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Numerically-Experimental Study on the Combustion
and Performance of a Spark-Ignition Engine

4 Cycle Engine

By
Keizo HATTA and Taeko SANO

Abstract: The present work has involved digital computer analysis of the performance
of a spark ignition engine and the subsequent formation of the atmospheric pollutant
NO by presenting a better understanding of the combustion process based on the one-
dimensional theory of flame propagation under the heat exchanging between walls and
gas in the cylinder. Because of major interest in the combustion process for the presentation
of a numerical simulation model, the gas exchange process is simply assumed to be of
the idealized indicator diagram. As the fuel, n-octane and as the components of the
burned gas, eleven species, CO, CO,, H, H,,H,0, N, N,, NO, O, O, and OH are considered
to be in chemical equilibrium except for NO whose formation is predicted by Zeldovich
mechanism. Stepwise solutions of the time- and space-dependent mass- and energy-
conservation equations together with associated gasdynamic and chemical equations
yield the time histories of thermodynamic properties and chemical compositions throughout
the engine cycle under various operation conditions of the compression-ratio, the boost
pressure (charging efficiency), the engine speed, the ignition timing, the air-fuel ratio
(equivalence ratio), the burning velocity etc. The results demonstrate definitely major
effects of these operating parameters on the cycle performance and provide compre-
hensibly the details of the combustion process and the NO formation during the engine
operation, although the used assumptions still remain to be further investigated.
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B n'(t) T(¢) Qs e) (=0, p=P, )
S nz(t)nif(t) T(¢) : Qs( ¢ ) (v=0, p=Py)
Pi=gPdY/Y, (50)
(c) ’
sfe=NM" ;{Z:ﬂ X 60 (61

N L TomBELYE, M BRSTE

(d) NOBEHi=Z

(N °—Ng"°) (mol /cycle), M N’ —Ng') ( g/cycle)

(e) (EFEZIEK
- Nf
Ny = W : 52)

Ny 1 TOFKDENE, (ng);  FRORKE - RIBETOEVEE
Ny
e = (nf)aVs (53)
(np)o FROKKE « KRURE TOELK
(g) BZE 7y ’

ne=gPAdY & 1033 (54)

Q ' KEMTORABDHRA (k cal ) THY, 1 KPP ORIGEE% 45° (cal /mol)
EFT B Ex

A ‘ , .
@=\! 3 (ni-ni) spirovar (55)
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Twc =100°C
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Twp=250P;C (BRKHEP): mmHg)

0. = 2o 3y T {(T-Tup+ (14 55 )T-Tue) |/ ¥

(cal/cm®*s ) GY))
Qs =" 907~ 5&os Vo VPT { (T Tup) + (1455 T =Tuer |y
(cal/s) | (58)
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v= (1 ST L) s
(10’1:11&)—152.41&1'5 ST+ qn’aT)"" (59)
W= ayeT exp (~12400/T) (ny)®5n0z o p-0s2s
n’=nl — (T-T-)nc,/q, n%2=nl2— 7 (T-T_) nc,/q
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BIRBEEEEE vy RN ZEE 0y, BLUOKEER vf REEXRETHAVAELN, &
Bo—Ee R ionic, K23 @), b)id BB ofl FiesT, REDEY, (RiF®SE
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B, MEZORROEUIC X 3 BAEL KRR OBRPBRESHTOLELDHEEFoteb e T
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DC ;rDc K29
_ l l VYV VERHNRAEN(P)— 77
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HE (@ =Vp / Vs, ref ) DRE
@5 = 460m Hg ab, Iy 44 =
25 °BTC, rpm=3000rpm,
€=90 3 Q‘g# 0 )

a(’)
(a) $=0.83 (b) =125
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(a) $=0.83 (b) $=1.25

K30 #FtR (Q) —77v/AE (a) BRICHT 2MBERE (a=Vp /Us,ref) D
& :

(ps =160 mHg ab,] ; 4d= 25 °BTC , rpm=3000rpm, €=9.0 ,Q,70 )
PABEHRE vy (m/s) A DA BT ERAXLEORRA ZAEE vy (m/s)PWHEDON7 PAVMT
b5 KKEEE vy (m/s)CKRELEETZ0T, ThoOBEKEMOONN3IL (@), (b)T
b5, Mida x5 2 — 2 LTHEIC vf, vy vp DEEE (m/s)Z LD, BHEIC 5
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INOHHHBICHT 2 e 0B A Vb DT, KEitice 220, RMEAIIK 32(a) (b)
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(a) 4=083 (b) $=1.25

K32 BRRFEEBEHES (p;) » IRBEHEER (sfc), MRHEB (Q) , MEIEL
B (Qy), MBEMR (da )it s 2MBEEEE (@ =Vb /Uy, ref ) DB
(pp = 460 mHg ab, IgAd=25 °BTC, rpm=3000rpm,€=9.0,Q,50)
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fERA  NO OERKIE
ﬁmmi®%%ﬁm%%@%5&Eb@afw6®@X5/m&®%$Qﬁ&KiK?%
3, BAMTIL, BUKORIKERBRE TS € OMERSHEER % > Db > TOIRL
LEoTElve LictisT MEEROERIGE T TRGEERIICROES T LEA
AETH B0 L L, BERBZRL, NO, NER 1 thdhged i1 K5 Ef % TR
FHEBEICELTED, X, ARET—OOBENE L NODERBIBEBRAUEZRNT
m,k%&mfméméﬁﬁbkﬁ(A-l),(A-Z)fﬁbénézmmnalﬁﬁ
Kk - THEMKS T EB—RICEDOSNTV S,

O+N, =NO+N (A1)
N+OQOH=NO+H : (A+3)

Lavoie & [I1lick vkl BEAI TR, (A 3)ODJS‘L[BOD%‘%-@j(%b‘Cc‘:iM‘*T%éX’L’CO‘
2705 BELBEMTRAEAT IZKLEETZeldovich B H230id (A3) DRIG
AWk Zeldovich BETRHFEFHRTOEEZINODERSHY, fDBMELED
iC e DERBIRIAABTETOERBICHEL TREARRSOERE (LD, §=1.457%D
TREZNBRIERTHEFICITET I LbIEHINTVS [2]. L L, KLEFTO
HRRHSRE & 15 2 MAHREN TR EHEBE 20 DHSRBICED T 5700, REERM DR
BEOEAICIINODHENERHFOMBEELSN. COEAEZEEL, T2 TR, NO O
HEOMEE L2 BARBAE» OBREFEANTO NODEREAHETICLICESEE S,
ik Zeldovich BEMIC X > T NO DERBERD o Lichi-T, MELBRAT, R
BERELTORWESONOBREL RBEONZBNEH S0

0, N, OH, H R FOBEICO TR, ZhoDRADEE T B4ER, HRREORX%E
EELT, ThoDBEERHEINETH S0, FAERKHOME, BLY, £LD084, O
Eﬁwomtﬁ%wmﬁmzwéﬁﬁﬁﬁ%mm,iL.N%EwomrmﬁﬁaﬂM%%
WT, +HICNO DERERHEERRZEZONTVE [BIAKBEEZERLT, T ThH,
0,0H, H BEIKSVTRZDOREICET 3 EHEES, NREECOVLTREERLUEHE
FUL7%o Lizt->T» NO, No, O, O, OH, H OB ABEL bOEVvBEELEZOLEH
(NO), (N3, (0)., (0], (OH), (H] &&RbF &, NO DEKEBRIRADSRD
DY (-

d (NOJ_ 2ki (No) (0)—2k-, (NO)'a
dt 1+4
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"k, (OJ+ ks (OHJ

k.; (NOJ]
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REARXRFFEMEAERHSE BIEELS (A

RA—-1 REUBR & R % B ¥

E 3 Y k4 k.

1 O+N, =NO+N | 663%x10'3exp (-75050/RT) 155x1013

2 N+0p; =NO+0 | 898x10%T+exp (-6520/ RT) | 1.95%10° +T+exp (-38440/RT)

3 N+OH=NO+H| 42x1013 12X 10 exp (- 48480/RT )

]
(21
(31

(4]

R=198725 cal/mol+K

2 £ X #

Lavoie, G.A., et al, Comb. Sci. Tech., 1 (1970), 313.

Fenimore, C.P., 13th Symp. Comb., (1971), 373.

B, BESUGICHES RISEAYB OB BN ENBLRBERES, AABKYES
(BmM49 %) t

A%, AL
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MsRB M % X E
PREESE N DIRBEREE IC DV TIREERM, BRHCBES DABRL >THEINTNS

[1] ~ [18] « BBEEOAKLEBRIEANCIEANEME S BAKRPOKLEBETDH
D, TSsTRZHULOHEBREESEICLT, BRBKLEE v sEMICK > THEASH

Vp = a* vy, (Be1)

LB ET Be dRENBESEETH D, —RICHAHORRI BT v+ &N
atEEOl (VA7 VXHR,) ICL->TEE S X

Re=2Y:b ’g};m "‘ﬁ‘ ) (B+2)
ELT

a*=1+a, R, (B+3)
Ed B

JE R EE B v 5iC B L TI3, Semenov [19] &R U< MBERIG % RA MR (F)
L@z (0) DoEARIGE T 2 RIBKEERRE AV S, 0, —RITEEREEEZ,
KK AORE EE TVBEEZOAZN, Tw b, T BERREHOETN5E T Us
ny Ldbo CHEE, Uy BBHRMBMIEHEE vo; ICHINT 50 THOD,

' Uy = Vpy
FEh%x—EdE L, EELE cp, BEERIOHBEIFHNBLOEAO—ELT 5. B
BoeviEEsn, BAKICHYT 2H8EAKE D, BAIERE BAKREY D ORBEME €L
WEL LB, TE—UGEEEELT

on’ 0z2n"  +,

“or larz (Be4)
oT 02T +r

CpU —— — i .

nepll - =213,z tin (B+5)

ML 2P0 fox Ly, NIZBAAESDDLELE, IRMREELVSEODORBETDH S0
+k%ﬁ®¢®&§%&wr=0&?%&,r<0®*%ﬁ@fu%%ﬁmﬁﬁ%ﬁma
nf=0, 7>00HREATEHRNICES T XA VFOHBIIIGHEEBIREICHE L TER

HkzE9 5. T1abDL,

oT 0T
(RS Pl e P T <0 (B-6)
a2]‘ +r
Zw=—qn >0 (B+7)

FE(r<0) 2 Tr=—00~0 THEAT BT LILLY
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) | |
nepu (To-T,) =2 (%) (B+8)
BE(7r>0)ORCRBOT/07 #FLTr=0~+0THENT 2L,

orT o+, 0T N Ty, +, '

K (B+8), (B+9) &
NU =Ny Uy =Ny Vpyg (B-10)

DERERG, To=T, T35,

v, = L 2 2 Lo ararY "
4 Ny Cp(Tb_Tu) ( STu 1 T) (B-ll)

Wkt (CrHn ) ORISEE D %
CaHn+1/2+0, = m/2«H, +nCO
ETBEE [20] | o
' =a, Texp (—12400/T) « (n) % ep0 o p=0-825 (B-12)

&%‘Z—_‘;nfﬁ\%o
n", n® LToBKIE, A/ncp=D &35,k , R(B4ANCIZRLIbDE
K (Be5) 2#BAHEMNT 3 &

0 02
w=—(necpT+ qn”):DW(ncpTwLQn’)

Lizos-T
nep,T+9n"=nc,Tu+9ny (B+13)
L1z
nf=ng —(T—Tu) nqcp
e (B+14)
n°=n3—7(T~Tu)—qJ1 (7 =8zxHE)
ALERIE[JICH T2 b0E2H 0 EET5E
=502x107% T/ (T+124) c‘al/cm°S°k (B+15)
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R (B+2)itAOOhBMBEREOREKICLT

,u=2.67><10—4(]'/500)0'68 g/secm (B-16)
2R 5.
Ltcts->T, MEBEEERE22EDLSICAESL
-5 p15p T
vy =|1+a, bYs-TPm 0y 1 10.1X107% 7 S *qhraT) "
30 u+ ) moCp(T,-T.) T +124 I

-0825

$—a, T exp (=12400/T)+(n")** noe p (B+17)

nf=nf —(T-T-) nep/1, n°=n~1(T-T-)ncp/q

cp Tpr BTy, T- OERPFHEOBEER 5. B e, 2 RERMEZHELICLTE
wohdh, TSTIHICFREBBEICXZERMEEZSLICLT

2;=2x10"%, @,=4.35x103 (B+18)

DEZEHEME( Vs, ref ) & UTco

R (Be2) WEENBZVA/ VAXERe BENDEIAEZZXDEETHB. CDRe LLT
3R KEBTEOIREBICBIZME (0 ) ZRVIOBRGES EBDONEDTAIX TR
Li-stERRIRIRTCDES BEEAV (R (B17)),
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(21 E%, #%, 26-171 (W35-11), 1693.
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[12] Fiock, E.F. et al, NACA TR, 682 (1940).

[13] Lefebver, A.H. & Reid, R., Comb. and Flame, 10 (1966), 355.

{I4] Palmleis, A. & Strehlow, R.A., Comb. and Flame, 13 (1969), 111.

[15] Karlovitz, B., AGARD Selected Combustion Problems, Butterworths (1954), 248.
[16] Dugger, G.L. & Graab, D.D., 4th Symp. Comb., (1953), 302.

This document is provided by JAXA.



760 RARFFHMNEARABS BB ELS (A

[17] Dugger, G.L. & Simon, D.M., ibid, (1953), 336.

[18] Evans, M.W., Chem. Rev., 51 (1952), 363.

[19] Semenov, N.N.,, NACA TM 1026 (1942).

[20] Edelman, R.B., et al, Emissions from Continuous Combustion Systems, Plenum,
London (1972), 5S5.

This document is provided by JAXA.



1974410 A KA UK B O ki 5 X ORI BB T B IEZRIGBT R 761

§ fERC MBEEAOREAKX
‘\VUVﬁﬁiﬁfzbV&N®%@%®ﬁ§%ﬁﬂmuwém6ﬂkﬁwiof%ﬁ%ﬂ
st sh, %< OFEHESEBINTNS [1~4]. ch Bz —RIC AR S O @
BEABEBEZQs LTHLES

Qs =As +a(T-Ty) (Ce1)

LEbahde As BBMBARICHTHEAE Tw3ER, TRHADBETHYD, ald
HIEEETH Do as LTRERDELIBHDOMBEBRINTV Do

h=099 (1+1247,) P /* T (Nusselt)
h— 099 (35+0.185Vp) P*/2 T/? (Briling)
h=21 I7p1/8 P (Eichelberg)
h=fy (B)e fo (Vp) PM2T'? (Pflaum)

A= 049 (k/b) Re™+091 {(T/100)*= (Tw/100)*}/(T-Tw) (Anmand)

AYs T
PV

h=1105"" P°'5T'0'53{01 VpCs (P—Pg) } (Was chni)

s TREORMR EChdDEOP THEKISMEE LT Eichelberg [3licksdbD
AEBT LT B, THOD

a=3—620'—107 W7p VPT cal/cm? s (C+2)

CCTVp BEHER F VHEETR bR -2 %Ys (cm) &F5LE
Vo =2 Ys X7Pm [60 (C-3)

v ) v AEEERE Ty 3RFNCKECREH CsTREZLALY) v AR Twe & € R
 VEEEER TwPi k5 LTHEZ B o K4 DEREME Asco Asp &3 hid.

A(T-Tw) =Asc (T-Twe) + Asp (T—Tuwp) (C+4)

&b, K2 OEERTH

dAsc _r 2 dAdsyp —r g

ar 0ty e (05
E15Bo —J, TERBET ZER Ve ORKR

Ve _r gy (c-6)

dr
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L2, COBENICETh B MBEREED & DBEIEL] i"c@ﬁFPﬁJ@iﬁibEWFﬁﬁH‘J&Cﬁb
N26DET 3 EBAKREY D DRIEKRI

W5 gom 2l 3T (T=Tup)

dVe 36000

2Y

L T hsin (972

(T—Twc)}/Y (cal/cm®+ s ) (C7)

E1RD, TH—BODOEXIMBEELETIR
b 2.1 3o
Qs = So 9s Tﬁd'r:m ‘l/IZ]/ﬁ{(T—Twp)
-+(1+~%X)(T~1um)}/}’ (cal/s) (C-8)
L5

& & X #®
{Z1  Annand, J.D., Proc. Inst. Mech. Eng., 177 (1963), 973.
[2]  Nusselt, W., V.D.L-Forschungsheft, 264 (1923).
[3]  Eichelberg, G., Engineering (1939), 603.
[4]  Woschni, G., SAE Paper 670931 (1967).
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{I1 Newhall, HK., 12th Symp. Comb., (1969), 603.
[2] JANAF Thermochemical Tables, The Dow Chemical Company, Midland, Michigan,
(1965).
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[I] Rossini, F.O., Selected Values of Physical and Thermodynamic Properties of

Hydrocarbons and Related Compounds, (1953), Carnegie, Pennsylvania.
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