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The purpose 01' the prcsent wml\. is to in\'cstigatc an opcratm ~plilling algorithlll caJlcd PISO [2. ;~l.(i¡ w¡tlt rc~pct't 10 it~ Mlilahility rOl
Iransicllt simuhllions nf onc-dimcnsional. Ialllinnr comhustion pl'Ohlcms Ihal lIl\'olvc lIluitilcaclion chcrnical kinctics. 1'0 this cm!. in thc
prCscllt research tIJe cquations governing une-dimcnsional. lamin:lr l'liemically reactillg !low arc fOflllUI:llCdand re1cvanl nondimcnsional
paraltK'll'rs are dClcnnincd. The govcrning t'quations arc disCfCli/cd Il~ing a flnite-\'tllul1K' <Ipproach. ;1I1dthe PISO algorithm is implclllcntcd.
:\'ullll'rical solUliolls ohtaincd with this algorilhm are pn:selHcd rOl'a hllrner-~(;lhili/('d. pn.."mi\l'd OlOl1ellame.

Keywo/"{I.c Modeling, reacting Ilows. nOll-itcl"ative algnrilhm. Jinitl' voluIne :lppro,lCh

El prop{lsito del prescnte Ir;¡bajo e~ investigar un algorilmo de 0pl'r,ldor separado denominado PISO [:l, r), GI con respecto a su aplicabilidad
para la simulación de problemas de combll:>.tión unidimensionales laminare:>.quc in\'olul'riln cinética química de mllhircacci()ne~. Para
esle propósito, ell 1:1presente illvestigacitln. las ecuacioncs que gohicrn;¡ll l'I 1I1l.ioquímicamentc rcal'lantc. l:lIl1inar. unidillll.."nsional SOII
formuladas y los p,lrJmetf(ls relevantes adimensionales Sllll dl'll'nnill:ldos. l.,l~ lTllaci(mc~ g(lhcrnanles "'Im discfl'li/.:Kla" USaml(1cl mét{ld(1
dc lo~ vllhímenes finitos y el algoritmo PISO es formulado. Se pre~clllaIl ~Olllcitlnl'Slluméricl'" con este algoritmo para una llama prcmc/dada
de olOno estabilizada al quemador.

[)e,\cril'/Ol't.'s: Simulación, llujos reactantes, algoritIllo no interactivo. aproxifll:lci{lll de volullIen linilo

PACS: 47.70.Fw

1. lntroc!uclinn

\Vhile Ihe numerical solutioIl 01' steady, one-dimensional,
laminar comhustion prohlems has bccome a cOlllpulational
task, Iherc is a (ollsiderahlc lack 0'- nllmerical Illcthods that
are ¡¡ble lo aecuralely ami eflkicllIly solve unsleady prob-
IClllS. In rae •. because nature is llluJti-dimensional allll insl:l-
liollary, transicnL prohlellls appear lo he 01' greatcr rdevance
Ihan lhcir steaJy-stale counterparls. Examples 01" importanl
Iransil'nl cOlllhuslion prohlellls yet awailing Illlllll'rical solu-
lion inclllde the variety 01"stahility prohlellls I"ound in nearly
all engincering applicalions.

DifTerenl algorithms have heen devclopcd to solve Ihe
inl1crclll compkxily 01' Ihe equations govcrning Iluids 110\\1.
Explil'il schemes like lhe FCT algoriLhm \vas specilically in-
venled lo handk prohlcllls \vith shock wa\'cs and il has hÚ'1l
particlIlarly lIscd in high-spccd reactive !low calculalions [:q.
In Ihe (iodunov Illelhod. a Ricman prohlcm is solved cetl hy
ceJl or rcgioll hy rcgion in Ihe no\V and integral ion is pcr.
I'ormcd analytically eXlrapolaling lhe /low forward in time.
This Illelhod has becll employed ror shock-wave prohlel11s.
Implicil f1nite-differenee schel1les are hccoming favorcd in
relation to their e.xplieil coulllerparls. This is hecallsc the UIl-
condilionnl slahilily 01' the former as conlrastl'd wilh the sl;¡-
hilily 01' the cxplicit methods which is restriclcd OIl llll." si/l."
of the time-Slcp that can he takcn. Existing implicil mcth-
mis likc SIMPLE and SIMI'LER [4] mctilads, o"crcome tile
prohlel1l 01"Lile linkage hClwcell pressure and dCllsily for low

i\laeh numhn llo\\'s hy Irealing Ihe prl."sslIn.~as a maill vari-
ahlc. In order 10 dl."tennine lhe pressun:, ajoinL lllanipu1alion
01"the 1l1()IIlenllllll and conlinuity cquation provides an equa-
lioll for lhe prl."ssurc. The I"l."sulting equalion rcplaces the con-
linllity relatioll \\'hik the IlHlllll'ntulll equaLions relain Iheir
rolL' 01' dl'terlllining Ihe vL'loeity fleld. Tlle equalions are dis-
C!"L'lised fully illlplicitly, wilh lile pressure-velocily coupling
heing handled Ihrollgh Ihe use 01" ¡tcralion. The advanlage
gained hy implieil differencing 01' lhe cqualions can he di-
minishcd hy the use 01' Ihe ileratinn at each lilllc-step whieh
rnakes lime-dependenl ealculatiol1s ralhe!" expellsivc. The al-
gorilhlll callcd PISO r~I is a non-ilt'rativc Illelhod rOl" han-
dling Ihe pressUl"e-\"elneity eoupling of Ihe diseretised 1ll0-
Illentlllll ami pre.ssurc cqualiolls .sueh Ihat the lields ohtaillcd
at eadllime-stcp ~f are c10se approximalions 01"lhe cxacl so-
IUlioll nI' the differcllec eqll:llinlls \vith a formal order of accll-
raey 01' lhe order nI' powcrs 01" f:::..t depending 011 Ihe numhcr
nf operaliol1-splitlings uscd. Tl1is algorithlll has heen lested
by lssa e/ al. [('1 for llames wherc lllechanislllS nf rcaclion
Ila\"c hecn lineari/cd.

The objelive in Ihis papel' is similar lo lhnt 01' I-Ieirncrl ct
al. 111 and ISS;l ('t al. [GI: h(lwcver hcrc we makc use nf;¡
IJlllinar llame modcl whieh ineludcs hoth multispccics \vilh
mullireaclion ehemienl kinelics and the 1ll0lllellluIll equalioll.
This :IJlproacll nlfers the ;¡dvantage 01"complete inl"orlllalioll
abolll tllL' syslelll. particularly will1 Ihe highly nonlinear COLJ-
pling 01' the eIlergy and specics equalinlls with Ihe lluid dy-
namies nf Ihe .sYStL'Ill.
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2. Gasphasc lIIodel

2.1. TIH' :..:m.ernin~Nluations in dimensional form
«(, )

2,2. Initial ami Boundar). l'ondiliulIS

l!ere /(0 denoles lile universal gas conslant amI ¡Vi. (he
molccular \\"eighl 01' spe(ies ¡. i = 1.. . .\'.

The gm.crning cqualions. Eqs. (2) lo (5) form a hyhrid
parah()li(-hyperb'llil: syslelll (Ir partial dilTcrenlialeqllalions.
In onl)' a fe\\" spL'(ial case, the malhcJ1lalical ronnlllalion 01'
Ihe hOlllldary condiliollS, \\"hich are lo be illlposcd lo l'nsure
exislence and lllliqucness 01' lhe solllliotl. are known. There-
fore, il is Ile(essary Ihat proper h(lllndary conditions are cho-
sen in a heurislic \\"ilY hy laking inlo accolllll Ihe physical
lIleaning of lhe comhustioll problelll under considcralion ami
Ihe malhematical nalllre of Ihe governing eqllations.

\Vilh lile hUrIlel exil as Ihe origino lhe houndary condi-
liollS are givell hyt

(7)

¡> = 1'" (~)
n/l
- =!I.n.,.

iJl'
__ 1 _ ()

¡).r - .

.,\' "lid

I = l.. .,\' and

i = 1.

<7r
D.r

T = Tu. )"¡ = ).i.u'.,.= !I :

.1" -----t !XI :

DII
L(f!) = -1'-;- ,

DJ'
ilml lhe 1ll0Jllenl1l1ll equatioll

Thl' physical prohlelll to he analyzed is lhe rollmving. ;\ fuel-
(lxidi/cr premixlurc Jischarges from a cooled porous plug
l1all1eholtlcr and rcacls at a llame n:gion localed al a IInile
dislance t10wnslrealll 01' lhe hurncr cxit. Thc hUnler is ide-
ali/eLl sucl1 Ihal Ihe !lowlleld is one-dimensional, while lhe
llame, which conslitules Ihe reaclion region. is planar and
parallel {(l the burner exit. ;\ssllllling high aclivation energy 01'
Ihis o:xidation rc,lL'lion. Ihe rcaction 10lle is lhin cornrared lo
Ihe diffusion Icnglh 01' lhe Uow. The space olllside Ihe hurncr
is asslll1lcd lo he adiahalic so lhal lhe llame loses heal only
on lhe humer surfacc. In conlrasl lo Ihe common cOlllhus-
lion assumplioll of uniform pressurc, Ihe presclll analysi ..•re-
lains lhe fuI! 1ll01llcntum equalion. Tlw cqll<llions goverlling
aplanar. olle-dimensional. laminar reaclive pipe no\\' of an
idl.'al-gas mixture are derived from lhe general conser\"alion
equal ions for Illulticolllpollenl. reacling flows. In [erms 01' lhe
accullllllative-con\"ectivc operalor L dellned hy

. D</> D9
L(<p) = -D + 11-;-) , (1)

I ( .1'

ror any dependenl variahle o." the !low fleld is descrihed by
lhe o\"crall-conlinuily cqllalion

(5 )

DI' 4 D ( DII)f!L(II) = -- + -- 1'-D,,' 3 D,/' D./'
Tl'mpCralure and mass rraclinns obey Ihc energy and spl'cies
conservalion equalions, respectively. l.i:..,

D DI' N

""I,L(T} = D./' (.\ D,1') + L(p) - L ",11." (4)
i=l

( 'l _ D (¡'l') .eL ), - - -:-) (J ¡ I +!V¡. i = l. .. .N .
( ,r

\Ve refer 10 c.g. \Villiams ISI for the derivatioll ofthese equa-
lions. \\'hich rely 011 classical assumplions slIch as Fourier
la\\", Fick's la\\., Arrhenius law, the law of mass aClion and
Ihe perkcl gas equalion 01' statc, and where Ihe exlernal
fon:cs are Ileglccled. In Eqs. (l) lo (5). amI !lelow, I de-
noles Ihe lime .. f Ihe spalial coordinate. and 11 Ihe velocily
componenl in lhe .r direction; (1 is Ihe densily. l' is the prcs-
sure. T lhe lemperalun:: and } '¡ lhe mass fraction uf species i,
i = 1.. . .\'. l' delloles lhe dynamic viscosily 01' lhe mix-
lure, .\ j[S lhermal conductivity and (',, jts specjlic !leal ca-
pacily al constanl prcssure; hi is lhe spccitic enlhalpy of
spel:ies i, i = L ... ,X. \'¡ ilS diffusion vclocily and I/'¡ ilS
mass rale produc[ion. Thc systelll 01' Eqs. (2) 10 (5) is c10scd
by Ihe ideal-gas equation 01"slalc:

\\"hl'rc

The suhscript 11 idenlilies properlies in [l1e llnhurn[ gas.
Thcse c(lnditiolls irnply Ihal lhe /lo\\' lelllperaturc amI Jis-
cllarge rale are li.\ed al lhe humer exil, lhal therc is no
spccies pellclration i!lIO Ihe hUrIler. and thal al! propcrlics arc
boundcd far dO\l.'llslream 01"Ihe llame where lhc I"uell:oncen-
lraliol1 V,lllishes bec<llIse of a complete ()xidati()n reacti()Jl. l:or
lhe !luid dynamics system. al.f = (l. lhe \'elocily is prescrihcd
(dischargc rate liX('lI). \\.hilL' the pressurc lhere is cOlllpulcd
fmlll lhe 11Iolllcnlulll el)Uatioll. Al Ihe posll1:Ul1C hOlllldary,
lhe pressure is li,cl! lo be JI,. while the velocily lhere is lIP~
daled hy seltin~ lero ,!;radienl lo lhe \'l;locily. The model \Vas
started frolll a standard inilial profilL' (see Fig. 1) and endcd
Ihc cxercise al a lime lo l'nsurc lhal ..•Iead)" slale had heen
achievcd.

2,J. i\lodd for thernwd)'lIamics and 1ll0ll'l'ular transport

Following [:q, il is assullled Ihal Ihe dillllsion vc10cily can be
wrilten as

(9)

In Eq. (9) F/) i..•Ihe ordinary-diflllsion \'elucity. \ ",l. is Ihe
lhermal ditTusion velocily and \'~ is lhe correclion vc1ocily.

The dynalllic viscnsity and lhe Ihermal cont1uclivily 01
lhe mixlure are calculaled fmm lhe respective properties 01"
(he pure species aCL.ur<!ing 10 lhe \videly accepled approxillla-

HIT. Me.\". ¡:ú. ..w (2) (199H) I (¡ l-I(¡(¡
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delincd ahove. in Eq, (15) JI denotes lhe numher 01"e1emen-
lary reactiolls cOlllained in (he lIlecl1anism, alH.llJ~,/..,and JI~'j.

are Ihe sloichiomelric cocrticients nI" specics i in reaclion 1,',
J,' = L, .JI. reprcsenting lhere reaclants and produCls. re-
speclively; (:\ T") Y EJ..- are lhe pre-exponcnlial factor in tlle
specilic reaclioll-rale constant and the activalion ellergy 01"re-
artion J,'. respcctin.'ly.

" '-
2.-1.1. TI/l' o;ml(, /"¡lIcric IJIcc/ulIIislII

\Ve llave studiL'd the ozone llame hccausc ilS kinelic llIecha-
nislll is Ihlo'simplest exisling delailcd Illecllanism 01"elemen-
lary reactions. 1I involves lhree species. O. O2 ami O:~\vhich
rcael according to lhe Illcchanism shown helow

r----~
FI{iUKE 1. Schcmatíc diagram of boundary conditions. Also.lhe
Illilial prolilcs lo he specilicd to start from scratdl lhe complItatioll
nf a hurncr.sLahílil.cd premixed llame, R amI Pare the rcclan!s amI
pnldw.:!s. rcspcc!ivdy.

tions

(), + 111;= () + (), + 111,

() + 0" ;= 20"
20 + :\1 ;= 0, + \L

( 16)

JI= ( I())
where ),1 represcnts a lhird hody, which can he eilher O. ()2.
or Ch.

and
1 ( NI)A =::j L X¡A¡ + s " . .
- i=l Li=! .\,/A,

(1 1 )

3, Numcrkalmcthnd

J.1. Thc ~()n'rlling equatiolls in Ilondimcnsional form

and lhe molar specilic entropy hy

S', " , 03 T2 0.1 " <~ (lr,".1-=a7+allllf+IHT+- +-/ +-T. (I.n
11° - 2 :\ 4

eJ,i ')'~ 4RO =(I{ +U2T+a3T-+a.IT' +(I::,T . (12)

Ihe molar specilic c:nthalpy hy

Ikre X¡ denoles lhe mole fraClion ofspecies i, For lhe lher-
Illodynamic properties polynomial curve lits of the NASA
Lype are used. Thus, the molar specifk hc:al capacily aL COIl-
sLan! pressure is given hy

( 1X)

( 17)

Nondimensional numhers tha( can he l"orOled hy inll'Oduc-
ing or se!cclillg, respectively. rcference quanlilies are lhe
Strouhal nUlllber Sr. Ihe Rcynolds nUlllhcr R(', the ElI1er
1l1l111herEII, Ihe Prandtl numher PI', ami lhe Mach numher
JI(/,In terllls (JI"Ihe qllanlitiL's delined ahovc. lhe Ilondimen-
sional go\'crning cqllalions can he wriUen as

s
+(I,-I)M"'r,,,t'(I,")-¿I,;,,,;, (19)

i=1

L' ( ') ,D,,'t' = -(' --.D.ro,
"L'( ') l' DI" .1 D ( ,D,,' )fJ . /1 =-!,/I--+-.--- 1'-- •D,,," :\11,' O.,,' D.,,'

"'L'('I")- 1 D (\,01")( fI ~ ----- , --
l' fll'!',. D.r' n.,,"

_ '1' + (12]'2 + a;¡ T" + (/'1],'+ (1;;]';'
-(/0+/11 - - - -.

2 3 ,1 5
( 1.1)

11,
RO

wherc lhe Ilondimellsional operator Lo, is givcn hy

D,,' DI/J'
I,'W) = Sr-'- + 1"",-. (21)

Df* u.ro,

Herc. JI is lhe ratio 01' reference specilk heat capaciLies. The
nondilllcl1si\Hwl equatioll 01' stalc is

{I' = .\/02£//(},' + I¡*)-,",

lA. i\lodel for ,:omlmstioll chemislr~'

\\'hC:Il oetailed Illcchanisms of elementary reactions are eJ1l-
ployed in the nUlIlerical siOlulation 01' laminar tlames. the
rates 01' production 01' lhe cheOlical species may he \'.Tillen as.

i=L ... S. (IS)

\I,'hcrc it is undcrstood lhal forward and backward chemical
reaclions are trcatcd separ~l.tely. 13csidcs lhe quantitics already

"L'(l") D ('1"1") ,1I ¡ = - D.,.o, f' ¡ i + Il'¡ ,

whcrc

í

i = L. ,S, (20)

(22)

Rc\:Jfcx. ¡:ÍJ. -t-t (2) (llJlJ8) 161-166
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.1.2. Dis(:n.,tizalion

':'I'(ji" - A)p = lf''(1)) + 5".1' + 1;1'("0);;, (24)

For cOIlV(.'niellcc ol" notation subscquclltly lhe supcrscrirt ill-
dicating nondimcnsinnal t]uanlitics (*) \ViII he omitlctl. For
lhe dcrivalioll of dilTcrcllcc cquatiolls il is convcnicnl \(l wrile
cadl (Ji" Ihe govcrning ('qua! ions in a standard fOfl11(ollsis! ing
of:1n alTlIlllulati\'(.' l('rlll . :l c(ln\'ccli\'(.~tcnn. a dilfusi\'c lcrm
and a SOUfLT term. ¡";=:. .•

(2X)

•
E

forPe¡ > 2,
fnrPe¡ < -,)

¡~(I+2/[',,)

(\¡ = 1

1

w• •

"',,.(d,, - .1). = H. (,..,) - ¡,'I/(IIE -1''')

+ :::1:'.1' + rJ,'(I}(/,);.1 . (29)

3.2./. Srllgg('l"ct/ grid.liJr lhe l/IOI//('fIllll/l eqllllliol/

Ikrl' l'cl11ral and IIJlwind forlllulations are rcprCSL'llled. The
\'allles /,ero OI"COlll' fOl"n ¡ dellote l!lose cases where difrll-
sive transporl is Ilc,!!ll'c(ed comparcd lo con\'cctioll. Pe is (he
Pl'ckt Illllllber (/), = 1'lIá.r/I',,~).

\vhl'l"e ;\/ = 111I is lhe mass Illlx alld Ihe parameler O¡ is de-
fined ;IS

FI(jIJRL 2. LaheJin,!! (Ir grid points ami noundary poinls of a con~
1rol \'olllllle sU1Toundillg p(lin1 P. The wid1h 01"(he control \'olulllc
i.s ').1'1': h(lth ils heiglll tI.'ir' ami ils dep1h ,):1' are olle. Poillt Pis
InCall'd in a l'unoid nllltl'Ol \'OIUllll' á\ '1': it •.•Ileighh{lring !!rid p{linls
arl' \\' ami E. TllL' nOlllld,nie ...pf Ihe Clllltnll \olullle 'llrrounding P
are !ahdel! 1/' and ,

J.J. The PISO algorithm

ShoWIl in Fig. J is a cOlllrol \'OIUllll' in the sta,!!gercd grid 01'
the \'cl()cily 11.whicll is asslIl1lcd to he governcd by the mo~
lllellllll1l Eq. (IXl. I1 is sCL'llled hUI1l Hgs. 2 and J that lhe
slaggl'red grid fOI" /1 can he uhlained from lhe basic grid by
shifling the ccnler 01' mass nI' each hasic-grid control valume
\ '1' a {lislance &(.1"1': -.1"1') to Ihe righl. Thus, ((JI' Ihe staggered
11 grid, the mOIllL'lIll1l1lequalion bccoJl1es

where .:1,. A,. 11,. amI n. are dclined in a similar \I,'ay as in
10'1',(25H2S),

Nm\' \Ve briefly describe the re\'ised PISO algorilhm 101 and
its IHllIlcrical implelllelltalion. The al~orilhm consisl.s 01' a se-
ries of steps, UIlC predictOl" aJl(ll\\'o corrcclors. Iha1 are lo he
cíllTied oul during c<lch time-slcp. For cOl1venience of pre~
.'il'ntalion. lhe l'qu;[liolls are \\'l'ittell in (he general lorm

(23)
,iJ(I":') iJ(I'U,j» D (, D'f')::,,.--+---=- 1,,-n/ D,,, D.I' n,,,

I!ere o is unily rol' Ihe cOlllinuily cqualioll. 1/ rOl" lhe lllomen4

llllll et]ualion. T for lhe cncrgy cqualioll. and rj for lile ;-111
SPCCiL's-lIlass COllsCfvalion cqualion. i = 1. . . .!.V. Thc gen-
eral proccdurc lo casi ;¡ partial diffcrcl1lial cquatioll ¡nlo lhe
abo\'c standard form is 10 manipulatc lhe cquJlion until all
cOl'flkiL'nls <lmllerms appearing in il are in a form suilable lo
be absorbed inlo the "generalil.cd dilTusion cocflicicl1t" I'ó
ami Ihe sOllrce lerm S~~.

rhe Illethod selecled herein lo derive dillerence eqllalions
fmm Ihe g()\'crning partial dillerential cqllalions, I:qs. (17)-
(20), is Ihe linite-\"olullle Illelhod (fVM). rhe esscncc of Ihe
FVivl consis(s of dctining ror each poinl P of the compll-
talional dOlllain i.I slIitahlc control vnlllllle surrollnding thal
poi nI, amito intcgrale the governing: equa(ion of lhe respec-
live dependenl \'ariahle o\'er (he control volumc, see Fig. :!.
The control \'olumes are sclccted such that, firstly, each \'01-

lime sllrrollllds one and only one grid poinl, secondly, Ihal
lile conlrol \'olullles do lIot ovcrlap, amI thirdly, Ihat l!leir
collection covers the lotal \'ulume linda cOllsideralion. The
n:slIlt of 111L'integralioll o\'er a control \"()lulllc surrounding
grid point l' is a difference cquation, the lInknowns in which
are Ihe \'allles of the dependent variables at poinl P and at Ihe
\vestern ami cas(cm neighhors 01' P.

UPOll inlegration 01' Eq. (23) o\'er a cOlllputational grid
poinl P, illllstralcd in Fig:. 2, and aftcr SU!lle algehraic manip-
lllatiolls, Ihe discrctised eqll:llion !llay be \\'ritlcn as

wherc Só.I' dcnotes the \"olulIle inlegral o\'cr the source term
Só.ln Eq. (24) and bclO\\' the sllperscript 11is used to idclllify
variahles or cxpressions laken allimc level f ~ tI/. at which a
solulion lo (he go\'crning cquations is assllI1led lo he kno\\'l1.
Variahlcs or c\pressions not identifled hy Ihe supcrscript 11
are to be taken at timc 1 = fll + ~f and are unknO\\'Il: st)-
11Itions 10 Iht: govcrning equaliolls at tiJ1lt: 1 = 111 + ~I are
sOllghl. The individual lerJ1ls 01' Eq. (24) are given hy

Sn).rl'
,ip = ---

:>1

-Ap = (nM)" + (nM)", - M""

111'(1)) = (nM),'OE + (oM)",o\\',

(25)

(2(¡)
(27)

whcre IJ denotes Ibc SUIll 01" all c(ldficicnts 01" Ihe variahle
Ó al poi nI P: el' is a fllnction 01" lcnns coupling Ó" lo the
neig:hbours OE and Ó\\': SI' is the Sllll1 of the sourcc tenns of
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licld 1'"' \\hich nm\' sali ...•fy thc ctlnllnuity cquation arc lIscd
lo lIpdate lhc coerticienls .'\,)1' and I!0[' in Eq. (2-t). Thus,
Ihe "calar l'l\uatiol1s

I ó, I ó, -1r- p -T- E

w "
• :;; • :;. • :;;

w p E

~ ó, -1,

13" .'~ .•~ ("'( '.~') ~ G"
1'01' = l' (," + :\~.I'+ '<)p.

are e.\ pI icil ly sol \'ed for ó' ." ,

(.\ 7)

FI(ilIRE~. Staggercd grid for Ihe \"L'locity 11.
4, (h',"U, al1l1 <li'CII";OI1'

[J'" C'''(') 5'11 r' HI'P" = p l' + 1'.1' + ....PI' .

1,"'1'; and C; denotes Ihe codfkienl nf ojl,. ¡.e.. the \"aluc of lhe
variahle () al the previous lime Ic\"cl t 11.

are snlvel! ror the starred variahle 41)', NOlc thal in generallhe
slarred vclol'Íly lield does nol satisfy lhe continuily equaliol1.

F¡rsr correclOr slep. Here. Ihc coeflkicl1lS .,1 <lnd JI are slill
l'valllaIL'd at lhe old time leve\. Contilluity, lllolllcnlulll and
slaLc cqualions are uscd lo derivc lhe pressurc equalion

To pl'rfonn lhe sil1lulatitlll of a slead)", laminar. hUrIlcr-
...•lahilí/cd o/one llalllc, Ihc PISO algorithm \Vas implclllcnted
illlo lIJe Uni\'ersal Laminar FbIlIL' and Flamelel ('odc RUN-
IDI.17], which provides lhe facilities rcquircd ror thc silll-
ulalioll 01"reacling ami 1l1111-re<lctingqll<lsi-one-dimensional
110\\'s \\'ilh delailcd lIlodcls 01" chemislry. lhermodynamics
<lml molecular Iransport, AdapLive griding can hl.' cmployed
\\'ilh lhis eodc.

T(I slarl lhe sillllllalitln 01"Ihe llame, guesscd illilial pro-
files (11" lhe dependenl variahles are required (fig. 1). The ini-
lial gucss l'akulaled inlcrnally by RUN-I DL f71 is lakcn by
Ihc PISO algorilhlll. \vhidl Ihcn is lIscd rOl" as many lilllc-
slCps as are rcqllired lo rcach a steady solulion. t Dne nj
lhc main problellls during Ibis sillllllalioll \Vas lhe occasional
111\l\'L'menLof lhe llame out nI" (he compulalional dOl1laill.
Tllis problem \Vas eliminalcd by using adapLivc griding im-
plelllcnlcd in RUN-1DL. A lime- ....•lep si/c 01' 10-7 seconds
\Va" lI•..•l.d.

-l.I. ClllllputationallJl'lKCdurc

Lit)[J'" e"(") S'" G""I,'p = pI,' + ~',.I'+ ,I,'p,

l'r{'diclOr ste". f'or all dependenl variables. Lhe vallles Ill"l.'-
vailing at lilllc level tn are lIscd in lhe solution 01' lhc IllO~
IlIcnllllll Eq. (2íJ) anu scalar (cllergy amllllass rracliolls) Eqs.
(2-t j. Tile cocflicients in lhc opcralors.tl ami II arc cvalualcd
al lime tll so Iha!. these operators are Iincar ",ilh respccL Lo
11. Abo Ihe sourcc terms are cvalllaled aL t11. Thus. at cach
inLcrior grid local ion P. Ihe linear problellls

are explicilly solveu ror r,i) .• '.

[J,"",',,' e" ( ") + t:'/n + ",,"= l' l' ,J¡d' \..1 1"

1'" = EII,U,,'(,," + "hU"'), (.1(,)

.L2. IlIlcrprctation uf profiks

For Ihc hUrIler-stahili/cd prclllixed llame calclllalcd herein. a
lelllpL'ralurc 01' 300 K was adoplcd al cold boulldary \vhcrc
IhL~spccies were assllmed lo cOlllaill lixcd mas s rra<:lions of
():l ((lO (Ir) and ():! (-tO (,Ií.). TIlL' spccified hurning vclocity at
lhe (oltl houndary \Vas 1.5 mIs. ",hile lhe pressure in Ihe hol
houndary i" ti.\cd 10 be I har.

Sho\\'n in Fig. -t are lhe results 01' Ihe slcady soJulion
(11" Ihe hurner-stabililcd Oltllle llame. In the Ieft-hand parl
(JI' Ihe piclure thl..' Il..'lllpcr•.lIl1l"l.',velocily and pressurc prolilcs
lhrough lhe: llame are shown. \vhi1c in lhe: righL-hand pan Ihe
mass rraclioll of lhe spccies ¡Irc plolled. 11can he seen rmm
lhe ligures Ihat dLle lo Ihe Iarge aclivalion cnergy reaclioll the
1l/01lC llame strllcture cOllsisls (JI' a Ihin chemically-rcacling
rL'gioll (().2 mlll in phy"ical spaL'c)'" separaling t\\"o broad.
upstrcam llnhllrJll ami dO\\'llslrcalll hUrIlL regions in which
fue! nxidaLion eITeCLi\"L'lydocs llol Ol'CUL In this thin region
COllvcl'tion i...•UnilllpOrlanL slll'h lhat the controlling processL's
arc dillusion, o\idalion. dí""oL'Íalioll ami recolllbinalion, On
tllL' posll1allle rcgion, the Lelllpcralure, \"elocity allllm:lss frac-
lion profllcs gencralcd hy Ihc modcl lend lO conslalll valucs
(/Cro gradicllts). COITl.'spolldingly lo Ihe boundary condilions.

The lelllperalUre graph display ...•a SleCr slope !leal' Ihe
cold hOlllldary, \\'hile inlllL' poslllamc rcgioll lhere is a slow

(.1.1)

Tlle triple-slarred vc10ciLy f1eJd is ohlained hy solving Ihe cor-
respoJldingly Eq, (29). The veloeily ¡¡cid 11*" and lhe densily

ami is soh.cd ror p~. The new prL~ssure t," is suhsclJuently
used in solving lhe dcnsily f1eld

The double-slarred velocily ¡¡cId is ohlaincd hy solving lhe
corn:spontlingly Eq. (29). The vclocity lield 11 .•.• am.! lhe dCll-
SilY ficld p' which now satisfy lhe continllily eqllation arc
u ....l.d lo updalc Ihe coeflkicnts A"w and J-!óp in Eq. (~-t l,
Thu ...•, Lhe scalar cqualion ...•

1" •.••olved. Then. Ihe ne\\' douhlc-s(arred pressure is slllhC-
l[uelllly uscd in solving lhe dcnsity Held

S{'('(]ful corrC'ctor sre/,. f'irslly. Ihe conlinuity-hased prcssurc
cqualillll
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inlo <Inexoll1ellllic /.olle. Tl1e gas vL'!m'ity pro 11k shO\\'s 110\\'
Ihe ullhmllL'd gases 1110VCal lhe specilied hurning velocily 01
1.5 mIs lhrollgh lhe llame n:gion whcre Ihe velocily increascs
sharpl)'. \vhik in lhe posll1tlllle region Ihe velocily Icnds lo a
conslanl \';¡JUl'. As il i..•lo he C\IK'Clcd 011 phy,ical gWlInds.
a negligihle pressurc drop OCl'urS in Ihe llame. TherL'lúre. the
COllllllOIl assulllplit III (lr conslanl pn:ssurc across a llame llsed
in olher slcady~sl;¡le ca!cu!aliolls is salislied. It L.an he seen
fmm lhis Iigure Ihat an almosl perpendicular gradienl dcvel-
ops ove!" Ihe llame regiofl. while in lhe posll1ame region lhe
slope gradually dCLTeases lo approach (he specilicd PI"L'ssure
nI' I har.

Fl{jURE 4. Proliles Ihroug:h ti laminar hurncr-stabilizcd mOIlC
Ilamc.

tl'lllpcraturc rise wilh a m3ximuIll Icmperalure 01' IY()O K.
Thc lTlass fracliolls profilcs depictcd hcrcin shmv thal the
slruclure rOl"lhe o/one llame occurs in Ihe hot rcaclion fOlle
tllHllhc O alollls produced there dilTuse i/llo Ihe prchcal /.one.
whcrc lhe exolcrlllic slep occlIrs. convcrling Ihe preheiJl lonL'

X lOs
l,0006~------~

Thc prcsellt WOI"K invcstigalcs IIlL' I'ISO algorilhlll will1 re-
specl lo its "uil,lbi!ll\' 101 silllulalHHlS 01 ollc-dllllCn"IOn<l1
laminar prcl1li\cd llames wilh tktailed chemislry model
rOl' thc Ilamc. To Ihis clld. Ihe equaliolls governing onc-
dimensional. laminar chemically reacling Ilows are IHlIldi~
rncnsiona1ifcd and discreliscd lIsing a IInilc volulTle ap-
pro;'lch. ami Ihe PISO algorílhm ¡s iJllplelllenled inlo a com-
pUlalional code. ¡\ hurner-slahililed Ol.une llame wilh de~
tailed chemislry was lIsed lo lesl Ihe clpahilily {Ir Ihe COdL'
rOl"handling lhe IHlIlli !lear olupli ng (lr the ellergy and spccies
cqualiolls will1 (he fluid dynalllics of lhe SYSIL'JIl. 1I was
ShO\\'11Ihal Ibis lllodel predicts pressurc drops Ihal are in res.
onanle agrL'clllclH lo lhe physiL'al prohlclTl.

5. Cnnclncling rcmarks
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*. Thc 'luan!il)' L((/J) is (hc tot3l dcrivativc 01' 1>.

t. A scl1clllatic diagram orthe initial ami houmJary comliliolls 0]\
a hurncr is shown in Fig. l.

t. Onl)' tbe linal si cad)' solutions rcsulting from lhis cxcrcisc an:
prescll(cd rm cbrity.

* *. As a conseqllL'llCc. Ihc adaptivc gridt.ling is ncccssnry.
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