l t  I —
rin g (e.g. henzene) or polycyci i s- (e.g. nsmphh.-ul ec-o) ve-nscms -- -5s~

5 c- fiu r l e t  A ) .  I l l s -  c - I l b b l h i s u s I h j im s l u m - m d  i - n —
in n a t i s m , - - The co m b u s t  h u n  -I . u n u l m s u t  Ic time - Is i -s i st ic-s usf .IP—8 . I s - i A , s , n u i  b e t  s-s —I i ‘ - s - ’ i  y l  ‘ s m  11w
l i k e l y  I s - c- mss su e p r o b l e m s  um s s on i s t t e d  s-.- i t h  c a n s - n  I s b e - n t i s s - s u b
s - s i r - t i n  le i - r i  I I  l s u n  . f lam e- r u - i l  i t  hun and exh su sust

‘sc-s~ks- - 
Tbne - m u n i m ] s u s -  p m i s h s l  i P , 5  l S S s si  i i ’ c , l  s c - I t  II  ‘ 5 1 1 1 1 1 —

l ss u r e h  m l  f s u s - I s ’s ,  - m i s s , - I I I ,  I S .  i s v ’ s  I - - si ne 5
I h n l m ~l f s u e - I  l P — ’u , w b u l s i s  c - s n  s I  s-vs- u i  1 1 1 : 1 1  I

I l _ u s l u  p o i s b t  I s - u ’ 5 (1 — —
1 5— 1 7
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‘I’ 1’ubl l . E  15 . 5 . 1 :  1 1 , - s I n  o f  C e , m h u u n t  loin sm nd  Fu ln ll u su t h I m
( F n - -n t R e f e r e n c e  1 5 . 1 )

M o l e —  — - lu ~. ‘ h f
c - s s l s r  C o n st s u r n t  I ne -ss nssn ,- l ower Heat o f  F s s m n s . s t  l s s t s

I sis - , -  Fo rmula  W e i ~~j u l  Hea~~~~~~ )’ .s l i ss -  ( c - . s L /~~~~ (c-a  1~~~rn )

‘Is- I l i l s i c -  I7II s- 16 .04  11 , 946  1115
E h b n s u n e s  C2H 6 30.07 11 ,342 739

C 3H 8 44 . 09 11 , 072 563
n—R u tane C4H 10 58.12  10 ,925 513
Isss -b e u t a n e  C4H 10 58.12 10 , 897 541
n—P s-s -l usts - C 5H 12 7 2 . 1 5  10 , 7 4 4  573
n—Ilexane C6H 14 86.17 10 ,685 551
n—H e-’ptane C7H16 100.20 10,643 535
n — O c t a n e  C8H 18 1 14 . 2 2  10 , 611 523
2 . 2 , s-s — T n l m e t h v l p e n t  it le  C 8H~~s 1 1 4 . 2 2  10 , 592 542
, I — N s u t u s s s s e  C 9 H 2 0  1 2 8 . 2 5  10 , 587
n — D e c - c -n e  C 10H 2 2  1 4 2. 2 8  10 , 567
n — T e t n s u d e c a n e  C14H3O 198.38 10 ,515
n~~He -x . i d ecat i c  C 16H 34 226 . 5 3  10 ,499
I t — P e - u n t a t n i _ s s’ ss l u h s n m t s -  C 35H7 a 497 ,93 10,573
F t h y l e n e  C2I1 4 28 .05  11 , 2 6-5 — 4 4 5
Propylene C 3H6 4 2 . 0 8  10 ,935 —1 1 6
t s o b tu t e n e  C4H8 56.10 10,759 60
O c he n e  C8H 16 1 1 2. 2 1  10 , 556
Cy c l e sp e -n t an e  C 5H 10 70 .13  10 ,458
C v cb o l t e x su n e  C6H 12 84 . 1 6  10 , 3 7 6
Ben z ene  C 6 H 6 78 .11  9 , 58 8 —150
To l suene C 7H 8 9 2 . 1 3  9 , 680 — 3 1

‘X y i e n e  C 8H 10 106.16 9 , 748 — 5 5
i-Ie h l u v l  alcohol CH 3OH 32 .0  4 ,802
Ethyl aLcohol C2H5OH 46.0 6,447
Propyl alcohol C311708 60.0 7 , 388
blu tyl alcohol C4H9OH 74.1 7,936
s\c-s-hv lene C2H2 26.04 11 ,518 —2 ,080
H y c b r s m g e n  H 2 2 .016  28 .651 0
Carbon (solid , grap hite) C 12.01 7,826 0
C , n n b s s - s m  ( c - s m k ss- )  to COn C 12.01 8,077 0
Car b o n  l c - s s k e )  to  CO C 12.01 . ,  .ss7 0
C sunbs ,n  ‘be ss - s -s - i s l e  CO 28.0 1 2 , 4 13
iF— -I CH2,02 10 ,389 4 7 6
JP—5 CH 1,92 10.277 458
IP ~~S/ I i b  s’s i s- I  s \ 1  CH 1 9 4  10 ,333 428

Time p h y s i c - i l  and  c h e m i c a l  p n o p e r t i e s  of  and the water gin relations ini p are- the p r i m a r y
Ill s-ic f s s e - I s  sr - c -  i ll-s ’ st m ss le - s l  i n  Table 15.5.2. e q u i l i b r i u m  c o n s i d e r a t i o n s .  C s ur n e n l  u n d e r s t a n d i n g
i c ’u n i v  c o n s - s s - -i p r i s’un f i g s r e s  f o r  1974  have  a lso  been of h y d r o c a r b o n  c o m b u u s t i o n  has  been r e v i e w e d .
- i lls -win . This c o m p l e x  p rocess  can be e n v i s i o n e d  as a

s e q u e n c e  of e v e n t s  I u n ’ s s s l v i n g  lu v d n e u s-a rbon  p v r o l v s i n
and p ar t i a l  - s - l u s t  ion t u u  H2 and CO , chain branching

h S .~s 
- 

f l” !M~\R Y r c s l c t  ion r e s u l t i n g  in H~ c o n su s m p t i on , and CO
s - IsIs l i o n  by OH r a d i c a l s  ss -e sn ,~m- - i t e d  d u r i n g  u h s n l n

T t u i s  s- t i l l e r  h~~s r e v i e w ed  f s u n d a m e n t a l  h m s l l l s - h i n g .
‘fl- eplS f l e - u ’ ” 5 , . s r .  f i n  the  - i s s - - J e r s t a i n d i n g  of  su e’r ,~ —

- m s ’ p m i l s l s ’n . - .u n i h , m s t  l . m n .  Two ,- n d d l t  Is-nc-il s i l . i !sh e r s  C o m b u s t i o n  t b u i - n t n s m i - c - l m s l s l i s  s i n v o l v e s  r e l a t i n g

~ s l l  s s i s i . t , - r -  I l l s  -n- i s- t i ,  i l  app l h c a t  is -n -I Ib n is es- sc -nc’s cc - l i - s-s e f n s i r n  f ue l  i- o u n s l s t n p t i o n  I s- - I l i h s s l s s t i d ’ n
S s ’ - r ’n.i t I s s n  t o  -‘i- u i s - b - - s m m s s - m s  (Chapter 20) snnd after— s m s s s l s s c - t  s - I  l i - s I S .  11-n c- . i i l s t I I l t  I m r e - s n s s m u -  5 5 1 5 -m n , I s - s e -

h i s t ’  - nc (55 ul ster 21). Me-ic-h i s f  this s c - l I s t s - n  has fins u t law m l  I l s s - r m i s s -i l v s n ss- t 5 cs i m p l i e s- s c- s s u l s,’ n v i t i o u ’ u
r - I  f I .- - b e - I  ‘ s. - ‘ - - - — . I S  i t  t i le  s u u h j u - s t m f  c o m h u m s t i - n  s f  i s - I s I  l I t l i s s - l pus s Ic-roSs  I / I s  m s - I s  l I n g  ‘s’s- s t e -c - s .
I ’ t .’u - . : c s  S c - t i m  i l s c - i ; - l i t m  u r , - s h s s s l v  m l  c h e m i s t s - . ,  I s i s - c -  t h i s  m s - I m t i l u l c - l s l p ,  s h e - f i n i t  ions ansi - -~ -C l n s s s In

rs- ,’ sj V bs- l b ’ I h s  s . c - n u b  s - u s  h v n s s m i c s .  s f  c.- u l e - u b a l  l i n s l  f l s u t i s s’ t i - s - s t / s e - c . s I l u m s -  in snve i s s - s - l i  c t - u s - ned .
lius . sm n , - Iie s u l f l a m e  I ‘ ‘“ I5 c - m l  I I I , . c - m I s  i s l u t c d  l ssss mi n g

N i V  I - p l c - u i ’. - I l i ~ ‘st  s l y  I I  - s m - - s im s - s t  i s s s s  nIl 1 in - s -- c - hat Icc-n . li ss bu s-n u sed tsn explain the-
s-h - FI 5 ’St nv i n , - r -  i c t i , b n  r u t s -s . c . q s s i l i l s c i i s p s  cons I s I s - m s —  c - f l u - c t - s  s i t  i l m i t l I l  I s ;  r s t i s c s - , f u u e - I — a i r  n c - t h u s ,
I s  - - s - u , us , - h . m n I ’ s m m s~u , - f  I s: bc- - m b - S - n — - s i r  f sue l  I c - s - c -. -intl s - - s - b - - I l l  of s I t I u t i s s i i . t s - I I s i - .Is s f
m’ , , I 5u s i ’ 5 t  I s - t n .  I / lu ’ \ m n h u ’ n i i s n  s s  I i t  i s i s - . b ~~s , sc- f i l c h  n t i u m u -  I - s n  I s -  f l , u s - — s , -  t m - / s  c s - I  s u re - - i i i h a l  1 - s i m ,

m i n i ’ S th e 5m u - s i c  !e -p i~~u s i e - m n e  I - -s of mu -sc - I  is-m s u s t  s- l n s ’ l u u r b h c-u : sblssu u c hat hun n i f  f e c - I s , have  be -i -n I - m u - n e c - t e d
-n m n e -- - s - s - s r e - . t i - — s t - e r  s I - s c . - . m d  ~ s s I l s  l i l t  m i t  hu n , mI s  ,und  t h e -  s i h s i v e — , l s  s c r i h u e d  es - f l u - s I s .  s e e m s -  I I  I s s -u l r I l e s 1 .

See-n h i g h l  l g h l e ’ mJ - m d  i t s  Is- s : u . I sun n o m b u u i t i o n
ems hui q he -sen li - s r  hh ed . I l l  and H 20 dIs~ s s c - l,m t Ion
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I \ i l b .b - 15. 1 .2: l m b u e m n t s u u u t  .Je-t F sue I P r o p e rl  i s- s

- - 
-d Il~-~ (lit  ‘u-I) 

- - - _____ 
JP- 5

- 
Sp ss s I ’ l l  i c - m b  Spec ‘ Y l ~~ s I  Spec T v p i s - a l

5 - ‘~~‘ t ~~ Recj m t V , u l s s s  Re-’u 1m’ t V a l u e  Reps ’ t I s l s s e -

I s - b - c  l r s - s s s s Imu - ( u t s - s I  . 1 1  — .2  .18 —— .007 —— 003
-u Is -l u  ( 100 °F)

Im s u t  l i i  Boiling I’ss i un h — —  60. — -  169. -— 182.
( s - C)

End Point (s-C) —— 246 288 265 288 1150

F I s s l u  P o i n t  i~~CI  — —  —25 -49 52 -63 65

-
‘ 

A niss-i. s l i , - u l - s u t e -- s ut ( Vs - I )  < 2 5  12 c-20 16 <25 16

e m l e - :  i c - i c -  C s m n t e .sn t (7 vs-I) -1 5 1 — —  1 — —  1
S.it u n s t e 5 .  5 s I l l s - s i t  — —  87 — —  83 — —

15. - b  He’,m t s m f  Csmmbu sthon >10 ,222 10 ,388 >10 ,222 10 .1 1  -10 ,166 10 ,277
I s I / i s - s-t I

s- ; ’er t t i c -  d n s v i t v  0 . 7 5 1  — 0 . 8 0 2  . 758  0 . 7 5 5  — 0.830 0.810 0.788 — 0 . 8 4 5  0.818

12 . 11 . Ye- un Iv Ls 5 i l ~ c - 5 l i i l 5 l l i l l I  5 F’ I
(ID~ gil) 

-

c m - u  dynamics c-sc-si diffusi lin princesses flash point . The properties of current jet fuels ,
s - I I s - .  tiny i s - o m b u s t i o u n  h s s v s -  been described . Premixed ,JP— 4 (on Jet B), JP—8 (similar h I  bet A), and
l ur-i u - n s n  : 1 sees I s ly e ’ I sc -c -il disc-ad-ned and the depeumdence i F— S . have -  been t s ib m u l a t e d .
m t  s - -c , -7 : 5 1 i o n  n a t e ’  0 m m  t e m p e r a t u r e  and especially
f u e l — a i r  n i l  i s  I s - m s - c  been h i g h l i g h t e d .  In the  case
s l l s - m c - fum e - I and s i r  a r e  lus t initiall y mixed , rates 15.7 BIBLIOGRAPHY AND REFERENCES
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TURBOPROPULSION COMBUSTION

TECHNOLOGY
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20. 12’lh-I ’S:l ’IITI ON

The evolu t ion  s- f  5.: n1’ral”, gas tu rb ine  s - .! ,:~ -s - ‘, !sS’ - - 
- I s  s W 5 s - , u ’ s - . ’,s i . s1ts - -s’~ , i - s r - u s - ,

‘s- .s - .’hnology s-’,’er s - l i e’ past (‘cs-nt :.’ years has been cx—
t remely impres s ive .  W i i l e ’  the s- - s -n sF -u s- t i c ’ s -  system w- s 20.1.1 ‘3~~ ’5’i5

s- he primary l i m i t a t i o n  in development c-n ’ the f i rs t
‘n i s ’,’ra ’t gas t u r b i n e  in 1939 ( Re f  2 0 . 1) ,  t he cost— Turbine engine  s - c u t s - s: s- s :  -‘- m c  s - sav e -  -5s-s-’s- ~~’s-s-’ s - s

a ts-i us - mr  w’u i’ sl costs associated w i t h  -s - s - s - r i - b I t  - m s s - h s - s s - s i n g  - ‘h e’/ c s - l o is i s - s -e-iit over t h i s -  past L’ j m esc-s_ s-~ me—
rce ’s-ting engine components (compressor and t u r bi n e ) , s s s - 1 ’, i i u g  in t I ’ -  m V I s - i u u. h - s t i  of a Van e’s-; of l. ’s : i c

now far excee~I t !ss-st of t h e  combust ion  system . Re— u ’i s -r n b s -s s t o s -  c ’ s -n t i s’ s-s--’s s- s : c - s .  Contebmspor sss ’y :- - s-cm s- -’ i s - r i
us-en s- developments , however , have once i11’ s - it s caused S I t - s - e r I E may be I r - s s s s : 1I :  classified i s - s - s - c  s-n-u ,: ‘ Is-c--
significant shifts in development emphasis toward three ~1 (5ss.’5 : sr s-s°s-uiss ically iIbsi ’s-r’s ’ ’i i t  7 1 ’ , - - --
ss- c-t n sh-.sstion technology. New concepts and tecbsnOlo~~,” 1 .1 .
irsprovements will be necessary to satisfy recently
le,nislated exhaust pollutant regulations. Moreover ,
n’s - s - - ir e  emphasis on engines vhs - i s - I s - can u t i l i z e  I’s-c - s - I s - i

to r equ i re  addi t ional  combustor  techno 1o~~g develop— ~~~ ~~ :~~~ ~~~
Beyon d these externally imposed requi rements  are 

C A N  T Y P I  C A N N U L A R

the combust ion system performance  improvements
necessary to keep pace with new engine developments .
Cu r s -h e m  reduct ions  in combustor physical  size and
weight  are expected to :o r u t i n , s - e  as t’il’nI requi re—
s-s-t e tu t s .  Performance improvements , especia l ly  w I t ’ s- -

respect to engine  t h r u s t,’wei gi -s- t r a t io  and speci f ic  A N N U L A R  t Y P E

fue l  c o n s u m p t i o n, wil l  requi re  higher combustor
temperature  rise , greater  average turb ine  i ns - e s -
temperatures, and closer adherence to tbs - e  lesic1n
temperature  p ro f i l e  at the  turbine inlet . H i g h  i s - s - -s-n -u 20.1.1 or 5 H r
performance des igns  rn -s-st also permit greater MRch
number operat ion w i t h i n  and around the cots-tbust cur to
r educe pressure  drop and min imize  the p I s-ys si ca l  s ize a.  _i1.s- A can ‘sor h’ .s- ’ ’ is- sYs ’ ”s- consi -’
of compressor exit d if f us e r  hardware . C-c s-Cut (both t’ s-~~ -s-n more u’ l . l i n s - I m s - u ’ a l  u’ r’iL ors ‘-s ” “ tn’s - I s - s

initial and operating) must be minimized , as recent in a - - 5 ’ s , t “ case. Tm , t he  irs- st I T— (3 t u’i’s-’ i’ is-~s”

experiences with high temperature engines have cons— engine  Figure ‘ . , .2 , a s ’ sc - - l u -  u ’ s -s-h is”’ m can
firmed the necessity to consider reliability and used while I-irs- r :r c lu , . - r~s ’ m I ’” use a —

maintenance aspects of life cycle cost as well as can assembly s-~ art s-s’r’r,I’enc’ isesIgne l ‘ s - n
performance and fuel consumption. a s-u s-I ’ 5 s -c  annular s-a:’ w to the “II tie

-e- - ‘ on. The cs-s-us -s-c5 ~on -I’s-’ ‘ of m s - , e- J ’n ”  -
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