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Prediction of Nitric Oxide Formation Using a Two-Zone Model in
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Cheol Hwan Kim, Jin ho Lee, Kwang Min Chun and Kyo Seung Lee

Key Words: DI Diesel Engine(Z] 3 ¥-A}4] ©]&<l13]), Two-Zone Model(2%8 % E4), Engine Cycle
Simulation(A 7 Alo] & Al E#H o] 4), Fuel Amount(HE#A+Z), Intake O, Concentra-

tion(£7]2] Ak A FEH), Exhaust Gas Recirculation(¥]7]7F~ AT E), Injection
Timing(FAFA] 71)

Abstract

In this study, numerical calculation is carried out to investigate the influence of injection timing, fuel
amount, intake O, concentration, and EGR on Nitric Oxide(NO) formation using a two-zone model in

a diesel engine. Results can be summarized as follows, The NO formation is very sensitive to the
burned gas temperature, so multi-zone model must be applied to combustion process to predict the
burned gas temperature exactly. Since the bumed gas temperature increases rapidly during the premixed
combustion, most NO is formed within 20 crank angle degrees after ignition. As the injection timing is
retarded, the combustion occurs later in the expansion process which causes the decrease of burned gas
temperature and, as a result, NO formation decrease. The increase of fuel amount results in the
increase of earlier formation of NO in the engine. As the intake (J; concentration increases, the

maximum pressure and burned gas temperature increase due to activate combustion. And, [O] mole
fraction of equilibrium combustion products also increase. Therefore NO exponentially increases. If

exhaust gas is recirculated, the bumed gas temperature decreases which results in NO decrease. If
exhaust gas is cooled, more NO can be decreased.
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Table 1 Engine specification

Item Specification
borex stroke(mm) 79.5% 95.5
Displacement{cc) 1896
culr empemtre 2%
Compression ratio 19.5

In-line, 4-cylinder
Water-cooled
Inlet open : BTDC 16°
Inlet close : ABDC 25°
Outlet open : BBDC 28°
Outlet close : ATDC 19°

Type

Valve timing

2% A7 Alol2 NEHOHE Fa 48X
) L3 g,

2.2

21 M8 3 AXHE

2 47 239 #HE4d AFE A%d 19L
Volkswagen <1719 A4¥ZAxe wjmstgict, <%
9] A YL Table 19 FAA drt,

22 Ol8oiY ! 7|=7H
F7], 48 afx dXMAHEY €74

WaFde dihal b 2 4TS st 4=
DA e B g 2 V¥ E
Tzt Az AlelF AlEd ol S TS

() A¥dPe RHr ¥sste dAAE
(control volume)o. 2 WR¢HL FhFo= Fd
A BExFe g3 FEo] U NHALE0
=3

(i) 1000K ©]3}8] koA A fre yi
B gl S A% FAERAHY o
7) A(ideal gas)e] 32, 1000K ©]4e) 2EoA Hd
tule WE&ES S g e 7drt
Z(bumed gas)2 #98}7 hydrocarbon-air -0l
7128 338l e)(chemical dissociation) ©]&& u}
gog Algct

(i) %71 R W7EEE TR AFHFHFL
&% A (quasi-steady), ©E, 13- FFolvt.

(iv) 947AL FdsA Exd d9Ead
{heat release process)2.2 EYHsH IWUESES
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Fig. 1 Air mixing process and definition of @
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N+ou L5 no+H B
71,

K, = 7.6 x 10" exp(~38,000/7)

(cm® gmole "*sec ™)

K, = 1.5 x 10° exp(—19,500/T)
(cm®gmole "*sec ")
K, = 4.1 x 108

(cm® gmole "1sec ~1)

71agdel e NOEHELS 4 26)% #o]
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dt pa(1+K(1’)

o 7] A,

[NO] : mass fraction of [ NO]
Mo @ molecular weight of NO
a : [NO]/[NOJ,

[ l.:

0, burned zone density

equilibrium mole fmctioh
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K = R /(Ry+ R3)

R = K, [NV], [0].
Ry, = K, [N, [0.].
Ry = K; [N, [OH].

147 |44 E(HCO, CO, CO,, H, OH, H,,
Hy,0,, N, NO, NOy, Ny, N,O, O, 0,)8] BEE¥
& (equilibrium mole fraction)s <737 A

MIT equilibrium PTCHEM subroutine®& A}-&31%
123

2.11 A&

2 A7 AHEE AR Ale]E AlE# A
T2 aWHEL YTEL - DCS V4.0(Yonsei Thermal
Engineering Lab. - Diesel Cycle Simulation Version
400224 FEZZ 18 (main - program)Z 397§ <]
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e ddyd e HHEAN NATC HAdz o
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F, 942 2 B3 wr)| AN 2R S
Z7) 913l L. F. Shampine & M. K. Gordon"?
o] A¢ket A& WA HYE o]&3rh

3. 80 3 ;E

3.1 s datel EpEtM

Fig. 20l A48 9% 2ALgESE 2 o
T AdETY 4R ¢S vused, 4
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AREH vasdny. a4 HLGEH( P
HEEAL @Agle]l A¥zkt ¥ AT 4%
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24 Azt Adgtl vE ik 3A d5H
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s AAN0)e B M E 4F%E A
A d2999 7t 5 (bumed gas temper-
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A& 2453
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A7tA2Ee] JFE @Yol ¥oEmE NOE A
3l dZsy] fsdE Ay AANFgge HE
NHAaERTE A499e %8 A4lsidof
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Fig. 3914 299 2de wet A4td ZF 99
9 Jtadze) GUdYHRds A4y Hookx
<x2E H2dth = A(unbumed)d H-& FF I}
28 fYF7IE o] FojA] glor wHoge o
e FEAAAE D] W e ¥
A BRol &9 FAY dxE Q¥ sdFY
o Bgel oF vjdgHe] ¢He2 AU crank
angle 390° 7}A& 2571 %43 Frtdle A4ES
Holup 0% 3|Age] 7oz dd dxdd
Wiz HudAda 8 2t A 7
AL BAMAZL AF7)3Fd BAMEHIE
829 9 &¢d2(premixed combustion)2 ¢l &
71l §43 &x7 F7hste] 2500K0)47A] &
g7hE Bk A(diffusion combustion)”]E.E
JEHA S=7F #gAFC oo T @ddYy
o2 A &xE AEFILE A7 FHE
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Table 2 Comparison of performance data (3000rpm)

Variable Fuel mass Experiment Calculated
XPperimnen
(g/cyl - cycle) P aloulate

12,27 12.28
0.0297 Teg° T
11.69 11.73
Proax 0.0241 368° 367°
(MPa) 10.42 10.48
0.0194 268° 267
9.38 9.4
0.0141 o 367
0.0297 221 224
bsfc 0.0241 231 233
(g’kw- h) 0.0194 241 242
0.0141 282 288
0.0297 26.8 27.76
. 0.0241 32.2 33.04
AJF ratio 0.0194 36.4 37.58
0.0141 45.9 48.17
0.0297 810 98.5
 —— 0.0241 734 811.6
(K) 0.0194 677 748.9
0.0141 610 664.1
0.0297 1.03 1.00
bmep 0.0241 0.81 0.79
(MPa) 0.0194 0.62 0.61
0.0141 0.38 0.35

Fig. 4% Ishida S®o] A& Hatd27]7k9
71d99l FAYF7(A)E AP@e) ving
B3 AME Azeldh A& NOg A4 & 9
FE& uA = WEE O BEo] AL
o J#fle]l duRRAEY AT BASL A
o A0 9 A MEREE d89 BA}
L5 A8EAYY, AR Ad¥Edy 4,
AUy F7UE, d8RAxEY A7, 98
AL AFZo|(spray penetration length) 5ol 39l

L—_]_(IO)

322 BAMAIZ|8 HEk

NO9| AAe wA& EAAZIS FFE FA
&7] 95t BAAZIE 22 BIDC 4°, 8°, |
2° 2 WA AdE st

Fig. 5% &% 3000rpmoll A EAFA] 7] w5}
o W& ¢HEEE vtepd EAA)E A
Ho met HLHe F4s8 gasE HEE
Holzdl o= Aad A7 360° o]F o Aayie

Hgol Aol 9% GHNFEHE FHA7]7]
f&o|t} & IPAZLE 356° A dRE BA
3 A$e] Hudye Aie A4y WA A
7o o) wAFCE

Fig. 69& #AIA 7183l wE 7|99 ge] &
EEXE el BIDC 12° ¢ BTDC 8° o
A BARAS Hugxe Aole A9 glont
BTDC 4° oA FAIGH S+ &9 ASH} 1
£x7t @A yeld=d BTDC 4° oA FARg
A A4 a¥aZ 360° oo wAstnR
AhAdNEe HAo] AEFIhA 4 FHS
27| 2 RS FAA7] dEolt)h Fig 7
< EAMAZ] €ge] o NOAA#E Crank
Angled] wWet BoEdh, AYFHLE 4 ALt
T3t AuigtellA e]7t W BTDC 12° ¢
BTDC 8° oAl ®AMIA$-+= Fig. 69 71999
LSEFTAAN YehpRel £ zol7t gled
BTIDC 4° & A$YHE FHE 245 By,
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323 HREEASEe A
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Abst7] gt AR EANES ZHZ 0.0297, 0.0241,
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Fig. 8& <&£E 3000rpmolA A8 B}
Wae] M2 AHETE vehiY, BBl
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= 33 A7) 0(ignition delay period)Fo] O W&
AR7} BAHIL G E7)F0] A4HE A3
o] o] o BelAERE 27 7d9de &5}
o A= 38E B9

Fig. 10w QR EAIZ 2 NORAHFE e
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7b dAste, B3, A8 EAF] 2AE4E o
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o] B&TH AR A7|H50] ALY AR
o] WolxA 2V NEPFLEs] 2457} 7
2 7] wjEolr},

324 &7|8 MLEFES FE
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8 ¥ A fEle AdaABERL B
A8 AYE FHIAT 0,/N, F719 s
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4 W ZRES P dudoz FrF
o JAadFEES ol o @wd daz 9
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MY NOoo] Aol AFHer Frigch®
€ @FAME F2AFEES FNNASE ¢
g 53 @7 NO ANHE go| 713},
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&S WY wE AHE YA, A
AgEgol RERFE(Y,,; = 0202 gL 7
T davhgel o # dojy ¢tes 2xy) 25}
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bmepE YERAALE A FE ol ma} 433
22 Yedd & 4 e, SaIFRE)
T7ret 1ol g o] &S Folzich

Mt

Fig. 132 44 A% g9 Wil e 7)dy
qe) E=¥EE Yehin vdggdrds Ax
& dast o] ArAFRLo] el AygHoz
3l Fig. 14914 B%o] AAER LY ubg}
719999 259 HYPZE Lo WY NO
AR A+H o2 Ago) Fig 152 4L &
FEEY ¥l BE NO 4L crank angled]
e} ERy )

3.2.5 EGRe| &t

Aze) EHAH AANEHY Aol s o
€ 7AA €1 ARHLZ No9 AAHFL Zo]
= Y WA A HEGR)Y 3L Aoty
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4G EGRE #Hagoy Ae@rrE
¥zbetz] %L A$(EGR 7.5%)% As@rlAg
¥zkste] EGRES FH&A FRE A4e g
FTUE7ILEE 7k ZEGR 7.5% Cooled)o]
& AT733c).

Fig. 163} Fig. 17€ EGRe| W& ¢gs &5
EE YeUidt 543 €A R JEge
FYsAl GElR g a0 wr)zbro] e
2 A8 F71227 $rkete ddtiye] HEe

£ EGRE 33§ H$7} Cooled EGRO|L} EGR
2 #3742 B4R A4 Uew gk o
28 d4A HFLEY AT EGRE 3
F A7t viddge 5} Hola HAAHoz
EGRE #8517 42 7% Cooled EGR H %1
o A &k a2y Fig 189 WEhtEe] 2
FHELE HE39 71d9dy StaexE A
Abete EGRE T33x) & 397 EGRE &
g A8 A eI Cooled EGR A4S
FaAAd Fste vddgdge FrIeEs} W
°}b EGR®] A$-Et o WA vt Hadgdy
7229 A-%E EGRE 3% A$7} EGRE
TYEA] & AL Cooled EGR 2S8R 9
8 ¥4 Y&t} Fig. 195 EGRe Wile] nta
NO A4%& Yelich Cooled EGR 49
EGRE T %L ZA$Hrt NO A4 gl
o 133 &7 F4dg, .
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~40 80 160 260 360 460 660 860 760
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Fig. 2 Comparison between measured gas pressure
and calculated gas pressure at 3000rpm

3000
f—._,__‘m\
2500 | .
— .
-~ -—=One-zone
% 2000 . One-s
E ---Unburned
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<
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Fig. 3 Comparison of gas temperature between
burned zone and unbumed zone at 3000rpm

1.75
*
" p—
o 185 . *2000rpm
8 . + 2500rpm
3 “w W | | - 3000rom
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i66 ¢+ 0 pTT
x
.
*
.
H
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Mass of fuel injactad (g/cyl/cycie)

Fig. 4 Excess air ratio calculated from local air-
fuel ratio model proposed by Ishida®
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Fig. 5 In-cylinder gas pressure for different injection
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Fig. 7 NO formation for different injection timing
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Fig. 8 In-cylinder gas pressure for different fuel
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Fig. 10 NO formation for different fuel amount
at 3000rpm
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Fig. 16 In-cylinder gas pressure for different EGR
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Fig. 17 In-cylinder gas temperature for different
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