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ADSl'RACT 

TIlis paper present.s il rnet.llod [or prcdict.ing' t.he in-cylinder g;;.s 

[loM's d llr lllg i,hE i nta kC! st."oke or Cour-.... 1,roke ".n b i nes. A 

simplirH~d en~llle model )lith a deep-bowl plsLon con[~uT'ation.. and 

~ c:~nt,ral lnt,<li..E lIal\le was used. :... invis(:nd lwo-dimf.!ns.1onal 

aXl:iylllmet..ric Clow ... as invest.i:;ut..ed. The rnodel used a 1'init..e 

difference rrroced lire W'i III a n expand i ",,/COII t,,'dC t.1 n~ ~rid in 

axisymmet...ric rcpresellt...ation. Tllp. major source of Lroubles f'or Lite 

conver~ence oC t...he ,",01'1t...10n Wi:'!>' t...h", Il"QL~ady t...llrhulent. jeL t'J 0)1 

issuing from t...he int.ake valVe "hich required very small t.ime 

~nterval!i for i,he Gol ut..i on compared wi t.h Lhat. d UT' i n~ Lhe 

compression st..roke where t.here lS no jet, rlo~ exist,s. Result..s 

show a r.omplicaLcd flo,," f"it!ld durln: t,he inLake sLroke 

1 i ke-ge·")nlet.r- i es. 

1. INTRODUCTION 

The combust.ion ra Le > [uel-a iT' mi.-..;ing, ell~ i ne DeI" f'orrn2lnr;e and 

f'ormat.ion of polluLant,s of an en~ine are all highly dependent, on 

t.he 1'10. 1'ield Lhat.. exist.s in t..he en~~ne cvlinder- (11. Hos~ a~Len­

t..ion has bt!en ,~ven Lo simulat.e t...he compression sLroke leild1ng 
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combu~Lion process [2,3] IL is clear LhaL Lhe Clo~ during Lhe 

compression sLroke is sLrongly inCluenced by Lhe iniLjal 

condiLions aL Lhe beginning or compression sLroke. i,e., Lhe end 

or inLake sLroke. Since e~rly experimenLs, iL has been recognized 

LhaL Lhe major source oC Lurblence and s~irl in Lhe engine 

"cylinder in Lhe inLake sLroke is Lhe shear flow pasL 
valves £4-8]. So, iL is useCul Lo have valuable insi~hL 
sLnlc Lure of' Lhc r lo~ C ielcl uur ill;' Lhl'! in Lake BLrLJke, 

Lhe in Lalce 

inLo Lhe 

A Lhree-uimensiol\"J lIIouel is requireu Lo r;alcuL:"Le S'ICIt .'1 

complex r lo~, Ho~ever. L IIIo-d illlens iona 1 sLud i es are sLi 11 usefu 1 in 
allowing Lhe LesLill~ of ne~ ideas easily and economically [91, ,\"-,, 

a rh'sL approximaLion, soluLion is obLained in a Ll>lo-dimell!":ioll.ll 
model or a cylinder wiLh an axisymmeLric inleL valve. The ell~in€o-

LhaL Lhe 

Vl.SC:')lIS 

done in 

speed of roLaLion is so high during Lhe inLake process 

flo~ is modeled via a lar~e inviscid core plus a small 
boundary l;jyer aL Lhe ~alls as convenLionally 

aerodynamics. An inviscid snluLion mighL also be Lhe 

vehicle for Lhe iniLial sLudies 0[' Lhe Clo~ rielu 

inLake sLroke [11 J. 1 L ""11 lows i.lre concenLraLion upon 

pracLical 

during Lhe 

Lhe problem 

of unsLeady LurbulenL jC'L flo~ issuing from Lhe inLake valve and 

Lhe conver~cnce of it.s IIlJln''','lcal sol liLt Oil. 

1 n Lhe pI'esP-1I L s-LlIrJ y , Lhe Llll'[)u1 cnL [' luw ~ellel'aL~u by 
11l':'Vf'-~"~ Il t. 0 I' 1,.11<, pi 5Lnll rl',~rn 1,llP TnC Co 1.11" Hnr. ,I ur i n~: 

flo",' frOlll a cenl,r,'}ll~' 10~,.\Lcd v.]lve is pl"edicl.f"u, The 

was carr ied Oll L llsin~ ;} r,OIllPli Ler program base-d an 
uirCp.renc:e al~oriLllin. 

2. tL\TIIE~lATICAL FOKMULATION 

2.1 GOVERNING [QUAT(OnS 

I.hf' 

predicLioll 

i) finite-

Use is made of a cyl illdric~l cooruinaLe sysLelfl Cr, e. z) 

~hose-a~is is b"eL Oil Lhe t..:y1iIlUCl· axis anu iLs origin is aL l.he 

cenLre or Lhe cylinder head as sho~n in Fi~.l. The componenLs or 

• Ule \"e loc i Ly U ;}re u, \, win Lhe radii'll. Lan,;-en Li a 1, and a>.:iill 

direcLions respecLive-ly. 

Since Lhe r low 1'" L t,'!1'1I r.:1II 11(" rp~;} I'dl~(' i'<; ."j x i 1'i)""'l1lpLr.i r: .. 1, .. :>1 1 
licl'iv.:tl.ivL'''' WI t.1I j'<:"'IH·':1. La C.hl:' L~nf:el.Ll;; L tlil'ceLioll 0 al'e 

neg-lecLed ill order Lo simpliCy Lhe maLhemaLical descript.ion and Lo 

reduce conlpuL'lL ions required. The l)ovcrning equaLionS' are Lhe 

conLinuiLy and Lhe momenLum equat.ions. For a L~o dimensional 
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lllvlscid unst.eady axisymrneLric 1'101'1, Lhey 1,ake t..he 1'ollol'l.tng- f'orm; 

1 d 8 
-(1"011) + -(pili) (} <'1 ) 

I' [Jl' dz 

a 1 iJ :I. 
d py2 .,r-

_(.pu) + -( l'PlJ .) + -(puw) + p- '" 0 (2) 
at. r or iJz r Ell' 

q 1 0 iJ puv 
-Cp'll) ... -(rr.)UIo') + -(pvw) + .... 0 (3) 

at.. l' ar liz. r 

a 1 iJ i) 2 or 
-(pw) ... -(rpuw) + -(p", ) ... (1- "" 0 (4) 
oI- l' Or i)-t; lIZ 

whel"F L dsnot.cs t.he I..imf.:!', p Lhe 1'luJ.d detlSlt.y, and P t.he pl'eSSUle 
devided by Lhe densit.y. 

DeC;cOuse tAlE plst.on veloC:ll..~' is small compared ,.,il..l\ sonic spel'!c\. 

t.he dens.L t..y is C'lss~lned Lo be c.ono:::\.<!ol"lt.. du:rif\~ t..he lllt..al,e perIod, IL 

is also assllilled Uli\L t.he 'IIorl(,i.n~ 11uid j::> .:In idc~al 

reacl..ion i1[Ht he;)/. t.t·;"\t,,,,,r~l· nrt:! HOt.. !.(1nsidcretl~ 

all' • 

1.lle hound;ll' i e!': t.1' \ ! II' 

inLeg-r:lLlUIl .H·ea Wl.ll .... H·} \'11 Lh 1. i 1111;. 10 III ,1 I a., t.lles!:'! !Joun((.)l .... ,,; 
Lime Independ",nt.., 1.ilt:> llIov"hl~ cOOf"d.l.nat.e syS'LellI discussed in ()] 

is usee, .1."1"1 whicn Lhe 1.lme derivallve or the i:'eneral dependent. 
var-iilble .p ",ill Oe calculated f"rom the rela1.ion: 

z 

where t 
p 

l'I 
p 

il,p 
(--) 

D L rnC\'\J 
W (:i) 

<} a z 

in Lhe cylin~er space. 

(6) 

in t.he bowl 

•• vp aad b st.and Cor ceneral dep~ndent variable, the pisLon speed 
and t.Oe d.Ls1.ance b(!'Lween t.he pist.on race and t.he cylinder head. 
rc~pecLl yely, 

2.2 DOUNDARY AND TNfTIAL COnDITIONS 

The normal velocit.ies at. 011 SOlld bound~rips are seL cqu~l LO 

"--he veluciLy or boundary, ,L e" zero 1'or all solid boundarit:-s 



M. 12J M.S. EL K~dy , E.n. Zedan and M.H.Awad 
except. at. t.he pist.on, where Lhe axial velociLy is equal t.o 1.he 
pist.on velocit.y. Slip condit.ions are assumed ror the ot.her 
velocil.y component.s. At. t.be axis 01 sylllmet.ry, t.he radial <'Ind 
l.a ng-ent.i;)l1 v.-Iuc it. ies are equal l.o zel'u, and i!w/i"."'O and oP /01'==0. 

The inlel. flow was aSsumed t.o ~nter t.he cylinder parallel l.o 
l.he direcl.ion of t.he valve-seat. annulus inclinat.ion, and, l.he mass 
['low rate is as!'; 11111 I'd "'1ll.'"\1 to Lilt' r<'lt.... oC ch.-\nI;C roC voLume 
displaced lIy t.be p ist.on mu 1 t. i pI i l:ll by l.he alnbien L densi t. y. 
ComputaLions were inil.iaLed as Lhe exhaust. valve Closed. radial 
and <'Ixial veloci t.i es were sel. t.o wI'! zero, "'lid a sol id Lady of" 
rot.at.ion is assumed wilh a swirl number oC t.he oruer or t.he pist.an 
rol.al.ional speed. 

:l. (;AU-:lILAT! O'i ALGOIt I Tlltl 

The fil)iLe-Oi.rrcrc.'llcl:' ",e~hod is used lor this problem. 
goover-ning- equal.ions, shown above, are t.ran~f"erred l.a 
form usin~ t.he same algor1l.hm presenl.eu in l3J, Two 
sLa::ered ~rids are used ror t.be vecl.or and scalar 

t.ll e fill i l.e 
dillerenl. 
variables 

[12.131. The st.a~~ered :;-riu syst.em "as discussed in del.ail 
SLephens eL ~l. [1'1, and successlully used by El Kady el. al. 
The ~rid layauL used, is illust.rctt.t.'c\ in Fi~.2. 

by 
(3 ). 

A v':ll'iablL' ax1.)1 t;pacint; 1'a,; used La allow /"ur Lhe chan;;e ill 
Lhe u is Lance b'"'t.ween L he cy 11ndel' beau and t.he p1st.on t.ap. TIl e 
g-r id sysLcm cons ist.s or 1 (J l'aLi i" 1 Iloues, 7 rad ia I nodes 11")1' l.lte 
lHsLon ue'!p-bow 1, anu v ar1 <J IJJ e ~lxi d 1 nodes rang in:; 1'1'0111 5 La l'i" in 
t.he cylinder space .iJllu lrom 11 Lo 7 in t.h~ piston deep-bowl. 

T1H::'- fi,9!'-\t ~Lpp 1·01' nht.., i II i J)::; LIH~ rIll'" r ir: l Ii ,arr,"'~J' ;, Lime 

inCrelllf"1I L bl. is lou ~lIes'" LIH~ ~ .•• I oc i t,\, ':01111" III I'll Ls \I. valid w I) y 

using Lhe prl~ssure rield ill l.hr~ IJresenL Lillie t.. i\S Lhese velocit.y 
cqmponen Ls do not. Srt t.isly t.l"" call t.i I)U L l.y equa Lion, IIIhich is an 
ellipl.ic Poission's equal.ion, velociLy components 4nd pressure 
must. be corrp.ct..ed as t.o satis-Cy the canLinuil.Y equat.ioll. An 
il.erat.ive procedure is applied unt.il Lhe cont.inuil.y equat..ion is 
sat.isI'ied ror each ~rid node. The absoluLe values 01 residuals, 
Which are calculat.ed ['ram each discreLizaLion equat.ion, are used 
in order t.o conf i nn L1,,~ c:ovp.r:;eIICY 01 50 1 u Lion, Computa t. i on has 
been perlOrlllf!d relying l:m .UL~rllat.ill~ Direct..iol\ Implicit. met.hod 
ADI usin~ t.he TriDia~onal HaLrix Algarit.hm TDHA [15]. 

,\s a. lully conver:;ed solul.lcll1 is reached, t.he calculat.ion is 
ad ... ·anced Lo t.he rollowil1~ Lime st.ep. 

4.R£SULTS AND DISCUSSION 

Calculat.ions "ere made llsi n~ an axisymmet.ric engilH~ model. A 
small size direct. inject.ian dies!?l engine 01 120mm bore,/102.8mm 
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sLroke "'iLh a cenLrally 10caLed bowl of 37.5 InRI dept..h, and a 

Ul.:lmCLCr of 40 HUll <!lull an oxi~ymmeLric l.nLc.ke vCllve 01' 45 de~ree 

-s~aL an~le were used. The engine speed considered is 2400 rpm. A 
re L\Led p I'ob it:!,,\ deye loped in Lhe cOllyer:o;ence of Lhe numer ic"" 1 

S,)~ 'l1.inn to Lhe air jet- C'lowinl; irom U,e lnLake vdlve. It.. requ~red 

<1 very slIl.all t...Lme sLeD for Llle soluLlon compared La iLs value 

dUY'in~ t..he cOlilpression st..roke "'here t..here is no jet.. flow exi.'s:L_<;; 

[2,3J. 

The LoLal L.LInE' inLerval \'Ihich corresponds Lo t..he compleLe 

5 Lrolce Lr''lvel is (\i v ided ill Lo u. nun,ber of L i ml:! :,>i.ep5. Severa 1 t. i me 

st..ep ci·1'\'culj-d~_i.ous ".e'l. ... {:" pel""1"ortucd, A lyp,j L.'rJl tin,,: sI.P1',s of" o~ '3 ;11) 41 

1. 0 degree "'ere lised, LP.ll 501\l1.iol1 swep.ps of variwbles per Lime 

::oLep ~ere sufficiehl. el\Du:;h Lo ensure :full conyerg-ence_ The 

resulLanL velociLy in Lhe r-z plane, Lhe pressure di:f:ference and 
Lite LangenLiLll yeloeiL), are shown in F'i~s. (3-0) by Ute vay of 

conLours for dlfferent.. crank an~les during t..he inLake sLroke. 

1he over?J 11 _<;1.ru cLu re 01' Lhc: 1" 10" is L:,arac LeI' ized by ;;1 Je L 

flo," '" i Lh LI 1 ar/;e val' Lex I'es i c.I ing in Lhe vie ill i Ly 0 f Lhe 

cl:!nLerlille This is d\JE LO Llle high -speet1 1'10'" issul.nl; frofll l.lle 

lIarI'o'" valve clearilnce. 

A eOUlpl ic.,Lcd flow is ;;eJlt,r;,Lcd in !,he r.yJ illdr'T' LInd L11~-" 

vorLices ,/a 1'ies II i LII Lillie Cil\d s-p~ce. l'be l'lov cOlnp 1 e~ i Ly is 11111(,: [1 

II ig-her lIe-al' nud-sLroke. peel).; \'e 1 Dei Li ,~5 a 1 so ex ist" The ye 1 DC i L ~es 

near cornel' C\ re 10\>1 sho\>l in:; ;, dCild re~ion It'i Lil wid LII V;;\l·y ill:; '" i 1.1 \ 

Lime, Till.? L.'ll';"IlLi<l1 vl,l'J,:it..y ell.,n:;-"s.in buLh I·'-·\l!i::.l alld :-.:-:i:,) 

direcLions. hen:::'2 t..lle dssump1.ion or " solid body of roLaLioH aL 

Lhe beginnil1~ of compress.Lon sLroke sei).ms Lo be a CI'lldf" 

.:Ipproxi lila Lion. 

The calculaLed resulLs of pressure and 

at, fiDe can be nolt' Ilsed <IS illiLial values 

simulaLioll. 

velocit..y disLribllLions 

:for compression flow 

5. CO~CUISION.S 

The in-cylinder f10",s in Lhe inL<:lke sl.roke, ",hl.ch cOllld 

inf 1 uence Lhe flo", during compl'ess~oa, con,bUsLiol1 and Lhen Lhe 

r~rfornl;)nc(> n r 1"1"'-: i p 1'0;;'1 I. i I';;" I'llt.; l llr- .. ",('I'I"' f"S t. i 111 .. -. Ll"'d 1111111(>1' \ e"ll y 
lL~ ifiYIIIUH.'I.t·j t~ 1'1, L' 1'1 u", w a.... ,~., I I,: II 1, .1.1 ., t 1-) 'UIlI .,1. i I. V i"'l: i. " 

Lwo-tlimenfi iOll<'l 1 Inow C'l. A cell Lrcoll y loc::u L~J in Lake va 1 ve is as:'>IJIlIt!'d 

wiLh a 1'10'" parallel Lo Lhe direct-ioll of Lhe valve-seal. annulus. 

Flo", in Lhc cylinder dnd Lhe vort-ices varies "'iLh and 

space, AL Lhe end of Lhis sLroKe t.hf>' axial 

velocit:ies ",ere varying in boLh r<l.diiJl and axial 

make it. crurlp assumpLion Lo Lake a ~uli~ body Or 

and -Lan::enLlal 

direcLions, which 

roLa-L~on aL Lhe 
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be:'lnnin::; of COfl'lprf?ssion sLroke. Il can be sa.rely said LhaL 1.,1.," 

numerical simulaLion meLhod ~iLh Lhls LreaLmenL of the jet rlo~ 

f'rom Lhe valve can be ext.ended and llsed 1..0 simulaLe the visco,,'" 

unsteady rlow as a better approximaLion .ror the Clow by choosing .:I 

suiLable Lurbulenl model. 

6. NO t1E"CLATU~E 

b
l 

d 
• 

die 
r 
h 

r 
r, €I, 

I'l:-
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~ 

L 
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W 
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(I 
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P 
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Bow 1 depLh. 
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Gl.'id slJacing in 2-direc:lion. 

Scalar field. 

The inslanLaneous piston displacement. 

Pressure/densiLy. 

Cylindrical eoordinaLes. 

Oow I roadi us. 

Cy 1 i ntler l' •• di liS. 

Time 
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Axial veloei t.y. 

The i IJslaut:'llcotIS pisLIJI> ~pf-o.·d. 
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fig. 5 The con~our lines or ~he pressure dlrrerence of ~he rlow 
durin~ ln~ake s~roke. 
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