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SECTION I

INTRODUCTION

Predictions of gas turbine combustor performance and pollutant arnission
characteristics require modeling procedures possessing a high d~~zrae of
sophisticat ion. Past attempts at modeling combustion systems L ay . .’ been
largely frustrated by the complexity of the coup led hydrodynamic and ch emical
processes. The difficulty can be largely attributed to the lack of urul ’. r-
stan.iing of the flow processes wh ich , through the exchange of heat , mass and
momentum , can directly relate to pollutant formation and combustion eff’ioier~-
cy. For example , swirling flow has been shown to have an important influence
on the stability and combustion intensity of flames (Ref. 1) as well as on
residence-t ime distribut ions (Ref. 2) in combustors which , in turn , can be
related to conibustor performance and efficiency as well as to emission charac-
teristics (Refs. 3 and ~~) .  Techniques employed in modeling combustor flow
processes have generally been highly si ilified , particularly flow modeling
techn iques where stirred reactor cuicep,.i and one-dimensional assumpt ions ar°

1. Peer , J. M. and N. A. Chigier:  Stab ility and Combust ion lntensi~y of
Pulverized Coal Flames - Effect of Swirl and Impingement . Journal of th’~
Institute of Fuel , December 1969.

2. Beer . T. 11. and W . Leucker: Turbulent Flames in Rotating Flow y s l a m , - .
F~ per No. Inst. F-NAFTC-7. North American Fuel Technology • ‘onf ~’rence ,
Ottawa , Canada . 1970.

3. Deer , J. U. and J. B. Lee: The Effects of Residence Tim ’ Dic~ r i b u t I on
the Performance and Efficiency of Combustors. The Combustion ~nrtitut e .
l~~iH5, pp. 1187-1202.

1i . Marteney , P. J . :  Analytical  t t t u d y  of the Kine t i c s  of Formation of N 4. t u ’ c f ” :
( x i d e  in Hydrocarbon - A i r  combust ion.  Combust ion Science and I ” c h n o ln i-’, y.
Vol. 1, 1970 , pp. 37-~ 5.

‘I 
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e: a’l y’-’ l (D e f s . S through 10’) . Chemistry is f requent ly  mo d ed ed h~,’ tt u ’ s u m i n g
equ i l  i t ’ r i  I I ” :  hyd rc ’.” irbnr:  f i ”  decomposi t ion  and two phase t’lo’~ “f t ‘ s ar c

1cm cons i i ’  r ” d .  In some more recent modeling at t  emp ’. s , fo r ’ - x’ :np l ’ .’ .

1 “~~ l ”r ’ a n i  lley’s°o l (Ref. 5 ’) and Hammond and Mellor (h o t s .  P and 7 1 * ‘he
I or’-’ I reactor c’oricept is employed to assess th e ef f ec t o f r~~si d , ’rir’ e-~ imp on

‘e mbas~ ion behavior and to predict  poll utant  emi s s ions  in ,~‘.‘is turbin”:.
r ’c p1~~t vapor izat ion  and burn ing  were neglected in these studies : hc,w,’ve r , a

qu as i  _~~1] ePa I fi  mi te - rate  hydrocarbon combust ion mechanism was errt p loy= d by
Hammond and Mellor to model the chemist ry . In related work , Roh ”r t s , et al..
(~ *~f. 5), jr an attempt to predict nitrogen oxide formation in gas t urhin t~

• combustors . subdivided the combustor into three regions : one corresponding
to the eer -~~r a i  recirculation port ion of the upstream zone : a second r’-pre~
s’~n’ing the flow region surrounding the recirculat ion zone which was inter-
p=~~t . ’. 1 to be a one-dimensional reacting zone : and the third downstream zone
modeled as a one-dimens ional region. Both finite-rate and equilibrium hydro-
carbon chemistry models were considered . It is interesting that little dii’-
t ’e reace ~n the predicted NO levels was noted in their results between the
-“j . . i t i h r ’ i u m  and finite-rate hydrocarbon cases. A more recent analysis di-
r’-”ted toward low power application by Mosier . et al., (Ref. 9) basically
extended the work of Ref. 8 through the use of a more sophisticated finite-
ra’e hydrocarbon chemistry model obtaining trends in agreement with experi-
a”ai data . The modular approach proposed by Edelman and Economos (Ref. 10’)
is an ‘it t ”rnp t at formulating a general analytical procedure for predicting
“ombustor behavior by t reat ing the various cri t ical  combustor processes on an
ind ividual basis or coupled as a function of operating conditions . Difficulty
with the approach lies with its method of accounting for recirculation (a

~:t irred reactor is presently used) and its inability to provide a unified
l e s c r i p ’ ion of the burner under a given set of operating conditions .

5. Fl”tcher , B. S. and J. B. Heywood : A Model for Nitric °xide Emission from
,\,ircraft ~tas Turbine Engines . A IAA Paper ‘i1-l2~~. 1971.
Hammond , P. C.. Jr. and A. M. Mellor: Analytical Predictions of Emissions
°ya~~~ and Within an Allison J -4 J  Conibustor. Combust ion lcienco and Tech-
nology , “01. 6, 1973 , pp.

1. IIan’rmond , P . C ’ . ,  Jr. and A. U . M o l l o r : Ana ly t i ca l  Ca lcu la t ions  fbr the
1” rt ’r rn f la”~ and Ikl lu tan t  Emiss ions  of 1.-is Turbine  Combustors . Combust ion
C i er ice and Technology , 101 . d , 1971 , pp. 101—1 12 .

~~~. F O t - ’r t s , R . ,  1,. 1 .  Aceto . P. Keilback , D. P. Teixeira , and J. U. Bonnell:
‘ ri A n a l y t ic a l  Model for Ni t r i c  Oxide Fo nnation in a las Turb ine Combustion
‘harsher. A lA/I Paper No. 71-715. 1971.

‘
~~. ‘ J ’~~i * ’ r , C .  A . ,  R .  Roberts , and R.  E . Henderson:  Development and ‘~ ‘ r i I ’i-

.-‘.‘i~ ion of an Analytical Model for Predicting Emissions from (las Turbine
En~t i ne ‘orn t ustor s Dur inf  l ow R~wer . p .ru j t ion . ~ls t  M I  ing Propulsion and

rf’- ’t ics Panel of AGARD , 1973.
• . Fd ’~ . R. and ‘ . h i ’  i l j om Q S : A Mat  hr ’n~tt i Ou t I llo.I ‘ ‘I for J e t  Eng ine Combu stor

a ’ ‘ t n t  V r n i s ” i o n r  . ATM Paper No. 7l—7 1~~. I ~( l

2

- - . - -. -— ~~‘ - - -‘- ‘ --~~~~ - - - ‘  •~~~~~~
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h ’ ‘, ‘gn i r rg n’:’ hc’ I: are 1ackin ~: primari ly  ifl : k i . ’ir  aLj .I1’. ,’, Li ~~~
, ia

a ‘ ‘ ‘ ‘c It  r ’oi’ m lx i  rig ph~- rs s : ’ r ia  occurr ing  in the r~ verse flow rec ’ i j’c ’ uJ  •~~
‘ ~c . r,  a . : ’

of . ~ ib :gt ’ ior ~ t ’ ’vi c ’’s .~~~~~ t:a~ ro c e n tJ y become feas ib le . l,~~s’’ez ’’r ’ , to 1~

more r t ( l o r i  usly flow s h ay ’.  r ig i ’ec ircu ia t  ion zones , by numeri’’i I i i  a’ :i a 01
c h i p’. 1, ’ ~‘qua ’ ions  , ‘o v ”r r u i t , ’ con~~u s ting  flows. For exttfm I e • , ‘t ~~ a , , ) at:: , f o a l

m e t i c i  based on an ‘:‘:phi c it  point —by—point  r olaxut  ion pr occ i )ur ’~’ l i t: b0-’:: so,’ -

ges~ ed by 1 c oral: • et al. , (~~et ’ . 11). Sample calculations of’ a r epu ’ , :~~:c 0t , i y ’

gas t ’ .~r b i n ’  c ash’..: ’ or i’I~~ have been computed at U n i c c i t  ‘ iochnolog ’. ’ , : ‘r s ’-t ! ’ ’i,

‘er t t ’ : r us ing  the lo ran:: , t’ ’. al. rr,~ thod , to demons t ra te  the l ea: ’ ibi l  i y oh
maki a,- conrputat i s a :  in ‘ f l -  r e c i rculat ing zones of c o m b u s t i o n  ‘l a , a i ’ ’r ’ : . f r
res:1’ s obtained with t h i s  procedure demonstrated qualitat ive a,:r”::,, ’:it  w~ t C .

C experimental observation, (Ref. 12).

Ithoug i: these r”caits w - ’r e  very erIco: :r ’~.:i a, ’ . he slow coav”r ’ ,.’o I ,
p roper t ies  of the  ‘;osm:ir , et a!. pl ’c ’ce.h:re , a r i s i ng  p r ’ i m a r ’ i i y from : } , c  us ci
a po in t -by -po in t  relaxat ion t e c h n i q u e , becam e apparent . ‘en :eqa~~nI lv, a l t

improved numerical procedure was dev ~:.1ope i at ‘:k’ for solvin g rn:sbu:ti::g
t i n w s  conta in ing rec i rcu la t ion  zones.  ‘I’he ‘5 Th’ procedure is an i rnp J ici~ ‘Out -

cUL :0, i c r i a l  scheme , and is novel in th a :  i — s iduals are relaxed s ian] tafO ’o’ ,.
h r n u r ’ f  a :j  the  en’. ire f low f i e ld , rather ’  t h a i :  one a’. a ‘inc . a: iS : 1 - u - , ’’ “r-
ist Ic of ‘n explicit point u n e t i t o t s  . a re t a j~ui : , :  ,‘,F ’~’f T  j ’ } P ~ ‘:0:: ’ ra. ’’
101 Sf’ c l e l :t fl ‘lxtt l en Ell ip t ic  ‘. rcc .’ I ur ’  ( l” i’: ‘~ at ‘ ‘ i t i ’  ri ,~c~’ous st l u t ic

f t h e  eovern ing  equations was fia’th eu’ develop ‘ ‘ ,i~d a”- .t :o pr ~i ’ :  11 ’ -’ p. r’ ’
fommance and emission character is t ics  of car t -annular ’  “ n i  : , r i : ” I a r  gas ::rni
combu stors ( R e f .  13). Fur the r  development of the  proc”ucr” a n t  PLo pY~.: ica l
models is presently be ing  carried out under EPA ‘ont ract No. ~P_ a’ _ i a~(c,. ih,.

~TRC method solves the axisyrnmetric t ime-averaged Nav ie r -P ’okes  ‘l o c l i o n s
including the e f fec ts  of turbulence , chemistry , radiation , and itJ’C ~lcJo l va~~ ’i’-

• iz a t ’ .oa.  The FREP code has Civer l  reasonable predict ions for coinbust. oi ’ Low
fields which have axial symmetry : however, significsnt circumfer. r:n ‘ .1 a: y:s-
metry is present in many a ircraf t  corabustor f low f ields and a r e a l i s t ic
approach must cons ider th i s  complicat ion.  Such a general : ipproacl m v  I v c

solut ion of the t ime averaged three-dimensional  Nuvi~’r-:’tekcs ‘~‘ .;Uat ions in-
• cluding t u rbu l ence ,  chemical react ions , radiat ion transpo to and ~Irep i f  r ap  ‘ -

i za t ion .  Recently , for instance . Patankar and , :paldi ng ( R e f .  J 14 1  lay” i~-v,’ ’u’ 1

11. (locrna fl , A .  P . ,  W.  N .  Pan , A .  K.  Ru n c h a l , P.  1’ . p i t 1  t i n , ’ , : l : r ’, ‘I . E o l t . ~~’ o j n ,
Heat and Mass ‘lr’insl ’or in  R e c i r cu l a t i n g  F l o w s .  “. ‘a.k’m t o  r ” - : ’z . P ’—w Y 1:
Vi t o).

12. J,n asoul is , B. F . :  ‘omput at ions ci ’ * he F’inw i n  a ‘ ‘c l i i ”  o r .  ‘ a ’ .  f ’ . )
A l r ’ ’r a f f  Research j n i ’ ’ I’ :, ’ cr i es Report hi  ]QS5 ,,_ I * N ’v . ’:sr ’ . r 1 171.

13.  t t n , ’ iso u l i s , P .  F . ,  H .  l ’ ’ ’n ri ’ t l d a n t  R .  ‘ . h u cg ’ ’ l  a I ‘v ’l ’pc f ci ’ ‘ i

• ‘om f l , ~~’ or ’  1”low 1’n :il ys is. ‘ :ir ’ I ) . “o,’e ’ l e t  I ‘1 , , -  , ,j ~’ ‘ ‘ i ’ , ”’

r ’ r ’op t l~ ion laboratory h’:’pnrt AF A T — ‘: ‘ r . — p ‘ — ) ~~‘ • I “ , i ’ :  . ‘‘ r u ’ a .
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a line relaxation procedure for computation of steady three-dimensional
‘ombu s t ing  flows in cartesian geometries ; however , this procedure is not
generally available and few details of this technique are known.

the objective of the present investigation was to extend an exis t ing and
relatively e f f i c i e n t  UTIRC three-dimens ional Navier-Stokes calculation proce-

* 
d nre ( R e f .  15 ’) so that it would be able to compute combusting flows . in
particular , the procedure developed includes a simple mixing  length turb u-
lence model , a pseudo-kinetic hydrocarbon chemistry model , a liquid dropl et
vaporization model , a single frequency radiation model and a finite rate
nitrogen oxide chemistry model. The intent in the development of the flow
models described above was to eliminate undue complexity and sophistication ,
s imultaneously providing a reasonab ly good framework w i th i n  which ref inements
could be easily implemented at a fu ture  t ime , if warranted by comparisons
wi th  experimental data.

15. Briley . W. R .  and H. McDonald : An Implic i t  Num er ica l  Method for  the
Multidimensional Compressible Nrrvier-Stokes Equations . United Aircraft

• I”- ’search laborato r ies  Report ‘I~l 1 l(”~-t . , November 1 T( ’~ .

14
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SECTION II

TItEOBETICAL A.lA\LYSIC

Approach

The flow i’o’ c’i.me considered in the present s tudy is a ct :oj v ) ‘ inch ’ - t i p
‘as-nhl ac e  flow wi th  hydrocarbon chemistry, droplet va~ .c r i ’ : a t  ion  a m : )  : ‘ u ’ : l i :

and radiation transport.  An equilibrium mni x ir o~ len.’t:h nod -’ t n L1: a ‘er a  ~‘ai —
i.:ed eddy viscosity is used to specify the turbulen t mnorne n t ;hmrc i i  c c  (P ’ ’~ir : o i d ’ ’
s t ress)  in the time—averaged 1’~av i er—Stokes equations . The f ur’) : i - ’ r : l , I ’l iu . : r : ’  of
enthalpy and chemical species are determ i ned by specifyint ~ t , ,u’ h i r  l en t  “xoh’a:i :’c
coeff ic ients  using values for e f f e c t i v e  Prandtl and S e l u c i t h  . u l s m & ’ r : ’, ‘ ri’,ci 1 1 ) 0

knowledge of turbulent flow of gases and gas mixtures .  Tim a l l  i t .  ion , a c~i i  0:1:-
try model , a droplet model , and a radiation model are mle c o ’sary to ir:ai tJ ‘ r i ’

ef f ec t s  of chemical reactions , two phase flow , and rad ia t ion  ernis:’ i ori 0, ’ )

absorp tion on the combustor flow field .

A computational method is required to solve the complex cyc tern of’
equations obtained for combustino flows using the physical  rnod~ hs dcc ”ri
above . The computational procedure must be capable of t r e a t i m ’ t h e  :2 w C L I
recultino from the mixing and chemical reaction of the  am propl’caL ’: ‘1 ‘ -mal r a l
species , and from large gradients in flow properties caused fly t) ,  ccc i : 1  or.
process .  The Multidimensional ImpL cit Nonlinear Tirne— tlei ’cmil er: , (~

.‘
~
‘
~ ‘t) ‘ ‘ -

nique developed by Briley and McDonald (Re f .  15) for the con:pri ss iblc Nac’ t c ’ -
Stokes equations is well suited for application to the comp l ex r ’qmi a t i i . :’
governing combusting f1~~~s and was employed in  the l’rea:’m ’.. : t . imi l y . TIre 11211 ’
procedure is particularly attractive in view of its economic cnor : ’c -mher  c L n r ’ ~
requirements (only a portion of the flow i s  required in our ’ at a m t ~ 1’ I V O I
time) and its high efficiency relative to other available schm”maec . The rc—
suit ing computer code is used to compute time—mean—avera ge veloc i t ies , t o -
peratures , pressures and species concentrations within a s e lect . , .1 con::: : ; :  ‘1 ’

with d isc r e t e  inlet in ject ion ports , and the results arc compared w P  t I m ’
available experimental, measurements to allcM an evalu at i o n  of Li: ’  ‘~~~i’, -. ”
and the analytical n m o : I c l t n e  techniques .

‘]ovemnj n m ’ Equations

TJnder consideration is the I ’] ow ~‘I
’ a Lmu’h md ’m: t cI-r em i cal 1.y it : m c t - 1  a - i i m  I Li —

component mixture with heat and mass transport. The loverr r i  a m ’ syst”r m :1’ ‘ In ’-

tial cl ifl’erent iai  equations le::cri b i n ’  the combus t i on  I’rM ’cs:: :c  has ’  1 ‘i: I I . ’



cori rervation law. :  of mas s , momentum , ener~~ r , and chemical spec Ie:  ( 100 ’ . in ) .
For  s impl ici ty  these equations are expressed in vector ::otat ,i ,’c: . d oc “ a d  all

1i : c t r lt i  t ic ;.’ ’ir” nond imensionai. Velocities are nonsalized fly I I I ,  ,t em. ::l ty by

~~~
, enthalpy by hD , ~emperatur e fl y PD, molecular weights by W , 1 , r ’.:: mr ’- 1’ ,
= pjj RgT pZp (Z p lO~ /W~ ) , dynamic viscosity by 

~~~
, radiat ion emn .:i’. ~t L’a~: 1~ ,’

and Lime by (L/ iJD) where L is the reference 1.eri -tJ: . Coupl iU(  i’e ’,we, cr

‘o m:oer ~tt ’at ion  and thennal gradients (Soret and Dufour t ’r ’ m ’e ct . s) ,  r , - : . ; . ..1’ . i -c-

dient ,t i t ’ f t m , : m o r m , body for ces and hulk viscosity are all a : : lunea to m e  negli g i —
‘le. In addition , F I ok’ s law is presumed valid W) ,i ci: implies eqaal  r i n a m ”

dit ’i’IL:ion coef f ic ien ts  for each pair of species in the mixture (S e e , . .,  , 1’ .
17). The result ing set of time—avera. ed equations is

.‘o r : t : r o m .L t y

ÔP - V (p u) 
(1)

‘Oli. ’ ei’vat Io n Of rias Pm ase  Spec’ ~~

(3 (p m 1) _ V. (p O m )  + th- V ’ ( rmvm + r~+~~i1 ,

u m: , ’orvat ion of 1.1 q:1i1 Phas e Sr ’ccie::

a r c ’  l’Va ’ on ci’ V o :r ,cit~~~, 

-v.(p~
f
~)+ ~~ V (r~vf~) +R ~ (~~ )

a~ aL _ V ( p~~
a )_ . -

~~ — VP +
~~è V ( 2 /~e f f ~~) 

— 4 ~—~~V [~ et t  ~~ 
( P t

i , , r vat i .am:  -a t’ tla cr p

a(PH~~ _ V . ( p i~H)+ J~tL ~ P_ + ,Lv .( r ~ 7 H)a t  PD h D at Re h

+ ~~~~~~ V .[( i•L~~~_ l’~) V ( -~L~L)]

I. ’ . 1 ’ . ’ :’ : , . 13., E .  ‘ 1. . ‘.t.,a ,ra i ’l , ‘ m: t d L . 1.. l,i m ’.l i t t O o t :  Fr:um.’) ’~’r Sr
“It b y ,  New Ya rk , [‘-k:

I’ ’ . .‘,.: ‘ min t m ’ t , : ~~i m i  I’ t L ’ ’l’ , .  t \ d i 1 l ’ ~’i:~ E . , — h ’ ’ . ~~~~~~~~~~~ , ‘ a, ‘ a ’ ’  —

1, 



The s ean  flow rate of st r a i n  tensor in Eq. (It )  is given by

~~~
: •~~~ [ v ~~+ v ~ TJ (‘- ,)

The e :~‘. : a ry thermodynamic r ’:lations)r .i p. : are

p:p TZ ( 7a )

~~~~~~~~~~~~ (“ i )

H = >  m 1 h1 + ~~~~~
_, 

(_
~~~~) 

(o)
2 h0

and the enthalpy of species i is

h 1 ~f C~~~(T) dl (9)
T

f

Note that the heat o±~ formation (hr )  of species i does not appear ~r i the
defini t ion Eq. (9) ,  but rather has been included explicitly in the energy  con-
servation equation ( 5) .  This formulation was found beneficial in the pres em it
procedure in order to reduce numerical d i f f icul t ies  due to truncation errors .
Tire kinetic heating terms in the energy equation which are not si 1 ’rm i f . i cm ml  for
the tla c lm n umbers under consideration , have been neglected.

In order to solve the above sys tem of equations , i.n addition to boundary
conditions , it is necessary to specify the turbulent exchange coefficients

‘tm ’eff ’ “h ’ i’~~ F’ ; the rate of production of species i due to chemi cal react  l o r i s
r~ , the source ~ue to vaporization of liquid droplets from particle  i -la ss ,j ,
s the droplet source term R~ ; and the radiation energy source term ,

~~~~~~~~ 
In the present analys is  s~ nce effect ive Prandtl and Schmidt numbers

are defined from knowledge of’ turbulent flows of gases and oar mixtures , on:1 p
t ire turbulent  momentum exchange coefficient , u~~f5~ must r e  5I’ n c i I ’.i e : t . The
enerL~r and species exchange coefficients are obta ined from the m ’ c l a t  ion: :

(io ’rr e f f

ç ~~~ ef f  (II)
m ~ SC ef f

7



A turbulence ~,udel is employed to define the effective viccosit c- , ,cl 1
2 i mi larl.y, a c h e m ist r y  model is employed to specify the prod’.:ction rate  r 1 for
rm’cdrc .carmcom: and ni t rogen  oxide chemistry, a droplet vaporizat ion model is
em~~[oyed Icr the coma cc terms R 1 and s~ ,

~~
, arid a radiation trai::: ’crt , model

:t. ’rve:: to specify ~~~~~~~ These hrodels ~ht  ‘c discussed in de ta i l  c u t - s ~~qr:cz: t  l y .

P ‘came cry  :u~d (‘oordi nate  Sys tern

The m: ov c r Il i II m ’ vector equations presented above must be w r i t t e n  in a
,courdin:it. e sys tem appropriate for cornl ’us tor flow . In tire pre cut sti~ i’~ c. ’n-
s ideration war, directed rrirnar i ly toward three-dimensional flowo inn axially
symmetric combustor geometr ies  with a d isc r e t e  circumferential d i s t r i l ’u t i o n
of air  and fuel injection ports . R e ct an gu l a r  duc t geontetries may air ’ he
treated quite etsi ly wi thin  t h i s  fram ework. To obtain ard syrunetric coordi —
mates ol ’ suff icient  - em: ~’rality, a two—dimensional  orthogonal curvi l inear  co-
ord ina te  r ’y st cnrr  is r o ta ted  about an axis of symmetry to produce the desired
. ‘con:~cury ( l i m ’. 1). ‘fIre axisymxnctric coordinates are derived from a 1’m ’r i c r ai~
r r y c t cimi 01’ ort }mo -ormal curvilinear cocmi ’di n :ater ’ x1, x0, X a with me t r i c  c’oe t’i ’l —

cient  h1, 112 , h3. The vector opera t ion s necessary for deriving the -ovcrnin , ’
d i f fe rential equations in th i s  coordinate system from the vector equations (l ’t
tI’,ro:i,:Ii ( 5)  may he found in Ref .  ll~. These are summarised in Appendix A for
completeness . These vector relations may be substituted into equations (1)
to ( 5)  to obtain the -overnin 1 ’ equations in the generalized coordinate
tern . The system of axisymmetric coordinates are obtained by taking h2 = r
and x = e, where r is the radial distance from the axis of symmetry and e
is the angular coordinate (Fig.  1).

‘tun ed e ’n i cc  ~. i Lxj el

The flow in combustion devices is known to be predominantly turbulent .
To accoun t for this turbulent behavior in the solution of the time-averaged
Pav’ier-Stokes equations , a turbulence model is introduced to define an c fi ’ec-
tive viscosi ty .  A review of turbulence models is availabl .e in the literature
( n e , ’, e .c ., Pe t ’s. 19 and 20) .  Prandtl (Ref .  21) was perhaps the f i rs t  to
introduce a t unl .nlence model when he postulated that the time—averaged sbeai’

I E~ uiIons , I f .  14., ed • l” muidamenta i s of dan Dynamics. Iii gh Speed A~’ r u m 1 y r m : m —
mic,  and Jet I ‘r. ‘i ’ mi l s  i 011, Vol. 3, Princeton Un ivern i ty Press , Princeton .
II .  J. . 1 5 1. .
i c r  c i . : . ’ r , B. E. and D. B. 2 I’ a II .dim: :’: Mathematical Models of Tur bu] cure •
Academic Pr ’:;s , London , L I ’ .

:10 • Earl mw , F • 11 • , ed . Turbulence Transport M ’d ~’ ’m i n . ’. AIAA Sm’l  e ct . ’d ~~
,

p r m n r t  Seri es , Vol . XIV , 1 17$.
2,1.. I ‘tau id t l  , L. Per icht ther l I r m t . c r s u m ’li I n . ’en: 5:u’ Au: ‘el i ldcten Turt ’. ’,j c i i .’. •

Z A M M  ,Vol. 5, .L t’5, p. 1.3) .
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,: tr , ’ .:s :u:,r “ r n ’ I . : : : . ’ — m a - i a ,  ‘j ’ ’.L . c i ’ , ‘ c i : . ’ : .  i: r :‘ m . ’ r t i o m : . ’c_ a. ’ In lai’. [n iam ’
:‘l ’ow , a r t  t . i ,a ’ 151 ’ ,L,.. ’:; ’ t ;  ‘e L i,. (‘I .e “ — .n,.tte.i :d:~:it ,, ~~~~~~~ ‘s:. ‘‘ - :0,,’ ’:. ‘ ‘ .‘~

ta I n t  I omc , ’ i i l  i , ’ n r  5 ’ : ‘ m ’ ’ 1 ‘n t_ b ‘ t i e  ‘ a ’’ U n :  . ‘ ,:, ‘ a ’ 1’ ’ ’ 1 “ mc t l , 1’ ’i~iiu5:’

~~~~~~~~~~~~~~~~ l,,.:.. tr ::. . . .m r i ’ m ‘ ‘  :. ‘ ‘ zt , r I , , v ’ ’ :  .,. . , .‘:. . ‘ .‘~ ‘ ,, ._ f p ii ‘ .

inv e r t i ’ at o r , : ( e. ’ ., . . c , • . .32 n s ’ 1  I n . - ’ nd -t i ’ c ‘ ‘ ‘ v.,
volv’ine turbulent t’l ,y.’r a ! ,~~ w a l l  s o ’. n l ’ s’ ‘.~ t ..5’. L e n ’. l’low. ’ . :

tn . ’e of t h e  mixing len ‘t hr :’.:odel is t a t  I: is  a1~ e 1 c i ’Lii i’i’ .r:; m :.o , m ’ 2  ( . ‘ .

rmiemra ,n ’  i s  assumed to be produced and dissipated I u:a J,y ”) a ir  t it. r ” c r ’  : cc.
ad m o e  cii x in .” i.cn, ‘tI d i  st r i bu t  con . Some if t i n e  .:l~’srtcom:n I rIgs C l  t. n . e  i’ .JX111 1-’

len’:. t i ,  model P ave i- c en t )V . r :or: . ’. ’ t a r  m : : c i g  can ’ s  o f : :,ter. .’:t. : p the ,lr ’. c’u h..:t lj~1
01’ vnr io .i s  : r m t f i t i e  r i m a t l o i m  ‘ c c c : :  - c’. : ” .o t ~ ’ b s  ,,y ’ ‘ ,~~‘, i. ’ ’ ,  . A c r i m e _ i n  n.L ii, . c : —
varmt’ c ’. ’ a : ’ t Or e  ::risl ’ :‘ “ r . n ’ t ) r .  ‘ on . : , ’ . ’  Sn o r e _ b : :  b r ’ . . a ‘ :::~ ‘o , .a’ , ’. .n .ai vf :i ag:.t
is the nec t _’. ’ . Ot y  ‘:‘ ,‘r ~ . . ’I m. ’ a : n F U i o i , ’t_~ ‘ : a. . !’ ’ e m , t t ionr , . 1: 1 c c  si t’ t i c ’
r r e .i i nj n’cr’; :m a t ,nun  or ’ ‘P t ’  r~ ‘i i ’ .~ .r. a :‘ 2 .c l n ,’ i ’:, . ‘ , smoj e l  I: ‘cc’. op . :

severa L re t _n m c ’ . cm’  ‘1 a t ’ a , a i .  a : ‘ .o’ :5 . ‘, n : , Ic -P .  ‘ 1 .  PU n e  i,r ‘‘ ~~ ed W a r
‘l ’~,:s ‘lye ‘it ma ’ ’ . .. na ’. ia m ” . 5’ - cat’: ’. 1 . Of ‘ n , • i ’ : Jco t. ru -c.. sit , am..: I. ’ ’ ..’
is  exr ’ecte . i  to  , ‘Lv .  m ’c ’ : L ; ’ ‘:,p: L. th . ‘ : ‘ ‘ I L  : rc’’:i , ’ ’c i ’,r .s . S’: ,.nop dl ’,’ . t : .  a
2._ f i n I t e  advnu~:. ’ t - . no ‘ce. -: the :i , p : 3 , ’ c  , j . . Is. ( a’ : d . c  , ..‘a, :n . l .  t i ’ . ,  :i ’ ‘ —

l e t , r a m _b ‘:t io nn )  r.’I ’cc v. .13/’ :15. ; .. . t o  “ ‘.l~~ ’ ” .~~’ f :iitiu:c ,”0’ t ,’ . . ’ : a : L’ t . r ” ’ —

dimen,Tional nn u : , . ’ rical c’j .l ‘~,2 ut cm: ‘s in,, a ’ ‘a , i  : , , i~ 0, ‘ ‘ c c ’ .

fhe form ulation of 1.1.1 ’  1 ‘ ‘ ‘ n h  ‘. .unt ’  J..~~r ’ ,’ ’: ::ii .. m . t . _ . L n : , : L i ’ ’ . ’ .: i : .  t n is
analysis is aced on t I . .  m p i x i n ’  e r ,  ‘ I .  , : : t .’ r r t j ) . ;’ ’ , m . : ’ , , s t c r  p W i l i I r c c : o t .
( Ref .  25) for flow in dact. . and : 0 ’ .’: . Ii .  s:at. necnrac i ca .l  • el~t:r h:. :,  xi i’ ‘ c i  or
for  the .‘:t ’t’cctive vi:c ‘c i t y takes t m . ’  ‘ ‘ on:. (a . ’ F . 573

ne f f  2 ( 2 ~ 
_ ) l/2

R e

‘,‘T} r ’ ’F . ’ t i : :  5 I ,x i f l ,~ i n : ,  “ Fi r ~ i s  ‘ivc ’mm Up

2.1. i’ a i ‘c d-c u’, . .  V .  ‘cad I ; . B. I h ’cc , i l i m : ” : I i .  ‘it . ‘ th :  Pa. :: Ira ni : t ’ e’r ii i  IS. .. s i r e ’ :
Layers . In~ ’ tO exl ,  Fool’: ; ” , L. ,’a io’,c . 1

2 $ .  ‘ ‘ ‘dcc , . ‘ is, I I!. “ ‘ P ’ ’ .mm:a l : i :  P ’ x i r ’ ,  ‘ l.eti~~t l ;  t in ; ’ :  L : . , ’ :’’.p ’ .1 . ’ F: . t , j o ‘,‘~~~::..‘ ~,‘ i icc’ i ’
‘ t . ’ Oi’ci .l’ ’; ’ .’ . :” lP “ ‘ ~ ‘r ’..m ’ ~ry L ay er.  ,.‘.l’. .”,,”i , i . . .m r n i a l , ‘F o l .  ‘ . 1’ ’’

‘l~~ S ’f ’ mo: m’ L’Ul , II.  ‘ci i F. J. P u n m a r a ’ .a: ,.‘u r !” :.: n , e m i . i . .’ b  “ Xii i ’ I~ t : , ’t ‘ , 1: ~C l ,  “ ‘s
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~Lo.i4( .~_) e x p ( i - - ~
_
~) (13)

h ere r0 is the distance from the wall to the centerline of the duct or pi pe ,
muid y is tire distance from the point in question to the nearest wall.

Special consideration must be given to calculation of turbulent flow in
the vic in i ty of walls in view of the lare’e flow gradients which occur there .
Since tine expense of ::iinr~mly increas i .mt m ’ the ni.arnber of grid points near a w~~ l
may be considerable, an analytical wall funct ion formulation has been employed
in the present s~~idy. A set of three universal velocity profiles (i~ef . 28)
are employod in the wall region , corresponding, to the laminar sublayer (y 4 �I.~) ,
a transition region ( L ~ < y+ < 26), and the logar i thmic law—of-the-wall  region
(y~ �

for y~ ~ 4 (1l~a)

u c 1 1n ( I ÷y ) + C 2 + [ ( l -c1 _ c 2 a)y — c 2] e °
~~

(1l~b )

f o r 4 < y < 26

u c 1 Iny +C 2 for y~ � 26 (114c)

where

u~~~~’~—~ 
(~5)

• ( PRe (1:’)

and

(17 1
~p R e/
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In i’ i .  ( 1 5 )  ~ :,,,‘ m n o t c.:c th in ‘. :‘tal velocity  “o Si t” Oi iccnt : -n t ’a ,  1 . _ I  t o  hi ,: ’ ,’ ’  I s.c. I

i. 5 ’ , ,’ , m r ond l r r r en sion a l f r l c t l : ’m a velocity.  ~~~~ ( 17). The :‘ :.ite .,itc ’ L’..r’.,’:.s.. 1 :55,

cl t h e  velocity arndic:.t  at. the ‘rid no let  adjac,nr sc to tch’ ~C ‘,“sJ i. ‘cOst
:: ~~ f l ed  aon , ’ i : : emct  tilt !’. t i ie a : r m ro :’r iate ‘~~ivercc.ar :‘i’Of ~l~ civ:’:: s ’ s  . In

rcs:rct ”arrm s’L a t i ’ ’r ’. n ice a ssumpt ion  ol

~ 

:on: t cxit :‘; rc .a r . t n t_ c c ’  in  t i e  0’:.’
ate vicinity “C the wall is utilized. The sp ._ ’C if iCa tIc . : .  of  tue ‘:‘:lo’sinl
‘rn d:Lent .at the ‘ n i  po .cat  a .i$acent to V,e wall (where di ce ‘so cur .! Fj  is
is ea . si.valent to Lm ’nn ’oslne a “ c lip” velocity at tan wall it ,cclt ’ . Pa. ’:: dl:’,-:
re : olsition in th e curiae very near th,,’ ’,r al l. is :‘acni . ficed to a t t a in’ : ao ’s ’ a’ac::
cm: the ce:I ’cral . r e 1c o n  of the flow field when : the concL.i: t lor .  l ’r :ses:’r :: ‘cc’.
concentrntc .b . however, if accurate calculations in the ar ch rrc. ’iora ar ._ . sin-

‘iuired at a la te r  date , res’ir ~er:ents to the wall . f’.uactio:: aurroaci. i:iap I e

:::m:’l’.c.c- m~tc’ : easily ii: the present  -socvputat~ onc2 . n r oceu ’.,i’c.

tc’,r : Ioclei

The method employed for introducin , 1 the effects of :cy da’:carr .e ui;cn:cistry
i :cto the calculation nc’oc: for , i:: icased on solution of the fuel con.. r’~n b .  I
eq,rec t. ion ‘ri th a sr ’ec_ b .f ied p seudo—kinet ic  ohen _b . cal rat..: t ” ~ . . TI ,, . :
ki , :iet 1:’ c::’ roach : it mitsui: 10cr the computational roL: I.~rn of n oon : i”. , ’: rig tfo. l, 1~’ i i ’. —

car l Li ‘:11. ’ :: 1 m a t. uaei ’ ’y release in t o  the rec ent :‘l’oc. ’ i ’ j ’. ’ , 51110..: locul ,d:emi cal
eitii l I h i . r l  cc. 15 ach~i uvu ci by i:.~ rea5~ n~ tb rc  sh::rnical ran..: s. t istant as a 1”Onet lc : :
of t One to a :c m f : ’ic!entls- lad e value . Fcirt!i:naore , a coa l. ( “~ oi ;ai)  t il’mll’o—

carl-c :: ‘ .i . :;O t ,l C s ’c : :a t i i :l i : r  may I.e incorporated into the m’r cse : i t .  fr’:unewor}’c i n
a Conce l’t tdal  i .y stra.i , ’I:tfcrwar -I msannici . The kinetic n i t r ic  oxide ( rio) c h i e r : i s c I’,y’
und id .a::d :,e n’.n in as:’ur , :.c that 1,2 is a trace c r c : . : :s which b:as a ti e al, i, . ’i F-lu
effect on :nt’ .u’e : r o r - e r t c e s  aird t h e  c.’ner ‘p denosition in the c’iow H c l i i .
T I .~~t’~ ’ :‘ ‘ ‘rc , tr~e NO sp ecies  ::on:ser ’,’:zt. I - .0: e.3ii~ Fi on may be ;‘ :oil Vcc’m ‘ un  ‘ar ntc’l .y a lt .
‘t u t :n’ccnatiori  of a :‘:tcady solution r-:I th hydrocarbon chemistry.

.: .L t ni c  ax le:  Shem! ::try ~ c~u1.j sOs

Solution of the - n e c _ b  c: ~~~ (2 )  to account for .‘ :om :vc ’mn t m ’ om r , L L f ~~Lion ,
and :‘rom .l ’m e t ’ . i cmm:  of nitc .i,c oxide ( I V )  recp dr .a. ’. an .ou’re: .: iQn for t,! i~ rate of
creation of a I titl e oxide , cpu , i r e  to - .O rer ’J.c s.l r ._acti on:: • To ‘icy . . I i ’s’ t In! ,:
exar :::’. ion k.crowl.ed.’e of the r ’rsc t : iomr  cn. . ’cb~an i cc: ‘‘s r ’ri :i.0 . ui  U n :  cx i  di is :~ -sr ’ .
15, LC’’ ~~’ r_h ro,: . A “:nera.l iLv ‘ic, .:, . : - - ‘.2 react .ion mei:h::ni ,i .a:. ‘or TV ‘ursa lam : m u d
, lcndLli ’01o: Ltion in n’~o:nt :1. rim’:- gases ..s that h ’ ~ ’ ’T” ’ ‘- d ‘p Lavimie . :1 ‘0 . (Ret’. 2’
It ‘:um:c ’ :, :’ 1., : O j~ the  i’O.LOw, im:  s I >: rem .: . !  our .~
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N2 ÷ O  N0÷N (18)

N +0 2 N 0 + 0

N + OH~~~~N Q + H  (20)

H + N 2 0 = N2 +OH (21)

0 + N 2 0 = N2 +02 (22)

0 + N 20 N 0+ N 0  (23)

TI:: f_b r ::t two react ions , Eqs . (18) and (i~~) form the Zeldovich mechanism
(Ref .  30) which is considered to be tir e principal nitric oxide formation
reaction mechanism. The two reactions together with the third reaction , Eq.
(20) which ass,,znres ::ri nor importance under fuel rich : conditions , form the ex-
tended Zeldovich mechanics: which is employed in the present study. At low
temperatures , when nitric oxide concentrations are much greater than equilibri-
can values , the fourth , f i f th and sixth react ions , Eqs . (21) trhough (23), in—
valving Tl-,O as an intermediary, may become important ; however , becaus e overall
reaction rates are so low , the net ~:ml.fe ct of these reactions is probably
negi i ,~ih1e. Therefore, these reactions have been neglected in the present
study . The results of Bowman and Seery (Ref . 31),  as well as other investiga-
tors (;:,~cf. 32) in investigation of nitric oxide formation kinetics in combus-
tion processes , lend support to this approach.

With the reaction mechanism for nitric oxide defined by the extended
Zeldovich me chan ism , Eqs . (18 ) through (20 ) ,  it becomes possible to develop
an expression for the rate term , m10, encten in 1- in the chemical species equa-
tion , Eq. ( 2 ) .  The mathematical ~iev..’lo rnent of the rate term is based on the
“ Law of Yri s s Action ,” which states that the rate of chemi cal reaction is pro-
portional t 0 the active masses of the react in,: mater ials . Thus , referring to
Eqs . (18) thro mgi : (20) ,  rate expressioits i’or nitric oxide and nitrogen ’. can be
written

30. Zeldov’ich, c c .  i’d , r ’. “a. Sadounikov , and P. A. Frnnk—Kamenetskll :
Oxidation of N it r o . ’.m rr in Com bustion. Academy of Sciences of USSR , Ins ti-
tute of - ‘buonn 1 crud. Physic:: , Ru: c-ow— Len I migrad , 1’

31. P:i’s:::c:., (P T. and D. J. Scery : In v en n U i iat ion :  of NO Formation i’Jnet:ics in: the
Combus ti our b ‘sac, ‘5, ’: :  The Methaiii ’—O x y gc ’nu — N. i trosen: Reaction. Eniss c ons
from . l la n t . i m mni o . . rr (Tombunt i on dystem s . Pienun Vnbi:i rcIiino Company, New Yo rk ,
I .’ ~12

32. flaretto , L. 2 . ,  L. 11. Y a l e , N . T. Sawyer , ax: ,t E . 2. Starianan : The Role
of C i  m :et , i  cc: in Engine Emission of N i  tn c Ox ide . Cormt -u st ion f e _ b  emrc e  and
ice! i mi d i ‘‘ ‘ ‘IT , V. ’ I , . ‘ , 1971
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~_ Q . k Pf C N C O + k 2f C N C O 2 + k 3 f C N C OH 
( . U )

k Ib C NO CN 
— k 2b CNO C Q

_ k 3b C
N O

C H

am ad
dCN k 1f C N2CO + k 2b C No c o+k 3b C NO C H ( P5 )

_ k Ib CNo C N~~
k 2 f CN C o S

_ k 3f c N coH

where C~, denotes the concentration of species i (mole:: per unit vol .cr o) ,  ar id
k1. and kb are the forward and backward rate constants ( volcane/mole-::o’ , cur-
pectively, for reactions (18) to (20), (subscripts 1, 2, 3). Bcca’c:’c the
relaxation time for Eq. ( 2 5)  is several orders of magnitude shorter than n o r
Eq. (2L~), it is a good approximation to assume a steady concentration l’or
Set t ing dCr ,p/dt  = 0 , Eq. ( 25) may be solved for CN:

k 1~C~~ C0 + k 2 b CNO C O + k3b CNO C H (p,’\
N k Ib C No + k 2f Co 2 + k 3f C OH

This equation may be substituted into Eq. (2k) to yield an expression for
dCNO/dt as a function of the concentrations of 02, N2, 0, H , OH, and N O,  and
the rate cons tants which are functions only of temperature . The correct n : . ’::-
dimens i onal expression for the rate term , rr~o, to be employed in F:l . ( 2 )  il~

L I dC NQ\r NO = 
/0 D ‘~ dt

where rr~o 
is the mass rate of production of nitric oxide .

The rate constants governing the nitric oxide reaction ,:c i r eun ne , Eqs . (l ’Pa
throu~ li (20), and utilized in Eqs . (2 i i~) and. ( 25) ,  arc of the modified
Arrhenius form

A~T
N I exp (-B~/ RT )  (~~~~)
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where data for the activation energies , ~~~ the frequency factor: , A 1, and
exponent N :, are tai .:cn :’ron:: Eel’s . ( ‘

~3) and ( . . i~) and tab ’aiate ’m in Ta: l~ I . Tin:
. ‘ s:u ’e :lt l’ ::L ,’ni : a : ’I ’ ccur , L r ’:. ’ in E m . (p h ,) arc .i...’U i: i~:r i n e F  u~ ini  ‘ tb:e i : ,~~::ic~~ :-‘ m ’ . r c l i—
brtu:: ..‘omm ’u t : t t  i,onaj . urn.. pci:’ of i’r:h.n_beley (Refs . c5 , P d ) ,  wIt , : :  th~’ a r n a r u r n :  of
}ry iirocar !’ nit  fuel and oxygen avai] -al l: for react !~ ‘sr - _ b~. ’teito _b ned I i ’ s::: the l’ .:eoiio—

Ic i : r ’,’t I c .‘ i r , -:: n i  :‘ cv n’s.) c i t_ b a t  ho ur i i ese .r I  1 cci below .

It snrons ,ld a..’ not !c.’ci that t ime—mean concentrations and term:: crat ’ire arc
emm’loyeo ifl U’ . (2 1: (.‘( ) and (.t’) , even though t ire : f f c~~t: of nurlmm od . ’ -net ,
:‘lun:t’.cani OflO in these -~:cant . it ies  ma~ lead to .:Jgrcifi cant crr ,m ’r c (h en ’ . 3 7 )  ii:
the  loc:0 rote of m i’s L : .nU i ’Ofl of a: UrIc oxide , i:’ ) . (27) .  The iz:.n J . 1 c a t _ b  on:’ of
t hie: :e ~‘fc ’ect :’ ru’.. t r o t  well curder::to’od at t i e  n ’-re ::ent t Ore , and fec: ‘.i :or.:nt I—
~ctl. s: ,“c1,~~1 I m - ‘e n - roach:-: to tire no: 1::: are avai 10 ‘Ic (c . ‘. , Eel’. 350 w It ) le
ever: fewer i:nve ‘seer: e’,’aluat.erj.

‘ s enO r — C i a ’ ”  “:sth’ocari On—A I r ‘henri: t ry ,\nc0, ~.
‘: i:

- : ‘—1 ’ . netic  cbrer :r ’,:’t s’s i::.oclel I rovi  tm . :  a converi! ent mean: for
‘i.ntn ’od:,ci::. ti:: , “ f ’ fcc t . ’ of h:vdr’oc’ai’ : .., m:  ~oril . ‘n c t ic:: .i::to the n’s, :: ur ~t ti .s.. —

den -c::ml..’n:t -:‘o~rn ’ ..itoU I ,‘sn ai - coo- care. The :‘ -nlO is  shies: ’ ‘ r~,’ model acnsn’ ,x :,:: t ,h :..t the

$3. Banich , ‘I . !  ., D. P. Fm rysdale , D. 2. Hom e, arcd A . C’ . Lloy.i: Critical
Evaluation: Of ’riate Data for !Ior ::o .”en:oar- las Phase Reaction,’ of I..ter ’o :t.
in iI ’. ’i , - f e msel’at :re Systems . Report N o. 1 Department of 1N:~’:’ I con!,
try. Leeds University, United hi m in i on , December 1)65.
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pp. 1265-127~~.
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the :01’ - ! -.r:tion d’s-::.:’ e: -~~. ‘I5  r” IC ’ . ’ c. ’ :e 1:: au 1 mccUOLy u e . : c : r I h . -scl sy a c i t . . )

“t;~~, . r eac t i o n , of the

C~ H m + 
~2 02 P (2  t )

In Uio e dea~~lion (2 - ’)  Ut : :  i . ’ ’ lr-nr:’.r ’on r fuel d ,.1~, ,  cc:’ .: in- ::’ with 02 to : s i n c e - .

b~~’o..:cct :r of comi ,n r .m.:”t  ion I’, wit!’ t h e  n .L t r o ,a iuc  in a i r  1 :-im: t1’e ’Ot m.dl a: an O.cr ’
cm ’ec: e cr . The nece.::arp’ species j nms ’ :r ,r’ c rc i  ‘jn ‘ - n ’e t t i o r m :  ire

Ô(prn ) _ V . ( p~ m ) ÷  -
~~~

- V ’ ( F ~~V !’fl 1) + r 1 ( :~~)

—V (p~~~ )+ ~~~~~ 
V (r~V~~) C~~)

:0i~~re 1111 1: the 5155.: :‘rar ’ticin . of -oocburtie ..I :‘u:,l . , and ~ is a :‘ . I  :‘:t crc. : ‘ra ct i ,or :
der ’ ine ’.l as

~~~~ s mi m2 
( 3 2 )

i icr  m~ is t ics mars fraction of oxidizer (°2) and R 5 is tic: :: toi - ’ !miometric
rati o, i .e., SilO ratio of oxidi:cnr mar: to fuel mass for rea crnil on . (2p ’~

R - L’2Wo2
S — 

W q ue l

where W~~ and ‘sluel s~’e the molecular we ‘itt:: of oxidi::r (02 ) and fuel (c,, 17 ) .
res : ectivc’Ip’ , and V 2 is the n aur ) - ’s r of moles of oxidizer in reaction (2 5) .

It can h e sho~m t h r a t  the mass fraction of inert . ‘nc’c’ics (:-sP’:ac’.I 1:: 17’) is

“iven L’f

m N = 

f R  
(R 5 - 

~
)

‘-P er’ - f 0 I: the ma:: fraction of 03 in the oxid) “ - - r  (c0 — - .. “.“ for O r ) .  I’m. -

xis.:: fraction of the r .s-j :rct: ” of n omrr i ’u st i  on I:: + i , c n i

rn p — m m — r n 2 — m N (
~ 5~

‘ ‘ ‘ n ’  :: I r : m n ’ i i c i n , s  i t  has iu’c’n a.:sumcd tI ct ’, f l i t ’  5’ s . ’’ ic’s, (a ’ ’ )  for ’ r :ar.}’ aa- I m’s- ’ ’
. :te- I s i . i ’ r r rm ’.-ud ’ lca l ly.  so t h i t , t . v 2 2 -ar : the n s a  I : : ’ : ‘.~f  s uch nm’’ ism . or - I ‘

T h i s  ‘. . c n rmr~~t , i o r : a—1 ’qn ; a t , ’ I.y 1’ :p5e. ‘ ‘ m i t . : :  tb.. ener- ’,’t , mc’: : (:1’ “ ,: .n,. —~~0’ n ’ : - ,:

I n n  t h r t :  p r ’- , : c m r t  ‘ cn rc ly : ’ :s  ‘H ,  !ms , _’ m t i i u _ ci ‘ ‘c C ’ -  a_ b - r n - I n n ’ ’ I, ’ : , c- c ’ ’ n ’ 1 i t, .-- :. (‘ItO :.~
e l m ’ . . ” r ‘ 0 U ‘ n ’ ” ’  th e  U ‘ m l  mas s : ‘ m”. - ‘ t i m  mi mm 1 ‘ - I ’  - c 2 - n  - 1 1 m m ’  1 e. ‘-.‘:r l :‘ .

r n k H c (m m mie) ‘ 
- ‘

i i



The rate constant l~ j e is increased as a function u i  t i n , -  to a 5 . ,L’i’jc, - i t t . !’ ,’

large va.’tue to insure achievement of e~lu . i l i i ’  c i  ‘ m i m i .  I~t0  jmt: t:. h t ’i eaU _ b
chemical equilibri’isn approximation is I,a:cd on the s’n ’sex’vation - ‘ i ’ , i ’ i x’
many coinbustors , the temperature and l re:: :cu’c c : m r n U  ti u u~:n Orc’ suCh: I c I : m r t .  t I r e
fuel oxidation reactions go to completion rapidly. A mrouie , l :ni i , j i m r j : u r  , ‘ r , e j n i i . ’.-
try model could be implemented in the i’..:.:crU n i ’ . i ,,’ ,,’,,t’ .,t’C at 3, ‘ i t  ci’ tune i :’ it
is warranted by c~ iopai’ison with ..‘x’pcr’ ij :m eirt ,sJ - ins . - - .

For present Purposes it is adequate to a,.r : ’- rmim U i i t  at a ‘ I v . . ’ . : 0 1  : 1 ,  oi’,i :er
all the fuel or all the ox I di . ::ei’ h s. c ’an :nmi n ’c ’..i in t I : , .’ eqi,dli n ’ rO.nj:i :r • m I ,~:, .-

for combustion -:overnecl by r e a c t i , :m r  (29)  t In:  equ.iJ. i b n i u m n f uel unto : , : : ‘l’s.,’t i  c: :

~IIven by

mie for ~ � 0
S 

( )
m ie O f o r D < 0

The energy depos ii:ion rate tent , III r . :  , i n .  LI :C c a .  ‘ n :at  i ot t  ,,- !1Lhra L~’v , -  :m - , au:
( 5)  takes the following ‘- ‘-sm : for ~tI ’e -:ou:rr ,u n t , h un s,es.’~. - or : (p s )

~ r 1 h~ r 1 [h~ - ~~ + R~ ( h - hi)] (16 )

1” 1’ . “ ‘ - - , - - ‘where h1, h2, and m m are the treat :  - on. I oc’:-:’ .t. car : n’  t ic: : ‘ a . . , oX .r t :  nc r  - c - , .:
comn :!-u: Ul on products ’, re . ’ ‘i-c cnt ive l  p .

The . :b ’m : C i c :  concentra ti on :,  ‘ ‘ ,- i : . l o:~ a m’ ’.: dc ’t  , c a r  - or ’ ha: if’ ‘.nh : c l r lh  c ‘ c’ ,’ . I - ’

(~~i~) ,  are defc nn’n m m rm ’ ,[ mr, :ii l - a c :hieu:n i cal ~‘p: . h l _ i t  r’! ’o: ‘ rr :.rO.’,’c i s  ( h o - I ’. ‘5, n ) .
rlowevcr , the ‘r er en t  aJ’!’I I cation may 1.-c ~:on: 1. 0:- i” 1 a,: a “ : ar t .! .‘ns —..  m m : , . ’ it r,, ‘c:.
an:o _ bL ’,’s i.:, since t i r e  ~ r rumu1 t: :  of i, 1j th’ucani ~‘n f::el and -oxy . ’er :  i-Oil eb: :,ccve reao ’.cs
are detontr ined frost t h e  I - - ced ‘— I - m i iem L .! c n :,ud ‘ .1. r io ‘a l l ow :. The :xol.m m t i a .
L I : . (‘30) and ( c i t  y i e l d , : t l i . . -  :n r ’ ,:: I c - r e t .: - r , .  -.0 ’ ( u :! .1’::e,i ) n. ’.r ~ _b. ‘ ..m i~i >:, - ‘ . :

urn 1 and, us,, ‘ -x,i : :t.i . : r . - oW a , “j Vcii m i i i  - . 11. is ‘ - a : h I_y :: :. ‘. ‘r -r: c t i lt:,, al,.., :. a : :L r  ‘la’, .L
m u d  - c i i ’  nra:::.: i’rael; i n r c :  n ’i’ ::’.’ m : t  in I I , :  ‘c l -c ’ . ::’:~’ ‘ 0’ cr0 enL i n ’ ‘ii ’’ . )m i :  -,o~

by

m ,~~~~~±~00
P 5 +

and

I ‘ m~ = (I ,,
- ) i r P5 + f~, - -

____ —--~~~~~~~~~~~~~~~~~~ .~~~~_ _ _
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m e - t n ‘ -I ‘ i ’ - m n “‘ ~ n i _ b  i n  n ’b  n ut :’ m - m r . . n in : c ’m’ . 7.n: ‘,i~e ‘ -a ’ ’ I “ci, ‘‘ - FL! I : r’ h ‘.mim. ‘c I :1- c ’

L:ie ‘::‘ ~‘ - tm cmi , ‘ I’O ’: ‘ : ~e . ‘ : ‘ c’ c !  ..i: n~.- ’. ‘ tv:O I o :  .1: far  react .  IOn.  t :1  n.e.c i : . , ,  cii’~
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solution of the particle fraction equations (Refs . 39 and I,~0 ’t hav!n -~ as
‘.Iem ’, - r u ,i ’.’:,i ’, var l a t ’l  ‘ - the particle fract ion , f 1, whi e l m r epre:etr t . :  t i m  usa::

u r n  ‘ t i - o n  of I i q n n t c l  con ta ined  Or an !rn c r ,-n n n ’ nn ta l droplet sic:: mau i . ” ’  ( : “  1”! ’ .

2) . The 1mar 1 1 c i .: t rai n i -a: equat ion (~ ) is a~’ai un

~~ ?i.i± ~~(p~ f~) +

where 1”n ’ I : :  time ii -~p r I i i  t ih :j ::e ‘ ‘ O i L ,’ difl’us iv i tv  cc ’ i t ’! c i en !~, :cin ~l in 1 ~ 1 i’ ’ . . ‘c - r ’:ts
t b ”  ra te  01 ’ i r c , , I ’n ’u ,  ion of particles in class j dci,’ to a l l  - ‘airs:’::’ . Pt, : ~‘ax’ —
Li cl, t ’r ’ i ’t  ion , ‘cl :n n ,r t, ’ i - n u t  is m , . . ’edec l’ol’ caCil  1-art I ole et a , :,: ::!,cicl l ed. A i t h n a u ,- ’b r
inn pr ’ ims . ’ ’ij’ie t i r e ’  ::-.e t r r -o- .l allow s n o r  an i u i c ’ i m n .it e  : : ‘ n m : , i c ‘on ’ pa r t . ,! ‘:1’: cia:’o~,

computer  t i m e  and cn t: ’ora . ’.., consider at ions ’ rave set a l imi t  of four m ’ a , ’n ’ t j . ’l,, ’
classes in the present analysis.  Solution of tin. . - par t ic le  fract ion equations
is su f f i c i e n t  to define the distr ibution of -ir cr ’iea sizes exi s ting  an: each
location in : the flow f i e l d .

Implici t  in the nr :ne of tine droplet model are ccl” , a i n ,  r iu r , , i c r l e i n , 1

assumptions wh ich are l is ted as fol lows :

(1) The i.l ro l’ !  “I -rn I ’ art mm a cloud of suspended ~‘al’5 n L . , r r

( 2)  The vol:ncr ’s or ’ l r o i- l  ..- t:: it: ne,’li ethic  camm:are I to ‘a: vol n mc::e .

( ‘ I)  Relat ive  ve loc i ty ot ’ drop lets and slrr i ’o i . u . ,t i n , . ’ ‘as is n:- ’i i ’iI ’le.

(il ) Temperature and d e n t’ i ty of ’ . ii’-i1rI ct.:’ is ‘ u I : ’- - m a t .

(5) - .!as and I i ,  e o n  r i ta .’:: ti,ansaoi’” so’:i’u ’ I d  erits or” c- rio _b .

As a cons e u c r ” m n c e  of as,- m m m r t: ton  ( I n  Or osI . c’t. —J r ’o:I ’Iet i : :tex’act i ott  is :u’, ’ . e~” ‘ .1 .

Ass~~ ptioni (2 )  i -s m:r ..’r’ , - ‘ 1.’ a c m  a” ,“ m :r e m i t .  that ,t r a n ~1 eI~ 1’ r n , ’ I t . s ! rn ru c ’ tm “ 1’ , ’:: ! ‘i’ n 1sn~ r
r ’a ,n , . , ’Dnn : :  ‘ l u m m c : n ! t y ,  w h i c h  ‘ m i t !  r I ’ , , :  I I .  ‘ - ‘‘ ‘ ‘ ,‘ ‘ - n ’ m . O n , ’ ‘ - ‘ i ’ n ’ .c t ’n ’ ” nr : n  :n ,r : - I  :..:‘ . ‘c, ’O n n  c ’ :  -

, : —

pu t’c I , l ons . \,c , : m n r s m t , m our , : ( 3 )  0:: r ( J r ) :..l,:n a lead I a  ri m O u r n  Ii “ . , ‘:~ t I ’. ’:, of • I . ,

‘ov’ - n’ n 1m m , ’, e i - c . . ’ I ‘ : : m ’. k ’ ,,’ ,’ : i : i ’ , , ’ r p m .  i t , ,  n’ sai l ! t , ons amr ly  tess..:: , m , ’ : c n ’I  b it e

‘ . - i i ’ : :  ‘a r : . ‘I .  11. n in t h i t .  In . ‘- ‘ ‘ i ’ ’ ’ .: - : 1 .1- i ’ n - - n ’ ‘i ’ 1 ,  ‘ n il  I ’ ‘ m  I .5 ‘ . ‘m :r t i ,  ‘ I ‘ n i  -

m l !  I i a r t . i c l ’ ’ . ’ ia. a , ‘ ‘: m’:  ‘ r t .  ‘0 O r ’ ’ u w i l t  i’.y ’, ’ ,! r, : :r ] : r t . i o n n .  ,1. ’’.mm ’ : , : r t a t ’
the Inn s  L i t , i n  ‘ ‘ at ’ “m n - I . , I” ‘ - ‘ - u m : : ’ -r  1 t O .

)4Q• Spald I mu ,’, i . B. l I n t b r ’s-ni ’ I ‘nil ‘I ‘ : ‘ - I , ’ or ’ ‘ ‘a n Y : ,  i i , - ’ . . ’ -
, ‘5, m - m r ’’ ’m on. Em :n ,n ~’, I su n: ’

U rm a :. t lc , m : t ,  i n immi ’ m n: ‘ us. : -  n: n I ion 0’:’ -m ’ s , l ’lenunn r ’crbl i  S l n i n m ’ (‘- ‘.“m i’any , New ‘n ’ :”r i ’,
1972 .
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I

I u ’ I , ’ . ’n ’i l tas C m a s s  t rans t e n ’  need 1’: consid ’cr’~,-ci . A’: :”- cc n rj ’t  t o :,  (5) .. I i t ’ : !  n at~
ne-s- I for i I ’ .’t ’ i n l n . ’ li quid phase tranro’-’r’i. coem ’I’i c’~ ‘.::

‘tt s at - a-n : wIn i t ,  L i L t _ b c  I::
known . Jus t .m.: ’ ! , ’ . a t m ! m ,,n n f’or as sumptions ( ‘3 ) t b , r u r , ’Im ( 5 )  earn: ’., :‘ n’ : m ‘ ‘ C t a , ’ ’

: ,~~ ! i ir on ’le t  s i :cs  i,n t y’r ’im .na ’l c : ” nt :mh ’ u cn l , oi’s can ‘ mt ~’r ~’ ’. ! m y  i .e  ~~~~~~~~~

( , , m mnn a t i  i ’otb I F .  r’c,. ai’i I to phys ical  s _ b : ’. ’ ’ ( l ow u : t i - : m ’ o u ,  m’r ’. : ,, ’c )  a i r - i  n.,’ i L n .  m’ ..,:;. ” - c t  I -- ’
fbi ’ .: t n t !  c r o n c a l ’ .,, “1 ’ t I r e  t , ’ t i’ iHi ’t , - t r  s. . Unde m’ these c an : : !  t i o n n , n , ‘~~~ i - m u ’ 5 I ’ . - ’. -

:‘ :F.O n n l  - , a c n e _ b y tc ’o the : :me nnm t and :1  ‘ mn. t m mat -  i n n  ‘ - a i n - t ’ c ’ i i ’ -! : l  ~- “ m l ’ k i t ’ ,  ‘a::, 0 , 1 : : nm -it I
‘m i, ! ‘.‘a mr . 1, 1:: n’: : ‘i i: , r e  expect -s i to e x h i b i t  :5 in :r ilar fr an ’ :’: ~:nr t . I Or a ’,’ i-sc ’ . t hm’ .

:3 I : : , ’:: la r ’ ,,- i n  u - m m ,,  ‘ a n ’ l . ’c r m i  to tine t i n  - c n l e n i c ’ -  I n n !  c’r nc cab do :.. ‘I , follow t i ne
‘a:: m : ini f i~~m t ‘t r t  behave as t :tn o cp ’l i  :‘U : . m : ’ ’ , m i m ,l ’- . .I in a ],acuiinar I ’low i i. ’: t m l a o  m u : , ’

c, :u: r ’: rneai ’r motion as that ‘i ’ the  t.’’~ i -~: H u n t , f low. )  ImnOe r  t i c’::: condit io :,c
t ’,hei” ’ is rrot ‘Ira : ’  Le t .  di t’l’u:’-ion , Got  ‘i t  ion  of’ t -i ‘in p a r t ic l e  f ract iour  - -c ~- .rat, I

L~t .  ( 3 ) ,  is .“I :i’a i , 1I r t 1 ’a~~oar- ,I in the ‘.“ .‘n : , ” m t  :mt, I a u ra l  ;‘roced ,u” :  :‘.u I ’ , iect .  La an.-

~~~ at , ,  - e-xr resoion s  ‘-or the m ” n u u ’ndar ’,’ con dit . ! can: and tim , :  source n nt ’ . Tine
n.-o~ct r - larv  conditions are i’eai ’h I  ly ‘arm r t . at’- , , - - :  for a typical eotmrl ’uru tor  ( ce ,, c i i ,:—
t i on  on Hoinn n d ar ~ (‘o n _ b i t  i o n s ) .  The :’ a ncrc e ‘., t~t ’ , ‘m i  I ’ m .  ( i n )  is cOn ..] ra l ,c- ’ I l’or
part i  e lm s  inn clas s (j  ) 1’!,’ a:n. :cr ,’tmiur . . ’ that  mnta cn :: ca in :  is 0m m : t n .  vapor .i ro tc - i on -c’:

I i,Hc:: or :  , m n a t i m m l in  class ( j+1)  whi ch thereby enter cla:n:n (j). ‘Ia::: ’
loss l’or cia :’- : ’ ( j )  ci s ..lue to vapor I : ~~t ,  u: ’t: a i~ n’::,i’t- ! ‘sic ‘0 , 1  ann .: ( i )  W i n  I oh
t-h ier..’l’y enter  cl,a .n,n ( j — l ) .  That i n n , as i m n ’ h i ’ : a t . .  ~.l irr Fi1:. ,. , an ’ ! u . mm ” en.. : ’ : in

the number of particles w ! t h i m ,  a civi-ri c la im , :  icr  due only to I I  rc ,. l ’ ’:’r ea :ne in
radii of part I ..:les which ar.. in i t ia l t ] ,— .’ ’l r ’ i ”  .l ac’:es having Lar ’er’ ru - l i  I . h m c m l , - r
tin s stud’,’ an increase in ‘art i n . 1 ’~ f ract ion dc i , ’ to condensat ! on f r o m ” , the
,Iascious phase is e:c, ’ln ldc’-iI  from con ’ m : i m b - n a t !  o m n .  tm ’ y treat ing I - I n . . ,  i n:::-, or ‘acri
in  part icle fraction due On t i m , ”  cha in “‘ oh ’ m l -  I i i  t rout’, , “ i ns’ ‘‘cr 1, i s  1 ’ ’ c i, :1:: , ’. I. .:

u n r o l l , ,  :‘ a : a m : r a v . . : : m e n : t ,  of I an ’’ . i d es o l i n : , - r ’c ’ l  i i  am ”-  :ban , ’ i m n - at a 0:1 - ’ , t n ’  ‘ Of ,

t b t ’  - rs...f ’’ m i  change of’ ‘arti fl,.- m, ’r :u’ l . i am : , f ,j at tn t: upper ‘~~ni I t ’r’.’,’r’ radi i
U .u nur c t mi r 1:: un i t  I ’ ..’ f’ :’m ru n n n m a t  e,l as follow s

i- IntL ’ ml ’  :m r , ’v ’anr ’ ::t - r U  p a r t ! ‘ ‘le e  P f 1
fr om’ a l - n v , ’ - n 01 t , n below r~~ 1 

“ 

r
÷2

_ r.

I’l -~ l ,, - Ot  s, . ,v’ ’u :nc ’ mt tc  of mu’ t - : ’  L , ” r n P f 1  / cj_,\
i c r .’:’, a n ” ,’,’ r. t . ’ m m ’e ] . ’~w r r. — r .  ~ d l ) -  ‘

1~~’ I

In c addi t ion L i ,- t:he ~~~~~~ t , c ’n :t . n ra ’n ’re: : . .’r m l ,e, I by IL, :’ . ( I t . ) :i:: i (1~5)  w I  - i n.d n i’ i -n ”  —
sc’n kc ma:n ,n Lr:rt,:1 ’..’r i n’s:::’ - c i i  3 a e ’ ’ u nt  ;‘n”,n’I ,! d c’ - st ,,’r:’.r ’. m - ’ .’,nc nmi I: ’i r im- : n , Iii , ’: , :a ,r i ’c” : , in n.
in the t’arl .i ” L , ’ m ’r ’..et ’ron ‘ “ ; m m a t ! . : m n m . ’ i s n ’ t ,  c o n t o u r a t h i r d  I -rn ’ . wI n Osli t ” 11” : e m , l . c
ios. :m a t  t r a m : : :  d i r ec t ly  t i ’  t:he ‘a,- ’ , ’a’, uc: pl:a: ’ . Tin s  t. ’, . ,n’’. can I- ’ ’ i’, -t ’ ’ .’ ’ , - n r i . ’ ’ u  :1::

Los:n 01’ n n n w : n  to - ‘r i m - ca m: ’ n i n a: : : f — 
Pf ~ ~ dr ( I n) r — r  r dl

r l~~’

‘h :t ’ioy in 1’ ‘P~. n . (~ 1h~ l , i n n m ’ i m , - ’ t ( I ; P , t i m ’ -  , ‘oi n r : ’ I , ’ I ’  ‘ m n’ - :::_bn , m : 1’ - , r’ LL~ ; “ i ,

‘ - mr the 1 Ur a nt i ci’: ci a::: - , ‘ n ’- m m m , ’ :

‘1

I
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As ,n urni ng that. t ire droplets  :m , i’ ’ ’  s p li c r i  :‘~~i, a n - , , - t ’ s ant : ’. .’’,’ ’ . i n t e l  ~~~~ ‘n’ ”

easily be : ‘b n :m w n that

— - _ J!l_,,,,.,,, < p
I 47rr P~

where is the drop let  density and :~ rc ’;rn’ece :’:t: tine rate of mass I c’sr, n t  a
particle due to vaporization. A s e m m m i - c : n m I r : ca l  ‘ :‘:n. ’rc ,’s ion for :~: -.mr s’-si is. t l - i ~
study hr a n n been derived from a s i n r i,’lL ‘.ir on . ’i ’.,t - an al j s is  ( hi ’ : ’ . 1ni a~ d I ,, ’ ) ar :d
bia:’ the form

rn 4’ir r md 
( t ~ 0

and

md - 
p In { +h v~C p(T q T b) + (5k: ’ )

where h~ 
is the heat of vaporizat i on per i c m , i t :  mn ’:a:’- c for  i i  i ’ i I ’i  i” n m ’el, :ct 4 , n ,

t emperature T , . (the surround_b ng ,‘a:: m.ceu j ’c-rat :. a’m ’ ) T1 ‘I :  t m r .’ ii. ~ :H - s i  1 1

t emperature , h 0 is the heat of combust ion per unit r :,a55 of oxy~’ -r , fo r  t i , ”
chemical rcm act .’:c” n considered , s is ra t io  ‘f’ o’ny ‘en’. r :m anm nn- to  ‘ tel m n:a ,”s tar I i , ’,

reaction considered , and mn ,3 ,~ is the m :ia nntn  fr ici . ’ ’ I ‘ m ’  “1’ in:’,’, ’ - m ,  i t  I . t r s ’  ‘ I ’ m ’ . ‘w , O I n n s

‘as.

Us ing  Eq. (I~I)) in l’l ’i . ( I f ) ,  one o b t ain s

~md (‘ i ll
dl Pd r

i i .  Wi se , H . .  J. Loreli , and 1 .  1. l~’m m  “ 1: The F, t ’t ’m ’ e t . m ’n ~~ ‘ ( ‘ n m m n i , ’nul “L i’ ’ I

Physical  , “u’ortc:t cni ’:: on the l’ , t t r l m i  n t  hat.: si ’ a L I I  i I  I ~~~~ ‘ : 1 , - n  . I ” I I ’ t . : ,

i L ,rnnu ’o: iufl’L ( International) on Combustion , The Cm n mi m m : n t , i o n  l u n c r t i t n r t , i ’ , H55.

~~;‘ . Wood , B . J . , W . A. has~’ , - i’ , a n T  m ‘i’ s’ ’’. , ‘i n m ’ i ’ ’ , n m  ~ , : ,
~~
, of n . ,~~‘ 

, 1 I ’ m ’ - ’ : - I ’

AILIcA J- ’ m n n ’ m t : c l  , Vol . ‘1 II. ’. 5,  t- l : n.,v l ’ ’ ~’~~.
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, l ’ : : i , n t i t t i : . i m i m t  thi:: exni ’. . s s i a m ’. i n ’ ,to il l . (1,7) nun I I:: ’ ,’ m’s.’ !:, ’ t1:e lac t t ’ ’ n~’ ,
it ’ t.b ’~~f , ~~~~~~~~~ \r i e _ b i l m :  t , . ‘i n r a l  t ’ .rn :c 1 51’ t - i : ’ . - , s . , : , l ,s t ,  - ri’ ’ a c m :

R~~~ --—~-~’ ~~IJ_ 1___ L_ +~~~~~ ± ‘ ,. ._ ~~p
~ 

r 1 I r , — r 
~÷ ~~~~r

1 2~~ r 4,~) ~

h -p na u i rn : i  (52 ) n - r e s e n t s  the i ’ate of foo l los,:’ to ‘. : . -. ‘os -o n :’ - : 0:’., a, ’ a

r’,:’,n ’ J ’  of van .om’ : a t _ c n m . It  also i m n n ’ l , m , d , , c ’  tn ”: ‘as : ,‘ ‘u ’F ! n t , ’ u - j O- ’ -  ‘0 ’ ‘s :n: I : ’ : —

let I ‘‘c m ; . ‘ ,‘ c,,t ’ I I r e  n p :  i _ b  ,i. n - r ! . c m. a:n c m i i c i t n . ’ ) m t ‘ s n :m m ’ i . ny’ ’ .1 ‘, mc ‘ I:: ‘i : - , : ’ : u’ -c’ . r

I - It ”  s m s ’m ’ . .i” i l  m ’ , . ’,, - ’ t c ’ I a n m  is n ’ r -.” s ’ u n ’ c - d to . ‘o to ‘nra::  l ’ - L ~ ‘ n:  an ,d mu , ;‘, ‘s u’ O r ’ ‘ C . ’

m :eo ’. is. Ly .

i’lntd Lat ion  Ib Id

It  I : :  well known IO t a ’ a :cs c m l  -“ t : ,e r  :‘,ci-: ’, an: :e:,’ ’11 1: 1gb ‘,c,.- : :m: ’ ..’r:ct.o ’ ’. ’ :’
‘ott I t ‘.‘mi..: ’r- y in tIre n . ’orr:t of ‘cm L ’ . ’-i ’tro:n , .nc~n’’t ie no.1 1 ni t, i oil. TI:: Purp ose of’ ti:,s
r:nJ i a f i o n ’n :::o..lel eus.pI ,.oye’l cinder ‘c m : .i s I m ’rvest ’i ‘a t _ b  out is to def ine  the r’auiw:t

‘ I n -  us ~~,‘ e’ ‘ t I n  I i  : r t ; i amn to caun :et .,: 1:10:: -sat t ra it , : n .m’ rates . ‘ l I m c- n ’  i1’lcaJ iv , tin s
nrodel I:: employed to def ine the c a - l i  :unt ener, ’r . :o’mr ce t ic- IT:, - ‘s. ’i’~ ., ente r  r . mi c
the cuter -p’ e-’lmtat ion (5), through: which coupling between the radiat ion , eo n :—
vec ti on , arid ~Otni i m r ~ t .lon u::O’i’o : of heat t r anu  for -ocno ’nr:n • 

i, t mn], ee, : . the caseous
medi ’smtm in a .:on: ml:ni :’.tion cham l . er is s t r o ngL y a - s a r l - l u n g ,  t ine e f f ec t  of ra . .miat ion
wi l l  ‘came ra _ b  t~c i - c  to reduce tine ‘cain t. esmp’.’ra t n .u’es i n  the f low field while ri :t _ b
e. m ni ’ r ’a..’-: Lu: ::- . i’atnmi ’cns . will !, :ncnr ’s- a: :e  due t ,,~ ‘0,: — o c c i b b y  bar ‘.e radiant heat
flux m” ,’ac l t i nn , ’ the surface . In th ese ..‘a.’es , aci ’nu’:.n tc  predict ion of can cti ’ni. ’t.,o r
pcrl’on:rance and emission cinaracterie ’ I cs wil l  l a m - m u i r :  a reasonable c ’em ’r c’ : ’.n - u - I . : , —
t ot : of tire radiative tr n ’rm :s :’cr r ro i ,’, ’s: . The rad ia tive  en ..’r ‘~s t ransfer  i- c c ’-
‘SCm ’S I :  I i r n s .c i’e r t t ]  ‘._biIP ,t.’rernt- from comnmi m,nnLive and . .nonvcct-  ive heat fr an, :  t~~:~
r ue:::, :. m u ..- , in the I at L ,.’r two c,’n:n es , . ‘m r e r  ‘y I , :  l~rarr: m ’ .-rr , ’~i by m ’ nm ” l ’ ’cm .tI or

col t . i . c , ! - r :  ‘cind I - r i m : ’ ’ , r I  , im mu re : , . ,: mad ia t iv,.- ’ ’:r..cr ‘c m a r . ’ ‘cr ‘. 1o~-: n not i ’cpmli r..’
s’:o I . ..- i s ’LL:r m ’ - ‘ . m m t t : , c ’I . The ous t , ’: i - n I t  an:n 1 al’soi’ ’tJ  ci’, of ’ 1 . ,  ns:ra.l rani  I n i l  I a n :  is due L ’

I tion:’; l i , ’tw ’c: emt t i , ’ en:::’ ‘ v level:’. : 1 ’ t h e  atoms Sr molecules n_ b ’ II:~- ‘as

‘mmm i I .n”~in: 1 1 , 1  sun.: involv I n n -  m ’ c’, ’~’ electrons ,

‘ p , .~ ‘mm’ I nn: ’i m m’rr\r i”n. -h l ~t , i ou ,  t ’ r am ’, c - n - ’ir t. man ic] . e J : , lm ley , - -I  in  t l t I s  51 tid y I:: a
‘ h i c s ’ n ” - t  — f l u x  u n m ad e ]  ( I - I ’ . ii - t  * f l i u n n !J.ai’ m :t ’ .-t . t r ’o’.j : i’rave l ’ee n :  er-,t ’ l ,ov c’nl w I  l i i  nouns.-

le. ’ : : m aum . ,.\ . I) . and ~ . i ’ . 1, - m , ’i: a’oad : I ‘or: ‘ c m i , ‘ ‘n: of a I”l ’ix - l u - i  for
k :n , ’ i i n ,c f i , o : r  I ’  .~~ a F ’ i u n I ~~’ — ’’ ’ ’. ’~” u ’ ’ ’ r ’ ’. ’ ’. ’ m ’ s.’,’’- , ‘ r n ’ ’ ’ ’’, ’n ’ ‘ ‘ ‘In’:. ’ , ’ ‘:t l ’ ’ , r i n r t !on:n .

1 , , ‘. ‘,“m ’o- ’ i ’ m u ’ ’ ( ‘1’ . ’ ‘ ‘ n ’ m ’ ’m ‘ i ’ ’: rj~ - F. ‘ - r -  m r , ’ ’  I n n , Tine - ‘,m m : : l ’  ‘1 I ‘u:
I ’ ’ , i ’ ’’m~~ . i t ’ . ‘ ‘ 1 — ’  ‘‘I .
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success by other investigators ( e . g . ,  Refs . 1414 through 14 6) , and they are
described in the literature (Ref’s. 1t6 through 148). The procedure ‘ : , ‘v ’imn p e I
in Ret ’. ~I0 is an ad hoc extension of the one—dimens i onal trm utm : ’i ,mr l  u::~n u1 ,  lm

.I’ 3~~O: : et i by’ Schus ter , Schwarzclni id , and Ilas’taker (see H~’ 1’. )~j O ‘or t : er n e  n ’ ‘r—
~‘nnce : :) ,  in which discrete radiation fluxes in each of the positiv’ ‘ c u r l  i r e  nt—
tive coordinate directions are considered. In the lmr e :n en t  , n L m r d v  t ire radia t ion
fie ld  will be :i:m:numed to ime nearly axi syTnmetric for a x i c r y u :u n r , ’L r i .’ c on r h ’ in , ’. l , o r
geometries so that only fluxes in the radial an d ax ial di r e ct ..ion: need be con-
sidered ( tine four -flux model , Ref.  143) . For rectangular n ’eomet m ’i c ’: a s . x - f lux
model (Ref .  114 ) is easily implemented . Since  the t’oui-fbux msd~’l . lra . :  beeui

~l, ’ :nc r ihen 1 elsewhere (Re fs . 143 and I i ’ ) ) ,  onnly tine s i x - f l u x  model w I l l  I ” ’  out-
li ned here .

Cons I ‘. I ci’ fo~~ ard and l’:cckwai’~h i’lnu es . -
~~~ ~~ t .i p . , 1 m m  I , l n , ’ , o o , ,l I l i mit :

direction x i, . The oa ve mnn im n -n  equation’s for a “l’c’l’ ..c::.itt .1 mg, and ci.: sar’L ’i m r ’  me-
d ium in local thermodynauuni . c eriui lii ’ri uun n includ ’i m n. ’ . n c mt r op i c  :cat t c ”c’ i n 1~’ may I :

I t ten in Carte:: lam : coordinates ( i  1, II , 3) mc , ’

~-9J_ =_ (a0 + a ~ ) q ~ + (~IQ4
) aaT 4

+ ~g — z (q~ + q ”) (53)

~a0 +Q 5) ~~ + (~::~) aj ~ + ~~ (q~
• 

+ q
1
-) ( 514)

where and 
~~ 

-ore the so—call  c,l “flux” :ct ::u ,m ’t . c -a m :  mind sc:.t t . I . er i r~. ’ . ‘ -.ne Ui ’ i n  r ..- n r l ,c
(Ref .  14 3 ) ,  a is t in . .’ Utefan—bol.tm :mauu: c,nnr :mtru:t , :.cts.l T i s  the absolute t ens - e r a —
ture . Before solution of tine ‘ l’m n S c : : ’ o m ’ I  n’ na t  I snm . n ( 53)  and (514) n,’ : i . u i  ‘u

1~14, - ‘ i r eu r , , T , 0. . , t ’ i un r lL l t -an ~’~’t :  i- ,:td imr t ive  an m , 1 . I a m ’,v, ’ctive bleat ‘l’rai:: f’ , ’ c’ in an
A inm n oi ’ :’i mm. ’, -~:m it t i  ur o and t i ’n i L ’ ,, n ’_ b m m ’  .I , ’ , l i i u c ,  in Olt i , ’ Flow - ., .-1 ,w , - ’ u m I :cc ’:tI ‘I.~
Pl ,s.te:. AICirE ,T “ :r t n :n . l , \-“al • 1:’ , I I - ’. 0 , ‘ .I:c m ’ n ’ m I. i m . 1, •

I ;5~ I, :m ,l’t’ , iu l . I- - . k. and 0, I’!. 1 : ,  r .m, ’ ’ t , I i l :  Ic ’ t  ‘ I n ’ s : :,’, :  r ’{ , ‘ n , I I a I . i . n n i  i’ m ,,’, ’,: i ,

I ’  ‘r’ - r : Tu r : .;tWtt cc i r : . ,‘, ‘] “ ‘ b n ! ’ I  ~ - ‘ a u  ‘ c m , Vo l .  5, I I . ’ . I n , I n . , ‘ , r : : m - c ’r 1 5 ’ .

I t ’  . hl o l. t .:el , I I .  C . an d ,_b,  i .  :: ‘c.i ’, i ’ I n n n • , h : c m h I ’ ~L I v s ’  ‘Pra:c. ’l”r .  I’ ’ t r ” e ’ c — i f . I  I , m~, ’n~
‘‘ in i’m , i° ’~, ’ ,

i l .  Z cl d ov i m ’ in , ‘:“ n .  ‘ - . and Yu.  ‘ . Oil  n ’ :’: n 1 , , ~c I . .’, n 01’ t n,: !: Wave :  :u n , t  i i i . ‘1, —
, P1 - : m . , r : : ’ ’ ‘1 .  Vo.l :n . I - c m i i  I T . ,\s’ :c’,i ’’ unr ’ c ‘~~‘ c .

York , i’’l ” - .
0! ‘l m tal , l , 5, ‘ . : 0 OX ‘~~ - i m ’ i , i : :  ‘an ’ I: :, - Air : .! ,‘,‘: :: cm t ’H ~,’l I :c:nt. bert. I’ n” n ,m’ ,c ’,’-
Journal m I ’ the I u n : L . i t : n t c -  u’ “ n u t .  Jmsr e l I t , i , . I . 1 — t m ’ - ’ .

Ann , :ou l i, m , 4 .  1~’. ‘end II \i , . I m c , t r : L L d :  4 Ofmnc t y  of ’ ‘su ns r d ‘i’ 1- I ,n:, ’ ‘au”, ’ mn l  n I -
u n I  i ’ m n r m ’ nir °c.’m r ru ‘ I n I ’ Ia} m , ’, ’ i i c . , ’mr t , ,  I ’Il’ A h ar t  i1 -~ . ‘ ‘ ‘ — ‘ — - 1,5 , I i , - c e u n m : - , ’m’

-

~

_

~
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atteunnpted tire m ean ‘. o s o rr  ion ‘,‘oef’ l’icient a i d  scatter_bus cue ”l ’ icmient  o ,
um nuc: t. be sc’eci:’ied. b eca m e .’ , ‘sa~ t, ’~~~~ n ’  is gel:; “sb_I It of ‘au ’cn,I ro~~j  b , : i’ts~:c
in a m m a:’ t ’ ’ . c l e — t ’ree . ‘:ccseo ra uur ed],,cc” o f tt ’nc m i. Ig, mm _’ .ni i ’.l’.r c c m m n s i , i c m r a t i  am : im~ tire
t ” r e ,’ent study,  toe scat f~~r i n : , ’ coei ’ L’ic L en t . ’. will . ns f  m e  ‘ l e f _ b  ned Lu n_ n ]  ~n
m i s .  iO l’ c - m r evalut it l on ‘:‘ tOr n at ‘ ‘ ‘ m’s ’ ’  ‘ n.  m n m . ’l ’:’i” ‘ :m t ’ .n. , re l iau, ’ .:u is ‘laced
on t h e  data available on emisc.s . Iv i ty  of -]asP r m an-I “cc. :‘ , i x I  mu ”.’: ~h - ,~~: ’c . 5(0 ‘a.,

52).  TI m e t r ’n t - ~ ,nO’s;”r:” . i an ’, coef I ’ i c i i c ’ :m t :  for air , ~mn - t- ’ ’m’ .‘ ‘nr cr , atm ’] ‘car: si -  di ,.-: . —

ide r -av e i ’e ,- i c , -:‘e:’ emn ’.,” ci by 0r- :n s, ( p ~~f .  53) ‘i’m] ur - f it :  01:555 isO ty da ta  n — ; a i , l a : ’ l  cm

Croci LI :: 11 t ’,’’rn. Lm .m .rc- . :- ‘~~~ t .I , ‘ ‘. ‘mc - . , in t L p ln.n’: ’u srn :’: i t  will mc’ as . m n ,mu:i ’ ” m  t art t t :e
(t ines nary ( c ’rei p emmcy ’.mn f ln r a . ‘ c , m )  n i ,: m m mi t i_ u t co.. n 1 0’  : er ,~‘ :: m m .:’: known O c t e t  I on:s of

tb :e Lt mei’i m i- .:’. Iyt :wmnic state (c.  ‘ . , crc’s.: i::’: ac id t eu ’ ;.. c ’ t ’: i f ’m n ’~”)  , and will trot b-c
scm:.: idem”’ d n, ’ :i’fine: ’ .

A -con : : ’ : c l c m n c l : .Le mt iI : r I ’_ b i .fi cation of’ tire t s’an”m ’...-n ’t .  e - m , r a t ,  i i ’ n m , :  (5i , )  :u’c.J ( 5 1 ,
stay m c  m’ ‘ m .~ I c e d  n y  w .n,’it .i m n ’  t hen , a:: a sy :,teu :r ‘cml ’ s’ -c.m nd— sn ’Jer e m  mit - i Sir : : , so
that only three addi.tci cm ’ , :: 1. e n m r a t  i ons nmcr st sc n o .1 ~r ” ~ r a t r r c i r  than ; cm :! x .  ‘~öi’ 1,1: 1

r ’- i . rri ’ase n I ne  fo 1 0,aw, i :n , ’ def ini t ions. ‘ir e ne c- ’.am ’l

G r (q + (55 ”

— q~ 
(5,’)

l lani . pm cla t i .nr ;  Eqs . ( 53) and (514) rd tO: pq :n, (55) and (56) yields (with; I , } m e
s ’ : a tt e r imr  coefficient a’, rem -ai im : 1 f-cm:’ .‘en,’nn’ali tv n :

2 dG
~~~~ a 0 +~~

’ “aç (5~’)

‘U’

= — 2 ~a0 + ~~ 
G 1 + 

(

~~ IP
_ )  

2 a T  + 
~ 

a (G 1 +G 2 ÷ G 3) ( 5i

50 . ilcAcl :u m m :m , V .  H .  : 1 : 0 -  [‘ r’c u~, n : , ,  I “ I ‘ n t .  ~“ c !X”. W — h i !  1, 1 • New York , 10514
51. I n c h - ,’ . ‘ , lI ven:: a,’ 1-Im’O ns.i  ‘‘1 ty a’n..i , l~: ‘p 1 v L I , :  A Thei~inodynani c 13: - m o n

Jo’ .nr t ra l of’ L h i ~’ Tm m’m t t ’ ’ n L ’ ’  .0’ ic- ne I Vo l . ~~~~ r i b  107. - , pp. l2 ’S— l Ht ,
5” . Taylor’, m . F. a~~’ 1 I .  J. i” ’::’ m l  ‘I : , ’’ L’ r , mt , ’ i l  m - ’, ’ ’ i : ’, :n L ’c it ie , n c’f Lumi i , ’. ’m c’

, n u i ’ l  I I - ’ n ’ , I ‘ :m- - r l o m r rn  l i m i t ’ s . l ’ ; I . ’ ’i ’ m , n c t ,O ”mrnt ]  I nns ,  1 , ‘5’ ~~~~ and ~~~~ c m i i , :—

:“ :‘ , ‘:~ n I . 17, 1” I ’7)n , pp. ~ ‘ ‘ ~ 1 -

53. t t e ; ’s , B. I ’ .: Time n t’ ’ . .i’ n t , ’ ’ I ‘‘ , m a t ’ - 1 r , , n ~. :i ~ t t ’ i. ’ h i s ’ i  a: -,,- - t t t ‘ ‘c’m t , l ; : , .’l - i n  a,x i ,i
f o u r ’,” ‘ ‘ I . o~t 1 l” ,l .  I ’ !” .Uu I ’ m’ • A ’ i v ’ t m i ” e n  .1 ’ ’  I I ’  - m i  I “- ,.mm “ u ’ ’ r , V., ’] , 1 • 1’ ‘a I . ’!’: !

i re:” ,: , ii ’ ‘ n’ m i ’ l’ . 1’ ”
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results of l ath the Schuster-Schwarzchild approximation (tsotroi”i c’ “-

ii ,: ‘ n’ i l - m i t t ~, tn  of n n t c m i :  it y )  and the Schu ster— ilaj unaker a~’i ‘r.. nx I :m , : ’r t  I an n ( wii0~ :‘‘ ‘

t ’ h c’mt r nnj . s c n , I i ’ i f :  5~r 1 n ’evr cml :n  that the flux absorption coei’t’i ciena .  (a’. : i t ’ c m ’ n ,i
equal ‘ ri ’ m mmd a’,~ ui t h r o n e  ‘ muD cases , respectively (wirer: a’~ is t he  t m ,” :’. .,: —

n c ’u ’ : ’ l , j - ’:j  ‘.‘o, ’’ ‘ t ’iS . h e nt ) .  N ine:  i u t 1 ’,cm~~t :mtt:ion re ’a:shi. m t - ’l t n m e  an ia~~’ h i : : 1 “
‘ ‘- : 1 _ b o a

‘i ’ i ’ m t , ’:m: ’ i ty i,n um ’ cm t .  - - :m ,c ’wm n , it. I :  nr cm m:e, ’ . m ary to cons ider the ,n en ; ’] t i ’ c i t y  at’ ~
-mc ’ I :  cU , nm r ” nm ,.’ ]. n- ’ t O r i . ;: model both when ;‘erf ’omi:i in , ’ calcmu, l at ionm ’ min.l ccl: ’ ‘ im

n~r- ci’ , ’ ,mi  m n ’  the acm: , mr :ni ’:’ of th e :m ’- ’-’.j el

Boundary C- mini it ions

No lm n t . ,i onn  of the . - a vc’ t’n im ’ig partial di fferential  equations me’a ’i ,ii’e:
‘1’ ’:,’ t ’ i . c ’j t ,  l a i r  cmi ’ boLund~~~j conditions for each of tine equations oct nO I ‘ ci:-

cm.’:: at’ t h i n .  -.n , n m:rm mu t :m t’ . 1.-anal c’cm ’i. om ’i . ~\t- a solid wall the densi ty  1 s det, . mi nt_ b !5cm~,:
‘ un:: m ; C.i t,ll ~ u.s ‘i , uls ~ a L i t r e -  - — p o iu i t  ‘.n un..: — ,-’,ided difference a:’n’r ’ox i m :nat lc : ,  of
f in i sH by , ‘ : ‘: at, , l ,‘ m m .  The f a r c : c : m f i n O ,  velocities at a wall are cietermn :.i :ced ’. :::m I, i~
s it _b y t l r r c ’c m , ’I r the tra in of the wall function aI’I’ l ’axmim:an _ A n t .  ‘iThe ‘s c:’.en~Jama’ c’ :cm :, —
-l i t :’ am:: ‘or each: cm l i m it L c c m t r  mc:’~’ ‘:i veni I cLaw in te mi n  5- of l:r,:’ im ’ _n:t :aH mn_ im P ‘

f ia T . ‘,n ar i ’ nates (,‘m . m:1, ~ :) at cacti:  surface . ‘~“e r:a.t_b.at,.i 3m : c .‘mtr , :n s.’, ’ ~‘ ,nm’,J ,n—
t i , : , . - ncr ..’ ccu :s ‘ -_ben’e ,’, ::c:’- :mr at e1~,r at t: :c end of t h i s  sect . . ’-m m.
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( ,~~t j  ) sct:’:mu:e kr :.mc- beam: , i t ~V . H  . 0’’  :ni  ‘“7R7’ by Ll u ’iley and I - I- : l ’a u :n i  S , :n ’ , ’ I ,  15)  t a m ’
soi -.mt jam i m I ’ the th r ’~ - ” — h urt : 1  ::iul , In ‘I nc u r ’ , c s l ’ie I4’ : v ie r —:  ‘ akcm ’_ i oq’s’a t i  .‘m : _ i  , This
method w i l l  s’ :rb rn eq ~~n ’ n ’m t l y  i.e m’ , -t ’ m ’ m ’n’ Cm ’i 1,0 t I :  t h i , - 1- 11171 ’ ( 1. . .,’ ., “tn t _ b  i _ b t n r e r t : ’ j  - rn ’ , ’.’
Imp l ic i t  i la u i .! r a’::: u ’ T im e— l ’ an ,,‘ m : n cmn l. ) n’ .’c’ ..’ I a :  ,‘ . Tile II 1111’ s , mu: : ’-u t , -r
m ’r , cm vided  the b a s i c  numerical  f ramework  Cam - d e v e l - a - n n u e t ’:t -t tu’ :e p r e s en t  cccmmbu s-
:5 cC .‘w analysis. ‘i’tiem IILk ’k’ umit’ ~ I t o H  has L e e r : de : c i ’ i bad  in dc - b a i l  in k~ 1’ . 15,

n u t .  it will be summarj::ecl irene for c aim s ’lt ’ton lecs. . ‘l ire n r m -  ‘,had can be a n t  l ined
br iel’ly as f,”I .I c mw : : The ~

‘ ‘‘ ‘ u ’:, I n , ,  equaui  - ‘in  ~~~~~~~ r ep ] m , . : c m - ’ l  by i t i t  i n _ i t  t i c _ b  t t i m e
l .’,ft ’ei’ennc e approx imat ion . Terms I r i i ’ , V IA  u , . . ’m ’,l i i , ’ , ’ - : I ties at the inn ; I ic it  t i _ i r a
t e v~~l are linearized by ‘_b’ n’n ’j .I a’ s’n_ t a n . ,  l a in  ab - : - ;mt  the S., l -c n ,i-,’n ‘c t  ‘ as’ i’:.swm~ titmi e
I e.’c ci , and sn u . a t ,j a l  di i~t e t o i n c ~e aj ’m ’r ,‘ inn,’ ‘51,-nc mci’ : i m , L c ’ , u - i c e d . Thu. ’ :‘esalt 1;: a
ny :’  t en: of mifl, t i c i i m e u r ; ’i saul c.’ c i A  (l iaen:~_ i ’ )  - n i l  :~~~1~~~: , i e e.rua t,i mrs  I’ . n ’ r I , ’: la~

‘. - ,‘mlent ‘voriables at t ine  i :m r m ’ i i c i t  I lure I “.“. - i .  T a -a.I ’. rc ‘ nec ’ : n i :  c’erenc e eq _ia —

t i  m ars , t r u e  D om ~~ ,ia s— , l t u n r n  ( d a t ’ . h O )  i - J c e c ’,r e  I a!’ ~ - ‘, , ‘ m ”c u , 10, ’ ai tme ~ ::
.
~ n,.’— -: i i cc-

n . .t ,‘ m ~— m m p l ic i t  (AllI  ) :c ln e:r ,e , ’ as , .e rt . i r n ’ b a m  i- ’a,:l of’ (‘t ,r : , i ’iu r enr to l  in s , 1, : ,:_b d i  h e - f —
cue-ce schemes is m t ’  ‘ _ b n ic ’t” l . ‘ 1 1 , _ b _ i  - 

~“r h n : n ’~ue cm e m t c i c’ to y , .. ‘.em: of one— .lc mnr ’.- r r-
sional c ’cumi 1r J cci ,l lrie - ’., i ’ d l t ’ l’e c a  m~m c ”  em ~uc. u i~~m r c  wh ich  cm in he sa lv tm- H e f f i ci en t l y :~
st an d a r d  b lock—ol in _ b  n~~ t .i ‘mc n 1 , ’-~~. r m r d _ i  . 1-1 - it e r a t i a r :  is :...‘qui red t ,c sc’m~ u t - c m  t l . e
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, , t , L . : n ’ :’v i s  Airs ’ ‘ ‘ m l a,
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W m i t l r  anal ~‘;.,. ‘ns  d~~f i n i t r r n r r :  l x ’” , ,  5 ,, ’, s n _i nst 

~
, ‘ T .  It is un,’n’n_ i,mm ,e- .l that t i r e

m -: . . - l s r t i : u :  IS ~~~~~~ at  t u r s ”  us _ i . ’~~,- 1 
- t~~~, add is desi red at t I r e  ( r n . i )  1e~~r ’I  ,

I m r c ’ m c m ’ i : ’ a t i - m u r  b’ ec~ n i ’ l a ,

‘bc , :‘  n ’ , ,, t I : i e-- ’~ . t , ~’~~, . , 3 ; - S 5 ’ j . L ,j t , , :_ i  -~0 n a n  l i c i t  i r i e - t l n , if i n c ur  j i ace
‘ c , . ;d :’ - ‘i n ‘.~ r C l i m m e u i : ,:.a’, i a r: .‘ ‘l , r i i q i .mc’ cm- mn _b ‘ye _ b , . Indeed , t i r e  i ’m : v - ’r ’ a’,’- i m

Oa ’o i i h ’ ..y r ’ I ’ ~~l ’ . n , ’ ’ t,lc ’s -0 i: , , ’ l l i m : i :  m o t h - n u n: can be ‘ - v r . ’ r€- ly c . m m . : - r ~ ’ u ’ m , i a ’ed 1 . ’,’ ‘or
i mn ’ n de” ’,sr ns I a 11: :‘- ‘ ,n  : a i , j , n n: . ‘l u r ’: ‘, -.n’ e a , ‘ i O  t ce ’,n f l l  poe , which can be us ad ‘t ’il y in

I d, - - ‘ j O l ,  ‘ i i  S t  J a . I nnt : -  I id t si l I c e- c a s e  . ‘ c:’rem u~c ~“ni’ m1t i t _ i  t ir e  i ti: t ‘1 id t c ij 1~~I i cu_ i
31 e ..’ t , , ’ .l~ -d mi — m n 1 I , . . ~r s-- -~’ n r  l - ’ ur ~ I :: m i m e  s p u cu . ’ ij u m n - n r m ’ j , ’m r by a . - nc’ — r ’ t ” i ’  noni ’  u.’ r—
at i  ye macmi me _ inc  . ‘ l i _ i s  I ea l . m n c  c’ it ’ cc . t ”  .1 m ien -i I O n ’ i ’ r ’ m i  I. i s t _ b  fl o u r s  is r n ::  1 :1’, -51 em u n  1, -v us I n .~

e ,nhr ri~ ri - , iOn . l1 in , ’ii i ’j  / a s t  ‘ in i i ’  ace -,u’ a t  ‘.‘ ~ tr e -y r  v a r i m i b le s  c m , ; , r r ~a- by n’
i v e l y  sm_ i r e - i l ‘nr c , m i t  S m m ’  - : , ,  a ‘ 5 _ i n u r e -  ::t m’m’, , al_ii c a n i s ~’ m i r m ” u n t . 2 y ,  m } , s ’ ’n cn . :u i ’ :n c c  - ‘I ’ ‘ h .

I j m n t c ’ ,n ’ i z n t l - , r :  o’n: t o - - ,, m n  I ” ’ n , l e : by ‘.‘~~n ’yi mn a t ir e  ‘ isn+ ’ - st em . The l i m i ’ , ’:n u ’ i ,  S t j  ‘ I :

.~~a n , i h a  ~ ie _ i -  ,iJ in C. . ’ i :v e~~i ’ m r r ’ L a n  1,1:: i~n - r - ’, 1c1I l ’ c ’i t n m ’ ’ t r t  , ‘t ’ c..”a :’I ”d n c u i i i m n c ” i ’
It  V ’ : ly cn,:’i:.:jn I . i i i c i , an . ,i tO a’ l : m t , 1. m ’r i” n m n t : n ”  n r : x , ,  t eem : 1’ - n i l  t , .  na y - a ‘ , , _ b , ’ t,i\’

n o ’ -i- ’ m ” i1:l~ ‘, nA ~~et  ‘ i n  ‘ - n r c  _ i t ’ c r , t ] I ’t y  ~f I n s ’  s ’ver ’a J i  :,‘ ,e !, Irod (ia . .t ’ . 15) .

~ ‘ n n : : . , ij ~~ . ‘: 1_ i - . lc~’cl’~. l - c - n T a r ’  - “,,. n ’_ b v j i . . 1i :~ ’. - .’ m j : i , , i i . a _ i u  .11 :1 ‘renice r :  a

m i t  I ::a L ’~- r  nt , m r ,lj.:,, an’ I n  m ’ !’ c ’ m ’ f, : i i i j al ‘ ‘ q ,i :~ h I , m : c ’ , ‘1 m m .- t , ; c h : n r : n , n , m 1: ’ m r ” -  ‘ m : l m -  n w I t h ,

m’ot ’c n ’ n ” m , , ’c , 1 -  t I n ”  0 ,1 . ,, i ,:. ( ‘ b i t —  ‘ b r  “a ,‘
~~

‘ _ b  -m m i n  c ”u n ’ -  n ’ - i - , - u r l ’  a, ’ ‘~‘ ‘ : u ’ i ’ I ’ ] c ’ .
( / , , t )~

1: 

‘

+

~ - 
~ 1 1 )  ~ C’ (an ’ )  , m 

-—‘*--- - - -~~~~ —“- —. -‘_ .‘- . .._ _ _



- ‘ _ “

I . I , ~~~~~~~~ , 
‘
~~~~ L 

‘ ‘ \ ‘

‘ - u _ i  c . : a ’ n - ‘ . , ‘ - 
‘

— . t r .~ ‘ ‘ r -  - 
- . ‘ , , . ‘ ‘ - -

- ‘ ‘ ‘ ‘ ‘ :‘ s - t . _ b ’ - - . ‘~~ . : . .

/ 

,“-- -‘- - ‘ - . ‘ . . - . -



_ _ _  ‘ - . -,~~~‘rn -



Time present technique is’ an application of the very general pr’ . c . : tur e
developed by Douglas and Gunn (Ref . ( t m )  for generat ing A,DI schemes mi t’ per-
turbations of fundamental implicit difference s ‘m oines such as the backw:n~’,I-

dif ference  or Cmank—Nic o l son schemes . A: wi th  all ADI schemes , Dou~’l ‘ :: -hu , u r t ,
schemes compute the solution: for a time s tep  in a. sequence of i n t erim , . .  i i : n t e
steps , each of which usually involves t u ’ ’ : m h i n r e  d e r i v a t i v e s  i m p l i cit l y  in ne
of the coordinate d i rec ti . .,m n m ; . A 1t I r - ’u ~’li the : :a l sn t ion  of m u , l t id i m e n e - i c : n a i
implicit difference equations is normally time c ,n mn’un’ r ’ m r 5 ’ the one—dmmenr’ j ormn ,l
dif ference  equations a p j - ear ’ i r i ~m i n  Od es’s’ i u m t e r ’ r n . ’ i i m m t.a , - t  ens can h’s s ‘1 ved
e f f i c i en t ly ,  and t h i s ’  is the :‘x t t , r ’ m t e ’  i ‘en 01’ AD! n ’.’ ’,hr-acI s in g e u r e r n u l  . - v , ,’m’ - a, l r ’,mr

imp l ici t  methods.  A less obvious u ’~,’a ’’ .m’ - i f  :‘ m . ’ h r s ’ u m . r n s ’  ~‘n ’r r e r n x t e d  by tI re
Dougla s— Gunn procedure is t ,l_i:ii , s _ b ru” - ‘,‘y s ive  thu. ’ so lu t ion  t.o m~ l”. m nr ’ l u m m n r ’ m n t  c _ b

impl icit  d i f f e r e n c e  sch n c ’m e . ‘ x , ’ n  n f r a . m :~I 1 cm ,r,r ’ha’ _ b , m :  e r ror , t hey cur t  be
viewed as an approximate  t echn ique  for  ‘t y i n g  t i n e  fundamental  d i f f e r e n c e
scheme , rather than as “Ii t ’t ” '-r ence r:: ’b r ’ , - m i , ’ ’n ’ t . lnm .’m m . m’ ’’ lve s .  This unc..’ mi :- ’ u rt  I
v i ew of the Dou~’ln ’ r: ’; — i  iwir l  pu’ - ccm ’ni ur ’:’ ~

,n’ - ‘s’ i ’i e mm ~ ‘ , i d ’ m : r e e  in l - ar mrnui  ml ’ I i : , ’ t~ to e—
sent method by indicar , i n .’ m an S tIne- , ‘ v r ’ u ’u:i  n r ~’ .“ i c iu l t i  cu_ i s can be I i  n r e - m n r ’ i sect
and diff ’ercnc~”d in acc- .’ m’ ,m ’nri c e vi 1. 1, 1mm b ’ r c ’kw ’tc ’ - l ii  t O e s - s a c  m ’cI ’n e ’.m ’,e ( ‘ is a nn - s  m oo ’

imp l ic i t  e-cheme~ b’cm t’c’i’”s the a l tm ’:’a ’xt , _ b ’.r . ’— ~_i r a e :  m a i m :  ‘ n sh n c ’ c’ ta: 01’ t h e -  nie t . l r . -i ‘n r c

introduced . D,”n . n~ 1n r : — b , : m n m i  schemes a - nc r ‘~ s ’m e”r  t o  have an ncd: ’ant ” n~ c- -va r
locally oni e—dimensi  in ’nl ( LOD ) ox’ “

~o- .1 itt,cm: a ” scr ,’:’muie::, wi:-ase in S ..“n ’ul :e - ,m _ i :, t m
st e p s  do not sa t i s fy  t he  c o n s i sseu n cy  cm’ :u r d i t i  or: . P1:0 lack .n I ’ c,,’ne - ia ’t c u r _ i ’,’ _i . n n
the intermediate  steps can pu ’~c m n m - e i i t  r l i m ’t ’ic’ui t i e - S  i m ,  n l :e r e n t _ i . e - n t  , ‘ L ’ :‘omn e-
i u_ i r iary  condition:: and , acc~-t’ : l i t t ~~ to Y ’ m: renis:’- (R e f . n 5 ,  p. 3 1) -,1~~’ , - : n c - S  ~ e - su n n
the use of asymptot ical ly l u t n ’~ scm t ime stems.

Phe numerical met .h,.n - mI i .’ essent ia l ly  an a t ’ 1 ’ _ b i c a t i~ ’un -.‘ml the 1_ b u n ’,” - , x ’ _ b : m i t  I -n
mf tOre n: -rm :vi a_ i : m :’e-m’tion to the c c t n r ~- i , ”d sny ste m of ~n c ’v er u u  n~’ eqcx ’n t  ion: ’

( 1 - )) .  These equa l .I,rmn: ” are wr i t ten  in b’ t ck w: t r ..I ‘ inc I i t ’l’- ’r c ’u r , m e t’..’ri r. , and m r - - m n —
l i n e - a r  i f i n I - l i c i t  S ”  amman are l i nea ri : ed  by e x : - a m m : i a n r  about  t r~, ‘F ire  V I S c” Or_ i  I ’ ccc
t in t ’s :  in Eq. ( - ) wh i c h  c ) n t a i n  mixed m m - ’ i ’ i v ’ n t , Iv e ; ’ (i.e., ~~~/ 3,. c h ~ne - I i j )
‘ml ” :  t n .  ‘5 ‘m” i m : i  t y t m - m A  m ” x : ’ l l c i ’  i_ bJ  b y ~-v ’ r 1 . r , t , i , , i n  m m ’ t j i n~”- ~~~~~~ in . ~~~~

‘ :, - , . ‘ b t

:rm ,i x ’ n i l  ‘ ie’ r ’i ’ ,’ml n i v m n ’ s i n  be “l .i t’ t” ’ u ’’. ’n— ’u.’-l 1m 1 li ci t l\ ’ ’,%’i n b i n  t I n , ’ : ‘ . ‘ mm ~’ ! : i .  — I : r m n n ,  I n ’
‘5 so , b u r l , ,  w ‘ r ,t I irlci’ , ” n:e  t 1 r ~ : n n i u : n i - ’ ’ r  a t ’ j~~ ~~~~~~~~~ ,~ 0 ‘ n :  n l u n , j  t i n e - r e t ’ s ’

ij , r ” n n ’ , .  ‘b r -~ s - l i n t  i- -m n a ‘s -- Ira ” . bi er ‘ h i ’ ’  n’ h l r l . i , ’u r m  p t ” ’ , ’ ” m r t O ’ , r  I - - c ” . ‘ nn . .h ‘ , -

r I :  u.’~- n ’ , . u i , : - ’ r : , . ’ - I  by m r ’il .y ’ im r ’, tO I I , , r n ’ m l , I ( R e t ’ . 1~ :~ ‘ 1 + ’  e X t  lO O n ‘ u’ , ’ :, t : : , ’ :2 1 n ’

‘ n O r ’ u n ’ ’ m n t  I ‘ u n - I  v i m ’ ’ . ::: t ’ - u ’ n u ’,s ’ ba - I in ’ - ,nn ; ”. -n’v’ ,t .le ‘t ’’,’m ’r-’” nxi ’f’n ’..’t - ‘ i n  :t :r1,’i i it v.

In ‘b nu ’’”r’ ‘ i j mmn ,’ :t , ’j r i : : . 0 ( 1 _ b -  ‘ m i n t ]  ‘ta t i i ’icial  v i ,’ ’ ’ ’ ’ ‘ ‘ ‘S um , : ’ Inav r aa’ ‘ i C - ant

( ‘ 1 “ 1 ‘ ~~~~~ 
~~~ 

~~

‘ 
) n a ’ ’  ‘r , ’ , l , ” r  a m b -  I ’ ,  ‘ 1 ’ f - ? ” m m c m ~ m ’ m u m e n ’ n , nn s , w i n - I ”

- a , ,  u . n . V • ( ( ,  u , 1  . , 1’ . . n i  t m - , u’ - : : - ’ ‘ ‘ 1  1 s” ’l , i n  I h ’ c _ i n n —
U i n n : r i ’ ,’,, x 1 — , ~~~~~— , : c —  us ’:, ’ n ’ ’ :’n . ,  ~~~ m’ ,’~,’ , i~~’ ]  ‘u ’-”  l e e - , l r ’ , ’ I ’ r j j  m ’ m t ’ n ’ i ’ .’ . •

c i’ - t a t ” ’ 5 i ’  n u ,  m i n d  C :o ‘‘ci ‘ ‘

-

( r i ” !  or :’ . ‘[‘1 n~ ‘ m i l l ”  m ” ’ : r ’ ’ m ’ q m r m m ’ i u n
by t ( ~ m ’  i - u - , , ” -  1 - r e - ’ -  - - n .  - - ‘ i t  l i m o - I  i’ ’ ”  a ’’ : ’ a l , l m i m ” t m ’ i , ’ ’ ’ l  I , n m c n cw , n i’ ’ ‘b ,jI’:’m’m’ , :, ’e



Sc ’m:eme . The equation s can he  arranged according son ‘mi m e  a nd  e- sacc  d o r i ’ ,’a ’ iv e - , : ,
and w r it t e n  in the  fol lowing m a t r i x  or ’emat om f -: rm r m (Fe : ’ . l5~~:

+ + ~~~~~~~~~~~~~~~~~ (hA

Here A is a ( m m n ) ma t r ix  coa t ic in ing  t h e  t ime d e r i v a t i v e  coer ’ f i c i e m ’r ’ m : , wh -re
am is the number at ’ equations h ’:’in~ solved ; ‘~ i s  ‘ h e  co ln _ i ’m , un vector  of t I r e
“ lOt  endent  variab les ; D

1~~ . D~~~~, ‘~n:ch b. ,~~ are (u u m x tr ) ma t r ices  -cm- . -m ’n t a i n t u t ~ tO s e e —
m - . .’i rn t di fference  ~a 1e r ” i t c r s  a ssoc ia ted  wi th  t t n e  e. ’ -r’ .i i n ase  d i re c c i . .- m n s ’ x ’  X
and x3, respectively; and ~ in ’ a column vector  c”n i ” n i t i i r r r ’ only u r - I e _ i ” _ b  

-

terms .

Since the mui t i d i me n : ncm i ,nnm cl implicit.  sy st e m  wi th  ccne f f i c i ’,’r r t :  .‘en ,e r a t ed
by Eq. (80) is di ffi cu J,t. t o  sa lv e , the Dou~’l’.ns ’ —- Cu n r r :  ( b e t ’. 60) t e c i r n r i q u m ’ is
applied to Eq. (80 ) to generate an AD! scheme . With the observasi :-n  th a t
the Douglas-Gunn procedure is being applied to a coup led :y:te_ im -I ’ equati
the following three—ste -n - scheme is obtained .

(

~~~ *~~~~~~
f l )  

~~~~~~ ~~~~~~~ 
~~~~~~~~~ (5 1)

— * *  —n

~~~~~~ 

)
~ ~~~

‘

+~~~~ ~~~~D~~~~~S (~3.
’- ’

~~~~~~ ~~~~~~~~~~~~~ +~~~~~~~~~~~~

“

+ ~~~~~ ( F _ i )
_ 1~ ~~~~~~ _***

wi ,’re $ , , and ~ are the intermediate s ’o lu t, i , ’m _ i r ’ . No ” e t hu_ i t a’ c ’a . e - I n
s t ep  of the scheme , one more coordinate directi on is t - m n ”lt e,_b i m p l i ci t l y .  a r u n : j
t ha t  the most recent  approximation to ~ i s  n ab  always used , as t i n s woul d
adversely a f f e c t  the s tabi l i ty. Dou g ’l n_i : and Gunn were able t o  show under
t”i ir ly  general assumptions  t hat  the AD! scheme . Eqs . ( 1t 1_  “I’: ) , s n t t , i s f ie s  ‘he
consistency condition provided that the original difference scheme . Eq. ( -1)0),
is consis tent . t Inder more r e s t ri c t i v e  assumpt ions , they were able t o  show
‘,Ii-a . t , the s tab i l i ty  at’ the A.DI scheme fo ld  - ‘we- f rom tha t  of t h e  -.‘u ’is’ ,i m : ’ ,J
d i f f e r e n c e  scheme , m i n ’ rm l  also t hat  the  f inal  soln .r i ,.n u r  ~ m c  n a -  -x P1: 1 m - :

wi th a~ error no w ,mr ’ : n e  than m (i~t .)  , and C, .’r r r ” m ’q n i ’ ’ n I i  ly ,  ~ can be a c c e t ’ t ~ ’d
am: ~ri 

Al though these resi,ü t .s , ,ir ,” u r , n t  ot ’ roOf !  c I ‘ t n t  o’ u n” n i i t  ‘,n ‘.o e u r o .  ‘m m n m ’ : t e - :
the D n n v i e r — h t o k c m s  “_ b u n l t . i on l :, i t  i n ’ ..n f’t. m ’ m u - n r ~ ’, ‘ 5 ’ ’ 1 ( e .~ , , fa ’l ’ . ~~‘:, p .  ~] t u )

U i ’ . H i n ” l r t m u n y ’ n r .  R . I~. and K . W . t o t  ‘ - . u r :  P u t ’ ‘‘r ’ t m . , ’m ’- ‘ ‘
‘ ‘ ‘ m l :  f , ’ m ’  m i t  _ b m m l \‘:rj i n , ’

Problem s . n n c,o n m .r , 1  K i l t  I -ii . l i n t - u ’ m ” i ’ - m r , ” c ’ , Dew ‘tA t’ - ’- ,  I

~
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suggested by a considerat ion of the  rn ‘n i l !  u n - o u r :  ‘ a ] r im ’ ‘dcl ec - ‘  ion

u - ~~~~~~~~~ ,‘ ,:~~
‘

ax , 
- Re ~~ .2

w h ich  rem resents a balance he ’m wr ’’,’ u :  advec t i , ’n n o , ’ l  d t ’f” _ i - ’ i - ,r r .  P ,c” :’l:e ‘ bet .’ : ’ - 
(

and 69) has shown by a comparison with an ex a ct  o ’ : ’ i u t i c m m ,  - ,mt  br_ i . ‘ ‘  ( .
‘ t h r a ’

soluti, ,nn : obtained using central  di t ’ i”~ u”u c”  ‘ t a’S t I “ a ‘“~‘~~i an ‘ “- u - c m : at -i’ w 11
behaved provided t h e  mesh Reyr i o ld ’ s m n ’ lm n ’- m n ’ s ”  h r ~,n~~:1 — ‘ : j t f ” X

~ 
h,’ I.’ ‘ 0 t m ’

that qua l i t a t ive  i n n n c c m _ i u ’ a o  Ic ’: (ars’ :-c .i ”  t~~~t v i  t .~ , m ac n _ i - ‘ ‘ m v  r ’ , a r ’ t i  t i o rn S  : 0 _ i  : _ i a - ’ , n y

when Re Ax 1 >s . This sugoest s  the use :1’ an a r m  it ’ic ’I a J, v i r , e ’,: j ’ ’ m an a m . . o r ’

that the local e f fec t ive  mesh Reynolds number is are i t”  ‘ - ‘ ‘~ m - t h u _ i t ,  t w a .  T~ ui ’ ,

Eq. (86 ) is replaced by

+ 
~

) ~ 2~ _i ( : )

where /Re~~~ ‘.

1 -~~ ~~~~~~~~~~ f Re~~,,, >2
Re 2 I ‘ - ‘ 

(8’-’)
0 if 

~~~~~ 
K 2

From Eq. (88), it is apparent that  t he  a r t if i c i a l  v _ b : c ae-i y sam :  be sn ide
to vanish by re f in ing  the m e sh .  Since the a r t i f ic i al ,  viscc ’ , :i tr ’  I s  :‘r~ m

tional to ~~~~~ solutions will have first- order formal ‘r c ’ : ’r r’ : i i ”~i if j _ i C m x .  > 2
but second—order  accuracy if Ret~ .~~~ 2.  Ftrictly s t e a k _ b  mu’. * he  - ‘~v”r ’  Al  tmre ’ H ’ ci
is second—or-Icr accurate s ince  Pe ,’~~ . . ‘i c’ t he  me:’b is r e f i n e d .  It should
be remembered , however , that. such a:ym.Jotc ’s ic  t , r : i , ’no ’ - , t i an ‘icr- -c c ” t , i u u :’- , t ee -  a r m s
meaningful only for sufficiently small. mesh: si . ’e; whereas , in 1- r a c t i c a l  ‘al-
culations of cams- - l a x  f l o wn , ,  me c’ h re m n ’n l ’j t i , -nn capab i l i t i e s  have ,“t ’t ”n , out of
necess i ty , been : tra i  ni ” - I .  :no virtue :2’ t I m ’ ,‘ ‘t ’e : ’ m ’ u : m f -  ‘ram: ]  n m t ’,i ’n i s  t I n t S  I’’,’
i, : n i a ti rn ~’ the  a r t i t’i ci  ‘ml v i se-  -s i ty  term s ’  C, ‘r r ,’mnr : ’n r r i son  w i t h  — ‘ I  1 m m - c  ‘ e r_it s i nn
the equat i ’ .m n. ’ , ‘1 nonri o, :m t ’ou: but ~‘- ] n r u , ’j h ] , e-’ a. n ’ , ,; t e n ± - ,’r’i inm l i c a t i . -u ~ ‘I ’ t i r e
f i rst — o r d e r  t r u n c at i on_ i  e u r o _ i ’  in nt com imut,e - ’t sal u t i ’~n t o  ‘ i _ i n n  11W .] 0 i s  . ot ’
course , obvious that  Eq. (86), i r p in n  which the ‘ n a t  i f ic i  ‘ml vin ’ mn ,’sitv is b a sed ,
represen ts  a gr e- s si m pl i f i cat i . ..mn of the N a v i ” r — , ‘ - -k ’’ :: ~‘ q ’ m a t  i ‘ns , ‘ t u r d  i t  i n ’

pr imar ilcr  Sta r t h i .: reason that  the u c m m ” : ’ ’ ’ m i t, 1”’ n’rnn - n ’I m ’ n I j a - 1 ’ -“i i’ ’ I f i e i ’ m ]  - i ‘ca n’  I 0;

terms is co r m : idm sr ’ r ,,d prov imniona. ]

Solut ion ~,t ’ the Di i’ference  Eqi .n at i on s

It: has be - m r  shown 1 1 , - n t ,  ,‘lit ’ t ’m ’  r u n e ’ ‘ ‘ ‘pi l l  I ’ m :’ I ’ ” a ’ ’ ’ , ’ ” m ,  r ’ w ’ t ’ .’ ’  r , l  u - O r : ’ -

in the l , i n r ’ , ’ , ’ _ , l j m ens io~p~,l o n : ’ -  r a i n  b m . - w r i t  t . - ~~ an n a b l . . - ’ t ’ n _ ’ r I  1 j ’ n~’- ’ ni ”’ l ar’:’ t ’ ’ n n.
having (at x a t )  : ‘ q n r m t m a ’  ma t ,r I c’i’: ’ ’ nn ”  th :” block cli ‘ s u n ” , ’ , :  • - n ’  I b m ”  “I -  “ii I ‘‘ n j  I ’~’

_ _ _  ~~~~~~~~~~ - - ‘ ~~~“~~ _ _
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react ing flow considered in th is  study the number of governing equations is
as least seven ( i_in n_i 7). Briley and McDonald (Ref . 15)  have shown S},at i t
is possible to  tn _ ike advantage  of the special nature of the c_n u t-I lag in ~}_ie
Navier— Stokes  equations in order to reduce the si::e of th e  block el emen t s  in
t i n e  t r id iagonal  system which must be solved in the solu’,ion t-rocedu .re . It I S
only necessary to solve m- ,m b lock- t r id iagonal  system having (m- . ’ ) x ( m- . - block
elements as well as two simple t r id iagonal  systeu: s . This  can be seen b~r
careful examination of Eqs.  ( 1) ,  (L ~ ) ,  ( 5 ) ,  (30) and (3 1). During the  k th 

~ t ”p

of the ADI procedure (k = 1, 2 , ‘~) ,  only der iva t ives  with respect  t,_ n  X k and t
appear in the implicit difference equations . Therefore only the x , -directi on
momentum equation is coupled to the remaining equati-uns (1), ( 5 ) ,  ~~~~~ ) and
(31), since derivatives of the other two vel ocity components with ress-ec t to
X

k 
do not appear in those equations .

The computational effort saved by solving one 5x5 block_ tridia.g- :m:a l and
two s imple trid iagonal systems rather than a 7x7 block-tridiagoumal system can
be estimated as shown in Ret ’ . 15. If there are N g r i d  m o u n t s  a ioun ~ a row
being treated implicitly and 2 coup led equations at each grid poin t , then t h e
result ing  block-tr idiagonal  system requires (3N- .? )  (2~ + a r i t hme t i c  -, :t’era-
t ions while ( 5N — 2-~) oi”erations are required for the simple t r i d in_ igona l  oy ster .
(Ref .  61). Thus , for seven coupled equations the computational e f for t  is
appraximately ll8ON and for f ive coupled equations and two uncoupled equations
it is about ~_i6oN . Therefore , the reduction to a system of f ive  coupled equa-
t ions and two uncoupled equations during each AD! step a f fo rds  a cons iderab le
savings m u  computational e f f o r t .  The results of Ref .  15 indicate that t I . e
computational eff ”r t per time step for the MIN T method is only ab out twice
that  of most explicit methods , so that the gain in e f f i c iency  achieved by
taking large time steps is ’ real .

Nonuniform ‘Jr ’id ‘j r a i r ,n f c m r ’ n m ;cn !, j on

TIre accmn’ n_ ic y  of solutions computed with a giv en number of a r i d  poin ts
can often be iumi i-r am ve d by using a ui ,ann.rmriform grid s: -‘i c ing  to ensure thrat grid
points  are closely spaced in r’:~ i u s ’  w ine - re  the solution varies  rap idly an _ b
widely spaced elsewhere . In a typical  combustor  flow s i t u a t i o n , l- ’rr ’ge . r”-
dients will occur m , ea_ i- ‘I ,’ combust ’r’ i nj e c t ion  p’ . ’r t r , in boundary layer’ :’ on:
the wa i l s , and in f ree  s h , m ’ r r  l ay ”_ i’s r e s ult in g  from the flow scji ’au”n ’ l o t ,  near
in j e c t i - a u m  ;-0_i ’ t  • ~‘ i ‘~ m e -~ t ’ o m ’ m m , m , t  j _ n i~ 5 t a r  Sir’ s l at  I c r  case have n -P  been i nv e s t  i —
g:_ it ed in the present  nnt  j y ,  Boundary layers i i :  a t u rbu len t  flow ar e-  re’n t e d

I ur~’ t .hic  wail t o u r , :  Si a n n  ‘,_ i 1m 1 -r -xis- sn t l a m ,  , al ‘ :, ‘au’n , o c c a s i o n a l l y  some ga I d  I , t n t , :” —

fo rmat ion  may s t i l l  be r cq ’ r i r e : l  near a wall .

3 ’



An ana l y tlo al  coou’diruatm I ‘ ‘ ‘ ‘ t i n :  t ’ , ,’ c’u n m- ’, t  j - ’n r  :n ’t :’ t ‘ “ : 1 ,  ,u~~a ’ : m ’ c’’~ , ; _ i u ’ , , , , r - ,, ’t n”
(R e f .  70) which is a _ i ’ ’ i ’y  a5 ’i’*~c * i\J k, U . ’ ‘ ‘ m m - ’ :e~’ n e - I  a - - s t o r i n g  a r~-:’r-, .  t s i t ’ ” rn , ~ ‘‘

when the s’te’s~’ gr’ m I ’ I l o n t  a’O ’iult ’  n , r~’ tr  t e - ’ ’  c - c m n m  , m ~~. ’ , m  ‘ - ‘ , e -~~t r ourr ’ ,I m _ i r j m j m . Sop s- o r e
that N grid j m o in t r  ‘ti”~ - be u:’ ’:’I I i -  tb m c ’ a m e s-  V

1 
~
“ Y X , . ‘m a t  ‘ lia r ‘ - c .

g r a - h i e n n t , m  are ant,i n ’ .i, cated i n  a i’ ,‘ion  ‘ : 1 ’ O i c k n i e r , s ~ ( II  — ‘1~~ - n n r ’ a r  ‘l~ . T h e m ,
Rober ts ’ t r n _ i r r s t’, r ’ m n u n t i , .,n Y

T
( l ’

~
) is ,- i v ~’m , t - y

x (x)~ N + N - ’ I )  n (  ~~~~~~~~ 

~/ f l (  ~~~~~~~ -
T X + b -~~ I - b — a l

w e - e u ’ - . . a = X ~~~~ b = a ’ / ( i - e ) ,  and c = Y Fb’s ur~ - ’a t ’ a ra .l ] y _ o m ’ i~’r ’ cl ; - i r m t s
in t ln e  tra r :~’i ’a:rm ”d c’, ’ o r , I i r m a m  ~

- , ,‘. ,,, , en n-c ’  a u r  ‘ ‘ n - ~- ’:u at , ’s resolution ‘n f a t I ~ t n ’ ,e
overa l l  r e g i on  ,‘~~ X ~~- X~ and ‘ m’, ’ -  s a n  “ .‘ : - n  _i, , 

‘ X <
~ ~ (X — ’ l 1) .  Lm ”~r i ’ ,r at :, ves

with respect to ~he pim p’  ic~ c . , ” - r ~I 1 , ~, c ’  - - X • a r ”  l’P’ai  m e-si f rom I’, ” O i l  1 s-wI n~~’
formulas:

A~~~ 
d ’~ ~ (90 )

C~X ‘
~~~~~ ~~ - T

c3 2 : ( d ~~T \ ” c3 2 
+ 

d 2XT 8 
(54 ’

~~
‘y

~~ ~ d x  I Ô X - - 2 d X 2  ~ X T

The use of t a r e _ n — s a i n t  d i t ’I ’er cn r m c c  - - n  ‘ - u ’ S - u ’ ,’ f - i t ’  ‘. derivative: m r  b -ne - . ( - ‘  — 1

produces s ina i ], r ”  om em - t a r s  t ’-~ r’ den -,- m r t  ive s . ‘iTh~~m ’r “. - - :~~ i - i - _ i _ i t  i v -  - - r ’ ’  ‘ u - n ’

can be comp uted a t  the _ip ‘m a t of a c’nlc’,Jn,tiom , arid s t - : r ” . J , 5 . .” ,, ‘ w ’ , ‘1 ,  ~ u . r

locations of gr id  points . i.~o f’ n _ i a ’ t m : s - s c ens ide rat i on  of  the t ’t” :n : f  - r u n s u i - -m r i:
then required .

I

70. l t ob ’ar t , s . I . 0 . :  m ” . ’mm ~j ut , ’:I .ional t I C - I r e -  t o t ’  i Sn ’un cIa _ i’y ‘ a.y - ’r’ m r , - : m l ’ - i r , :

r ’ ‘ ‘-~~0 l u n g :  of th ’~ I ‘ econd Int , ’s- r u m . ’n I onal - . ‘ -sun  t ’n ’rence am : d ’ m m m ’r ’ ,- n ’ i  ra ’, t’ - - ’ I ,  ‘n i :

i t ’ , I l i A d Dyanmics , . ‘ n m ’ i n , ~’ ’ ’ r — Vm ’r ’ ” n . d n w  Y ork . l°~ l .  p.  11’] .

I
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‘ ‘ t a . : ;  Iv

c m . tIp m n ’ ,n .‘p.~’ ’ i ’: ‘-;f I - : 5 ’

Ta -,‘ a I ’ , , ,’ntcn t ’e  t r e e —  L ’ - m e m m m _ i i  “ s al  -s _nu:putmi ’, l - - m n a i  a, -, , n’e ’,e- ; c u ’ : e - :

Sn + , ,~‘ ‘ ‘ e Cue- s e ’ t i , ,- : r . : , c.u’: . a r i a - - i n s  were  n :ra- u .e m - e t ~ ’e emn :‘, , m m n ne m’ ’, -  m , , r~ - m e —
. 1 - a  j o e - :  f _ i - u : ’, 5’ .e M l h  - 

- - Se a n n J  suit ‘-b l i s t ,e em-s e r ’ i r , e i , ”- ’ ,i iO ta. tan - , ”m-

e ‘ t a n m - s ,  i ar  ‘es ‘r ’ ’ ’ - I, c- mnr b: . i,nm t, r by the i- ratt .  5,m ;~O, t r m mr , Al n’ s _ i ’ -  s t
I C  i ‘, ‘,‘ht m ’ e s - ~~ts c on s i s I c :~~~1’ n ’ n - :  en ” , ’ - i ’ c  m u u e a s - r ” e u : n e m ’ t n

m a n n ‘
~~ I 11’ a. s IP  e L - P s  I ‘a n - m n -n ’ 1: :  a or-she ma r m m m ’ s , S a l  , ‘ m - c ’ - ,,: ,u - e m :r c t l t s ’  ( _ i n n l .” , r ” c

m n ,  _ i ’ ’
~~~~ m . ’i ”  -u : - , n i ,i t , _ i ’ i - , n n :-n i’ ’ e . - m u l t i-, m’ - m n ’ , ‘mi le , cnn m ’t n , i5 : -x i  ‘e)  n n , --:e :’,

- an . - sa:ns . ] m - m , - - p: m e ,  - st e-er  ~u i t a . i ’  La. ’ u m r c a o n : n ’ c ’ : m ’ n r t s  ‘ -sea- c a’,’ai .: a i ’ l e  I ’ m ’
‘ ‘ r ,n ’ mt r ’is  ‘r : The ‘ -A ’ - n ’esea l’  - I l  c - m i n e - a l . - a is a t e : n  a n n , -- , ,lar b e t  wi t ’  a cr ~~~’s

s e - t i  -um i~ 5 liv 3 .u i m r .  annu l n-j ul “, e _ i ”ns l .t eu r , ’ t h n  , ‘f a i -  m m  I. , )  ian . ta me I ’ ..atn,e
I ,  -l , ier  er r :  loyed “ n  t a m e  m m , e a. , n ’ , re:’m-a ’n . - ’ - i e s ~’ _ i ’ i m .’ts : : ,ere ’L n  ‘,~‘as a ssee _ . a ! e

( m . ,2 ’~ in .  S h n I c n < ) c , - n n ’ta .i r m j n p  an a r ray  of ei, ’d:t (8) n - d e s  as sn: ,  vu: in P r o , .  ‘I .
‘t’:e h - _ b  es are ‘. 307 in .  I m i  - ‘Ii a mnnete r wi tm 0.7 i n ,  l ’et ’ ,e eenr hole c e u s s  e rr  -

T i e  ‘A’d, ‘ s m r b n n n ’, ’ l a m ,  0 :-: : en, ”t rm re n : t ca m :- ]  ~_ ie s - r e_ i a :  - r I m e : Je t— A ai l ’ : r ’m i ’ n 1”,:e .,
wtn l c~, was ] -r eu a : se w i th  a r’eheate I a i r  stre am , Tm :e n~ -r m d n : a  fuel c ‘mm - :

t i - u n  wan e- 8”~. - ‘) mee t ob’S a ’e r ’seun t  cat ’:’ nr an- ,I l5t .l wm . i ’:,t ~‘e1’ ’ e m i t  ‘ y m u - e m ,  a’ ’ t ’

a an ‘ c , - au ’ s-e l r ’}nt 0 l iud.0~ t r ere f re . the u n ,;me - ,i n ’ a I . c iiemi~’al 1’ mm ’: s , i m ,  f -n ’
t m m e  ‘ mel is C~~ , s~t~s i _n~ ~~~~. TI n e  fn r e i  heaL of coin:: , ,st I - u_i ‘i s  as : a- - s ‘- a t e  o;

- , . n ” - ‘, - (,L ” - E :t’ /lbm), au n t a : t m s t - a m r t  fuel s n - e ’ i I ” i ’ , ’ ‘ c e - 4 ( s .

c-f 25,10, (1 b a r _ b e  -:o- °K (o l t n i  .i bm- °h )  ‘~~~s’ i t S C -  I in  the _ i ’ e s e r m t  ca:  . u l a L i , : m r s
‘ m ’ m ,e a i r ’  n t ’eI ,eat  t - enmm y e _ i ’ r t n m n’ e  measured ‘ : m - ::t,reaj a ol ’ t i - ’ fi ane P ‘,l,’:er’ anas
m l ’  n_ it  ta-(-’°K ( ‘ ‘ S’°F ) ;  th e t’ ’tai mass f _ b  w rate t n i ’ ’smpi: the , ‘ , s ,mt , -m , , - m t  a- r im :

~~, fu .v ,f , ’ 2  k,: see : a n - l  t i m e  fuel mass t u r n ’ S  ion  was- 0- . 322 .

Tm ,e -~ ‘uu m pm trl t- i. ana I r e , t a ,nn  boundar ies  c o n s  he re - :  in t m - e  : resent ‘ut  I , ‘ n r . I m u —
Lions are Sm: I j - ’r i t e ’l P’, - i n , s m r e - m  l i n e s  in Fi ,p . 3. In o r - n e _ i ’  t’- ’ r e - i a n  -e  ‘ n . e
n - a n t h e r  ‘I ’ ‘ r i - I  ‘- - : : L s  r e d - i a - e l in t I m e  ca lcu ,la ti ,  “ t i m e  : ,, -Ii a . ’ :-a a l e _ i ’ n r was

he m e r ’ ,.:,jj c in the  ,i -n, ’ i t n n ,l ina l  t i r e - t i -  a .  so t n m a ’ S  s:,’a’Jse I ”::
m . ’ - - - ’- m m - t m : ’ : ;  a a I i t i  -ur n ’  ~~~~~ be a: -m ’ ,i st e i  and a r m _ b a  : - u t e— h a l f  ‘:1 toe i t :  n - f .

- r t ,  u -nec m be ‘ ‘a’: u. m e t e  • as a n - , - ‘on in E l , ’ . . The t€n tmn: -e n e-n t ‘ ‘‘e ta cut so ‘‘n - um ent
I mm ~‘:se ‘ m n: i - m : :  5- - u’ i m t - l i e ’ , t e  S m  ‘0. t n  i s is a ren t , ’ , ‘n ’ n u , r ’  - a a m  : n’ ‘ - ‘m l  u ’ - ’ - t  I - ‘ mm -

‘F m _ i- ’ - ‘ - ‘ : ‘ nu ’ , m t  a t  r una l  re ‘ 1 -  mm an t i coordinate s’.;’ em ’ - a re  i _ b  i a m n ’:f i’m - _ i s o  n m m
J r  , F’-I ~n , ~a._i a , - s ; -  -w: 5 1 € ’  sect I - ‘a:’ (A , B , 5’ ‘I t’ .’i’ : P i i c l r  u ’ - i e  p 1 s t , :

m-u: - ~i a . l ‘ ; e I ’c i i , . I . u’ m n : , ,’ m ” i I i’m ’ , a n - I  f l i t i ’ i - .’ O \ u - I C  m 1 1 ’C i’t’e~~~’ m m P -, ,  n’,_ b . l : ’m ’e ’, i  ‘ t
,‘c - ’ ,’ ’ e um t ,’- ;  -.,‘ere m a n e  U 5 I i i t ’ a 17 b_i - ’ i t ~’,’ 1 1  m ’ a - i ’ I  ~2aC ,~ ‘ u ’ i , I  : uP -ta 0 r t n , e

• a ’ , mm - l m i ’ € ’ C t i  m m : ’ . m c ’ s :  os ’i , j ’ ,’e ’L’ ,’ , A mm m a : ’ : i u n m l m m m n  ~r :’: I ’i I i _ i l - c i t y  ( m o ) ‘f .li m ’ . ’7

‘m m - c ’  (‘
~

,“
~~ 

, i t  se: ) s’_iui :‘ n e  p .  I c c - n  , - mat - : I’ r 5 , c’ e ~ , e_ i ’ i : ’ne n :  a I ir is ’ ss 1’] s_i,’

i - u i t , e - ,  ‘ ‘ ~ e r’’i ’e n ’ e m , ’e ] m ’ m n -  tI (i ,)  I’ m ’ a l l  e r r - l u - -  I . , : i s  -~~~~_ b ) ’~~ unm et  C t ’ : ’

,~ (‘u ‘i n . ) .  i - C  ‘m ~ I ’ mr , l a t i . - - r r  mm~~mn i u : I t . ia t ’ e I I - ’a.-’u m n ’ t n e - - a ’’ . 1 ’ I ’ , n’ ’ ’ ’ ’’:’- u ’ P s i
as ;  ‘t n m j n , ’ a r n : j ’ - : t - i ’ u ’  m u t t - S ‘ em ’:: i ’ m ’ u t t , m m n ’ c ’  ‘ I ’ I” ‘ ‘ N “ a  “ m u a ’ : ’- : ’ - n ’ ~ ci ’ ,l . 5 ’ , ”: !  ~

_ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
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tm (n n t m u m o m - m ~ s r ’ i ’ ’ :-r e a , : u’e ) . A a j a ,  ‘~e 1-  ~ r t _ i  ‘c l ’ ’ les a n n e  -“ I , C t n  i u :  l I p s .
7, a i r - b  8 at sect S  ‘mi s A.  1’ . and C .  r e a r  e - o t n ’ : e l ,- . :‘ m’ a s e t - i c r  .‘:: ‘ a x i - _ i l

t i - -m is , Ii’I:e q ua l i t a t i v e  ce-in fo ‘ t en i s t i  an or ’ ‘- nrc s ’s t  a.’.-:, our m I t , u : L -  ‘ S m :
-:om n m b srs t . ’n’ seenun to be _ i’ em _ i’c . ’cu n t c -  m gui to a-c - mm - mmmd ‘, , ,:,~~ - m n n .’ I u’ - - ot: :5
a m-ra y from the ‘Sum l et  , t a r e  ‘ ci. SI, t e e n  j uno  is e :1 ic -at  a n t  m e ’ , n. !’:(- 0,  0 m
olearl ,’ resent  be i , ’ i m l  the inlet- lane wall ce; i - n u n s  . : n ,e to  ‘.m I a _ i ’ e
inlet ceiu- ’it y and Sac re .Ht  I - - e L ,’ small r a u n mm l - en’  - i t ’ ‘r i m I - S m _ i t s  ‘ - t ~,5 ,i 1,0 ’ :
in che cad - ‘ r J a r i  ‘m a . cell he ’s: , 1 - j s  numbers in t , m , e  ‘usia - i i _ i - e - : t I  u r  i -c . ‘ ‘-n_i _i,

Iat’oe so that s ipn i f ican t  a _ i ’ L l  t ’J , cial - s i r - - a n i t a  :-,‘asm reqn~i ‘c- i i i i  the -
r , i f I ’e_ i’en oe equations (see dr ’IC’l i hIi  I I I ) .  ‘FI , e re,:e rm -e 1’ a_ i ”. I i ’icial

-,‘is-sa s i t ,. in S l e  r esent ‘ ‘‘are r o s s - I t c h  in a 2j~ l e a - s ee -_ i S m : - ’. ” ’ ’~ - ‘ 11: mm ,as s
fI r :.: between t i m e  i nlet n n e - , j  C ‘ m u - : t a t i o - ’:aI e s - m i t  p ane (:‘:~ I , , , 0 . -: ‘ n - s . -
sional) . This I a n - l o u t :  _i,~~fl : - 1  r c a , s , _ i e - :  1 - m a - :  - er af ter  a : ‘ a : e u m n . mj t  t a - i n  I ’

‘ar e reus e I a im - m o res’ . ,i ,t s

l I m e  e - m - - ’i l i ibn i , n m r  ‘ -r n ’ - a r m --u n s’ ’ ,c,- : : i s ’. t’ , ’ ‘ 5 5 1 5 :, : S omi ‘-nan: nm , , - t  i - sm a -Se :
to b e ‘a t a d  ‘_i e ’_i r ‘ m e  i : h e ’  p - a ’ S of’ t, ’ ne - - -: ‘m: ,l ’ , , s t s n ’  sa n e r  c m r s i ,: en ’a . t i  m m .
T. eref ye , an ad h am ’ i - ’aj  Lien Le.ta’: c r 1 _ i - _ i a - I  a a.’a:’s a m :  use  m - m r  ‘,- m , m - 5- l st  I -
to s’e ’ m n u _ i t  s : n ’, u ’ea , ‘. :t i - .’utA: ’ s a t ’  ‘ n ’ t a:: , : em ” , :’ ,s’e -~~“‘~~ i n n _ i t :  aI’ r ;mn :  oc- .m , m_ i ’ i ’ i no
near t ine  i n :  I c_ i . T n : i s  ‘vm s ‘nO ‘ a’s - ‘ i _ i m .e I irs sac m m ’e ,~en ’,t r m : ,,u m :er i ra . s 1’ me se--
by r . e ’ [ f ’ s i, np t e  :-sc ’mr t . . — h i m n t - t i c  m ’” ’ n: ‘.n c a s t e - m n _ i ,  k :c. as a i’erun , ’ _ i i - ’r: of
a :-da ,I  - I , i s t a m ’n ’ e  s’s S m : m s m ,o i n t a c t  a nn e , Ti ,~ eldes t  of ’ t - :,e s e - -  ‘ i s l e  - i ’nm i t i
me,je: s-n toe ‘ i’S — n ’ e-n rr .eni I n , e  am mi al  t en::: sec , ’S. n _ i -  m a r  ~at i , ’:ns tan sn . , ‘ -a in

Fl5: . • s i t’s :  -~ re-I ’ h ire -s er I rntem:t ,a. i sen _ ia :  ‘ .n”sx_ ieant s  at s’ :n ,:i’ n -n e-cia_b , 5~ ‘n ’,. i m m :
T: ,e , ‘as ‘ em : , - e_ i ’a t r m’ e-- _nf ’t ” :u ” ’ lK ( - \ O ~~) r I . ’ i n al lv  - ,5 n : , : , : t a - a m u :  s_ i’
t: ’,e f da : m sn s ’ ’sol m e t -  i . s nn l m c’ ,’a’i - “m a ‘ ‘s n : .  a .T . sect  r emi t  m ere--. , ‘ ‘ ‘ ‘ , - ,h :m m ~ ‘ n ” ’ , , t ’em m : u - u n ’. ::
mAth a i n n  ,, I a_ i ’ :‘Ii rn m:. c Imar l  m e r s  I’ ,a :e s1: ‘vu : is: m a t  ‘bi , is so ’s, e r a_ i  - . r c  r n , cs ~. ’ ~n ’eu: ,etn ’.
is a- - bob I ,’ sIn c’’” a- -am’. s in , ,- m m i  . 1 b e n- n . : ‘_ i’ -’xj mad ,et ’s  I l~ 

- K (~ , I . ‘.“-“_b”~ .

is :- .- m_ i s i s t en t  ‘ -.5th the r e - e n s  in t e rnmen t -  n_ it = 0 . J n s - 7 .  LI Sm _ i - se  toe e n ’ . I .1 ,lb a’ i ann ,
tea: e : ’n,t m ,rea ‘ , ‘ m , t m ,”;e m I .-amsta’ e an : are rns , i i ’ t e , r  ‘ - -i’re ss mn . Ly (s- i_i :. —‘ i t  .-ee :’,s

~j, ,,, 1 , t h a t  ‘s i r e  rae t i n t _ b  t ern: en” ( - , , re - ’  1 - a -  1:: Stl’e’a_i ’ , ‘f ’ t , : . n-  A :e- ’m,c m rs i - m c i ’ S 7 _ i  K.
‘I :,e : , i ’hn n s’ r  te rm:  c-_i” L , .m’ e ~ f 1 3p

(i 
K t C l _ b  e’-,’ed 5- be re :m ern t  an : st i ’”jr 1’ “ -li i .  fl  a mm o

: ,  s l i e r  r m ” 55 i-c ‘ - S t r i i m u L e - i  t ’- t r eat ta ’”, :m , :_ i ’’an’ tjni’, -ni ,r jm 5’ n- t ’ , ’-:me-’ 5 : - i  m o m ’ I~1~ r:

- ,‘ . mbm~sui  mr , ‘, om mi n to the ‘I s iS -  :‘: , : - : L ,n r a  u~~3tre’s e’r of tir e - f - an - n : nn ’, , ’ ” • a ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~

t o  , m - ,u:mi - , m t i  m m m r j  s_ i  e m - _ i : , o_ i’ to r n :  _i ’, I - m u m m e  1 , - I , m m ’ , ‘ t n mi ’o r t , r m l ’ n t - n , v .  i n S : :  I 0’

“n u t - i L ine  ran~ ‘s-a-te l c’, ’ l i c t i , n i i ~~~’ne- ’~ n - a n n, : m ’ _ i a’ I - - m m n r f l  lu _ i . :  “i ’m’ - t  i m r _ b e t~~m ’ - ’n ’:- e - n ’ ’~ t, , r ’

:‘ m e r  t- ’’e-’ ’ t.ment - I , ’ Iso , , -  t’,l n m: m mn’  It: ’l ier  i t  ‘ m m m ’i i’Ir’; con Ii t i - n t , - mm. :, , -, i  n e - n  , an

s i t  I L L - - m t - i  i r f , -n n r ’m t ! c ’ n  n ’ , ‘ u ’ l i u r - I  the r e n t  i l” ~ t i j 1’
~~i’ or - , n ’ r ’ni ~’ - i - n ’:’ , ‘ ‘r” ’, t ,a’e 1’

t aLe t ’ J ’ nrmm ’  I rm nl lns ’r .  If ’ t- : ns_n’c “ i ’s’ s S ’ m n i l ’ i i ’ ’ n m S  emit _ i l ’ - ’,’ J . m e  ,_i 5 ._i ’ n : o j i  I n c  stI - m ~ n

t s r , S Im s - me ‘ - sm a l l a S be a’ n’ u,’e-’sL . I ’ -,’ a - c - n ’ -: - n d ’ h r - , ~~~~~~‘ ‘  ‘ , h i ’~b” ’ ’rt , ic ’_ i’n ,1i

ur l i l , l n - n s  s i c t , ‘ ‘ l i v  em ma e -y ’ - i  I n S - : , , - r n ’ nI l ’ u t ’ m t ’i m e l . ‘ i - ’vn ’’ ‘ ‘ ‘a - .  t ine - - t a d - t i e

w a l l  - . -n-lit i ’n m r :: “i n ’ ’ ,‘ u r m i n t ’  t n t  : -r i t!n I - m m ’  !u n i c ’ t . S n ” s ,  e r n n t n ,  n’ ’ - t ’ ’(’ -n ”N :50 1:-
the c’i l, ’ i i t  -‘ n t , I “ i n : :  . ‘no I ’m a -t i m e r  - ‘ - mis I ‘ c ’,- t i m ’  n ‘ r f _ i ’ m ’ : t i r m , ’ t , 5~n S “s .  ‘ m ’ ‘ - tin’

r e - [ i a ’ t i - ’n s  iS ta re  e r r ’’ a’ in u - r n ,  f l - a ’ :  ‘ a J , t _ n ’ j b n r r ’ i l ’ ] t’ I ,  ‘u n ’ : l f l , ’ r ’ta _ i i . ; o~ - n i t ,

i t ,’
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- a - m rs in crass flux asnm - :-anni ate i  with density would bin r e _ i _ b a s t e - i  in t u m e
temnr :  m,-_ i” n t s r _ i ’e  t m m i ’ n ’ c i c m m  toe equation of s’aete . Furt imen’rmei’e , s,Lnc a n_ i::C a - s t e - e l

.5- ’ :rc’:’arbon - ‘. ‘c_ ir:r b’,_i ,’sticnr, is a ‘_ iune ,m : : i l ibn ’ium er -  s e_ i , : . -mmd .’,’ q_ i ’a l~~t ’n t i -_ ie
e lm , aI’isoflrs are ‘, - ,‘m ’,rran t e.: b et - se e-ma t ine re : L “ S i  ~rm5 ‘ -ci . : n’:c- ’-, o ’- n r e m mnn t m t s  an ’:n m m ri’

chemical equilibmi - cue_i does not exit . In f o ot , the ,ii:’f’anrerm ”e bet’.-:eem_i c _irs,. ‘ste.:

an-i measurei’i axial temm:erature var ia t ion in his’ . ‘
~~ 

is believes t-s be m a e
:n: m n . inl~ to Sr_ ic nonequilibrium nature ol’ the c or ::L’ssticn cl_ i-s _ i l strm ’ , e’,n- ,i thus
accent s the aniro-rt ’:omnin g s :.-f an equilibrium chemi:ari - rue- - m e - - a .

1-lam h imens ional  temm :erature Pr-  I I  _b , es a s o :  m ”n sn .e-:t’a : I t ,  Tics . Is to  12
at sect i ons A , B , ana l (Ii , _ i ’e n m _ i e : t i  ‘‘Ci’: , 1- sm ’ a se _ i l as a_ i ’ a:-’, , a , s ’aaa i  u n s
T n .e _ i’ eserr:’e ‘ 1’ a r t i f i c ia l  visc: :-si  t ’,’ ( S u n  t I ne a:-:ia ’I d ir e ct ion ) ‘ S u n both
t ’re spe, ’ies and ener ’n’ e-:m ,ati ‘n a_ i um :ay aa ’ ’c- d i, -:, ’ rae - the t -_ i’a ,’m s’ .’erse
te a , :e _ i ’:n c’m n ’e profi les , s i n - -c - , S s i  ‘to t m n e  j e t  b -earn :ar’ies a u ’S i f i c ia , I  -. t i l’ II” :r i iu_ i 

- ‘

is an ion S f ’i. -e’ amn’ te a r: mPaY ’e : to c ‘ m i r e ”  ti -n . i-ic : t i - s e e - t a t _ b  m e  C :-: : e - ’ m ’ I u ’ e t m n.a,.
tens: e ras _i nrc n’seas’m :remerats arid :. mre  n ’ ,. - _ i’ res :” on ,ij n s’ re- ,1i -s m t ’! ‘se-s a r e  s i n s ,’vn r in
F in ’s. 13 to 15. An axial tmm m _ i m -anaa t imn n of tw’: - me :i-:’te ..: t ee-’, era ,t ,,,re r-s-i ’_b. I c :
(Fi~~s. ,~L ar i ’i 15) 1 m m  icates reasonable quali t . a t i’:e a ,s re , a mm ’ enm ’ a _ i - n , ’ a n n  t m , e
:ae’ n .:-~i’e i pm’ :i’i Ses- . T h is  t r ans la t i_ in  is an a :.-ss : :t er i - :r i  aAeu nr : t to

mn - c e - s a c f  r t m r e  s Ines -a -re  ‘t e-se a: .i ’r - s in e t .i c  rate - ‘ - - n : , ,t a a m n s  em: I .ye : in
t :,c ;aic’ -lat i”ns . T:.e qualitati’-e se ’m’ c’ea-nem ’ mt e tiss lay e l  ~n ~5 j 55 • lr , ~ _ i 5
s-: ~~ : :€ - s S e - C  c — r : r : ’ i ’ ,lence Sm ‘tn - e ra’omer’:c-al r’ - ’ e - , r_ i’e -- a n :  ,i , m ’ ’ ’m : ’i : ” _ i i O n m
0 ’ a- LI “‘ - e r  em: : : a-c , cue-eat of the atnysi-:al mcde,_i mm . Also , t n ,e h _b a t -  a-ti  -a i r e
to ‘ - ‘e. ’si e ar t i f i c i a l  -;iscosity is a p roblem reca ’, , i r ’ i : mo  m et ; ci ’  mm’ , m i _ i’
‘u, e_ i ’ ;re ‘s :ar’r t i t a t i m  el_ i -  me aninp fin l  s nm: -arisons can be m a _ b e .  h - -:th  Fad ’s.
usn l ,,,5 s i n  ‘as s ’m _i ’ s :- j  a, - a - eemeum t  between rem _ b ic t i - .n arm S cx: er ,ane um t - ‘ u m - ’e
: , , e m s i j c n l  e ’mui ,[ibr ium has ‘s - co mm a n d  nic e I

,Im ni, y a lIe-i ted m a m ,u ’Thc ,_ i’ of n _ i l  t a - S  ‘ s’x .j  m e (NO ) .‘-s-ncentn’at I -a n - ne - - a . :  , m n, m mn , ent:
- -c cc- ma Ic in  toe combustor ‘ ra t e r  - ‘se - s i  e r ’ n t , i , ’u n , Since s t e  Nd en _ i- r’~ti  a
is sou rs  I t i - -c  to t in e  temn’era ”- n n n ’ na h ist s ’ rt ,’ . - _ i ’ a f t  a _ b - :  : ‘ a std ‘ I c , ‘ m e  onl~,’
- :  men : ‘i_ i ’L S ’_ ii”, :- r ’ea em n ,Se I iS t t n a t  ‘,-r t :ere  eqe~t J i h r ’n n - ,_ie , te a , :  e ra t- . - _ i ’ c. :5 0 t m - e n ,

a c e - i c _ i c - b .  T - ,e : r e - i t a n t e - .i US - ,n ’,,ri oemn t_ i’ m a~ ta-n: (I”i~~. i6) are ::s’r~a 1 i ’- ” nmnS. ,, ’;

m- ,’ts- r t itan mea sc ,re - l  ‘ :aj r . e s .  which may be : ar -t i _ i ’  a t t _ i ’ i b , , t -e : 5, t ,t :c s i n : . :  .1:’ , , - -

‘
i n ,, ’, assumer : t ions made in t , :mn ’ s  i reseat 11, ‘ ‘ : n e m tm i  m t  m ’ s  ar ’ra l ,’.’ s - i m m  ( ‘ : . t ’ I ,  ‘II I I )  ar m

tn _ i nonequilibrium - - m m e t s , a t _i ’j’ e t _ i c  ‘ to  on c amP - ,st,, ’ a- te: ’nr en ’ a t  - ‘ r n _ i : ,, idarm’t m c  m c i  n - n-

II ’ ‘ n : , : m - ’ent ra tj  - .-n s of ‘n _ b’ :  :e ’:en ’a I~~-m~ are d i t ’ _i ’ i ’ ” . 5 1  I ,  ‘r e - n m ;  cC ace- ra in ’ , - , . ‘1

TF ,e : r n , ’- e - t , t -  t m’ ,m m - n : ’ n ’ l , ’a ,l i ’m- .:’ - ‘ S mea n n , n l ,r a t  “ is ‘Is . :, m m i s  b a s i c  I i n S  i ’ d  ‘ m

,‘
~~~

‘ ‘ m e _ i ’  ‘.. ‘ -ISm : - t at  i - t r i a l  m~~’ - c- n t - ’’ 1-c e ‘c e :  , m r i e _ i ’ i . e  i ’ m ’ n ’ :’ n ’ nm ’ s _ i - i ’ .’ ‘it : : ‘ ‘ n

‘ml : a r - l i f t _ i ’  - s r i ’ S m ’  MI Il ’i  - - - - h e  t i’ m c r 1 - r n ” m l  ‘ - mi t i m r s  01 ’ 1- - , - n - ’ ’ - ’  b i t s e i m : ’ i i - n n ’ ~,,
c - ’ r mi t -’ r an t i nt ’, t~_b - ’ v ’ W I t :  i’m’ - I n ’  ‘ r , ] t t t i  a .  T n i e  nra _ i : I ’ u ’ : m m m: r a \ ’ m - ,~’ : n ’ s-I ‘ -

‘ b i . n ’ : ’ n ’ m’e n : - l n ’ s ’ m . e m e  i s  a :  m a m a - e n S  1’ -e - - ’ mn ’- , se  0 - i l sI , m ’ n 1 ‘ m m S_ ia n : m ’ e i i , ’t  S - - r i m:

_ _ _ _  , - .~~~~~~~,-‘~~~-~~~‘ - - ,—  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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due So e.ccesSive art ificial! ‘~‘ i s ’ : m .’s ltj . hIx’peri.en- ’e at 1J’PRC wi tr - t ‘ r”

. mm r J ’ u UCi ’ - r Ie (F~ef .  ~9) has shown t h a t  a two—equat ion t ra i n - ’ , , r ’ mm . ’ n o -P
I er r - c - .‘I ’ n ’enu si tr,nsi t’icant advantages ove r a rn -i  xi r,g _ b er i~’l , n , ,  e ’ t h y

L m r r ’b ’c_ b on e - i’ nnar-I e ,S tn _ i  v i e w  _ it~ the c o n s id e r ab l e  d i f f i c u ’l tm y - -0
‘a cC I fy~ ng a mixing length d is t r ibut ion j u n  a f e - n e c -  l iner: : i -no n S cc- ‘ i n  ‘ n I  at- ’
t n t , ” II ow .  ‘t’ t re need for a s im u t i - l e  nonequ iiibr iuzn t r p ’ l r ’ .’ - a r m - r n c u r n m n _ i S s t r ’ , ’ m tn -

:n m r c ’ t I  as ‘ j fl C based on the an -i m a t i e  step r ’ e a - _ i t i , n m r  m e o n m i n i sm , Eq .  (2 .) ,  is a nsm s ’
er.’mdent . Wo r k an alternate differenc e f n rr r i mr los i ’ m r r  h i att,: w ins . n - - C

‘c 1 Reynolds numbers and om’i a Sw’ , . e ’ u i m _ i f , i m r t : r r ’ t ’ - uJ .ence in- t m ’ s  as I I Ut -
“n - S e - i  ot:r~ ‘ mm - l e a - 1_ b i a mm e  II e m _ i’ the present ::r ,ntra- -t , .

— ‘ — -.  -
~~ 

— —-—‘-~~~ ‘—.‘---‘---- - -- - ,— —~~~~~~~~-—-- - - -- -“-S- — __,_~ ,~, ~,,, . ~~~~~-~~~~~
—‘---‘—

~~~~ --~ J14



fl

----— - - - ‘-‘-

~~~

--

rn: ’ - , , ‘ ,- ,‘ IF’ m , I ~Al . s ’
~~ , O m . 1 ’ t ’ t a  I ~

‘

- , ‘ lr a 5LI~ ’ cmi: at ’ a ’ C m s - ,_ ia m , a .I ‘.- , n ~ / 1 t l , m , , u  s c - n  : 1  as ’ e-m - : ,
~ 

. _ i , , . ’s . i : i r m ,

‘~~ t t  it : r ., 
1 

2 .11 n_, ,,, .,, b

H a ) 2 1 , + - t r 2 5~~~, + (h , ~~ I -~~

m e  v ms - s -ca m -  - ‘ p ’ n ’ . i n ” n - 5 ’ - -, - - ,5_ i a-~~ ’ - - 1 ’ , ’:’ ‘ l i - i ’  I ,‘ S s ‘ :.  ‘- ‘ ‘ ‘~‘ ‘-r ’ : - j  : ,n _ i -,i iu ’ m ” ; n ’m, ’ ‘ la l
en ’s m aS lam : , :  in s  ~~~ nm - - ’~ ‘ :‘ut ’: ’ , l j - ,ns ’ ’• S m : ’ ,- - :  Or - -n: . u : ’  - ,‘ ‘ - - ; ‘ - ‘ m ’ c - n a’ I o t , s  l~ t t

‘ i _ i n _ i n  : -e I  n, , ! ‘ ‘ ‘ I . H. an I r : - m  l ’ s ’ - - ’ -m - . i u ~ “ ‘ ,
~ ,

- ‘ - -- s - l i ’  a ’ e i i  -
t i - c ’  i n ’ n r S  ‘m~~, 

~
- _i

~~~ ~~ 
:‘ e- .’ ’ ’ ‘ . 1’ ,- ’ . , m . ’,’ ‘ ‘ “C - m a ,: :. c m  D; ” .:’a ’ ,e-’ L a’

o ~ 
. :~ a

t m ~~ h 2 ; x  
+ 

h h~~3 
( ‘H

ct, ,i a m .~a - e a-al ye -C: ’ on ’ ‘ ,-

-
~ : , - 

‘ 
.5 ,

L i n e -  d~ i ’_ i r ’ m ’c ’n , ce  -‘ r ’ a v e - a n~’u - i - i ’ .~~n , nay

V 
~ 

(H I, • 

~~ 
, ~~~ 5 1

3 
v 

~~) + °~~- (h ~~~
, v 3)j 1

l’l:’: ’ij ’,’- m’- . ri se s i c  5 , ’ n :u : ,c m ’ s , ’ ’ , , ,  ‘ n _i. I n cc’::,;, ‘ - ‘ ~~~. .  i s  a c- _i -a - - - s t
I nc  I - ta 1, -w i ng C O m’ , i ’ ,~ ’ m - ’ a: s :‘

. i 5 ) ’

m\ ” ~ )~ b 1 h2 h 3 
[ :n  ( t ~~ ~~‘ tm mn ‘ z 2 ~~ h 3 1 12)

‘I h t 2 - ‘~t ’ - 
~?2 

(~i” 2 ~3 I  ~~~+ ‘ i 2 m 3 ) J  m m - , 1 n 2  a- h~ ‘ :  ‘~ h , tn , ~~~,

IV 5 5
: 

~~~~~~~ [c n~~ ,
h ,,~~~ 1

2 ) +  
~~~ ( . 5 

~
‘

-:~~ n~~ ~~~(i ~~ n n ~

% ~~ - 2 2 , ‘~ t -‘

~ 
‘ : 

~ 
~

-
, • ‘ i ’ , ,  m t, n ,

- ‘.,_.

~

, ~~~~~~~~~~~~~~~~~~ - -‘-—‘~~~ .---— -~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~



- 

~~~~h [a (h 2 h 3 t 13 ) + 
~~ (h 1 h 3 123) + “ (5~ - . 

5 3 ta ]
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h 2 h 3 ( 1X 3

‘he i or e n ’a r n : o  r ’eia ’ i a t m m i n ’Lp s ‘ Ia - me s ’ m L ’ ~~’ i 5 L I ’ ~~nl i m : t ,, m ~t e ’ m , a ’ i a ’ ,~ ‘ s )  5~~ (‘H

to obtai  mm the ‘a v e r t ,  1 m m , ’ nn q-~a t ion s i m n  4 .he : e m er . a  ‘ s e e d  - n - I  n - a’ e
5hmn axianynrsmretr ic o a sr r ’ d i m , a s t  a: ar ia- aS- ’ O lm ad n.y m ’, ,mjj c’ i : s  I n — = r , : - : n ; ’ - m ’ -  a 1:: ‘ I r m a ’
radial dis  a m m m e c ’  I’m’ s::, ~,,l ,e ax le_ i  of :1,” n: mr n so , r ’ ,’ a u n ’ i  x2 is ‘ ‘m e  am ,, — -last ’ t n t -n_ i r’ ’l t :a n-
(Fig. i ) .

Aur  am ra ly mm i m: for - I t - ’  e--r’n :rin:a, 1, ion, of th e  umm u t r i m ’ ( m um _- 1 t ’  i c t e m , ’,: t ,~~ ou s t
based on the t ’~o-dimc-mn:iu:na i inc omnprer:siL im ~ p0 _ icr : . ’ ial flow “L n. - a l , ’: ’ t am e
b een deve _b ’.’p ’.:s L imy ,‘,: d,’ ,- r ’ a ’ o n n  ( 1- ’ t~~

t’ . 71’n . ‘ . u, ’e ’ad u ’ ’ .- ,’ i ’ , l r a ‘‘ - ‘m : ,m ; ‘- ‘ ‘ u ’  s m - . me - i - ‘ 0

i , mmm p in _ in n nms ’ mn n , the a::ai’:: ns  . I t _ ic mmnethod at . ili: ”,n art htar ’c- : .nu i ::‘ r i::; 1 i :ne: ’ a ’ , ,d
vma -1.a ’ i t a _ i ’  p 0 _ i _ i : :’ ial lin .s’s as - I r e  co,a’r ’ - l i e - a  , ‘ i S : s , : 0 ‘ 5 , 0 5 ’  art ’. z , :-l ’ .s , - , 

-

re:pcc” i v clm - . I’ . - . - u - - - :’ me - : , i’ m.’-”m i- an . ,-: f’ s _ic r po e - s l a t : 5 , ’  ta .’a’ar ;: n : , o -  s-: ,
X :  ar-a soi’,ri i smms a t ’ l - ,iaa _b,ne. ‘ 0 ’ S - - - p m?.s _i~ ’ : - , ‘S . ’ ., ‘ ‘ X~ - . = ‘- . i” ,~ mit .  

—

approur_b .a e-s- mm -:‘:::emui : as’ S - Ct ’, - a n t ’ x 5 aim s ’S as - , r ’cu . ’ : - - n -  - Oc r -~ i- :. ~ I as 5 . - mm : ‘ n_ i’
the  ::me ’ l’Ic c,_i c’ L’t ’lc ’ie .’ ’,e :  1 : 1  .in i , n - ~ an_ i : .  : - -  n: :a-e- , ,_iC .es ,.~~~~~ , ,,I~,e r m s - l a S S

= h~ = 1 S t 1. aL - c-r e- I .’~ is Sh e  : , o : , b : _ i ’ n , . u : : l , n:, al i c - r i m  - 5 E  vel si

~ots r ’ iO :m j i m _ m a c m e mr’ s  i. ’ ’  - ac m e - - i  ~s’: , a d opS ” -;~- ; u m n . ‘I ’ i ‘ : .  of ‘ l e m s  i — ‘ j : , - I~~~’ I - mm on ’ ‘ in

i u n v _ b .  , s - id ‘‘I’::: ri ;, ’i’ ’ nn b y a tar, ”- :n ’ cnnel  1:5’  a t ’  s’ m - m m , t . ’i’: 11’ -, - c- m m_ic ’s: ’ :. S t _ i r e ’
f o L ~_ i i n m n~ a :::~ ‘, - :— : _ i - i , : p. ’ .t ,e- ’u n . .  l I m e  , ‘ -rh - ,sa n’ - — ‘ m n -  t: ’ , : ’ :’- - _ b  - . - :‘ a n : , f  ‘ ran , - O ’ u ’ —

unma n ion_ i 5; t t n e : n  emm:p iom ~- - - I  ~a u ’ e n : n ; S ’ . r r’mnm ‘ I n :: p ‘I~~-:;’n , ‘L ’ ,S o a : ‘n : : : l—t : , : ’ ’e:
plane , ‘--: n :ere the ao ’.o m a_ i ial t i _ i . ’- cola ’ I-  m -  1.: 5. - .  A u m  i’ -m e - a C i’. ’ ’ :~~a:n , ’ - n ’ l es t 

I ‘ m a 0 n ‘h o  :, a - e t : r :_ i’, , r ’:mm ’ - ,I l:’.na ’ i n n ,  a ” + t n t _ i  “ar t - , - : r c ’ i ’ t , I  n - - i ’ , ’: ( ,n s ’ e - . - u ’ :
- f’ _iI,, .~ poi;s, - - ’ m r ) ,  O o L l  ‘w ’- ’I  b y  ‘. 1:’ . - lie , m a- . i s _ i ” - 5’ . - - ‘ o h m - a r ’  ~~ — ‘i n - i s 4 : ‘ : “ ‘ ,L ‘ n ’s,, : - —

fo runm a ’ t am: , P t ’OVL. i e ,  t t : e  . t : V t a : c id m J - ;_ i e - : .  ‘ les t S Loe-: e~ mJ co-a u’ : i m r a  e s _ i s ’ m m , :’ , : ’
tI m e .‘tc ’c lrc’d ar- ,. ::; ‘ u ’ ’ . 1’ :n i l ’cn _ i’:me — ’:’’i - ‘ 1 ’ , ’ r - . : m -sa n’ - - c ’_ in :’,J: ’ : - - m r s
a t ’ i r e  it ’n _ b,rs: ’ ‘,s : n - ,i ‘ - t , : ’ u ’ t ar nr c m an  - ‘1’ ‘i i , :  S ’ v i : n _ i I - n  ‘.‘loa’: “c ’S’ - m m .  I f  n , . ’ , - , - ‘ : ‘mi” : 01’

t i r e  i : v : . ’ ’ t ’: :‘So:r u ’ - , ’ i ‘ m , _ i a m m : ’  , ‘ X ’ ’ -o - , .t , n i :p: ’ t a ’ i : ,  /ou ’  s- - ’mmn ; s ’ ! - - - - sn ’ .
cc ’ ‘ I : ’: r’’-g io :, ‘ 0 r ’ ._ i ’,n :eci Sri  m ,~~n V I C ’ .:, ‘ n ,  m’oi n ’ I ‘ - ,. U r i c  cs’s: r p - : ’ ‘ n - r am -  ‘n - t i n: ,
Ira :  : ~C ml  me’sp ta ’ , ” m d 1.’ ’- ,’ : m d l ’ , ‘c i  ‘ - ‘ , ‘ , :n n - O t d  ( ‘ - ‘ - : ‘ . 02 0 0~ ‘ mm ‘ m a : , - I ’ ’ t , , ’pou n a i
c u m ” ~’ I - I n a n e _ i n ’  i ’ _ i - O d  S I - m s e ‘ ‘a ’ ‘ - m m ,  :‘ mm - ‘ m mm d : a ’ l o u ,  o n ’ ‘ a ’  ‘ - - b i n : : - .:’ I - - ‘m ,:i l, :n , : —

, n~- : , i ’ - i ’S - ”,- . i n n  s u - c m ’ S  Da::as, ’,:; . I i , ;  ‘ m ,m i a i ’ , a S e ’  , ‘0 A m , ’ r c t ’ : o m n  ( a n ’ : ’ . ‘11 , ‘ - m:  c
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‘Ii . 0,,’ m m :  - ‘m 1) . , . : . ‘ . - m’ ‘ n’ - ‘ a: - n _ i j  t ’ a 1- 1 - - I ‘ - — I- I’ m ’ ’ - - n ‘ ‘ - ‘ 1’ ’ - lot ’ 1 - ‘n
of - i’ m ‘ :  1’ - : . ’ , ‘as I rIta : :0 ‘ om n - , t n m ’ , ’ : ’ . ’ i t  to ‘1 ‘an 1 m m - “ I :  -s- u’ - ’ a - i  it 1 :’ - ’ s mci ’
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Figure 1. General axisy mmetri c comb ustor geometry ,
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NOTE. COMPUTATIONAL BOUND ARIES DE NOTED BY DASHED LIN ES
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Figure 3. Experimental f lameho lder configuration for three dimens ional

rectangular combustor
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Fi gure 4. Computational region and coordinate sys te m for three dime nsional
rectangu lar com bustor
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