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charao ’ cr 1~’tic3 require :ut - -~elLc ,-; j - c ~~ciur c~.~ ~ 
e. se~ si5~ a hi~;h ~u~ i-ee of’ s~pb~. r—

tioa: ~~c L . 1~~s t- at~ em~ ts at- modeling. :oa u~ tic’~ ~ -s ~rn~ 1ia-
.~e :~een 1ar~:cl;,’

frustra~f~ by the complexit y ~f th~~~- ~~i O l  h ’  lr ( - :rI l i.::i H ar. ~ cH-mic:a~ prcc’-:.s~
The lifficult ’T can be 1ar~-ely a :’ to lao~c of  ~n -Hr .~ ta r~ i~ ra~ of the
flow processes whi- .~h , .drou~ h tn-2 c:~:-~ ~~~~ of ’ rioat . ‘r~c.~~ ~~~ momr- r.t in. ~ari
direc:ly relate ~o poll~ tar~t formati~~i a i d  -n :-a:: -~- . e : f’i si~~ncy.  For e::as~p1o ,
swirling flow has been shown to ha-.’e an iisportarit influorice on ‘-he stability
and combustion Intensity of f~tau - -~ (~ e f .  l’

~ as woti as on r ldenoo-tin~
t r ibu t l i -r i s  (Ref. 2 ) in so:~~w~tc~’i~ w~ i~ i: , to ~ -jro- - can t e related to co~.bust or
performance an eff’iclon-::,- as well ~o: to enHsior e~aLra~ter~ st~cs (Re fs . 3 an-i

~~~ ?eshnlques employed in rnc-de11n~: t ’~stu~ t ’,.r f’low processes ha-ic ~eneraJJ ,’
been highl y s1~~lI!1ed, part l-:’ i;l~u- - -  

~~~~~~~~~ rso ie1tn,~ t -nui ir ~ ~~~ wtcrC s trr -:

reactor concepts and - ne - -  r n i n n~ anal assusn~ t I c - c s  are emp lO:rC 1 (Re f’s. 5 t rirough
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ic) . Chemistry Is frequently mo -id e- by a:numi rn - e q u i ] i h r fu n  h - dr
fuel decomposition and rw phase flow I’ffects aro seldom cor ’~i e r ’’ . I: sc-sio

mor e recen t modeling at t empts . for example, Fletcher an- - iieywoo d (n ’ S. 5)  an-:

Ha~~ond and Mellor (Ref’s . ~ and 7) , the stirred reactor concept is empln: ed
to assess the effect of residence-time on combustion beha ’ior and to predi f
pollutant emissions in gas turbines.  Droplet vaporization and hurning wer-
neglected in these studies ; however, a quasi-global finite-rate hydrocarbon
combustion mechanism was employed by Hammond and Mellor to mold the chemi :-
try . In related work, Roberts , et al. , (Ref .  8) ,  in an atr eup i to predH
nitrogen oxide formation in gas turbine combustors , :ub -’Lvid ed td~- combus t c r
into three regions: one corresponiir~C to the central recireularicn portion
of the upstream zone; a second representing the flow ru~-ion surroundi n~ the
recirculation zone which was interpreted to be a on — ~ linen: ional reac~ s~ zone;
and the third downstream zone modeled as a one-dimensional region . be th
finite-rate and equ.illbriuzn hydrocarbon chemistry models -s~re cor side ’ ~d. It
is interesting tha t little difference in the predic’-ed ~t levels wa: note-I ir~
their results between the equilibrium a,nd finite-rate b:-J~’c-car?o:. :ases . A
more recent analysis directed ;owarl low power application by Nosier. or al.,
(Ref. 9)  basically ext endel  the  work r2f Ref.  8 thr oa~— n the uiic - of’ a more
sophisticated finite-rate hydrocarbon chemistry model of-raining trends 10
agreement with experimental data. The modular approach proposed by Edelmar;
and Economos (Ref. 10) is an attempt at formu.latin g a general analytical p r - -
cedi.n’e for predicting combustor behavior by treating the various criti cal
combustor processes on an individual basis or coupled a: a function of oper-
ating conditions. Difficulty with the approach lies wi th its method of
accounting for recircialation (a stirred reactor is presently used) and i ts
inability to provide a unified description of the burner under a given set
of operating conditions .

The foregoing methods are lacking primarily in their ability to properly
account for mixing phenomena occurr ing in the reverse flow recirculation
regions of combustion devices . It has recently become feasible, however, to
treat more rigorously flows having recirculation zones , by numerical solution

9. Mos ier , S. A., iL Roberts, and B. F. Henderson : Development and
Verification of an Analytical Model for Predicting F~t insions i’rorn
Turbine Engine Combustors During Low Power OperatIon . 141st Meeting Pro-
pu.lsion and Energetics Panel of AGARD , (1973).

10. Edelma.n , R. and C. Economos: A Mathematical Model for Jet E~gine
Combuator Pollutant Emissions. AIAA Paper No. 71-7114, (1971).
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of el1~; Ic ~-c 1uati -nc ~~vyr ~ ln~ C - c  ,ust o: j~ - c.~r c .  ~c s -  - .-c ~cJ-~ c , ox c ~u~-:.
nu.meri::-_ 1 r t - ~ h -  : • ~~-~ i -

~ ar ex~ l i - s i - ~
- :  : — . l / - . Doin - :-- - x - - t~ or roce iu.re

has bee:: ~c. es ted b~,’ c cua .n , ~ t al. , ( i c e t .  11’. ::-: - -n-t- L / ,  ~u c  1iup -rial
College gr up hcc.:c Jev.’~ c cp e -c a 11: r-e - -

~~~
- icr  J-reee :er’ t r ~ lut ion  of

el lip ti -  par :- :n~L i I ~‘fere-nriai e n - c a t ices (Refs . If’ an: 13). .e :o ra.l appl i - :a—
tie’ s c - f ’  t h is  ~o c -  :ere t - - cnccc u c - t~ r~ t~1:-w have f-eec na n in re-sent ,rears
With empha sis on th e  rcSlc ice- c - S t e  h :r :ce:ticr: -a~ s~~~; :c ’rel: ti_~~ 3 t Lr —
bu].ent l t L ~at~ on: (F -fs . I -

~~ ~:. -i if ’) .

For s~---e ral veers ~:n~r-:- - - nwner I  c— c ~::- r -c~c. -;e ceen jj -:er
development ~~~ ~f’’F~ ~ tr ‘olviag ccc - ~. n t l : ~; ‘.1 - rc- ce - -n n - n.e, r ecir cu..Lat~~- i.
zones. One of these 7 t ’  rrcc-rcd’tr -c I -: ar c 1rI-~ I ci : r : -n - - ;t a  ior:al scheme , a r :
Is novel ~r. th a t  retI-tuali~ are r t ~ yei Ic ~l ‘ ~n - l .~ - -s~-I ’- c.t the en ti re
flow flel  ~, rather t han one at a ti:~ - , €cr i n  ‘ cc ccc l i- . :  t y - - i n t  ne tec ::; . or a
line at a ‘ ime as in the line r .;etbo~ s - I n — I c r  -~~ ‘ ci -~ .t:t c~/ I’J ~A ~cn r r ~.ot , trio
U ’RC Fiei  Relaxa~ior: yllietI: ~r’ -:: - ; ( - F ~ ~-~i:e1 en ’ cc ri ~;ccren ;  :;-ciut io n
of 0e c:- : - rnin~’ equatIons ~rac ~b ;i-th~-r de’,~ele n- - an d :z~ -

~ th :r -:i -:t the
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Propulaion Laboratory Report -L~’L-~~; - 7 ~ -~ -H , I~ar~ ], January ].9714.
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S1US t TOflS~ b r  th i  ‘rc ’, T ‘cat en. 3unh a tT ’ n’’rai apc~- ‘-oh irj sol’r’’:. i3OiU t i  c-S.
e-

~ th t -  irk- avcra .c c t.~ T ‘ ‘ t s i c  da~r i er_ St k(~s eT c’S - - -eL . nwclue:.n - tur-
bulence, chem ical ron ;- ’ ion.;’, racl i a f . i  n r ’U SJ)ert  an -i -fr -  -p. - ‘ - c-apc-ni :ation .
IRecen’;lv , for inst ar;:’t’ , c. .;: kc;r an -f  ia lc ij np (Re h; . 17 and 1T.~) P E Lj i -  ilev pe
a line relaxatl -c-’. pro-a--lur e for computation of stead’,’ three-dimensional corn-
bust~ ra- flows in cartercian or cylindrical polar ~‘cct— z”--tries; hoc-i r, thic:
proce :ur r is no~ R ’neraily a - a ’la c i e  a n :  Sew det ai l ; :  of ’ t i c i :  -M-: hxcj .suo have
been di :d c osc- at the pr- ’r’ent ‘;i’cc .

-Tc-n:r uentiv ,  under d~iase I of’ the present contra -nc ’- a thre - - i cnner :cienal
combustcr flow analysis pr c ~’. : cc;-. (1e V . 19) was develope i u ~ excendinC an
e,d s ting and relativel ’ efficien t T L’ ’ three-dimensional ::a- .-ie r -Stnkes cal-
cu.lation procedur e (ReSs . ‘TO and Ti)  so that it would he ti,; le tc co~rpute corn-
bus t ir~’ flows . In particular, the Drocerlure dc-veiope I included e. simple
mi,dng length turbulence rn- -del , a pseudo—kinet ic hyc-rec:afr-ccrc chemic;try mo-lel ,
a liquid droplet vaporizati on ccc ‘-i, a ci ngle fre jue: nc~ r-cc- :riati-cn ~-i~ d ’-2 and
a finite race nIt rc-~:et. oxide ci;enai s ’n r - , model.

The preliminary results ein ’~aine d under Fhase I 5cr a fc  ctany ular
ocnmbc,rs t ion - -haxnt ;--r demonstrated he S~-as-ihjlity of calculating thrc-e -
cimensional t ime- 1eT ec l~-rc’~ corn’ u:t ir ~’ flows using lcd :  ‘- i ~~ ~ -tal tic1imensional
Implici~ Pc-:,l-I near Ti in - —-T . 1-eri - 1e-nt)  pr- cc’- cure- . Exper ie: ;nc - from the Phase I
stud y and Src’rc. the nwe-dirnens i en.ai EPA sponsored F~~ i pr o~ran pointed out the
sevcrr  shortcomi ngs of’ th  crdxin~1 length turbulence model due to the consider-
able dif ficu lty  in :p~- c 1 fy i r:  a rease-nable mixing ler ;dth dis~ r ibution ever.
for re la t ively  simple combustors . Pr ; ad- l it ion  the I -r . - ; - ~~- n of ’ :i~-ncf ’i :an t
t runcation error be cccuc e of ’ t Ic.  r t - l c t ively coarse comput ’~ci~.:-c 1 mc rch (17 x

17 . ~~tankar , 5 , ‘1. an;: P. P . Spaidi,ng : A Computer N e l l  for Three-
Dimensional Flow in hjrnacec. Proceedings Fourteenth Symposiwn (inter-
national ) on Combustion , The ‘)mb u2t ion Inst i tute , pp. ‘u Oh—t .-lb , (l~ 7- - ) .

18. ~~t-ankar , S. V. and P. B. Spalding. : Simultanec-uc is’ t-  t i c t i o r i :  of Flow
Pattern and Radiation fer Three-Dimensional Flames , Heat Transfer in
Flames , Edit ed by 7. dfg an u d 5 . Peer. teripta , Vn:;f:In~ctor; , (19714).

19. Gibeling , i . J .  , H. !-cI~cna1d ax- ;- ~~~. J~. Briley : De-ieicpm n’rc’ f a Three-
Dimensional Combuscer I’i~~ i”nal’,nc i : , Vol. I: Theor - f i c a l  Studies.
Air Force Aero-Propulztic;rc La~oratory Report AFAPL- i’-75-5e , Vol. 1,
July 1975 .

20. ~~Iley , W . P. and i i .  M c D o n a l d :  An Implicit Nunieri c-cl M”th o f for the
I~1ultidimencional Compressielt- Navier-Stokes F,quat ~ r i c e .  United Aircraft
Research Laboratories Report M91}3t 3_b , November 3 C ~~.

21. Br i ley ,  W. R., H. McDonald arid H . J. Gibeling : Solut ion of the Multi-
dimensional Compressible Navier-Stokes Equations by a deneralized Implicit
Method. United Technoiogie-3 Researc h Center Report R75-911363-15,
Janua ry 1976 .
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9 x 17 g r i c)  ‘.‘.‘hI n’P ~.‘as errc.p - .tc ’-, e - o’~ o-.n-’ 5 ’  i ”’- c- ’ n x u r f . L ,  c t i se 1 -c- t P c . s  ; rc-c ’r-c~.r: .
In th r e e— d I m ’ : n s f ’c i a I  - ‘ v  r . ’~ S i d r r I - - - ’ i e - ’_ f - n ’ , ’ :  re:~’: ’ ~hL ~nTç’ s ’ e-r - r n -
times are s tc’.Ii ‘- - - - - - long to -s-ct ‘. ‘ ior ~ ct .’ i r:~~ 

- i :  n a - c: - t i - f rci ih  p’. 1 ’ . ’ - c i ; —
nificant l r t _ - ~ t t e l c-  a~~- ‘ s i t - t i  ~ 

- - c c - c c . :~~ - - 
~ - - re.c:.~ts -iT so ij ; - c l c~ - t ’ ‘ c l

the need for a pract ical  fi ni ’. .- - n at e  C.;e:-.: tc tr ;- :Le-l€- l :‘or prern~ xc- - i air ’:raf ’-
fuel at . s-j r rn -i>aur - - -~’ wtc.j ~r; o— - -uJ - , t -e cc -i - c- - irs ~ ~~c. ~L1~ i ,- -,ie ; c c - mc -c t ’ ~~-

tional prc cc Sur e suer: as ~-‘.i~-- . ; : c -  1 ’  U U ’- ’Y 7r- - c L - n - rn ~ .. 0 . c ;ur.si-n c - raci- --
complexit’r , and it seemed ~.pprc- - -c - c a -  co  ‘ - -i ’~’r -~~-ri. f r  t t ; iS  a r c~ h O ’ a
future study .

Therefore , the Phase 11 effo r t  ni: icr  ~~~ f~nn c3el d . ;: ‘n rrac f  was directed
toward incorporation of both a t W U — i ; 2 i U  li) 1; c tx’ i~~~it ’ n c- - n :t:- cci an-c certain

apprcod mat e- rion,linear - ii ii’ercnc - fc-rer-~ioi c Thc -o t i c . ’: 75tT -cc- sd-cc -- t ies  co le . The
so— called n onlinear difference ferciola:; r - n j r ’ -ent  btfl a; icoc t i : iaptac iorc. or
five-point central difference formulae i nt o  th e  t - r c .c ie- ic  - j 0 c implicit di ffer—
ence framework of the NIP : co Le , in -a-der tc - c-S T e - -- - i  - , r he p~~c til -LS. cf t.r cc-ca-
t1or~ error associated wi th coarse ce:sc ; - at.ic~ ~l. ~r: ;;. Lie ‘he varic~i:
fo~~u1as considered gave acceptable rf :. c i ts icc. i c-: r ea ct log fl ows , unfortu-
nately tic convergent soiu~ Io ns ~r i  ~l td~ r.-cx; - i c c . - r S i:, . c L . ~ n were ost a ine  : the
combustb:g flows . Therefore, tOe :.x’ -:c c-ta -re  I i  c’ cc ; :: -r ’ en - c - cc . .e-d eere_ r; were
obtained using ccn v c - c .-, t.1 c- :~a - cent t o  ~ r- -r ’:-nce : c- c.-r n u ia s .  ‘ n a :c:,ne- :loe: :-e - c
l-elr ~,-’ ur c.a :-Ie to  ref’tnc tn~~ C 25 5c c c S - T t i c - a .  i c - P r .  LI tC 1 ci: -i’ r .c. 1 m e  c-sT —

ta ’cl cr .s , t h e  ~enuLt ie e  cornr .-nc ;t i~~: i c e- ;  -ca ~ : ;l d S  ot~t wi ’ - .‘.ncvei d T eaL  cec . ’n r aT .
dTiferer-cce :c~ r;i.S a;. al .n.~~ t cot -ta T: .  ,- s c e ta i c  s i c - nc .  i -cant c’ ~~~ati -n errors ,
thus comparisons with ex~-c -r .. ~~c - r t  c t - -. ‘iI ,r 1 ci ~~‘~~l qoat .~ ‘.ati v’: - ~

j .  Icc.
ad: i it . i ux~, tn ’~ inlet ~or ;d .; t . o:;ti Si r 5 . -  c - - >~ et c - n C ;  - -ti ’: .cro -- .-n :r.i .y a~-5i- . -x c-:1itel.y,
further ~- c-rc . f t s c T n c - f t c  c-crc -ar :. ::. :. e’ -we - t p r - c l  .c- t ; : J rn - a-- ~-i:scc c. Sr the
pOS 1t L ’~ o s i l t ,  it was p- cc - eL: . . - .- - - “ . r n .  sta c-a. c- . ‘ c ~~c t a ; c-c ’ ,- 2 ;:.—
piex reac-e .L: q ’ flow uc.c1n 1- - tw -.- ~- - . -~f.a - :. :- .c--iai ot’ t ~~~~~~~ TI c-
ob st-acl ’- to a t hu r e - - .~ d . e- vx.c.La at ,i c :  - S ‘n o  r e e l  U~ ~S C . 1 L c- ’I l c S I f t c-n ieOt.
grid points toczetl.e r w i th  ~I1;’ ciii oter . .  iot a  Oil tic - t cur lit ~~OIiS . Yh€ :

ir c.crea :.-ed ti-rage ruqc-i r- cneot s 1 TIc . -  - c c f - c -  icc-a T gr i  - - -3 Lie  r :n~~ red to
define the flow fL eld  on - - c - r a t -P r y  d- - rio ’ ~- c - c  ~ c ’ c - : j  c- - S c - n - -. r ailer.: i t .  v iew
of the eff i clec- ’. nwc -  of :c asc st ra~. - - 5 c- 3.~. c w it h  ; :  .dj df ’ code ,

5
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‘~‘ 1’ .: - _ ‘ - . ‘ Pr: ‘ - t t  (T’;lc:

c r .  :ac: )~~~~~~ - - - ~ ‘ec. 0 -yr ‘. - -n p r - l i  ‘s~~[ - ~~~~~ ~~~~~ T-
a~-nacr ’ fin e t r t t n  t ;. .’ - r - - d t ,,- - .e ~~‘

- - - . - D Pr :t i c - rn  Ci a f, -rc.e- - - t : ra 1- ’c
r~’,~~~~:’._ .cc--o m u ,  cc5 .c . a T in -cc , a :.. - ~- -no ’ i n _ . r c  l i n t — c - . c’ ’ ct -

~~: O f T  - ‘ ic-re
c~ r t - . . . c~.- s . T tc - -;’ -~~- ., cc nc -:~- L ;  cc: ai ai T s n t l r -  in  -n c i’ iPre ro’- ;r ’- (c- .- .

i- c f’s .  t~ _ 5 \ ~ Tra; c ’1 ~P’n’ , 25; r t ;~ ~- - - : - : apc  t n t -  f ir : ’~ t -~  c - c - d c - n - c -  a ’  
- -e  IO iYl’ l w e .  he p-J t; .c . L & 1e  i tlc -c- .L c-cc- - :- —t. .0L ’a - ’ -c S :-Y ’~ -; - ;  ‘c-- n  f-

!s’- —- ;c- -- rc1 .~ c tel ocif . . g ’ c c : L c r - t, ~c - ’c ~ r-c -~ - ‘  n,oa a:; c c c  c-c:. e at - f l - ~~ , cod
:.~~

- lor..c-i, scale (the s - n - - -ra~~Lc.i . 5 - c i r ; . - ’ i - - c c -t ic ) i , Or ‘tc -t~~c; : P r -  ‘ - t h t i c r . -- r i p
is - - rco-nc -- .Iorial n t .  — u r L - j . - :  eT c- ac. : . i. or_ t T i l c L t r c . e ~~n . - “‘ c - - f ’  ‘ - :‘ ~:

~~n - m , t - .  rrc.c - l € 1  Sn: eel: c -np ia i - . c-,, . nc-- : ; : 1 u. , 1: ,-,’ a cia Pr
(e..:.. ‘n- . Sr tc, ~~ 1.. a - -c - c  - - I ;COU J ;ru l c - . :-c ’t l ’i l ; r  i r - v c - ’n-;i:,~ 

- - - c t
cm i: .- : c. _ . &c - 5 in ‘

~ .‘~~
-
~~

- ‘ - ~,,t ~i cc;..; . m n l ’ c- - , c . . .
l t -c - ,~t ic.  nec-ui i: tPr~ it is , -a. t i -  - . c,-c. o-c n:I (i.e.. c- :- - - -c-ce
ac - -n - icc - c- c to c-c ic-c l :~:Pr -S a s-ci~~;~ ,~’- : Toe  :~~y )  c - ct :  ct. re- ’n~L~~c:-c an arT Ito -c

22.  Lea: I - s .  IT . ii , o r - :  P. P. .TpaPrUc-ig: f-Sc’ -emat hcol fTn- -co l- ’ of ~~~~~~~ - ‘Proc - c-i .
A - :a cse ; ,  cc Pr ose , l o r d - c -. .  1:n~7l’ .

2Pr  d-~r i cm- - . F. 11.. e ’ . :  P i c r t i 3 l c - r -i ~ T - cc.r : :c-- - r t  ~ r i r - T f - .-- , ~~ S e f - - te-
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25 .  i - so:, , I.. : ‘ ‘ - i  - :  - f’:-’-; r U r t ~~r Yb ; - -n S ir I is -set Pr c-’’t- ;n T’i - T e r n

SAT-f?- ’ . Vol. 5, ~~~~~ o.  i~ 6.
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mixlr :,: l e n c’t _ :  d i s t r i 5 - u t ~io r i . Sot: ’: c- tt ; - ’c-~~i’ cc-n _ ru T ; .  : t l . c -  c - P r _ c.. - c c - ’n ’ ’-c
model have been overcome for rr~tr.y en. ccc of i n t~ -f ’. c - f .  ty  L c . u  i n t n r c U i c t i o r .  u S
various m-;itiequat n o ; -  trans port c n o i l - -  .. . - ci c i r l i c i I . - - t - c e .

Mxii ; ’,’ cc-f t}.(-: two—e-.iuati or ; c; , r : c - m ;  •:r.; , : rn c - l u ) . ;  - n - s c - I  u , Li ;e  i’rac-d ti— Ko l_mo - r -v
foi~~ula fo r spec i f ica t ic : . of the tc-c- - - n t c - r c . i -  viccc :c i c - ,’ ,

I -
= ~~ ~ 

2 (]~)

where k i s  the turbulence k i r c et i c  el -n T, ’ and 2 is a I o n -f: ;  n - -ai. c- ci ’ tTc-
turbulence. This relation i’clicc -’:n TS”or.; cfircie: ; .cio: ;ri j  car.- c- .uc ts for tor: Pr -n’-

flow descr ibed by the two paraic .’ - : . -r rc , k and 2 . A rsa:or ‘iS vanta~’€’ of a f ’ -.’ ’-
equation turbulence model cu mp ar -r - : a -  a m ix i n g  : ; ;; n • is i .c .c ‘ tic ’ ‘c c ’

the len~-th scale (as well as th e  tur d r 1.-c cc~ e ::inr”c ’ cc c::, - t y ’~~) is i et e n c c c . u - c
from transport equa t lo~~n , whereas ~.‘ s~ x fl~ ’ ; :c -  rmcnc l e  in: t i c - -  Te en 4 cc
is -ieterr-f’~r,ed from an ad hoc aT:-tb raic e~mrc’s3jon. S’cc ’cer -sful use of ‘ :0

mi.x~nr length model reyPrres arm a c-c m - t i  SpeClT ’ -catio: , of’ ‘dcc turbulence
len~-th scal e. ‘wi-Pr le a r e a d f s t - T  as:. :r:.pt ion -arc. be rcr -~ f-cr ce r t a in  i .L ow:
such as shear layers , in many f’Ir~~ -c of Pr-terent (ccc ;!- . as - - :ite rr.al rcc r-
lating i’iowo ) the choice of a proper turf-c-tend ’; Tcrc~c-f-t s c ale is rot o b v i c i r .
Since the t - c . r c - u l ” r c . c e  length sca1 e er-c-croon from t c .~;~’ ~0 ) - ; t  cc-c rc i n  a t w o — e j - n r t t i o c .
model , tr.ere models are more like-i;; t c 51 -.c ac:.:urat-: - i’ - c ; c t i o r c -  over -a
wide ranne ef geometric nirmd flow - c c - c c i T t  cur~cc w tic th e  carts- em ;-i ri caT c-c: c - cc c-nor .

1’. t I . cn cinc d i- ’ : rc -it e-l thai. c -cc tw i e T - m a t  - C c -  r e - i c l o c  0cc ’ - I c ’ . -: 1- li - — c f  coos i t .-
formirlatior . for the ROV r ;o l d S  St r’os ’nc- c a I : .  tir e r P r x i c c  I e cc -t im model , i.e.

p ~~~~~~~~~~~~~~~~ (C - )

Henc e , this formulation s ti l t  su f fe rs -  froir , t ire p };ye-ica~ . ;c . , -a ’ l corc ;ir .~’ a c -a t

there is zero Reynolds rltre c8 wherever the velocity ,-‘rad l ent is zero. I i ;
addition. the eddy viscosity Sorm i m l at i o r .  is isotrol-Lc wt ic :c .  may ic incorr c---l
In many trree—djrnerisiorial and swirl i t c c ’  Slow& . However , f o r  p r act i - .-al ra i n . ,—
lations of turbulent internal recircula -iric flows Ihere are no other avaL c a t - i c
t~~nsport models which are as suitatli- or even as relatively well dcvelo~c’ ;I .
In the present MINT computer code there are three m ix I n 1 ’ Tet ;gtI; models- arid

- - one two-equation transport model of turbulence. Each icci :-Pr n~’ length model
can be used Indivi dually or cri teria - ca r ;  be epec ii’iecl :cuel. that the appropri-
ate mixing length model will be ut;i lized in var iour, rt ’Oi~~nr of the flow field .
These models will now be discussed in some detail.
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‘I’he mixing ler ;, — t c  t c , ; - : - e !  - i c e  i ;; .‘ Jr - c : :  c d  i i i  t h i s  a i , n ~L v 1d’. c- :’.- c - -- i: r - ’i

ofl riuxu ng Len t— tI II; - i i ’ , i c . ’ c - - u .  ~-~ -‘~‘i _- P r . - d  v .- - H J . i ci’ lfr- ’ ?‘- -  , I i  — c u
( Sef. 30) , and van Pr i -; ( i-; ’c t . ‘

~J ‘ . i 1 ! . 1 : t rc ; - r t  - o i c ’  - I ’  -
~~ cc - J  I - c ’ . ’ m e  -

I t -  flows in channels ac ; P j ’ c ~-’; ~~. 11~~ - ,- ’ : n c - - t e l  ic. cclc - oaI - ’: a- - ; - ~.:c;j cc -:

jet flows , and the var-c Pr iest  rcs n c -Ic n - . i s-. ‘c-a s ~ci f , .o’ LIon-i , ; c~~- c - r -  ;n c S i c i  ~‘c
The mathematical form el i c-c- -cx:. ;‘i~c:.Tc-nr f~~i’ Lic e  Lw ’ - -c - .— : S -c-Or . - co!LI .nw.
from Ref. 32:

= p 22 (~~~; & ) ”2 ( ‘ ; )

where e is the mean flow rate of - r a . r c .  f-~ c-s-~~c

/ 2  [~~~
) 4 . (V~f lT] (

~
)

a;. :: tr;e n ix i : g  length £ i,~ : 1cc - ’; r y ui t c - -: ~‘l i i 1 ’-t r: , c - c ’ s i’c -c~~ t

I I Y:~~~ 4( F e x p ( i — ~ ’-)  ( 5)

or Lilley’s model

=0 08(~~) 
(E~)r0 r0 ~ 0-05

IT, OX

or van Driest’s model

2: - exp (- y~’A ) j  ( 7 )

r. the above expression~; i c r  ~, r , is U-c--’ d ic -t ’cnce r n- n . n-I ~ vail to th e

centerline of the duct or i . .: j o , y rn :~ ‘ distance d r - c : ;  t .: i c -~Lrc t ic-c. quenti-
to the neares t wall , ~ I:: the ca~ f—wi c~ -}; c- i’ a shear - - lcc : ;c ; l ik e  r isc-ic-fl as
-cefir ,ec by Eq . (C)  and K ar , -J A~ icr -c ti - c c-c--cr - Kr~

’rm~ n constan t r i - c -  van Tries -t
dam ping coefficient , r e s-pe :  - cud:. i~ ;’nc - - n ; -t a n t ;c  i t ’  Eqs-. ( 5 — 7 )  nave T een

• 

~~~~
‘ de termi ned by con~ ariccon of tf-mcorc- and n - c  c -m - i ; ;e - .tal data S r t ic -n c - i c c - c  of ’

flows under consideration .

3~ . van Driest , E. R. : cc: , ‘Thl r br l Je : . c . - ‘~ i .~ .- N~ ;u - a Wal . . - t- ci’:aL of the
Aeronautical Sci en ces , No. e-rn ;; s

32. Beer , J. M. and N. A. ‘~c . I g e I  n ‘ ‘c-c i~~~ - 1 c . u r ;  A ’- roc - 4- ; i ’ - . t : - - . ‘-.“ ; J c ’ y ,  New
York , 1972 .
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Var i c ’u  : -  c rrc- O~’ the Lw - c- cl atiOrJ cc . c. . -i ’ tc-.rb~~j - ic - -c -’ . c c - a c .
p:~~por’ed since Kolmogorov (Ref. 33) i i rn t intro-i- n -i tic-’; cc-cc--i’; ~ i n i - ~ , p .

~os--t investigators haci- oh c::’cr. U-v. - c r10 ’ i t -  cc i -  r ~i c i ’ L - c . r :  - ‘;c- rc’, tC~ a:: the i r
first variable. However, there icc ‘i v i  d;- dlv’ ncs i t y  of cho i ce as to the
second var iasie  t o be used . In 5’-~c ’~c ’caJ , each i:ive: ; .J . dat or chone a second
variable which he fel t was approprl at-s t o  the phi,’rPr ca l . -Jc-.:rcr ipt ion -c-f tur—
bu.lence. For instance , KoLnogorov chose a- - Ir is nei :or c -i v a n i a :P r e  a quan t it y
which was proportional to the rican frequency of’ t he  cc-n-ct e c i engot i c  mo ’c-i on ; ,
while Spalding (Ref. 314 ) and Saffmar: (P et .  3 5)  chose a —pca r c . t i t y  U -a t  r .c;~ru-
sented the time—average s quare of the  vort n i  ci ty ±iuc t -i : . a t i  -c-n rc .
co~~nonly chosen second variable ha:- been tic - t’mrbc . ’trc. ;-c- kTnc -tl. c cner.n,y
dissipation rate, ~

.
, which was selected for thin in v e st igat i o n . An a’1ver.-

tage of using the dissipation rate of turbulence k i n et i c -c cx ;c rg j  for U c ’
second equa~~ on is that the dissipation rate- c1-r e ’m:’z c-,Trec +n i ’ ;  in tire tru ’: in-
lence kinet ic ener~ r equation, and t .hat an ccq ;.at io :; f or  ~ can be readily
developed. Since derivation of the: equat ions for k ar,;I ‘ire lengthy and
have previously been presented in  the open lit e ra ture , the r e  derivation :.
are not repeated in the present r epen t . The approprI at e tra nsport equationc
for turbulence kineti c ener~~r and erc er ip,r d!r :s ip a t ion  rate l’a j d  at high
Reynolds numbers are taken directl y i:ronn Launder and Sc ald ing  ( R e f .  T c C ) .

The turbu.lence kinetic ener~~r equ ation in vector notation is

(8)

where the f i rs t  two terms on the ri~:i; t hano S i c - i- re :-fe c~:nr~ ;c o r ; J : C C i Q : ,  ‘iic 5

diffusion of turbulence kinetic Cc -5 f i~”, r especti vely; t ire th i ns anti Sic- c-ri. :

terms represent the generation ( due f r  shear fortec) nra dis .nipation of
turbulence kinetic ener~~r , respectively. The equat lor ; l’-n c r the d issipa tion
rate of turbulence kinetic energ~j is

(9 )

3~~. Kolmogorov , A. N.: Equations of Turbulent M oti o :c .  c-i ’ an Incompressiul ’5-
Turbulent Fluid. IZC. Adak . Naut . SSR Ser. Plays . VI, No . 1-2 , 56 ,
l9Li~2.

314. Spaldlng, D. B.: The Prediction of Two-dirncns i u r ; a .l , Steady Turbulent
-
‘ 

Flows. Imperial College , Heat Transfer Sec ion i - - - ; - o r t  EF/TN/A ’ llo l’)t .- .’ .

35. Saff’man, P. G.: A Model fo r Inh omogenous Turb cle : ,t  Flow . Proc . Roy .
Soc . Ser. A317, 1970 , p. 1417.

36. Launder , B. E. and I). B. Spalth ng : The Nu m eri ca l  Computation of
Turbulent Flows . Cc~nputer Methods I:. Applied Mechanics  arid }.ingineer ing,
Vol. 3, 19714, p. 269.
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where the function of the terms is ui -clI ;e ’ou , ; tc -  t ic.a ’ in t c-,r i~uier .oe
kinetic ener~~r equation . In Eqs . (1; ) o c ; ; ( p ) .  e I c  thc -  nc -ac low rate of
strain tensor defined by Eq. ( 1 4 ) .  . f , ; i c ,~- ’ - t i  c:,~- rr : ;  o r ra i  : uin-ecrtc the Prandt~ —
Kolmogorov fo rmula , Eq. (1) may I i ’ - - v r i t t ’ c - n  a.

- Pk2 (:c )
Re €

which i~~1ies a turbulence l erc.~ ti, sca ’e or m ix nc- ~ c:~, ij, ” r.~~y - c- dc- f in e s
as

3/2
(ii)

The constants appearing in Eqs. ( :~_ l -)  have bee r . c- -caiuatc--3 by Jones
and Launder (Ref. 37) and those values w il~~ be used in Lid s work.

0 09

C 1 : 1 . 55

C 2 : 2.0 (12)

= 10

O~ : 13

Boundary fond it tons

Formulation of suitable boundary conditions to be ernp~~-oye d wit ; .  t i- ce
k~ c turbulence model has proven to he c r i tI c a l in rec ire  c . l a t i c :w  flows .
Launder and Spalding (Ref .  36) advocated setting the val ue of dissipation -i
rate (

~~
) at one grid point away from the wall con cic :te r ;t  w i t h  an analyt~ c

wall function formulation . The appropriate relation i n  i t n - t a I f l~.L~ by con-
sidering the turbulence length scale in the near wall region .

The eddy viscosity mixing length mode l for 
~T ~~~~

37. Jones , W. P. and B. E. Launder: The Prediction of Laminarization with
a Two—equation Model of Turbulence. Tnt . J. Heat Mass Transfer , Vol . 15,
1972 , p. 301.
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- - /2
— :pL2 (2e e) (i~ )
Re

whi ch is valid near a wall . The cur;r; 4- c c- L C~~. Eq. (11), may evaluated by
assuming turbulence equilibrium , i.e ..

- 2 - - 3/2
~~: ~~ (2ê é):1 (2ë ë) 

(114)

Using Eq. (11) and the Prandtl-Kolmot- --ruv forrr ;s a yiel i.c-

2 - - 1/2 Pk 2
— :  £ (2è ë) -C—Re~~~

so that one finally obtains

- 3/4 -(Ir. )

Then Eq. (ii) provides a relation for n c - ar  a wai l wher e  the  :nixin ~’ i~~r.c- ti ;
£ is ass~mied to be known:

E:c ~Y4 ~3/2 (17 )

The value of kinetic ener~~r , k, at t i c -  f i r - c c .  ~r i ;r  p o i : t a v a ’ T  i ron the w a l l
is obtained by solution of the k-t r a rc . r- oct  equa t i - - :~ , ci±o n,.~ rI tk c the approxi-
mate condition ~

2k/~
2ri = 0 applied at U- -it ;. o i nt .

Results from a two-dimensional f - sly c- c - in ,’ j ’ c - r f o r n c : - i  rnder EPA sponsor-
shi p at UTHC have led to a revision in the wall fuiret , i so. concepts described
in Ref. 19. The modified wall function approach appears to be less restric-
tive than the method described in Ref. i~~, and seems Lu give good results
for a variety of flow configurations . The basic premise is that at one grid
point away from the wall the normal derivatives of turbulent viscosity and
velocity should be consistent with a wall function formulation . It can be
shown from the analysis of van Driest (Ref. ~i) that the general relations
which are valid in the near wall region are

( 18)

I I

~~~~~ ~~~ 
- g(y,y4) ( 19)

-I 4:32t1 
. ôU~~ I (20)

~~~~ ~à
—
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- 
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+
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w i c r c - -c- irc f~ , c- tr,t ;~~ ~~~~~ - 1’j - -u : .: - f : ‘~r’r~ ~~~ - . L i i  f c .  n c - c l . — is  ‘ c ’ -  -r ; - —

enc ‘n c - - c c - s i t ’,- , and v is f: ’ ;:’ ; - ‘ -  fi’- i :. f’ i - wa l. ~Lso . ,- ‘ a; U
4 

a,’--
-f ’ Ir ~ed I ;, f -h e ‘conver t :  on ’cl ;aa r a ’- r  c-c ’

+ pu ’
y :y  1A iom~ ~

“‘

4- U ( f ’ ; ,U
~~~u iT

c-n i t - c f ’ r - f l - j r .  ‘~c - - . o - : ; f j  u i s  , i J ’ - c . : - ,-

* T w 1/2

I~.c- f’~~.ction ~(y, v~) in E r .  ( I -)  ~~~~~ fr-c-n ~~~~~~ Ic ‘ - - -  ‘s i n c - :’ ‘~, c— .s-
La :~‘ in  the Io~:nrithrL c rec- .:on. ‘Fi . I c c- cc -cc anal car -c  f ir ’  u’ In; c Ic - i

( I t)  co-~~d c-c obfa r,e - ; , fo r ‘ -x i : ; :  - ‘ . I cc-n t ic a’,c- . .- ;ic c-S var; hrle
(~‘e f’. c - I )  or :‘ron thc nor~: i .-rcHrHa z - i - I ’ , ’’, : - ~r ;, ’ . i v c - c . 

~:‘ - ‘ c - .  ( c - c : . 
~

- - ) .
t:c-~ Io ar f - ~~ I c  ve l o city  :-rub~ sc- i - sic-;; ( r ~ > ) ,  ‘c- ,~- c-v i; t jc -’ 1 Ic - ,-;

of f: ’- vail -car. tie wri ,t -r ,

it:c i Lr y’~~+ c 2 (H~
r~c — c  r’:lc-Y cs (i ‘— . - - ) )  r’-~’ c---

I ô#~ O - ’ _ ’ d~T I
— — (— )  (__~~): — ( ; - 5 )

Thesc rn or, ,. (b5) ;:erie to s ; e c -~ f’v a wall ~~~ -~e of tu rc- -~ -:~f
/ i : co : iL~- and a wa I ” d i n ’ velocity Sc -cc ; tt;at the norma l d’-rivative.: are
c on s i s t e nt  wi th  the loear i tt ~r n c  w r H  f’c-nction formulati on . hate that
(2~~) I: indep er . cier ,t of the coris tar ,t :.; c1 and c2 ap~-e ariris :r~ Eq. (214), c-c c-
r.encr; tr.l :: a proach appears to be Lee:: restrictive tF;ar rei n ,’ hq. (

~~
.)

dI r e c t l y. These relations have hoer. employed in the calculations carr i c--.i
c - i’. ir.’lcr ~l,a ; r ’ i i  of the r rr:e~’r ;t, (‘or,trc- ’. w i t h o u t  d i f f i c a i tv ,  a l t t r o u , ’}. d ’ lOt
reco. if i on i ci U-a: r’-~ i on V ’: ry r14 -ar tra vai l. i S ,cacri f’ I ’ .:. -d t c -  att,a:j n c-c-’ nay
in  t~-~’- •r , t,rr ~ rej i on ol’ ti-ic - 1’ low J ’j e J d  wh . ’rr-  the cr m I - u c - t  1 ) 11 p r c - ” - ’.’ - o -a - : -  c-c’-

—

~~~~ . Wa Is , A. : Boiirui riry I ,t7’ ; r: ; r , , ‘ ,~~‘ c m i  r err ipi- r a t - c r ’ - . f- f . I . ‘ I ’  
• 

- 
~
‘ ‘ -

4 - -  1~Caxnt ,r i ’i . ’’ , Massar’hiis~’1 , ~- . I L ) ,
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- ‘ ‘ . a.’ - - : ’ ;- . f ’ c ’’ .fc- ’,c- -a - a’ - - ; ci- . ’ - wa cc- - Ic-n

x ” ’ ~ .,r-.- : c-n a lc-’c r c - .’ . r’;;’i : . ’-c- ’;:,’-s no ‘ a :-r -.d~ r i,’. : n I o r ,  c-~c - ; - - r-c -ac : ma- ,’
- -a. ~~ r in . : , c- c;- -: - :  a’,: ~~~~ ‘cr —i; r-c- - ‘ ‘ - c ; ;’:.

,~c,o~.: . i - r : r - : , ’- : ’ . : c r :e  I c , ’’ rc t f ’~- : _ .i c - I  a : - : - , i ‘‘‘‘~ic-c ‘cf  a tv - - - c_ cc -f
;“ r ca not ri ic - J~ I “ 1 ,_a .s’ t I ~f e d ., ,

c - r i  tar i c -  f ’ iri - c t i o r .  I c- c - -ca r- ,’ cc - c - ii f iorrc ; fu r’ ‘,‘, a c - r ~ c-f a~~’urc-r ’ ; ‘.c-—
* c - c c - I ; :, c-f~ p l c - c a - . 1; n - - -i e i i n i - a . “ - : , ‘-r ’ t l r -~~:- r c - r r - ’ - r , f a t  -“oc f ’ i c ’ ; , ’r a t i - r , , t ’~~

- 
- of s:-e~ ic ’ ,’ i n , ’ c - n - i  ‘c ;jf ‘L a  lac e r :- , c-.r,e IS  ccc-, :- I i - -’ cf- ’i 1-7 fL’ - ic-c rc-

- f  ~ - -  c - I ~‘ c - I  n l ’ ;f -,‘e~ c-c i f ’ ,. arc: : f ; : c -- : . c - c L ’ 2 r , - ; e f’ r of .iee . h o;; : ’ - , i f icc

~~~ ‘me: -  cm’ f r ’ - i r , i ’ - ’. veJ- ~-:i n , cr -u: - : !c - - c - cc - tb -- c , ‘-orcsfr- :ct ‘cc,rislstent ;rof ’Ilc :-
an-i .: ‘rc-:’r--is.. - c_c- i or r: rs: : : I} ,i l i . t , - I: : to -c-esuIc ;e n ,r i u l e n r ’€ -

ar -c a :c x:.cc .’ Icc -f;. r i s f c ’I i. - : t i - ; . ,  I . ’. . ,  I- . : . ( I i ; ) .  11cc-c; ~ .: i i .s

c 2( 2 )
( -

_
- , ‘I

,_ - C

~ f-c -~ -i, ’ f cc - , - .  ( I . /-. - c i f f i ’ - ’ fi w 4 c. t~ . 1, - c - c - - c  -~~~“ o’:” cr;: •
~~ ‘

‘1 . ’ z ’ - I ’ m - ’i ’ ,- : r - - f H , ’ c-’ ;; ,:, i f - c c - , - c ’ -  f r i  i-a ’ - ’ -  c s~~ r~c - r ;  ~r~-c ,~- ( ‘ - )
a: r cc-c- cf ‘ -, ‘- r’ • f 1: c c-c-c :, ‘.c - c-f ‘ ‘ 

- z - - - - s’ r” -c-c - .” f ir - :  si ‘ - c - - - I ‘-v ’ I c - ; ~: - cc f:
‘
~
‘
~~ rt ,n c  - ,— c - _ I  ,c, - - c c  I’ ; at c , e-s ‘. : ;  ‘ c. ~~~~ ‘, :; c - ’ - -  : 1’ : 1  1 rc ’.r ’ -c- r:.

c ’ : - ’ .- : c - ’ - c ’ r f ,’ , 
~~~~ 

: ‘  - ‘ -c - L~~. ( i i)  to ; c ’ c - [ - r ’ -  f i r - t uba .
- ‘- f - c ’  c c ; : e ‘-r ’ ‘I

2 (2k ~~) (I ”)

Ic-
wr ,er c - Ic: c- ’~~li ‘ 1 , . r- : cc- - i I . e - c  - - c r ,.-- ,‘ - - . ‘ c- . a c c - I  ‘ c- :, c-f :‘;‘-

f - c r c - dc-c c- : i n c - l i e s  f c c -’. -f -c- . 11; cc- cc- no I orc - ’- r ’ ’ x c - ’. f  i ; ,  -c .~~ . , ar - -i ‘:
f ollows f r-ar- -j . ( 17 ) .  f c c - c-~ - ; j f - ’  c - f ’  f r ’  - etc’ ‘~,r’. 
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iength turbulence i~~del and an ‘~ddy ‘n i scos i ty  evaluate’: from the b c-own solu-

tion at time level t~~. This procedure har - also been used with the k-” turb u-
lence model , Eqs. (8-10). The source terms in Eqs. (i.’c-) may then he linear-
ized in accordance with the technique discussed in Refs. (19 to 21). Of
course , it is then necessary to solve the k-~ equations in a coupled manner.
However, since k and ‘- serve only to specify the turbulent viscosity through
Eq. (10), it is in fact possible to solve the k-~ finite difference equations
after determination of the flow field for a given time st ep .  This approach
requires considerably less computer run time than the alternate procedure
of solving the comp lete syst~ n of algebraic equations in a coupled fashion ,
and has been employed successfully in computing the result s contained in
this report.

114 
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SECTIOf ~ III

SPATIAL DIYFERJ-INCE FORMJUiTION

In computing solutions for high Reynolds numbers with a conventional
centered second order accurate spatial deri vative , it is often found
necessary to add a form of a r t i fi c i a l  v iscosi ty  or dissipation for the
axial flow direction . Artificial dissipation in some form is often useful
in practical calculations to stabilize the overall method when boundary
c~~’td.itions are treated inaccurately , when c oarse mesh spacing is used, or
in the presenc e of discontinu .ities . The need for artificial dissipation
ardses in certain instances when centered spatial difference approximations
are used for first derivative terms . The use of artificial dissipation is
thus a netter of spat ial differencirig techni que , and is cc~~nonly employed
eithe r explicitly or implicitly in both explicit and implicit difference
schemes . The main problem with ar ti f ic ia l  dissipation encountered in the
present work is the resultant smearirw of the solution which occurs in a
high Reynolds number flow with inadequate mesh resolution. The particular
form of artificial di f fusion described here is considered provisional,
since the formal accuracy is lowered to f i rst  order for the axial (x3 )
coordinate direction . Another combination of spatial difference formulas
and/or artificial viscosity terms may eventually prove superior. The
objective of this phase of the pres ent work was to investigate and utilize
a spatial difference formulation wh,icfl would yield stable solutions with
reduced numerical smearing . A prelim,inary evaluation of an alternative
first derivative formula which had some potential to eliminate the
artificial viBcosity was made , and this alternate difference scheme will
be discussed subsequently .

The di ssipation term used here fo r the conventiona l second order
accurate first-derivative is based on an observation (Roach , Ref . 39,
p. 162) that for a linear model problem representing a one-dimensional
balance of convection and diffusion terms ,

(28 )ox 1 Re Ox 2

39. Roache, P. J.: Computational Fluid Dy-narnics. Hermosa Publishers ,
Albuquerque, 1972
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it can be shown by a compa rison wi t h an exact solc.tion ol h-j. (28),
solutions c.ctained using central differences for the c~ rivect-i —c-n term
are well behaved provided the mesh Reynolds number ~~~~ u~ ~ c1f~ is � 2,
but that qualitative inaccuracies (associated with bounàary conditions) may
occur when > 2. This suggests the use of an artificial viscosity to
ensure that the local effective mesh Reynolds number is no greater than
two. Thus, Eq. (28) is replaced by

u18,4~ :(~~ +E 1)81
2
~ (29)

where
Ax 

— i )  if Re  > 2
Re 2 AX 1C :  (30 )

o if Re
A~~~ 

2

From Eq. (30), it is apparent that the artificial viscosity can be
made to vanish by refining the mesh. Since the artificial viscosity is
proport ional to ~xj, solutions will have first-order forma l accuracy if

> 2 but second-order accuracy if Rej
~xi ~ 

2. Strictly speaking ,
the overall ~~ thod is second-order accurate since Re~~1 

-. 0 as the mesh
is refined. It should be remembered , however , that such asymptotic
t runcation error estimates are meaningful only for sufficiently small mesh
size ; whereas , in practical calculations of c omplex flows , mesh resolution
capabilities have often , out of necessity , been strained. One vi rtue of

the present formulation is that by isolating the artificial viscosity terms
for conxpar~son with other terms in the equations , a nonrL- urous but
plausible a posteriori indication of the first order t runcation error in
a computed solution is available . It is , of course , obvious that Eq. (29),
upon which the artificial viscosity is based , represents a gross simplifi-
cation of the Navier-Stokes equations , and it is primarily for this reason
that the present formulation of artificial viscosity terms is considered
provisional .

Particularly in the high Reynolds number type of three dimensional flows
conside red In the present work the number of grid points required to keep
the cell Reynolds number less than two (Re~~ � 2) become s prohibitive if
lees than mu.ltthour computer run times on a CX 66oo are to be avoided .
In me.ny circumstances of interest in combusting flows , such as di ffusion —

flames, the flow gradients arid resulting physical diffusion are such that
the use of an artificial viscosity or diffusion coefficient applied to such
large gradients can serious ly degrade the solution by the introduction of
signi ficant artificial numerical diffusion . Various strategies have been

i6



and are being evolved t~ circumvent t :ic -J~ 1fi -uitd, . ( ) 1  
~a~ L o ~~ ar note

the revi ved interest (Or s zag & Israefl , Ref . )~ - )  in fourth-order compact
difference formulas involving only t~~re~ ~r~- I ç Int-~ . Mitchell (Ref. 141)
for instance , cites sc~~ early appi~~cr ~t i ;m. - f  thi s technique within the
ADI framework . Unfort unately these cc -~n J R c - t  ii ff~ renoc~ 1orno~Jac lose a
great deal of their attractiveness when both ~~ rst and second derivatives
in the sa~~ coordi na te direction are present , since it 4 iirn~; o~t that the
first and second derivatives each reoui re a sepsrate c~~p—~tatiUrLai lev~
within the ADI procedure. In terms of computational effort, Bri ley ,
WDonald and Gibeling (Ref. 21) estimated that the fourth order compac t
difference schemes re qu ired ab out the same amoui-it of work as did the more
conventional five point centered fourth order accurate difference formulas .
The key point remains , however , that if Ors zag and Israeli ’s (Ref. ~4 C )
estimate is valid of the possible reduction in the number of grid points
for the fourth order scheme s re lat ive to the second order schemes to
achi eve comparab le accuracy, very significan t benefit s are to be obtairie-~
from using higher order accurate scheme s in r1rdlticiimen~ ional problems . It

~~s not possible within the constraints of the present study to accomplish
the necessary code modifications required to permit the enlargement of the
finite difference molecule in the MINT code from three to five points .
Nor was it possible to introduce the conventional compact three-point fourth
order scheme without a significant effort in view of the additional levels
required within the ADI framework. Instead a rather simple compact scheme
which could be easily implemented into the present scheme was evaluated .
This simple compact scheme will now be described .

The centered fourth order accurate five-point iirsn deri-,ative formula
can be written for equally spaced mesh as

(31)

Next It is assumed that betw een grid points the function ~ can be represented
by some exponential . It then follows that

~~ +2 :~~2 
~~ 4~i 2  ~~~ I 

(32)

140. Orszag , S. A. and M. Isr aeli~ Numerical Simulation of Viscous Incompres-
sible Flows . Annual Reviews in Fluid Mechanics , Vol. 6, 19714, p. 281.

141. Mitchell , A. R . :  Computational Methods in Partial Differential Equations ,
Wiley, New Yor k , 1969 .
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thus aliowir,~ the five point. dif 1er ~ n — -e m enuie t.( be c ompresse-~ to three ,
which after a lit t le lnar.ipc-Jstion ~~‘-c-s

~ ~~~~~~~~~ ~~i -i 1 (~~~)
cix 2 L~x I. 64 (  J

~ ~~ [ I x 2 ’ ~~~/ 6c~ J 
(3L )

Now i t  is easily v e r i f f e — ~ ‘ nat ~n l inear combinations of sine , cosine and
exponentia . functions -he ~-i’re n f - -r ~- .~ a is fourt h order a-curate . It is also
apparent tha t the f ’rm-~.:n Is non ii near an mun t encounter difficulties as
passes thr~ugh zerc-’. ~Thrther a 1thciq~h ~he formula as riven is not indeperi-
dent of a t rans lat ic-n  ~~; a -~c - n s~ an~- in the dependent va riable translation
by an addi - .ve con stant  e su r :Rf e  the zero denominator problem. If
this additive constant were i n f i n it e  c-e conventional three point second
order central i~fferer . - -~ f urfj la for ‘ne  fi rst  derivative is recovered , and
as mentione d earlier ~.-f toe atdtti-Te constant were zero a fourth order
accura te forrs-~1a for sLier . co.~:n~r a:~ exponentials , not suffering a cell
Reynolds number of two 1.~r~~tation , ~s recovered . Under th is  effor t  an ad hoc
limit was placed up:r the correcti-c- .i ~.erm this term was limited
to a value cf 0.5. Thi s p r c -~ ed-ur e av- i-is the diff iculty associated with a
zero denomi nator. In sofar as ‘ic nnrj inear aspect of the formulation is
concerned this was readi~ .; treatei u~~iri~’, the time linearization concept
(Refs . 19 tc 21) previc u~iy introduced to treat the nonlinear dependent
ariable term s in tne ~ -ierni n~ e~~ ati  ~j ns . For ease of implementation the

denominator term was not ~lnearize~ i~ut treated explicitly. This was felt
reasonable for a preliminary evaluation, since if warranted by the results
thi s explicit term could be treated more precisely at t he expense of some
tedium.

Under the present ef f- ~t . tri e nonlinear difference formula was applied
to the continu.i ty equation for a simple axisyninetric di f fu ~ ion fla~~ in a
cylindrical pipe in which there was no reverse flow. The result of this
application was a reduction of the mass flwc error at the compu~ ttional exit
plane from about thirteen (i~) percent to less than one percent . Finally the
scheme was appl ied to the three-dimensional rectangular conibustor discussed
in Section IV, but a convergent solution could not be obtained . The source
of the numerical difficulty was felt to be related to the still too coarse
mesh and to the form of the first-derivative correction term in Eq. (3k),
i.e., (~x)

2 620i/60 . The correction term can give a ma~r-r contribution
to the derivative in regions with large second derivatives of the dependent
variables , Particularly when the variable is near zero , and this n~y lead

18
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to erroneous re sults. Finally , the orie-~~iu e i  cu n t i n u ty equati ri wall
boundary condition is difficult to formulate consistent with the nonlinear
schenie Eq . ( 3 14) , and this also may have contributed t tie numerical problem .
Within the constraints of the present program these difficulties could not
be resolved . At this point the origin of the diffi culties has not been
established precisely 80 it is not even clear if the above scheme could be
made to work satisfactori ly for reacting flows wi th recirculatlon . Certainly
the motivation to continue efforts to inc rease the accuracy and minimi ze the
ntm~ er of grid points for three-dimensional combusting flow calculations
is still present .
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the previ- - .;r :-~~~

‘ 
~~ c -n:: - . n .  .~ -:-r n3d . -- r i o - - i  or  i

h t a ~ned f’r yr t ie  ‘
~  - a- ~nO .Lt ‘0 ‘~~‘~ 0; -: r ‘- .- - - 

-
~~~ a :, a r~ - r ~ —

tar:guIa: r- ’’sear :h ~ - ~~ ~ .
- -~ ~ ~~~~ - iror ar - - .- -. ) :‘

-ir - .p . Th~~- i ~r&—. i ’  to - r  -• ct~ i -~ 
• • a-o-n ~- a

.~hit1ne- ~ ‘nern - c’~ -~ :-: t ~ cad ; : f - :  -. a :.eao .r-:~.- -: ;.- ( .- . ~~~~~~ I a
n lt r i o  c-x~de , ~ar ~ . : - ~~~~ - :: i .-; -:a. :U - -: , -r- -~ t ak- - . o r . n - ’ •:a: :a:’o n : ;- r - : o.
Nc o t n e r  ~1 a meas :, : •-r a r — ’ nv- - :~ -~~ar. 

- D :. - : - ~

c~.’rni~ .st~~
- is a re- : tar .~~. . i: ~~~~ w i L .  cr - _ s r a : - ,~ 3 . 0  i : . .  a:.~ a:.
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of the f1ar~enolder , a’.: ~ ~sii to  id p - c ~ - 5 i : . 1 : .  tn ’ flair - —
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- (B ef .  19) with an ~~:~~~~ • -  ‘.-c.

~ t~~ c- - . 1 ’ 
~~~~~ h -~ La: -~~~ ~r ,s t t i 0 ‘~~( ~ - r.:
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ccmx wc ’ ’i-or : icb: , .’ . I r s .  ~ -c r -rr;; 1’.-x :: i: :.r - n  - t : :  ._~~~- — - - . i t  i s  a :. ‘-i ~~r . -:: . ’ ‘i
;‘:rT.p Iiea ”- I pt -r icr. , ~ i r-:. .- t i e  ac ~aI  p- ,- :- i - ~’c~~o na :La r i~~ar is ~y_o~ -ra .
ri:-: ~ji 

- 
~r: . Tvp ical  lv • tie would k r -  ta r- ~•~-o t o  ar:: arr,- a ~‘ I ct-al par r 01 - - Xi -Ia—

t i _ r i  reac :ic -~it h :~C arid }~ as pr i nt s. ‘‘he a de’ -~~I -a reac’ in:
f~ r x t . I a ’ I n  cf CC a H~ ~ fort - f c n a i  p-ri d : :’ ( 0 )

2 
and }i20 a- ~lu  r-~-

emp i .-ye - 1 .  ~ ~h - .L~ l- ~ appa:~::t icr ev~ :. cu c r i  a r u - I a t~ vel v ‘ s irspt ’ - ” appr ac-h
t~ t h e  c -mr us~ icr:  c h e m i s t r y  Is s ill pr oh i k  I’  ivc- i t .  :r : ’ - ’:-:-rr * -X  of a e l l ip t ic
f lu rd mechan ics  ca l - -a la ’ ion p r o L - e l o -  , al’ :.- -ug r: :c-rrie reac;r:t pu’ -gross has cot.
made in t w - -dimensic,nal rn ~del  in, . - f a wi - I - .nt i rr ’c -~ re r io -r by ~ - rm ’~ ck a r c
Prat t ~F e f .  ~~~~

Th e c. npnta ’  jonal re gion a: :r dar  b r  c- I~: oidVc-~ it: i c  p resent  ‘ca_ ~- a t ~or:
are in d i c a t e d  by  dashed li n es in F’i: . 2 .  :r -

~ order o reduce he a a- :-  Of
g r i d  p i r , t c  req : ired in t rue calcula~ I-. a ‘he a 1e pa ’ 0  e ra wa:: a::c:s-ro : ‘
p er i cd io  in the lorig i’udirial di rect i - n , so ~t a ’  :n ;cr - -cr y  a o dar’: c r.- : i  1 -as
c~ ~1d t e applied arid c— n y one —half of the  l o b :  por’ rai d 1 ‘j c :.ci:iere-i , a:
show:, in Fig . 2 . The temperature m —a ~.;- uc er :er ,t :  IS r e  C ru) OS: -c: Inc l- -:a e ha’
this is a reasonable approxi m ation . The coriput at iona t recion arid c - :or d ir .a -e
system are illustrated in Fig.  3. Fl rar e 14 show s t-ho sections (A , B , i-’ ) f~ r
whi ch prof i le  plots  of axial velocit y ,  temperature , cr , I : i i tr i c oxi de are

presented . All predict ions  presented were made usiut- a ~7 by ‘ b:r i
(2601 grId poInts~ for the x-1 , x- , x0 directions , recoectivel:4 . !~ maxt: -. co
axial veloci ty  (~;~ ) of ~5 - .~~ r n ’s e c  w o o  required to mr -rttc }i the ex’ - ’or irrut ’ :J-a .
mass flow rate . The reference lengt i :  (L )  for all. coorcU n a t c . -- 3 0.:d~ -9 I
meters (0.75 i n .) .  The calculation was i n i t i a t ed  down s~ ri-at, of ’ the f ar - .- -
holder assuming a mixture inlet terr. :.-€ -ra 4..ur e of 1225 ° K ari d a pre ss ’.ire of
1.002 x i05 Pascals (atrno :pteric ore ::-ir- ). A snn:owaat arb ’.rarr P
ble free streaut turbulence kinetto ~o .-r~ ; lev I ci’ ~~~ : eraor: ( i . - . ,  ~~
C- .l was imposed at the c o m p . r t a t i c r . a ~ ~~~~~

Axial velocity profiles are ri -ier. i r i  i-~~~’:: . 5. an- : 7 rr section:- A ,
B, and C , respectively , for  a series of axc at  r t r t t~ - r. :: . A - r u r i ci-- of crn -s-
sectional plane contour plots of cons t ar:t axial v e l o c i ty  are snown i t .  F’i cc .
to 11 for vario us axial stations . Th~- q- :ai it a t . i ve  c1iaract~ ristics of ti
jet expanding into the combustor sees. to be r -( -nr e :e ; te.:  - : 1  t o  r € - a c u r : u i - l , - .
As one p roceeds away from the inlet , ‘he i t ’ c p r e a - i r 1- is ev~ d t - n t  at : - )  rev-c:
flow is clearly present downstream of the flatnehuider wtt l region . Due to the
large inlet velocity and the rela~ ive l , r sma ll r ,u rcr - or  of -c : 1 o~ nt s  orn~-~ a:-e-d
in the calculation , cell Reynolds numbers In the ax ia l  ‘lir e ctio n became large

142. Wormeck , J .  J .  and II. T.  Prat * : - ‘on po : or Modeling of i’crrft- - int ion in a
Longwell Jet-Stirred Reactor . Pr ~:eed ings : Lx t e e a t ?  rymposium (irct-r - -
national) on Combustion , The Combu stion Institute , 1976 , to be published.
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so t~~a~ s .~~a . r ’i c a r  -. r - ’  n i  - c l - c - . -. ., - c- - , : .  - - ‘ ‘ ‘- -n- -’ .
ea .i~tic ’t ,_ : (,—

~~~ ~~~~~~~~~~~ Ti. ~~~. ‘A : -  c a : , ‘- ‘~ ~-t - 
- - t I .  ‘ a’-

pre sent .  ~-a.— e ri- c ~ _ t €‘ -~~ - - a . - i ’ 0’- ’: ’’ .r ,._ t - - Va-’ ~. 
‘ ate :t~ 

-

flw( t- -twe. -r ty .~ ‘ - -  e- - i  c r”- r’: : ci : c ~ i e-x ‘ 1 ‘c.- ~~~~~~~~~~~~~~~ . r. :r. 1 r” ’.’r :c ’ : . ‘V
due to ice ar~ If’ccal It I :‘~u.i or -: 0 . - - - - 

- a ‘ U -  r c :t 1 ,~~,
P rofI les  ~f’ ‘U . - - cai r .i a • ~

--- -u _ ~- :c -e k , : : , “ :. • - . ‘ ~~
- :s. ~- r - a:’-

showr ~
- F 12 , 13 a’-’l ,. -_

stream ~~~ :,‘ - : ,. er -c c 1 ’:- - , t-cC:r’lc ~
- p-c c c’ fo .n’ ’ a: - : . ;.o:c:. - ‘ca r - , of ’ ’ .::-

Inlet • ‘I’:. - - ef fo  : ‘ ~I ~~~~~~ Vn2- - at -
~~ :, • :0 cer’ r 5tj, , 

~~~ a . -

was n o t  I~~t’C’t~ Ogate]  ft.  0 a ’ -pc , ru ’ ‘ i t  j oec ’ ICO , ‘~ -cc~~: :~ ‘. -e J.:

t o b e -  addressed ~n :‘.0-c’: cx: ‘:c’ ,r :.c-rta _ a:.. ‘ c c : r ’~- ’ i -’~~C .

The equll ii: rico-.. t - ,,-f : car a:-:: on cPa - cl c’. r’~- ,’ act  - o r .  - -a vi.- r -nt. i-i:: r ated t a be
valid near the ir.l e~. ~ oc t. of the c~~nb - .cr-o: -  ~:c~~c c-cr a c - b r - : - ~n ioa . 7n’~:rei-r- c ,
an ad hoc i~~ ition delay cc- i t oo: - ri  ic.~: nc -c-s ec ca t h u  coli c ’ f o r  to :
unrealistically 1ar~~ Leo -. -urat’ ,~u - c  0: ,-0 io -c,r. - c -or:, 0’O crc -i:.- .c’ :be ~n ie ’
This was acc omplished . n the p ta-con - ora-r - cal :. r c r o d c i re r~T ::p ’cct t y i a ~ t r u e
pseudo-kinetic rat : c : ’.,: . ., a ,  (Y-ac f . i c ) ,  ac a faa -c Or: of’ a x i al  d i st ~~c c€-
from the inlet p iotr -u . f ’he - ‘ I f - c O  ‘c: he caeci fic ’  : f or: : t .1 nrc dela ,,- cit trio
centerline ax i al t ot , , i- ,~ t :. cc --ao l a d  I f S  s s c  a-nw:. ~: . .~~ - , al ,r.~’ wu to,
Imental measur e~ eruci.  nt. f~ jr -cx - 0 ri L -.i-._ - -nrtc . Ac cx - - :0’.. r~ ’1ict ed t e rn —
peratu.res are conuideraci. l . ,’- .- : t  t i . a .  r : - :  row: i:’e.i ‘,aj:c”s : :c:L..,se- -~~
ener~~ losses in the c-c - i l: .etor i-Poe, ..- ‘.-re a t  1111 lude-I c:: tn-c c~ Jcuiat or.s.
Nond1mensior~~ te mp-:r ’cOu: - . profJ  cc. -a: cc pr escni000 1: 5. IC 0 .~ i~ at

ections A , B , and C , t o u r  c-c : i - . r l y .  f. .i -  a r e r t e a  oh axial s t a t i o n s , and a
sequence of cross— ~ oc ’.j o a u i  ~-l :o c a r t - o u r  :.—l -~t: oi’ c o n  a ’o c c’r:-a — e r ’ i t i.u-e are
shown In . Figs . .L) t o  .0. . ‘r :e LC’.’ - O -  . ‘ c~~ cr c n r c r . ’ a.- ‘c ’ - : : - .- 0 nrc treat: .~r e n er t s
are also displayed or F i g .  17 I c : -  . -ec ’, i cn  B .  The :-r ’.-::c’r:c-u of s c t :f i c , ~~J v :s-
cosity (In the axba l  01 :-cc- -c : - c ~ ) in b~ tr  tric . ,  ‘a : as a:’Or -- a -rn ,’ eq-cut icu:s :r ’iy
h ave distorted the tr eniovr .  c: ’- tec - era ’ ,nrc proi’ iI cc , s in c e  L i i . t~ -i-: the  , t e r
boundaries art if icial  di f~”. t~ 1.-on Is  Si- -c. i l’lc -utc ’ coa,: ac : ‘-,,o cr r,r vect icr . hoW-
ever , the qual itative coinp ar isor ::  :~h , - - -

- ,c rer he :ur.cf ’ - hr,.E i’1~~. 1’,’ indicate a
reasonable variation of ; - r e d i c t i - d ‘-i -c- . cc-atone acrocs t t ’- . - . -u , : - : u r o r . U n i v  a
llr -~I ted nuccic er of r. .i Lu - :  c ox. dt’ (; ) con :- it c’a’. or: moo : , z’r r , ’ri t- :: wc re..- rn a— :~
In the combu.zt or r u d e  - - — - -0 - i ;  :r ’or ’at . ,~- ; .  21 rice ‘. t e ’ I~ - ‘ a t “z~ t. l u :  1:: s i -m O t 1 ye
to the tec.rce ratc r-- hi: -.tc ru’ ca u t I  c. ci ;-a:’ l .~~c i . - , a - -: 0a r i r n r c :  - ‘,-:~~ - . - : .  :-r .- .i . - - —
tion and experimen t ac- - c-cO earu n ‘P. ~r r ~~~~ i r : : t o r , - :‘ - . to -c . - - :ur:cr-:c’,r:tL c or.
profiles (Fig. 22) are :r r.o-,~’ni or y- 1’- a t :~~~ ’ ax i a .~~ r L  at , on :~~. - r -  ~Li ,  ‘-qo: , I t r ’~ cr:
tenperature has been at.- :  nle .I .
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The present numerical to:. ~l ts  n ” rn ’ ’r a t r - a  a be : i r itt :asiar I ; ; ’ ‘ r - ’i’ ) O  ,‘ Ct -

computat L r:al procedure dcvi- -up e l ‘u ~ te r Li t - p i’-r:t St - ,0 : arci ‘ h-c- - - a r .’a: i i i
of’ the MIi ~l code to perform calc:clat j u n t  of * h r e € r _ a t m , - r .: - r.c~I y u t r , r ,  n - c i:,~ f I  sn
with  recircula~ i cr.. The need for impr ve :- O:r: ’.. of ‘- i r e  . I i f t e r e r r c j r ~ : chest ’: it
apparent tecause of the suspected d i a ’ -r ’ ion in U t  pr e d i c ti o ns  due to  ax:-
sive art i f icial  viscosity.  The p r e l i mi na r y  eft t . - r t c c  t o  develop a s L’apt a
pact d i f fe rencing scheme made under t h e  pre ; .” .-r: r pr -~y’a : s: ,wc-d c-or , ’~ s i c  :. on
nonreacti:u~r flows , however , no reaa . r.a: .-1” re:. : r i t  s a cr.lri :.e ot ta ine c f -r n o -
busting f lows . The ad hoc nature of cc : rc r upa c~ di fferar.-:e scriern e p:-ap . oeo
Sec-tic :-. II I is an undesi:-ab le feat — or e , and ii. may preclude cc :c:ce:sfol use :1’

schemes such as these for general problems . The motivation for continued
development of higher order solut I on procedures shoul d still be high for
the reasons mentioned in Section III.

Ir i  addition , the re is d early a r iced f r arc imrpr- -ccc: r. -:d:- - : ar: ,- . Cr e m i C ’  a-,’

model In the existing computer code if reas-. nr ar .1:,- accu rat e  qoarcJ ’ca .ive predic-
tions are desired. For a general three-dimerarional elli ptic comp ,.:aabo:.a l
procedure such as the MINT code , ii i n  f’elt that a re lat ive-’lc- s imple f i nj t .~-
rate h ydrocarbon chemistry model should r e  employed , in c c n ~1unçtion with  a
simple model for representation of the  inf luence of ‘ ~r L - . tn ri ’ (rc-rrcen° ra I -

fluctuations , suc h as that employed by liutchinson, Xhalil and Wh,itelaw (Ref. L t d ) .

143, Hutchinson , P . ,  E.  E. Khalil and J. H. ‘vThitelaw: The Calcula ion of Wall
Heat Transfer Rate and Pollut ion F cr m a t i o i  in [cxtavcrr.et r i o  ~

- . . rn iacea.
Presented at 14th Members Conference , ir i ternat i cu:ao Flame i-a~searc:;
F0..ou dation , Ijmuiden , Holland , t-’a~c 1)’(P .
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Pit ’ I f ’P.i V

F’ s l lP Ccr .~ ~I i~J, C ’ l-L ) i~.

The two— d Lnens I onal F HF, F (F i ’-  - i~ - I nic~~t i - ri ~ iii p t ic Or - “ c u - i cr ’- )
c~~ puter code had beer) ‘.1e-/c-1- . , m- ~~ et nj  t ed  T’-’c: r n - P  c’i e , , f r r : : :n r .  h f len  r
under bctr~ Ai r Forc e t n n  Er : .0 i’~. a-’cru: ’,a.i r Tot. .’ic ‘ci to ‘ - : . - - ,- St un :- .r::hi
the prediction i-I’ cc-niit , st i r r ~ I -s I I r - :  cc . Orr- :. r -r t ly , to. i”da a C..o ~e

Is being further dei ,a l op-ed u n d er  E j A  - - ‘cr .tract r,um r or (- H— 0— 1- ’.7~ an :  th~~c
code is del,iverab c,c t:- t t r i -  Air  i”orc ’n ~nider t i’ie present con t r ac t .  The
theoretical analysis ocr  the FRI ! con-u , ccm ;-ar i sc:: o1’ -c -c:. : :teo r e tu l t :..
with measurements , at o ttO user ’ ‘ :r,oa.n~ i, - - a t i e  F .t.~ c :::; :te r pro~’r ’uc.
will be available as Fl iP  r t : - o r - t r .

Ir~ orde r to -Ien-cor.atr ate t’cr ~ P1 ‘p :,tcr cc~1 ’ - - n ‘ it’. Wi- c i t  —

Patterson Ai r  Force Base (Ot t  - .rC) c’ : ; r r r c :  f e  Us - d I : - .t-::0 ri’ r- Thiem W H ; :

run . The ~recxnetry c -:r : ::j :er cc ’ l w~,c: :;ir: . Liar i. .- trot in  I i ’ -  t : irE . - a — i i ’,mcns ,~~r ’ r 1
c cxnputation with e~i c l r  a r r~i ,-j - i f u r  fcu : - .: rP~ lao -re ! r ,-j ~ s i l t , and t,:ic - - ri: —
walls were neglected . The i r :ict Len : c.-r ’at ire wc~s f r . : ’- : ,  c i : :  

~~~~~ 
0

E ( .- ‘‘F i-P. t : ,
all other conditions act ‘rerc ic r -ih - - !  in 2” t i  or~ IV. An r r P i t r R ry l inear
Ignition. delay cr i tex- i or. ( : r ’ o: . : l r - ’ ‘c-  ‘ ‘si t . , r y , - - )  wna n ;; tie : in c r. , cc c- —
tion with ec j . i l ib r l -,or, :.y -or - o . ca r r -  : . chc- r r i ic t r ~ 1:-i - ta: : -~ c r’ . . - r . -_ t r at ion  cci P,- .~-
lation . The cornriuLi0 OX1Lo~ velocit~,’ c r-: flJe- :r r t  ~-€-vr- r :r l ax i cu l  atat i : nia
are shown in }i g .  2°f ;  the p I e r c e  oi ’ ::l/rn rnc r t r y  cir1 c tne  c u n o r r i c r e l  wall are
located at - . . ) arc-c X , 1. - . , rt ’: p e r t i - .’a- ly,  wit I ra - t ar :  o n c c ’t  port c.~
centered between these t -s- -n ’ i - - r : e : : . Tm ’- q o  10 t o t c  Vt: ’ a ac,’c or . .f these
profiles seems rem ec’ . ’cr:ob.w , in ‘rot-s it  tnt:  c- ..era’.: c’~c . ; ’c tuc :onal mesh
(17x17 ) employed in thi s c e i a uj . ct , i cn i , Extaa.c i ’ie : cr a ic :a t  1 . - n: c-f trio FRE F
code is being carried out under EPA c- -o i traut  ~- : - O - i t 7 3 .
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Figure 1. General axisym met ric combu~tor 9eometry.
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NOTE C O M P U T A T I O N A L  A O ’J N O A F- t I E S  D E N O T E: )  BY DA S H Ef i  L INES

o~~~Jo o
0 0 00

Figure 2. Experimental f lameholder configuration for three dime nsional
rectangular comb ustor
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Figure 3. Computational region and coordinate sys tem for three dimensional
rectangular combusto r
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Figure 4. Cross flow plane sections A.B. and C for profile plots
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Figure 19. Contours of constant nondim ensio nal temperature in the cross —sectional plane
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Figure 20, Contours of constant nond imensional temperature in the cross-sectional plane
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Figure 21. Contours of constant nondimens ional tempera ture in the cross-sectional plane
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Figure 22. Comparison between predicted and experimental
nitric oxide (NO) concen tration profiles
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