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W& 55 e Name
ATDC B R After Top Dead Center
BDF NAFT 4 — BB Bio-Diesel Fuel
BSEC ERT R L —1HE Brake Specific Energy Consumption
BSFC TE HeBRENY Er R Brake Specific Fuel Consumption
CH, A K Methane
Cco — P bR Carbon Monoxide
CO, S Carbon Dioxide
DI 1 PN I FEE Direct Injection
DOC T — Y LR b Diesel Oxidation Catalyst
DPNR PM & NOx [FlRH{E b Diesel PM-NOx Reduction
DPF 7 4 — B Rl Diesel Particulate Filter
EGR HER T A TG ER Exhaust Gas Recirculation
FAME NEWGER A F v X7 )V Fatty Acid Methyl Esters
) Ep d:¢ Equivalence ratio
A ZE S R Excess air ratio
Pinj PREHE S Fuel Injection Pressure
GC/MS HA7 v~ N7 7 7'E &34+ | Gas Chromatography / Mass Spectrometer
JIME Ux a7 7 hHIEGTZ/ A | Jatropha-derived Biodiesel

5 4 —E

HACA KB EET BT L AN Hydrogen-Abstraction/C,H,-Addition
HCCI TIRA LM A K Homogeneous Charge Compression Ignition
IMEP X7 S 0 Indicated Mean Effective Pressure
IPCC RSB B9 5 BURFfE] /S /L | Intergovernmental Panel on Climate Change
KH-RT L 2 DDORLEVEFLR Kelvin-Helmholtz / Rayleigh-Taylor
LNT NOx Lean NOx Trap
LTC IR SRE Low Temperature Combustion
MA T IR UBAT IV Methyl Arachidate
MFB RS mEIE Mass Fraction of Burned fuel
MFB50% | JRBEEEHIS 50%A0iE 50% Mass Fraction of Burned fuel
ML U ) —)VERATF )V Methyl Linoleate
MM SURAFUBATF IV Methyl Myristate
MO LA ATV Methyl Oleate
MP, IV F U ATV Methyl Palmitate
MP, NV N UA U AT IV Methyl Palmitoleate
MS ATT U URAT IV Methyl Stearate
N,O Qi (eesE Nitrogen Monoxide
NOx R Oxides of nitrogen
PCCI TIRA MG A K Premixed Charge Compression Ignition
dP/d0 ax NI B Maximum Pressure Rising rate
PM RIS Particulate Matter
PN BB Particle Number
PaSR A HNZIRA DHEA T2 RG4S | Partially Stirred Reactor

v




R.HR. ERE AR Rate of Heat Release

SCR IR Al Selective Catalytic Reduction

SOF AIVPE A ALY Soluble Organic Fraction

T PRBEIR L Combustion Temperature

TDC FEA Top Dead Center

THC IRAbLIKEE Total Hydrocarbon

3D-CFD 3 RITCEAE AR ) Three Dimensional-Computational Fluid

Dynamics
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1.1 BFRER

111 JZIU»IC

TR, ALABRERO KB EITE 5 KRR O Z R R FRE ORI KV, HEKRRE(EA
AL 7o T DL K 1L IZRT L OIS, BARORPEH ST L CHEBEP 235 D
LEIEIL23% Lo THRY, ZOPTHRMEIZL D 54%, BMHEIZLD 34%% 5D TV
%2011 ). L7emsoC, IREBEA ADHIBICIE, HEH 5O "R FEPEHEOH
ORI AR RIRPUC DD L E X D.

—

Aviation 4%
4%

L1 2011 FFEE R ARSI T D “IRALERFAPEH OFIE (EPTRIFs K Okt

— 5T, BRINTITREOBAN ST ¢ — B VR ENEHHTTEHOK 50%% HH 5 &
FBURICH DN Y, AARENTIET 4 —BLRAED D DEEN 0.1%UTTHY >, &
VU CRMENEEIICERE 2o TS, HARERNIZBWTE, T4 —EBrzrvro
EIREREZE R L WO RIR LV b, PR AR ~ORISIZIZ = 2 RN 5 2 & k7
WWE (PM : Particulate Matter) #EH| &V 9 RAEUZKT 2 HEE OERBDA SN2, &
FIZELRWORBURTH D, LEER-T, ENIZBW TS EAETSGICT 4 —Erx=
DUNERTH LT, ZELRFBHEHEOKELHBN RIADL D EEZ LS. K
121FRFT X9, EREELREEECT +—BARMHEICH LTS, HRRKIZIBWD Tl LWE
HAHAHBMERHESNTEY, T4 —BLZ U PV DOREE SN TODHERED NOx,
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PM O ZIHITH Z EDBME L INTWD. 7o, ITH PM ORI A AR/ WNIE
CREFEICEFENRRE W ERE SN Y, PM OPEH R Tt/ <, PM Ok 7-#EHEK (PN :
Particle Number) H{EH S TWD. ZO X 5RO b &, BREERA, HPERs LB HA;f,
IREHEIN 2 E OSBRI R B OB A LE L Sh D,

1.2

— USA
0.8 — Japan
E EURO2| _ .
> TierO, Tier1
X 0.6 EURO3 \
Z 04 %E.,Hﬁl \
el B |\ Euros
0.2 HIEH UROS5
0 - -
0.25 Tier2 Bin5
— USA
02 10-15 mode(Hot start) EU ||
— Japan
e 1. .. | 05~ 10-15x0.88+11x0.12
£ 0.15 —EC{(Cold) 08~ JCO8(Cold)x0.25+10-15%0.75
o — ’11~: JC08(Cold)x0.25+JC08(Hot)x0.75
=
= 0.1
0.05 |
LA4 NEDC N
(Cold+Hot) | (Cold) A —
0
1995 2000 2005 2010 2015

Year

1.2 BKRKICEBT AT ¢ — AR EOYE A A HHEOHR >

WERDT 1 — B OBRBEGATIE, BRBEFEIEY PM, NOx Mi/EpusZ @i d 5720, B
BEtE D> PM, NOx OIFRHER A KNEETH > 7. FTHFEDOHFETIZZL E EGR (Exhaust Gas
Recirculation) W% KU EE DIRIEAL, AZNEMLLOK FEIC LY, HRKELOEHEZXY,
PM, NO x O[RFHEI A A REIZ 725 Z ERME SN TND Y. Zh b oMWid HCCI

(Homogeneous Charge Compression Ignition) <> PCCI (Premixed Charge Compression Ignition)
VS TETIRAIRPED NOX, PM O b L— RA7BRZ TR 2 A2 R MBEPRE TH 5 =
LERLTND.
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PESRDIRBETT 2 2 S DF T ITRBET U T, Ao RFHEIROFE A > & il
&S A, AT 234 47 0 — B VERE (TElE A F L= 27 )L, EUT BDF & I§9)
ZRRELE LTHWD Z & T, LY —BORBEAMEKESRAEFE S TWD. BDF X7 1
—PATr D OB LTERAETH S Z L 24 OMFRICE > TRERLTVNS 7,
BDF [Z1ER DB OMRBRREL & L CTOFMMEITMZ T, PM OHEHZ 3 L KBS 5508
BNELND Y. Ei, HERL L ORBEEENCED S CO, HEHBEOBMOREICK LT,
BDF (Z#RBERF D CO, HEHANEE T SRS, A RTRER /S A A~ ZPRELE LT, CO, DHE
HBFANL—T A I VBT HZEnT& D P 20 &, BDFREIOBAIC LY, il
DEANDIEAF AT D ENTED.

L L7, FEFICE L OWFZEE ) BDF ORAICE Y, NOx D&M+ 5 2
LaMELTWD. £D72, NOx OHFHOMBIA LI L S, £z, RIRREIEELS,
FRACIC & D IREMEIR D2 Lo S A HM DO H i AR E SNTRY Y, Zh b4
T4 —BLOERICBIT 2 EERFREL > T 5. 7z, BIED BDF [IKE, /S—L4
REOEBRNOELNTZ LD TH D72, BDF 24T 2R8ER EEICBW T, Rk
BT B0, AN E s AHEER S 5 .

ZOXoIT, HEHER G HTHIEKIER, KRGH, =X —Fhk & ORBEOM
RNEHERFRELE 7o T D, ZORRRO T2, REMEROSE, IRIERT & R
ARIFEART OBSE - T, B LOREBREOEMA R b EERBEE L TRVIAE
LTN5D.

1.1.2 BRI

ANHIOTEENZ K> THE L HBREAM A BRI £ TR L7oRER, RIESELZEA,
ZIVE COAERRRDOIEW BB >DOH L ONEKRTH D, b, mEETOAH
HAIN &R RRR 2 RIS, BRE~OARP—EHERKL TH BN H 2o Z LN ERshT
WD O 2, T21 EROBRBENIENENG ) 2 HELY H L7z BRI T OB R O AL
OWIECTH . ZIULDED, DRI O =— X575 Z L, BfERO=—X%
R SH DI L) FREAREARRENER SN TN Z kg bian 7. 20 5 b,
HERIRRZA LRI A O A RIC B D S i b EEREREMEEE 2 5.

SUEZEBC RIS 2 B SR L(IPCO)DEE 4 Ry 12 kv, BURD R OIREZ RN A
OPEHEITARROWINED 2 F2B1 Ty, ZoFFilird, M13IRTEII,
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MR OB RS AL RIS BT CHI X RS INT 2 b0 L Sh, HEREK
DOYERLKIRD EFAITHK 40CICET D L TSN TWD. £, AZ—UE T, &ilL
AN 2CLUF T ZNEERE L2V, 2~3CEMx 5 & EREKICRY, 5C
2725 & BITPHFEITTHAREEL 22 LR SN TN D, ZOWMETIE, ZOMREEE
Z, SR EH 3CRE & THIENS 550ppm (12 CO2 IE A LZENSEDLZ ENEETH
HELTWND.

C
(1NN

Temperature Anomaly

2000 2020 2040 2060 2080 2100
Year

1.3 IPCC % 4 RS2 BT 5 HFCE KR L8 ok T '

DX D RHERIRELORER, REKROMIE, [UEI AT LORBREH L\ o5
BEGIERZITOHRLGT, EER~ORBIINZ, BEABULOKANEOTLML, B
~OFTE, JRYSEORN, BHRIEOWM &, Tox DS - BRFTHENHR ~ 72 EREN
BEAEWNTAE U D REMEN S 5 Z LN SN T s . BIEREIS, HiERIRRELIC X > Tk
BPOMETS 22 BB R e & CIRERENAE U TERY, SBOKE EFICE-T, K047
WENMROH P LMK TELDLZ ENTHISNATNS.

HERBREI NI SRR G- 2 5B 2 B/ T 25D TH Y, HiEkO= R /LF—IL
TG U AEFEE D NLBREB L OHREROERNOF BN Z RTHLOTHD . K
LART X OIS, EEFESmUIAT (1750 426) & Mg & L7z 2005 4E0F R D S s /1 oW
FRUCBNTIE, RFMOEET A (TIRIERKRSA (COy), A% (CHy), Hifg{bER (N,0)
72 ) BLOSHTEA Y o E v bir CO, DI X 2IREHROFENRKE N L
Bonsd Y.



BE P

Radiative forcing components

RF Terms RF values (W/m®) | Spatial scale | LOSU
r
‘ 1.66 [1.49 to 1.83] Global High
Long-lived
greenhouse gases 0.48 [0,43 to 0,53]
‘ L Halocarbons 0.16 [0.14 to 0.18 Global High
.
. . =0.05 [-0.15 to 0.05] | Continental
© Stratospheric
g Qzone p Tropospheric 035 [0.25 to 0.65] to global Med
aé’ Stratospheric water
g )
5 vapour from CH, 0.07 [0.02 to 0.12] Global Low
£
C =0.2 [-0.4 to 0.0
S| Sufaceabedo Bleck carbon il el B
P — 0.1 [0.0 to 0.2]
Continental | Med
(" Direct effect 05[-091a-0.1] to global | -Low
Total
Aerosol | Cloud albedo Continental
L efiect 0.7[1.810-0.3] toglobal | Low
Linear contrails 0.01 [0.003 to 0.03] | Continental | Low
T
A
2| solarirradiance E—( 0.12 [0.06 to 0.30] Global | Low
=z
Total net ——|  1.6[0.6t024]
anthropogenic
. . . | .
-2 =1 0 1 2

Radiative Forcing (W/m®)

[ 1.3 2005 S CHEFRSEY) U 7= Borshm] ) ol (1750 4FEE %2 Jvg) 1™

HERIRBZALRTEIY, HERSIRDBREICIRA B2 KT O TH Y, NETXTHAE
FHI P OFERANC HIER IR L 2B 1E 35 L W O BRIV AT Z E R EETH DH. HAIZ
BWTIE, THIBKIRR LR SRHEETE ) &V DT D &, HIBKIRE L R oL X - T
WHEZATHD . Fiz, 2005 FEITITIRELFA A DHIFIZ SV TOIEMFR IO H 5
K72 L 2D GES) (MERIEIEL) (TR 2 EBSE A M 44 O Sl 3 B 23T 20
L, 2008 4E~2012 4E0D 5 4[] 2 55 1 K9BIM & LT, JedE[E KL Uit i AT El 2R O
FERRH A% 1990 F L~V Ll L TR < &b S%HlRT 2 Z LA AEE Sh, HAIIZ
DT, 1990 4T 6% DIREDNE N AN H ST HhTnd 2,

B AR E PR R L CGEIIFI 2N 0 28A1E 23%E 2o TBY, D55, HEY
B X DR 90% % DT D V. IREOIREEIC X - THEH & D CO, DFINA HiER
IRIBLRERIC S 3 D728, BHTERRE I TIE, BB O W HIE A B2 5 = & A8
RKDbNTWD., 4%, ARICBWTEHREHEIIK LTS, FrCHIEKIRBE AR & E = xr



Parand

B1E

5

F—OMEN DREHTNHEASND ZLBREL TWD. £/, ZZ@IRIHR, 1B HEE,
T—HNNTT b WO, ASRSEEBE OM AR EE 2L T &I 5 BEEOF A
D LRMROEETH L. 20X 5 2 BEHEOR R ROHEEIC SV T, iR
WL REQIBGGROMHE TRRPHFFEND.

1.1.3 HBEEREORBWER L OHEH T R &R

TR, AEIROAEECHERIRE 22 EORMBEAEAML L TR v, AB#ICEIT 5% E
U L COHEHDIREARD HIL TV D, HBIHOB R TH L= Pk LTE, =
VD OEBRINLEL STV D.

HENHE T N2, KIERKT Y U v DU EEMEERDT 4 —BLZ P Ui
H. AV YU, WICHRIREA L TOEER L 725 L) ITEucHif S, Fio=
TCRRIE S PR 0 A A EEE & L TR A S, NOx, HC, CO % [RIRFIZ R AR
HZENAREL oo TWD P ZHIUC XY, EHEDOHT Y Y Y OYEH AT A IR T
Lo TND, LOLREE, WYY P AZB WL, B8R n Lo,
JEMEHE AR S5 &, KRMMEHET DR Y o FREREO KRBT ANEHCE KT D/
v I BAELDAREMEN D D . ZAUT K - TEWIMAZARE L T P U3 B E ) < fafrins
b5, ZORD, BV oV TEEEMELCIIRARH 5. oML LT, /
v 7 ZERET DDA 7 Z ARO@EmGCEREEME DAL, £, VN D RORRE
BVY CANICEBEERTOEEY VY o DU EREE SN, BT r AR,
LEEEDHER,  BRBEIREE DRIRAKIC K 2 BRI DR, it~ 7 PRICSGEIC K 2 @ e
fbie iz kv, BhRiTm L5087, 4% b BOUBENLEL SN TN,

—%, TA4—EBAT YT, B2 AR BCEKREZREZ LSV BImA L,
BB O B CAEKBRBETH D720, /v 7 OFEBRENMELS, EfEEEm<RET L2 LN T
5. ke, RUTHENT V) vz D UATHRTO L, BHEBREETH D I B
EARE SBMREN DR, ZO XS BREBHEIC LT, 7 — BRI RRE <, CO,
PEHENR T YV VIV DN ERFRE ENTWD. Lo T, 74 — BN,
HIERIRBEAL OB IEIZK L CIHEFIZAITH DL EEZD. LnLehrb, T4—EBr=ov
TBNTUL, BREMEFEN DR 1418 D FEBTIT NOx 3B L, REhE R OFEE T
X PM 3FAET D0, WEE L — RAE7OBMRICH Y, Tk TERS %[RRI
THZEMMDTHREEE SNT&. 20 E, 7o —BBBEIIAERETH Y, £E
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ZhERNE W DICHFRIBRE B, TV U vz P TB i) 5 =it o X 5 et AL ppids
& OB BN REETH o 72 2.

WHEDT 4 —¥ x0Tk, Y7 AFEE (EGR : Exhaust Gas Re-circulation) *7,
BB Fy— B g L— LROBREMES S 2T A2, ZEEE 30 BB ) XL
D/NEFLBAE D, BRBEERTR O R Y, REMEHAL Y, FNiE (2T —Lh) ot
WEDOILHUREE D FIRE LT 4 — BRI 2 B 2 SRR S, BEHIT 2 (K0
N SNTE -, £, PERBAFRERE & LT, B{EflfiE(DOC: Diesel Oxidation Catalyst)>>
DPF (Diesel Particulate Filter) >, NOx WjEu& Tl (LNT : Lean NOx Trap) °”, JR3 SCR
(Selective Catalytic Reduction) 27 4 *Y, DPNR (Diesel PM-NOx Reduction) 3 A7 A
SEREMEENTND P o OIS 725 Tk, ABEORTE T2 M4 572
PREFF DR 2 KT 5 70 EOBREHER OUER LB L I TWWD. LR - T, BRIE
Betf, HERBRALIREA, BREHIN 2 SO RIE CTHARDEL Z RN T 4 —EBrm YD
RAFCICHERET 5 & 52 5. 851, BEHB IR - TRE DS EALT 2R B 5D 728
BRBEEN TOBMBELF#IC L - T, PRRBAHEO AL KIBICEET 5 Z L BLETH 5.

DX H 7N, NOx & PM D [FRHMEIRA W EER TR DT ¢ — B /VIRBE g 2 48
THZEILE-T, 210 DORIKHEH A FTEE & 35 TIRAEM A &k (HCCL: Homogeneous
Gm@Cmm%%M@Mm)%ﬁﬁﬁﬁ%%éhfv%m.:ﬂﬁ,%ﬁb%@éuﬁﬂ
BB E 2R A T TIRA L, FEREARKOBCEKREITIREET XN THD. Z ORREE
FRZ, BV V2o P DRAEREBIEE T 4 — B Y DF KGR E IR OB
BEG L b E A5, HCCLRRBEI, Med THmdi 72k & 72 % 7260 NOx & PM D[R] RH{E k23
AIRETH Y, BAFEGE O A Z RIFIARI S 5 /TREMER & 5.

FA4 =Lzt LT, BIFESIE, AT A BN EEREHE 2
A TH, 8O EGR 72 & OBBERIEIC X 0 25 BN Z TR L7227 5 RIFTAY IS 8 i feik
DIRVEER/NGA T EAUT, BB BT TR RIS 2556 & [FERIC HCCIL #ABED
FHFTHZENARTHDL ELTND, £7o, ZOFETBSEDEE E (CO, THC DK
KRB YE) OB LA EEFRHLTHD . 20 X5 7 BRAGIE T O
IZEoTT 4 —EBNxT U TRIEE & 72 D HCCUABEIX, — %12 13X PCCI (Premixed Charge
Compression Ignition) #AKE & MITH, ekl 2 ZeAFZem s Shcnsd . Ll
NG, Wb E EGR, BRED EERE S X OYRBEIR O A Ik 5 R DAL=,
BBEBR S & PM ORI S E P Lizai> T, NOx DD 72912 EGR % o
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AN S ZED AN T HDEEZ HNAHD, & EGR HREAETO PM OEIN % [F
BRI ZHNH - D REEEDOESLNE TN TV A, FriZ, FARN D SATHEIRRS M~ BT
% &, NOx, PM, #RE:, BEE ORIRHMKIIIMD CTREE L 72 A2 HmN H 5.

1.1.4 A 3%
A CEA B IR DS A A IREL D JFA B LT ORI ORI 2 154 T,

[ TS AL LT, BARECEAT G IR 2 JFAEE & U LG S o0k (BiZe D ok
XITOr 2 DM OE G 2 HIEIC LV ES L2 b0 %2R, ) 2ol EFRSh, BT
D &5 2REIAFIR ST 5.

1) R, KEXVy Mg EOBERE

2) RBIZLVF/FONDTZ ) —, BEPIGIRICEVELND A X ) —/b, FEYHN G
FiE SNDIRIEE A TNV ATV OSAAT ¢ —BBRED |, RAVK SIS DR IRIRE
3) HERZLVB/BOLNDAZ Y, BORICEVEOND A X, KE, —BLRFAFORIE
R

NA TR EFIAT EFE LTE, HEKIRB(LORA & 72 5 ZFefb ik 3R O HEH OFITK
WRDBET O D, ASA AL, N A A~ AZFRE L TRIESND Z LD, Ul
EFIZESLS =R =a— T VDBEZIFITLY, NA T OBREEC X > THEH S
Te bR FITIR BN RN AP E L UTEF RS, fEMh 2 OB & 325 & 2 58
FET DR, KL &I L2 aiiE, Wl SITmA L, KEGYe EREERE L 5
TEZT. ZORIBREERMAEME > TS AT 0 —EBREZ8E - FIHT 5 2 &1,
I CRAT DHEFEME VA 7 VU THMRIAT 228 L7220, BEEMOIH, &RO
AR E 557,

NA FREHNE, N A A~ ZAZFME S L THRES N OBEBIORIRTH Y, TV ) ok
BB Ch DA Iy )=, BIMORBRECThH 234 47 4 —EVREI R EREE
nNoH. N Fx=E )=, B hUXE, FTUbA R EOERE, K, /hE, FUER
I EVS T TASAVERBEN LREESh 5", —J, BDRIZMMEE A F Lo AT )L
fbL, R CibE SN 55 A F /L= 27 )L (Fatty Acid Methyl Esters) T %. BDF
JEEEE UCIISEREM, ~—20l, AU =7, Oxbvil, Ka, XA, ~r7 - F
A (CRIBRI) 72 EofEih, failPKIE, FIE7R EoBIEROREEME (Wb 5 R
Bl Y05 5", BDFOMMICH LT, B TSN, PETIEAY LRy %,
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LR R TIIREM, HE 7 Y7 ClE7 7o oeaayy, Fravr7oxy (>
¥ b7 L ELNLMAEICFHEN TS, —fH72BDFOREEFLZ, M1.61C
RTERBYT, ZHICE-STHRITINATURY RERXX =BT /h ) T o X

TN L TR LN DIRIE A TV AT VR GE6ND.

CH,0COR, NaOH CH,OH R,COOCH,

CHOCOR, + 3CH,0H interesterification CHOH + R,COOCH,

CH,0COR, CH,OH R,COOCH,
triacylglyceride methanol glycerin fatty acid methyl ester

1.6 BDF A= S 2E

4500

-

& BDF

~

_/

4000

3500

3000

B Palm oil BDF
B Soybean oil BDF
B Rapeseed oil BDF

2500

2000

1500

1000

Amount of production MTon

500

2006 2005 2004

Year

1.7 47& BDF ot 5 /E e & >

2003
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Soybean Oil apeseed Oil
Total: 42,291 Total: 24,266
kTon kTon

unflower O1 Palm Oil

Total: 13,740 Total: 55,949
kTon kTon

¥ 1.8 4% BDF O LpEEOEE D

{5 BDF AEE&EZ X 1.7 12, ZOEEROEIG K 1.8 ICFNEIuRT. Aib L7z &
912, BDF [ZEIZKE, N—2REORBENLIELNTNDIONRERTHY, F7¢ BDF
DAEFEETH HFEER EEICBW T, T4 BDF OAEEZNT 2 L L big, RELO
BRODIEL R 2 TR R STV D, ZhISHLT, vy hr 77 LW fi
MHEEES N BDF ISR EE o TS, Uy hr 7 7 3tk oo okl L HiaE
T, F, TIEOIHL, @EAAMDORENMTON R VYRR TLED, IR L
BRIMENFE D &0 D R A FFo T 5 .

B - RSN 72 BDF O ERITIAEEB A F L AT L THY, £ 1LLIRT I,
JFEFOFEEAZ 20 BRSO O ENIIE D SR DECEIRIE e E3N e 5. FT2, ZORED
BN 7R OV LV, BDF ORGSE, e & OWBRRESFHE L, £ O Lk, BDF
DFEKFFME 7R & OALFSORFRE S KIBIZEN S L. IRFEOENDIVNEE, E i3 fafiE
DEVIEE LT L, KIBETOBRKERDNEL 25N H 5 .
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F1E Fam
® 11 AHFED BAES 7= BDF OISy >
NE:ESP D'\?szlsét:ond Fatty Acid Coconut Palm Rapeseed Jatropha Cooking oil | Soybean

8 0 Caprylic Acid 8

10 0 Capric Acid 8

12 0 Lauric Acid 45

14 0 Myristic Acid 18 1

16 0 Palmitic Acid 10 45 4 15 10 11
16 1 Palmitoleic Acid 1

18 0 Stearic Acid 2 6 2 7 3 5
18 1 Oleic Acid 8 38 62 46 42 25
18 2 Linoleic Acid 2 9 20 31 35 52
18 3 Linolenic Acid 8 5 7
>20 1

TESRDMFZEH S, BDFBREHNTIT 4 —B Ao P ORE e U CTEMARRERZ LB REN
TEBY, WEkOT  —BUBREIOMRBFRELE L THB STV 5.

1.9

Percent change in emissions

0% A I R
~
\
PM
\\

\-.. M

M
0 20 40 60 80 100

Percent biodiesel

PSA FIREFOIREIT X D HEH A A DZELEIE

US EPA @ LR— KT, ) 1.9 1R X 518, KEnbIESZ BDF REHZ B W T,
BRI & RFEEIE T 20% 2 RA L725A, PM OR8N 12%, NOx OIS 2% T
&V, BDF BREID 100%D5E, PM OB S 47%, NOx OFHJHMNDS 10% TH 5 Z
ERRESNTWA. E£2, BDFEREIZIRET 52 E(RHEEIA T I2%)IZL - T, 74—
BB OMEMEO M EREIFRFTE D LIS LT 5. £7-, BDF OEMIZfES NOx
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200
iy 12 lpar gIMEP
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200
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[ Y ChHo,
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16 bar gIMEF
150 i, S0 —B100
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'
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50 }’ ANY
\1‘: .
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A.S.Cheng & i, WFZEH O FHULEME T « —E Lo 2L % FV 7= J252 C BDF B D
U UHENOIRE FFIT X 5T NOx OFEH&2388005 % LR LTV 5. 1.10 (273

200—
s 11 bar gIMEP
150 Fod —B100
e N CNBO
£ ||
£ 100 i \
e i}
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D 20 40 B0
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200
13 bar gIMEP
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200
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A
i
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F1¥E Fr

5

X9z, B UV UARICEIT D, NOx OHENNER & K ERESR  (SINL,,,: Spatially
Integrated Natural Luminosity Max) L ~/LOJBAD RO 2T %5 &, SINLypy 2335 2
LIZED, NOXx MEINT 2 Z L &R TE S, ZHUTT U VHFHOIREN EATHZ LI
X0 —< /L NOx NER S NOx OB L= & &2 5 5. RLMcCormick
5 ¥ pRFgETIE, X 1111279 X 512 BDF BB 3 7 HEAfiic LV, NOx Ok EA
v, FURMBENIEE, NOx OHEHENZWEERMNE LN TS, 2D X 512, BDF#
BERSRIIANC LD, NOx OHEHEIME TE 2 7Rt & 5. F£72, & Cooled EGR O
FIRICE Y, BREEEEZ TR0, NOx OHEHEMER TX 5 L HEFIRH D O,

o 1991 DDC Series 60 from reference [11]

6.0 ¢ 2002 Cummins ISB this work

o
5.5 |
o

slope—B 59¢-3 (p-value= o 0001) § o -
=5 3

)
50 {" oy, i ’g
45 "

4.0 1
3.5 1

slope=2.8e-3 (p-value=0.032)
3.0 qr==0.83

NO,, g/bhp-h

2.5 e
2.0 1

1.5
Increasing Saturation

1.0

40 60 80 100 120 140 160 180

lodine Number

[41.11 BDFEEFD 3 7 #EliI2 X ANOxHEH &0 21>

F72, BDF 2 HIZ LY PM OHEH B O RIGERA ATREIZ 72 5 — 7, RO FEDY
x5, BDF O X0 P S R4 (PN) OREIABE L 72 5. TEROIIIEICE
W, K112 12T X 912, BDF OFEHO PM ORL7-HA A8 E v /h&< 720, PN
MNEL TR D ERESNTONDHIRH S . Zhicxt LT, e Sz PM ORHEA B
ERELSET D0, BOHIE DPF IZH- X 5 BIZ L A RN ERESNATND
. F7z, BDF [IERERS D3 D TH 22 &5, DPF X2 LNT 72 & Ofilii D i 4
MM CE, LR NEET DL ENARETH 5.
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E

1.0E+09
1.0E+08 |
‘& 1.0E+07}
Q
IS
o LOE+06
5 —m— B0
[©]
‘2’ 1.0E+05| —— B10
© —¥— B20
1.0E+04F —&— BI100
1.0E+03 I R I i
1 10 100 1000

Particle Size (Dp) nm

1.12  PM ORIFERL T A RIZF 1T 54594 (BMEP=0.10MPa) "

115 HfEvIar—var

WAEDT 4 —B LT DU BRICEO T, PP AE &R B EO®E 5, FEH
122 < ORRGEE « EHE/ N T A —Z T fci RGO TREERIH 21T 5 WERH Y, £ Dk
WACIZIIE R e e & B ANME L 5. £ 70, IR EERICE S H Iz LT,
ZOBROREHNBRIRPGOND Z EBRETH Y, =2 B O J5 Mt 2 it
FTOZEDPHLVERS D, =V ERIIFEBRZOFREG L LN TEDLN, EHIC
72 « FEfRBEOEmVMEREZBLT-ODOY — VRV ETH L. EBRTH O DML
9 ETi%, CAE (Computer-Aided Engineering) (2L > T 55 RINBLRICE D 5 FH#H
AW e, ZOXORBMOTD, THRIFEE DY CFD (Computational Fluid Dynamics)
I— RZBELTHATLIZEICED, o P HNOREEBIROBEZE L, (KEREEA

WRDT 4 =BT D ORRFENROM EIZIRN LW RENDR H 5.
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X
el

1 10,
u &- i-
L1 10!
-1 -10,
1 i— i
H L10
g -1;% -10E
| — | —y O | —
o Hl 10
g -1 -10)
g — — OE—-‘[ !
B2 1 10
e -1 -10)
._g ]! &——c_n}] oE—-:|.
S L1 10
e -1 10
e §~mqu OEHIH,
1 110
-1 -10) .
el ] §'I1|J 0Eft|||
11 10
100 0 100 0 100
KH-RT MTAB KH-MTAB
Distance from Nozzle Orifice mm
M 1.13 #%F— FicBT 2 EmEg
X103
EGR Rate 16
ceer 35% o0
tuan 0,
9.8% 44 "
— 11.1% ]
13.1% >
S
2 S
%2}
1.0 0
8
<
R 0.5
=)
L o~
-
22
= 0 _
<=
~ 2
- ~
5 &
3 0.5 ;
6 . . 1:“."
Z Main Inj. ‘?,‘
1.0 P 1 | ; 1 1
0 10 20 30 40 50 60

Crank Angle deg.ATDC

% 1.13 Soot DT> 3 L N IEIEE )

WA, CFD2— RORIEICL Y, T4 —B Lo U OBREMESE, ISR, 15X OEH
HAREEDMENT B L O TFRINAREE 720, = P Ok D= DERK Y —L L7

DoohA. O SOWZEIZEBWT, K1.1312777 X 912, KH-MTAB (Kelvin-Helmholtz and
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Parand

B1E

5

Modified Taylor Analogy Breakup) &7 /U2 X - C, Bl O ZRFESE O BEHBFHE 2 55 v 6E
L, EENBOFEEFELRHATEDLLTWEY, KELIE, T4 —EABRBEDOCOHE
HOBERZHIEY I 2 L— 3 S L ViBERL, ZOEBHECOVDTHRE LTV, 1E
E OV R ONERE A B8 LB IR 2 — R 2 VT, ROSEE DB E & RS
DEFRICEY, T 4 — B /REER X OPEH T 2 BRI RIS TR BE T L T 5. 7z,
7K HIL, BIRRMSootTET L AMEE L, KR T LI, T 4 —EMRBEDSootDE
% & BRE A 7 = 2 L O S ATEEIZ LT 5.

X512, Yang H1¥, BDF OBREESISA B = R A% HMMIZL Y, K114 17T L5
BIREHZ B W T OWBK IR DFHE A ATRE & L7z T, BDF OBRBERHES L OHEH T 2
Ktk 2 fi#8A L, BDF OfEfEFO T 2 Ul O R b 217> T b.

III%IIIIIII\IIv\lllIIII|IIIIv|IIIIIIIII|Iv|II—

— poc |- P,= 30 bar :

~-= RME.|" T,=900K
= PME [.

27000= [ v v e e

3000

|ITII|TI
IIlIIIlI

2400

1800

Adiabatic Temperature (T) K

IITIITTII;TIIIIIIII

;filllllllll%llllJllll

1500

1200 III;lIIIIIII\Illo\lllIIII|IIII°IIIIIIIIII|I°III
0 1 2 3 4 5 6 7 8 9

Equivalence Ratio ()

B0 1.14  BRBHZ BT DWEVKLIREE (DOC: Diesel, RME: CoH360,, PME: C;7H3,0,) ™

1.2 #WFEEB

Eik OB EEE 2T, AFRICBNTIE, Y% br 77 BIEL LT BDF BBHIE
OREIRELE LTRSS Z L 2BELT, ThEHWEROT ¢ — B AR OpkE
Btk & PR R RIS T B R ERICE VAL, EbIC, KiivIalr—varE
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E

TR TENLORMEEZ AT 5 Z L 2 BRI E T 5.

AR, HIERIERALOREE B ORENEZML L TR Y, @R Thr 7T 4 —EBro o
UHNER ENTWAS. BDF LT  —E Lz o P OREIREL & L CEMATRE A 2 & 23 ERE
INTEY, COHHEOIFRIHK L LT, AL IR TND
TERDBIZIREL L T 288, 74 — BT DU ICBUWTIE NOx OHEH 28k % 7=
D2 % & Cooled EGR Z M35 &, BREEIREE MRS 5 72912 NOx OAXIHAS ATRE & 72
DI, (> TRE KNI R AT B 72 SEI 03 A S 41T Soot (TN 2 A3
— R TH D, TOxEL LT, Bl BDF 224 L72BRIZ, Cooled EGR IZ XY
NOx DHEHAMEINT 2 & & b Iz, EEFBRED T Soot DRIMRIEA IR SN D, Fiz,
B OBE, T LAY AT AEAWEEEREERIC LD, REMETEOMR L &,
WREL & 22 ROIRE DMEHE S F, Soot DHEHAMEI S 5728, BDF ZIREG L7I2BRIZ, BB
KB e E OMINEE D F A2, Soot ODHEH AT 5 Z L A& SIS,

Fo, BHMOGE, KAWL TWD A vy NEFIZEY, FXENEEE L TY)
WIRBEZ M %, RBEREZ KT S8 5 2 L TNOx ZEH L, RIFHCERF - #REN ORI 7T
REE 0. LoaLanns, X VARIESEIC K 2 BEHESTZ T Soot DAL 5L TN S.
BDF Z# LIRG L7255 8121E, 23 2y MREHZ LY NOx OFFHER & & 612 Soot D
FIRHEIR S IR F S D IR DT ¢ — B /VIRBE IE A PCCURBED B IR 5 Z & T,
NOx & Soot DIRIFHEIEA FIREL 72 5 Z L MEFESNTWDH A, T ORREES X4 BDF IRE
REHZIE ] L72BR ORI RICOW TR Z N E THABINZ LS, TOHPMEI DN TR
DMENDD.

F72, 1ERD BDF Z W e P OWFFETIE, ERHT P02 TW D BRI L
AETHLHN, ERIZYS > TERELINIZZ Y D ATB W TOMRENALE L ST
%. BDF ZffH L72BED NOx OARIZEI LTI < MFES LTV 543, Soot DA ARIZES
T LWVRAEIHD THLRVWONBURTH S, ik L7z X 512, Soot (2B L TiX, HEH
BZTTIE L, T OHEE A XTHEHTLRELLETH S, S HIZ, £ Cooled
EGR, ZEWESS, SEMSTI LU PCCl RBER & DT 4 —BI/VIRBED UGEIZBE ¥ 5 WFJEI
WHFHBIM O TITHOTH Y, BDF DRAICE2RICET 2MEOHIIZ L, b
DTN ONTZ D FERIZIVFE LSRN DLERH 5.

o, EROT 4 =BV Z R T ORIEY R 2 b= g a— RIiZRW TR, Bl
BR—ZE LT INTZbONIZEAETHY, B OBRE A BR, & 25U 3

17



Parand

B1E

5

IIRA L TR L72BA OBBED TN SOWTIIRFE SN TWARVWORBIRTH . itk
DHFFETIE, BDF O HFSUE DG MG ST E 7223, CFD 22— RO SUSE T /L DjiE ]
WZOWTEELEFSICHmF STV, 20 X 512, BDF ORRBEREETR JOWEH T R ¢
PEARME S 2 = L—3 3 BT VS KD RITISR D WP5E611 35D TH 7R 2 L R EIEF T
H5.

ZDOXDRFENEERE R, AR TIXEMEE S5 BDF 2858 LT, dilk#EH
DEFERT 4 =PI DU ERRIC, /A vy MES, mEER, EGR 3 XUV PCCI
BEIZH51T DBRBE - BT AR RITTRBAHE L, = ¥ OFEITERICEIT Sk
7 AR 7= 8D D I S & it L7z

¥72, BDF ORBEICBD D 0 IRTCDIRBERIGET VA FAVT, 2 ORUGHRHEDIRGE & HE
HT 252 5 HmERy et Baid LR 5. S 612, 3 kot CFD =1 — RIZkF L C, BDF
DETE, PREE, PE T R ERICE D 5 Y7 €7 V&4 iA 7, BDF OIRG & =0 P s
DEERMEZTRIL, ZNOORRNG, YT AR %4 EE L7z BDF O AR D70
DR eV U O 1G5 2 LR AL T 5.

1.3 AFmX DR

RFH L 5 ECHREND. FEOMEL LTI,

BIE K

HUERIRBRA LSO RRBHE B ORI RLZUE L TER Y, BDFIXT ¢ —E T ¥ ORERE}
ELTHEMFTRETH Y, CO, DHEHIMEIR L LTHEZE S TWnd. £ 2 TR T,
T ba 7y b Ehiz BDF BRI ORERE L L CERMbEsh 2 2 L2 BELT,
T4 =BT D OBRBERE & PR 2 ORI I TR B ERIC I VR TS, &
HIZ, HiEY I 2L —va VETMZ K-> TENL ORFEZEIIL, HEHIT AR & B8
L CBDF #f0FIHT 2720 0 Bk e— o D VRl OfR#HE252 2 L 2B ET 5.
Fam WFETIE

AT 31T HEAABEBI DFE e & EBRIEE AL, =0 VU EROFIEZ OV THM
L, ML OREICOWV TR 5. £/, EAA % AV 72 BDF 2 & LB O Z |
EICDWTIRARD. I, ARBFE CEMEMATICHN D 0 RO EFAUGRET VB KO3 kot
BRAR o — RO & ZUCHAOATIETR « RBEE T LI OWNW TR 5. £z, KiFZED
xt4 &% BDF IZBHT 2 sy ot 2470, #ih & OBREHER O A ATV, BREFO Rtk
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E

FEIZ DWW TR B,

B3E JEBRAE R L B

AREBRTIL, BDF OBRBERFEDMRY] & EAEATTORHOMEN S, BECKEETE— R
ZBWTHABEN @V UV EBIRE G A AV, BET VU IS TO D TR E
» ECU (=r v uiiffflea=y b)) OREMEICICHRE LIZFMEESX—AFMELTDH. £
DT, BB OREEE =EI S 50% (MFB50) OLE & —87 % L O ICEHNFH 2T L,
V7 — BB Ko THRE L BERIDOREZTTVY, Cooled EGR, ZBUMEhf, &EMEST K
O PCCTRBEIZ I\ T, BDF IREAEL 2 L 72BROIRBERER K ORI T A FFPEIC DU
THE~%. E6IT, Wi - SEORMEZBET 2 ERFRNITESN Lz BDF 23d%10&
HWETAHAZTIZEVERE L, HFEFEEICKITZT BDF OBREHEIR D ZEIZ ST
L, TORMEEREORMEY I 2L —2a VETMCBITOEFEET VAT L%
ARG

Ham  FHERIR LB

BDF OIRBESIGE T V2 & T 0 IRTTOALFFFMSS = — R & JHW T, BDF 238ABE & HEtH
NG 2 B HARMN IR 2 RIS T D, £, BlES—AE LB SNZEEETT
IV XIGZ, BDF OMEFZEBEORE R4 JtIZ BDF ICHATE 5 X9 IEIE LIEEZEET L
EREET D, X5, 3 WOERA Y I 2 b —ra it LV =0 D UBBEERICEIT D
BDF ORRBE - HEHAT AR 2 AT L, BISERAY Soot &7 /L% VT Soot DAk & BE{L D
A=A LEWREIZL, ZOPHZARIRT 5720 DIREKIERIEBRRIC OV TEET 5.
CERE N O

K L TRONT MR Z £ L O THIIEDORCRZRIE L Titim& 975 & & b2, 4%
KT e~ E WFFERRIE AT JERUR A BB F 2 Te B RIEIC OV TR R B,
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2 WA

W2E MFEGE

ARETIE, AFROMNGLET LYY a7 7 holEbiiz (4T 4 —E/L (IME) &
B ORI & IR T 2 AT o TlEZ I L, BB OREIZOWTERT S, £/, A4F
ZECHOW AR DR T & FEBREEE A R L, "M AT +—E/N (BDF) Z#HWzx ¥
Y REBROIECOW TR, FEBR & RBERRMT DR & 2 B O EIZ SV TR
5. I, @miREESE BT 2 ERRRENNT, BEOEEBIZITIEIZ OV TR~
L. W, BREEENTHRE SN D IMEREXIZHIT D PM & NOx DAERMFHEZ B 5N
T 578, ALFEIEEERE L BERTIC WD 0 RTTLERISE T /L, 38 X OWRBERN
TOME « BBEET V2 E T 3 TARIE 2 — NI HOW T~ 5.

2.1 BRBMAEIR

2.1.1 BDF D& 5#HT

AWFFEDORR LT HIMEIZK LT, BRUIRT TR v~ 877 7HESH (GC/MS :
Gas Chromatography / Mass Spectometer) #:{& % FH\NT, R2.UIRT M S TRy 04T D
HIE 21T 9.

X2.1 GC/MSHHTIEEX

#£2.1 GC/MSDHHT Atk

Column 40°C, 12°C/min Inlet Temperature C 300
Temperature 320°C (10min) Interface Temperature ~ °C 280
GC Column DB-1MS MS Ion Source Temperature  ‘C 300
. L: 60m, D: 0.25mm, T: 0.25um Condition No mind scan
He Speed: 1.2mm/min Measurement Range (MW) 40~500

20



2 WA

7, GC/MS IZTH 7 4 DB-IMS % T, IME OGO EMESHT 21TV, 28 2.1 1TR
T LI, 40CHHES 12COME T 320CE TIZHFIR X, 320°CT 10 2L E &+
L. ZOFHEZE>TEHEONEMREZK 22 17T, ZORREY, IME O XTORS
IZHEHEE A F- /L= 27 ) (FAME : Fatty Acid Methyl Ester) 72580, Z0 9 HOE2 15y
L7V F U A TV (MPg : Methyl Palmitate, C;H3,0,), A LA Ui A F /L (MO : Methyl
Oleate, C1gH340,), A7 7 U A F /L (MS : Methyl Stearate, C;oH3;30,) ThH Y, ZiLIS+

Z, T URF UWEAF L (MM : Methyl Myristate, CisH300,), 7SV kLA U EEA T L (MP :
Methyl Palmitoleate, C17H3,0,), U ./ —/Lf A F /L (ML : Methyl Linoleate, C;oH3,0,), 7 7

¥ 22k A TV (MA :Methyl Arachidate, CyHyyO,) D3MREICE TV D 2 L33 o e,

2.E+07

C,oH3,0
Cy7H1.0, 19M3602 <

1.E+07

C1oH350,
—
5.E+06 ||“

O.EL)O ‘
20 25 30
Ret.Time
2.E+06

Absolute Intensity

oy
g C19H3402 /1
3
£
° 1.E+06
2
8 (:17H3202 c21H4202
Q2
< c15H3002
0.E+00 L ‘ A
20 25 30
Ret.Time

2.2 JME O EMZHT OfE R

WIZ, EMESHT OFRERICIEDSNT, £ 22 1T L9 REMERE 2 HE L, WNHIEMEE
NZ k5T, IME OERIHI&AT o 1ol RA2 K 23 1RT. ZOfELY, IME O ERsy
[IMO THY, 70%LL EREENTNDZERHALNTHY, MO % JIME ODIRER L L
T, RBERAT 21T 5 2 & &3 5. F£72, IME OEMESHTICE O TIE 7 B0 H Sz 23,
ZDERHTITIBNTIT MPy, ML, MO & MS UISADRFIZOWTITRIET 5 Z LA TE
Aoy
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2 WA

#22 ERAIEERE

F 1 i
ormula FAME | Pure Grad State at Ambient
C H| O Temperatures
15 | 30 2 MM 0.995 Liquid
17 | 32 2 MP; 0.95 Liquid
17 | 34 | 2 MP, 0.98 Solid
19 | 34 2 ML 0.95 Liquid
19 | 36 2 MO 0.96 Liquid
19 | 38 2 MS 0.98 Solid
21 | 42 2 MA 0.99 Liquid
# 2.3 IME O &0k R
Chemical Formula Quantitative
Ingredients Analvsis %
C H o nalysis %
MP, 17 34 2 15.3
ML 19 34 2 1.5
MO 19 36 2 71.1
MS 19 38 2 12.1

2.1.2  BDF & DOBRBHER gt
a) JREER S O LR

221259 IME ORSITEBEREID FAME Th 0, s OFEEN D202 LB S
MWTHD. T LT, ABHETHEMT 2 JIS#2 #1TiX, IME & R EMES T 21T
ST AER, 23 IR T LI, FERDITBEEZZERVEHRRILKZETHY, £h
PISMTITFEF L < OFED HE BRI D EENTWDR, B OEINIEF I D0
b, BHAREETH 7=, £, IME 2BV TIE, MO A 70%% 2 % ElyThH Y,
EDDRITIZBNTHRFBEOE T LA ERD o7, ZHICx LT, BillzsW T,
50%LL EEEND B3 72 <, EERAKFRILRFEAN 8 105 22 FTIRIAS HENT
WD ZENS o T2 728, IME DRy TIEMO 72 & OREFIFAME 7320 2 &2 LT,
B DR TIRTIFERMOBEHEHRKETH DL Z LW anoT-.
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2 WA

g 3E+5
=]
g, ® .09
E E+5 Q 1
P 23% ||| "%aq
s IESIm LA
Na)
< o Lo
5 15 Ret Time 25 35

M:C8HI18 @:Cl11H24 @D:Cl14H30 (:C17H36  (3:C20H42
@:C9H20 ®:C12H26 ®:C15H32 (@:C18H38 (D:C21H44
@:CI10H22 ®:C13H28 (@:Cl6H34 (D:C19H40  (9:C22H46

2.3 BEMOEMESHTER

b) REHEIR O S
R 24 IR SUAE T 2 2 REF O IREHEIR 2759

2.4 BEREFOBRBHAELR

Item D100 MO40 MO100 740 IME
Density (15deg.C) g/lem® | 0.8318 0.8487 0.8740 0.8498 | 0.8768
Kinetic viscosity 3212 4.041 4.041 5040 | 5.040
(30deg.C) mm?/s
CHO C 86.0 82.4 77.0 82.4 76.7
mass H 13.7 13.1 12.2 13.2 12.3
% 0 0 4.5 10.8 4.4 11.00
Aromatic vol. % 18.8 113 0.0 11.3 0.0
Lower heating value 42970 41431 39123 41447 | 39163
kJ/kg
Flash point deg.C 73.5 - 174.0 - >200
Sulfur mass ppm 6 3.6 0 4.6 2.5
Cetane number 58.3 61.5 66.2 57.9 57.2

Z 2T, Bl (D100), A LA AT (MO100 & FESY) & IME OBREHERIT (1K)
TR T —HREICEVPESNZ LD THD. £72, MO100 23 EEIS 40% T D100
EIRA LT2REE (MO40 2 PE5) 38 KOV IME VB &EHIG 40% 7T D100 & iRA L72#RER (J40
EIES) OREHERICOWTIE, K210 EVHEH LD THS. LnLans, #E
DHEFEICHONWTIE, BB K 0 HE L&A L7z
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2 WA

Qm = XiX;YiyiQij 2.1

ZIT, QulTRAEIOBREMER, Qi lEBMEHER; vi & v ITHREIORFHIRAEHIE TH
5.

ZDOFER, §XTo» BDF (M0O40, MO100, J40 & JME) (28T, #&H (D100) 12kt
N, BENEY, KESIEFISEY, PASAE, ERBENME, FERES D0
(BENTWVRYY), R0 (MO100 IZBWTEE TR ZEOREEN
5. E£72, MO100 & IME ORREHEIRDE T-H72 5 7273, MO40 & J40 DEREHERNZIE
—ET DN gholz.

2.1.3 BREIOFEIR

F 25 PREMERZER

.\ Engine-bench . Spray Numerical
Fuels Composition Test Particle Test Observance Simulation
JIS#2
D100 Diesel fuel O O O O
100%
MO100 @) X O O
C1oH360,
0
Mo4o | _407MO100 @) @) @) @)
60%D100
40%JME
149 ™ 60%Db100 O x O 8

ARFFECBNTIE, IME Z8FFE68 E LT D. L LR S, IME OARERFTITER
WFFEEEPETH Y, AHFFEOEMIZ Y72 > TIXERICKLE R BOMRMENNEER Z L &, fik
DIIHTHER, MO40 & J40 DIEEMERNIZIE—FH L= Z &0 D, TOEMITHH MO %
REBE L LTI 22 & & Le, £IRTIE, FEICBSWTHIIREHIZ BDF 23MAHH
FIE 3%~10%IRET 5 Z L RRBOHNTEY, S%RIEGED 20%L 11070 5 ATREHES T &
Wb Y. £ T, BDF OEREERAICEZEEZALNICT S0, ZORARZER
HE 40%E L. F£72, IME OT X TORMDIIET DRBERISET VBAFIE LR 20,
IRBESOG DEE Y X 2 L—3 3 VISR ATRETH 573, MO DH—RIMZ BT 2 RIESURE
TIAZOWTIFMEINTNDDT, ZREHWERIGETRZITO Z L IXAETHh L. U
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EEY, AFRICBNTEREEMES I 2 b—2a r TRHELTLIEMREIZE 25 ICFE &
TR

2.2 BREMEREERR

ARBFFEIZEB W TIE, BDF OFEMELO=D, —REGREMIZRIS L, EU TH & L TW5
F 44—V LRAEOYEH T AU TH S EUROL IZHEE L CWAEEROT ¥ %R
L7-.

221 TUVURUFHER
a) SEEREEE

K TIE, BEROBRIERE22L, ¥ —RA v ¥ — 7 —F—f(txJHEHT 1 —E 1L
TV (-CTDI N22A2) &AL, RO ERRMGERE L=, FHE oo DU #re#

2602, =LA T T NERE, BT, R T AORERA > M EKR2AZENEINRT.

F2.6 TUULVEETT

Item Specifications

Engine type Water-cooled, 4-stroke-cycle, TI Diesel engine
Valve train DOHC 4 valves

Cylinder L4

Bore x Stroke 85.0x97.1 mm

Displacement 2,204 cc

Compression ratio 16.7

Fuel supply Common-rail (Max.: 160 MPa)

. ¢ 0.133 mm x 6 holes,
Fuel injector
Spray angle: 153 deg.

EGR system

HP-Hot-EGR / HP-Cooled-EGR

Boost control

VNT turbocharger

Swirl control

Continuously variable (Swirl ratio: 1.2-4.4)

Max. power

103(140)/4000 kW(PS)/rpm

Max. torque

340(251)/2000 Nm(lb. ft)/rpm
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2 WA

KL oAZlE, aTrb—AR(Y LA REATD)VOPREMESR > A7 A, VNTH —R
Fr—T%, AEAT—VEENMEZ DN TS, £, AT Y UIFEGRY — T — D
ANRAT A %HFLTEY, Cooled-EGR & Hot-EGROY) Y B 2 HlEIN AIRETH H. S BT
WA — ME, 220WE NIV T ENETUMNL LTZRK A — B35 0, —HF Ol A — b
(SECONDARY PORT)D A HIZ AT —/L 3y ha— L7 (LT, SCVREIT LR TEY,
COMEZERDZ L TAY— VA BEIEIIRET 52 LA TE 5. EGRY A ISCVA
RE STV AR — R (PRIMARY PORT)IC D A& L, EGRA AIZH 9 2 HEfEW
[Z X DSCVDEFE 2L L T 5.

(T): Temperature Measure
(): Pressure Measure

(MEXE): Gas Measure
: Soot Measure

10 VACUUM PUMP 1§ EXHAUST GAS RECIRCULATION (EGR) CONTROL
# TURBOCHARGER BOOST CONTROL SOLENOID VALVE SOLENOID VALVE
1 TURBOCHARGER ?1- EXHAUST GAS RECIRCULATION (EGR) COOLER
() EXHAUST GAS TEMPERATURE [EGT] SENSOR 1 I EXHAUST GAS RECIRCULATION (EGR) VALVE
3 WARM UP CATALYTIC CONVERTER [WU-TWC) # INTAKE MANIFOLD AUNNER CONTROL (IMRAC)
& EXHAUST GAS TEMPERATURE [EGT] SENSOR 2 SOLEMNOID VALVE
(' DIESEL PARTICULATE FILTER (DPF) H INTAKE MANIFOLD RUNNER CONTROL (IMAC] VALVE
DIFFERENTIAL PRESSURE SENSOR W MANIFOLD ABSOLUTE PRESSURE IMAF) SENSOR/
(& DIESEL PARTICULATE FILTER (DPFF) INTAKE AIR TEMPERATURE (IAT) SENSOR 2
%' AIR CLEANER i FUEL TANK
O MASS AIR FLOW [MAF) SENSOR/ W FUEL RAIL
INTAKE AIR TEMPERATURE [IAT| SENSOR 1 ' HAND PRIMER
J6 INJECTOR @ FUEL HEATER
11 CAMSHAFT POSITION [CMP) SENSOR i FUEL RAIL PRESSURE (FRP] SENSOR
1 GLOW PLUG % FUEL TEMPERATURE SENSOR
14 ENGINE COOLANT TEMPERATURE (ECT) SENSOR 1 ¥ FUEL FILTER
15 CRANKSHAFT POSITION (CKP) SENSOR ¥ FUEL FILTER WATER LEVEL SWITCH
i INTER COOLER o CHECK VALVE
11 EXHAUST GAS RECIRCULATION |EGR) COOLER # FUEL PUMP
BYPASS CONTROL SOLEMOID VALVE J INTAKE SHUTTER VALVE [15V)
i ﬁ;{:é.ﬂff&nmmuumu {EGR] COOLER % ENGINE DIL LEVEL SENSOR

24 TP uAT T NERE, BT, YRETADRERA b
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22T, WRAR— MEOIERE & FHAIAR A > N &2 K257, SCVR R WO R — N T
PRIMARY PORT & FE IR, KREQRAU =iz Epkd %, —J5, SCVDH %SECONDARY
PORTTiZ, ZDOHEZ4THIH T/ NS Ml a BT 5 2 & TRAU— LS S 5.
SCVEAE %1% % & SECONDARY PORTIZ{iiL 5 H A BN T 572, K2.6D K HIZAY
—IWVHR ERT L. LLReRs, 2089 RIRKAR— Fa22201200, HR— MIBT 5
AR IR 2 K 0 R E I T L b — A TiE A<, F72 20K 5 ikiE TIZEGRHE
ORENRHEETH S, 22T, R TIE, K278 T L 512, BRIBG=EZ#%E L, EGR
A% A HEAN L THREBESE L THD, FF— MIEATLHILIICLE. 2
X0, KR — b OREKER DAL L 72 D EGRATRE DR — hDOH AN N A[RE & 725 7.

VACUUM ——— IMRAC SOLENDID
VALVE

IMRC
VALVE

SWIRL CONTROL

(2.5 WS LAT DR EFHRIARA > b

Swirl ratio
o - N w H (3,1

0 20 40 60 80 100
Swirl control valve (SCV) opening deg.

X2.6 ATU—)Lar ba—/)Lo)LT7BELE 2T — LEOR%
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. Air flow meter Intercooler Mixing

chamber

|HEENERY AEEEN!

EEELERENE]
EEOENEEET

wSecondary port
Prlmary port N
Swirl control .
va ve n
| |
— n
VNT O _ -
turbo | :
charger ‘ O j : \ .
| EEEEEEEEERN :
Hot-EGR
EGR
_ valve
Cooled-EGR
EGR
EGR cooler
bypass valve
DOC
@ III i
XTI )
Smoke meter Exhaust gas analyzer

X2.7 WRT7ALDLAT Tk

FEBRAEE DO AMEL & AR R 2 X2.8~2.1013R 3. BRI, HEAEROmERK
BRE S FHECDY) 265 L7z, OB B o 38 1T 1 A A B M ) 2 () B ) 2
FP-2140H) % FHV, & EHHABRIZIBVTIE, 30 R OBAEEER&EL3EHE L, £
E2MEEs Lz, £, B2t E&st(FHINHELLFE-150B)IZ K W W AZ255 & 2 I E
L7z. #EXHdCO, CO, THC, NOx, OnREEIZOVNTIE, SRGRIEFT RO B &) P
AN E(MEXA-1500DEGR) & W CIEERIEEIC I VEHIIL 7. 22T, COECOyT
NDIR(Non-Dispersive Infrared Analyzer)i%, THCIXFID(flame ionization detector)i, NOx{%
CLD(Chemiluminescence Detector)i(Z k> T\ 5. & 51T, SootiFE DHIE I ITAVLARL =2
T—27 A—=% (415SE) ZHWo. ok, BB =P UmAK, A H =7 —T—F%D
HANZDWTIE, WEA —EICHET 2 72 O IRE R Z e,
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S EERABH AR HE

MEXA-1500DEGR, ¢ RAERXESRE NET

EIHSEERTEN(CO, CO,, (ECDY) TWD-220 kW, OERBEELRRES
NO/NOx, THC, O,) BEEHR LFE-150B, P7D, DPR-

7, =827,
IRk e

SHRENEY, —
BREXATORIE

&t GC61,
i

SECDY##H1=vh ST
(IED-852C), BHE& & ©HEN CHINOE M | espsesad

QRAE—JA—4 AVL4A15, AVLE (D«
JLA—R—/—=)

X2.8 FEERIEEFR FIHEE=E)
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ST RE LY ABIR ER T 2R ONITFANKISUUBERESR
FX-1100, /NEF I 26 5 &Ik EEEEst CP-5720A U5V AET7V T CA
e R220-30, HN-GR,  6000A, [E#zx1t AR CP-0600A,

CHINOH! INERRRR B

*EARNENE Y

S (6055Csp120),

- 5 O—JS55 78 TE

B (6535Q306),

4 —J(1631C3Y),
" 0y % (1100A61),

&®LabVIEW,
National
Instruments &

®INCA5.4, ETASH!

’uluiﬁT%ﬁFX 3400, ®FMNIEAHETA
INET 3 55 B BAFy—o707F .
5011B10Y26, @Az AERBER 75
KISTLER® > J4>7n—7 3276, iR

3272, HIOKI&L

[X2.9 SEEREEE (K 3R E)

FRT U NG A — X —OEETE, ETASH# O B #HECUSIE 7 1 7 F A
INCASAIZ K> T VU OMAPEZ FEE# A 2 Z LI Ll L7z, [FFFIZ, National
InstrumentstEHLabVIEWIZ X 0, &4 ZRE, £, Py ARE, MAZKEHFD
FRRBRT — 22— 5L CT 7 A MRAF LTz, F, =0V o1 &FEcEsa—>
FITETEENLTHAT—ROBNES &P (6055CSP120) v 15, 777
HEL YN/ ONLT YD T2 7 HEITK LT, 1008 A 7 V53 OENIET 2
TL, BRI AEMA 2T — 2 2/ FT 5. LinLigns, REFFRICE O T RET
YUUERBERLIERED, FMNENERNET HBRCEE U E TOEROIRENEAET D
TOBENTRNC LD ) A RERBT DICIHBAR S 5720, ZZ TRELOHENCLY
JEDBY M UEIZ L DA P — 2 OEZ R 572 DT S =220 & 9 einiE
BA%c A& FHWT, 1008 A 2 Vo OBERNIENZREL, 7o 7 AR Z IR0, BEPEEL
BEMRX 2T — 22 R/GFTHLEBIT, TOT—XEHCTERAERELHE L., A%
THH LIBRBIEI A 2 = 7 21203, $9p Y 7 b e R L Tunianize, e

WS BAAIE A HIWT 2 B L LCERYr— 72 AN, L Y=/ X ~DOBREEEE T
gLz,
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PO = () P¢® + (Z) R + P () 22)

Z T, PIFEHAES, PAIMHIESNTZES], o ld RSB EURER S O A A HE, ¢
X R R IUCEBER ORMERRERTH 5.

b) T Y URBREFORE

AR D o 2 U RIEREUT )T D AR ORREIE S 8 4 21010 R"9. AWFZET
1, BN OSKE O PR AFEFEE— K (NEDC, US06) 1235\ Tl AR FE A3 R O EE BE 72 5
flilRA > e LT, K2I0IZRTTARA v bEMNREL, M7 —FEETEFT Yoy
FlRa i L7z, BET YV UOECUREIZEWTIE, b DOFliARA >~ FNo.1~5
T By MESTE A A UM KD 2B 2170, FHEAR A > FNo.6 & 7 Tl HLE
FEIToTND.

2500 450
Fullload US06 mode,
o« 2000 without pilot ] 360 =
a injection =
o 1500 L 2 270 g
L 6 >
= 1000 3 4 180 §
‘e 5 NEDC mode
2 s )
500 ‘ * e with pilot injection| 90
1
0 0
0 1000 2000 3000 4000 5000
Engine speed rpm
S 5 °
2.10  FFAMANA > b
= °
#2.7 FHmAA b S
i Inj. ti Inj. timi
Exp. Engine Torque BMEP EQR Switl nj.press. ITJ quan le Tl] 1m1nfg
speed ratio . pilot / main pilot / main
No. Nm kPa N ratio MPa
pm % mg/st. deg. ATDC
1 1500 50 291 39 3.4 58 1.60/10.5 -11/-45
2 1500 72 411 36 3.4 73 1.69/13.2 -11/-4.0
3 1500 160 916 35 2.6 107 1.30/29.1 -11/-2.0
4 2000 100 570 24 2.8 111 2.38/17.9 -15/4.5
5 2500 90 515 24 2.6 132 2.57/11.5 -20/6.5
6 2500 200 1136 17 2.1 142 (w/o) / 40.6 (w/0)/-9.0
7 2500 270 1539 5 1.3 150 (w/o)/51.0 (w/o)/-12.0

BRI A > MBI D/ ST A —2 —OREE % 32713 . AMEHEBI DECU T
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X, BEEEAEEEZE L, DPFOEELARRE LT~y bl TRy, BET UV
DREDEBRTIZIZOLETOMAPEZ FNFNHNT NS,

#2.8 ~ v TiEERSM

Engine Torque BMEP EQR Sw?rl Tnj press. Il?j.quanti'ty In_] timing
speed ratio ratio pilot / main pilot / main
rpm Nm kPa % MPa Mg/st. deg. ATDC
1250 50 285 44 35 48 1.76 /11.2 -14.5/-4.4
1250 70 396 39 35 56 1.70/14.8 -14.4/-3.9
1250 90 512 31 33 68 1.75/18.2 -13.8/-3.0
1250 120 683 22 3.1 81 1.72/23.6 -12.8/-1.8
1250 160 910 1.6 22 90 1.10/31.7 -15.8/-1.8
1500 50 291 39 3.4 58 1.60/10.5 -11.0/-4.5
1500 72 411 36 3.4 73 1.69/13.2 -11.0/-4.0
1500 90 514 32 32 30 1.75/18.0 -142/-32
1500 120 697 24 32 97 1.80/23.5 -13.1/-2.1
1500 160 916 7 2.6 107 1.30/29.1 -11.0/-2.0
2000 50 279 42 2.5 75 1.92/11.3 -20.6/-5.6
2000 70 399 35 2.8 90 2.00/14.8 -20.1/-5.1
2000 90 510 27 2.8 105 2.30/18.8 -19.6/-4.6
2000 120 684 23 2.6 125 2.10/24.0 -20.3/-53
2000 160 906 16 2.4 130 (w/o)/32.4 (w/o)/-5.5
2500 50 283 37 2.1 98 1.90/11.5 -26.8/-6.8
2500 70 400 32 2.5 116 2.22/16.2 -26.5/-6.5
2500 90 515 24 2.6 132 2.57/17.5 -20.0/-6.5
2500 120 679 21 2.5 136 2.30/24.8 -26.6/-6.6
2500 160 908 18 2.3 140 (w/o)/33.8 (w/0)/-8.2
3000 50 286 16 1.7 108 2.37/12.1 -29.2/-7.7
3000 70 411 14 1.7 115 249/15.8 -29.6/-8.1
3000 90 514 13 1.6 129 2.57/19.3 -31.1/-9.6
3000 120 694 15 1.6 138 2.68/24.7 -32.4/-109
3000 160 925 11 1.5 142 (w/o) /32.6 (w/o) /-13.3
3500 50 283 0 1.2 116 2.20/14.8 -33.9/-94
3500 70 397 0 1.2 125 2.38/18.0 -35.6/-11.0
3500 90 514 0 1.2 136 2.61/21.3 -38.0/-13.1
3500 120 685 0 1.2 140 (w/o) /26.7 (w/o)/-16.3
3500 160 913 0 1.2 148 (w/o) /34.0 (w/lo)/-17.9

FFEBREL O HLER BRI BV T, iR A > b T, BEEE RIS 2350%(MFB50: Mass
Fraction of Burned Fuel 50%) & 72 DN E N EHEDECURE L EH LD K 9T A A ikt
R & A A U RAFEST 5. ok, A ay MNEFNZE0REETIE, S ey MNES
B, A vy MEFRITEET U UOECURE LF—ICHEL TND. TOR
FrRgE, Av— Loy ha— oL TRERR, BEOBCURESE —HT 2L IICHELT
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B, X =R OVNTREL, (% —27—7—NCHHH DT RAES) )N EFEDECURR
EMEFE LS RDEIICHELTCVD., BET YV OFESMTIE, Primary port&
Secondary portiZ 5472 2 CORE D T AN D Z 1720, ThENOELZ ET S Z
EMTERNWED, BIRO L I ICRKR T A 2L, PR — R OEGRA % DA
A— hDOCONREZMEL, XQ23)ELVEGREZHE T L

EGR Rate =

PRDCO, e - RADCOE o (2.3)
PERDCO, L - K DCO, i

BDFO T2 ¥ UREFE L COFEARIZ Y - - TIE, 8ISV ERLFEIR TR O BRI
EHEM T AR AR ET D 2 EBME LD, Z D7D, BINLUKEOFEFEE— KT
FBENE DR E ST IROFHHAR A > & LT, R28ITRT X HIZ, BN & HEE
WS D T 5 de (Al A £ 1250rpm~3500rpm, A fifSONm~160Nm# 130781 > F & %5 & L,
Bd L= FETER = v P F il FE i L 7.

%72, Z&ECooled EGR & B EMEHZI1T HBDFOEEZFHET 5720, £2.9&FK2.1012
NI XD R BV TEREI T 7.

#2.9 EGR%AE

Rotation speed  rpm 2000

Torque Nm 100

BMEP kPa 570

Fuel injection pressure MPa 111

Swirl ratio 2.8

MFB 50% deg. ATDC 12.1

Pilot ingection mg/st. 2.38

EGR rate % 30, 25, 24, 20,17, 10,0
Fresh air mg/st. 380, 390, 405, 425, 450, 500, 700
Main injection timing deg. ATDC |-5.3,-5.2,-5.1, 4.7, -4.5, -4.1, -4.0
Pilot injection timing  deg. ATDC -19.5

BT, PCCHRBE & M EMESIC K 5B a T 2720, R2INTTT X9 REMFICE
WTEREIT 572, (EROPCCUABEIZI N TIE, BHIMESHZ L0 225 &SRB TIRA 2]
ETDRBESF AR OND. L Lans, REEFICZ2BREBIOERE A I TDar
b —ADIEEICEEL <, £7-BDFOBREHERIC X 0 RIR TOMREME S DEIZRRED & <
BRHBDEFHREND. 2D, KERICBWTIZRMERN 21Th9, LA ATII T
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2TV, MAT =V & EES I L D%

KRERB O TG ZetEd D 2 & TPCCIABE

wEBT Lk ERo T,

F2.10  mEREES S
Rotation speed  pm 1500
Torque Nm 72
BMEP kPa 408
Fuel injection pressure  MPa 73, 160
Swirl ratio 3.4
MFB 50% deg. ATDC 10.3
Pilot ingection mg/st. 1.69
EGR rate % 36
Fresh air mgy/st. 308
Main injection timing  deg. ATDC -3.9,-1.3
Pilot injection timing  deg. ATDC 11.0

#2.11  PCCUABESAT
Rotation speed  rpm 1500
Torque Nm 72
BMEP kPa 408
Fuel injection pressure  MPa 50, 73,120
Swirl ratio 3.4
MFB 50% deg. ATDC 10.3
Pilot ingection mg/st. 1.69
EGR rate % 36
Fresh air mg/st. 308
Main injection timing  deg. ATDC -7.3,-6.5, -5.1
Pilot injection timing  deg. ATDC w/0

2.2.2 PMODORESSHT

T4 =B VU LR SIEPMAIE, 2ANIRT X DT, EICREMEA R

45 (SOF : Soluble Organic Fraction) & ([ {Af£3E, Soot) & 7259,

Z 2T, SootE4ric

DNWTEFHARAE—T A—FICEVIERICHIETE S, LLRRL, BHIZHBVTiXSootd
PR L PMOSEHESBIEINC LT 5 2 LG ST B0y, SIIREHCS 5
BRIZOWTIEHE SN CWpV, £ 2T, SootDPEHE T ORIEIZL Y, PMOYEHE
WHEECTEDNE D NOHENRNLIE L 72D, Fio, BEEFRBEHIB T 2PMOKL T4 & KT
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YA XD ONWTHETHZEHLEETHD. 2T, KBFFEIZEBWT, SOFESY
DIHTE L OPMOKL 4L « KA ZAOREEITVY, BDFOPMBEHEFIEIZ DWW THELET
5.

Solid Carbon Spheres (0.01
- 0.08 pm diameter) form to
make Solid Particle
Agglomerates (0.05- 1.0 um
diameter) With Adsorbed
Hydrocarbons

Vapor Phase /Y
Hydrocarbons ——. "

Soluble Organic Fraction
(SOF)/Particle Phase

Hydrocarbons
Adsorbed /

Hydrocarbons

Adsorbed
Hydrocarbons

Liquid Condensed
Hydrocarbon Particles

@ Sulfate with Hydration

Sulfate (S04)

[12.11 PMHLFDFHRE®

a) SOFRLZy DIEMSIHT

BRELOTENZ £ 5 PM ORI 2 RS 2720, FREHZRIT 28 Sz PM & 7
A=K VL, €D SOF plisy 2 flitH L, GC/MS (2 & 0 iEMEIc e Lz, flsERs
BINFEFICELS RoTWNB Y, BERMCBWTERT Z2ONFRARETHS. T2 T, K
IN R O E D FEREE — F(NEDC, US06) T HBE R e b RV ARA > FTH S 1500rpm,
72Nm, BREHZ XD HEH T 2 D@0 b KRE WA A FThH S 2000rpm, 100Nm, 3K
N 1500rpm, 72Nm (2351 5 PCCI BREE T D 3 DD AT PM DL & o &2 47 - 7.

X2.12 7 4 VZ—iR)L A —3EE N
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#2.12 T ANH RN —DFETT
Name/Model Diesel Filter holder/FH-1000
Diameter of filter ® 47mm
Inlet/Oulet Rcl/2
Quality of material Stainless

Dimension

87.3(W) X 98.0(H) mm

X2.13 fiART 4 LF—

213 MAAEET 4V F —RETT
Name/Model Quartz filber filter/2500 QAT-UP
Dimension 25~110 mm
Thickness 432 pum
Qeight 5.8 mg/cm?
Flow rate (water) 220mLPM/cm?
Flow rate (air) 73mLPM/cm?
Max temperature(air) 1093 °C
Efficiency of collection 99.9%
pH 6.5-7.5
Strength 210 g/cm?
Moisture absorption 0.04 mg
Usage Measurement of atmosphere

BARHY 2 TIEIZOWTC L FIicb R 5. £9, =P oA
(X212 BXOFK 2.12) ZH0 T, Miar 4 2 —%2HNT, fiako 3 DO5EMHT
PEE2N 15L/min DR FEEHA L, 528 T 20min B ORE LT 72, KT, f#itE

BNZT A IVH—IRVE
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L7e o TMTREE D Y 7 va 2 2 CFIR 100ml 128D L, EBE MR X0 BEE 4
10min 7°F T SOF sy 2 flitt L7z, F7z, sl S /7-iBHIEZEREERIC LV iEEL, =
—Z V) —x R —Z =2 KD Sml £ TEMEL, ZEROREAHFIZLY Iml £ TEAM L.
R&H%IZ, GCMSIZ XV EWESHT 21T 72,

2T, —RANCHEROITI O 7 4 Vv EZ — DRk & LT, PiROH 7 v FINTLE
N7 g N E—EERT 28020, L LRRS, GOMS ey i, ME
VUK T, 7 v BIMLINTATET 4 NV EZ —DORMP DL M S ini-720, fias
T4 H—(% 213, F 2.13)%EH L7=. SOF OfhiHc472->Tik, @ Y v 7 A L—Hl
HENME SN DAY, —RISHTIZ 8 Rl 2 232, SRS TIIEMEST TH L 729,
AE A C X D THA R RMG O N7 DT, oRREIOEMOTD, BEK
G VT,

b) PMOKI 3 H7

Engine Exhaust Particle Sizer Spectrometer (EEPS) Model-3090 (1] 2.14) (2 LV, =2 ¥
FRBR & FIRRZR SR (3% 2.8~2.11) IZBWT, PM DRIAH M ORISR OHRIE 21T -
7. Filz, REHRA T, EGR R, \EMES KT PCCl BBEIC L 5B EMA L.
EEPS3090 Ot & 2.14 |\ d. EBRT7 v Y7 MIK 21512777 L 91, =P U8k
K% 1W/min OFECTAHPFEEREICEA L, #9608 {478 L7 T EEPS 12 & vk F#Hll 21T

9.

2.14 EEPS3090 & [X
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#2.14

EEPS3090 D&% 7%

Item

Specifications

Particle Sizer Type

3090 Engine Exhaust Particle Sizer

Particle Size Range nm

5.6 ~560

Particle Size Resolution

16 channels per decade (32 to total)

Charger Mode of Operation

Unipolar diffusion charger

Inlet Cyclone 50% Cut-point pum

1

Time Resolution

10 size distributions/sec

Sample Flow : 10 L/min

Flow Rates
Sheath Air  : 40 L/min
Inlet Sample Temperature “C 10~ 52
Operating Temperature ~ °C 0~40
Storage Temperature C -20~50
Atmospheric Pressure Correction 70 ~103
Range kPa(Mbar) (700 ~ 1034)
Humidity % 0 ~ 90 RH (noncondensing)
1L/min
N7
Total Dilution Ratio <"" 25ﬁ(A)
A XBXC <o 1145(B)
25(A) X 11(B) X 2.21(C)=608.3351& 16.5L/min
oo
A 20 L/min
., rrrmnnmanas
| RS o,

22145(C) vunnnsna >

_i

as5°CHil
....... > v
@ [ K)_’ i
15.0L/m|n5
vd
o

Z  10.0L/min
v

[X] 2.15 EEPS3090 OFEER 71 = 7 k

Z Z T, EEPS3090 (2L 5 PM DOHTIEse SR O EZ S T3 VMHR NS 5. FFRIZ,

FTREEDY A XD 1 250, %itE(coagulation), RVEERE: Sl BEINnD Y

T,

FIREFICIRE ORIESMLBE L 705, RV FETHDH~A 7 1 b RVETIIARERC
EEOay ha— AR LW, a—&%—1 o 7F o 27EEAWE 2. FRAK 2.16
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2 WA

AT, ROBDLT 4 A7 DEHAIZ L > THR L, BESHEIC L 0 ARELZE (LI E5.
MDI19-2E AfREEE (X 2.17)E, v—¥—U 77 4 A73EIZE D, BEE 1200CI2Hk> T
FARAEAT S . ARG & LTIk 15~300 TH D, RKFEBRIZIH N L, 3 BEBOMREIT-
TWDT2D, F—=ZABRERITH 608 £72 5.

heated block
80/120/150 °C

to vent/
peristaltic pump

dilution air
(pre-heated)

from tailpipe

r to instruments

(216 w—%—Y o 7F ¢ 271E

2.17 MDI19-2E 7B &%

2.2.3 MEFEBIE

ERR Ao TG EE < BRBED Al FUEMAT I IZ RIS DI 2% < OMRGINRH Y, Hhx
RAMBUEEHANE S STV D . AR TIE, HRBELEEHWT, ERRHNDE
I =S 31T 2 A BB D IEIRBE AR TEEA T OB 21T o 1. B FOEEELIE OG22 [42.18
R ZOHIEE, BETLOIREMENRRE AT OMICELS DT, KIEE LTHN
HARBRTA NPDOFEATERNDP AR TH HBREIEZFIZ LIV ELND Z & T, MEdE
ML LTREESND D THD. ZOHETY 2 ) — L UELITRRY, [HEOBEL
ALzt U CRREN R W OB D B2 R+ 5 b D Th 273, FHARFREE Ofnilz BN
SRR DI iT 7 kT 5.
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Injector .
. ﬁ High Speed
Strobe Light Video Camera
(O D
Frosted Glass Quartz Glass

LEI: o1 Bog

Computer  Picture Memory

X2.18 HESeHGELIE

a) FEBRIALE
ARFFETIE, AL A T A (6 80 mm) & 3 L 7= E A BRIE A T (A FE668 cm’) A 1]
LCT 4 —Brz o P DORIN EESITEED T AREEZFH L. EEREENE 2 X219

e

Booster Pulse Generator ~ Computer
D Board
Injector Driver
Hydraulic Pump Piezo
000
Spark Driver m E u 1/0 Connector
Spark plug Charge Amplifier
?P m Digital Pressure Gauge
' »
Constant
Battery Volume
Chamber
CQH_,, O, N, Vacuum Pump

[X]2.19  SEBRAEE AN

ERRICL, vy RENEHRE, WK AVT, 8K 77, Eiz ERICIRS
FLIFIANCIRE A WSR2 K 2 cA v ¥ = 7 2 BRI AT BT 5. /NS IR v
TET—ARIZEY, BHAE30~160 MPaDLEDENICHIETH I ENTEDL. T 40—
BT DU DRBEREN & RBEOFRE RSN 2 ERRGN THIT 572018, e
bHTF L LER, BEEREL, A= 7T57 TRIEAK S ETRENICEREE
GO LTctk, ARSI S N T D ZMEIL A 2 =27 #($0.133 mm X6 holes,
Spray angle : 153 deg.) 7> DIREIEMESRF 5. Z OB, MO B, 1DOMEENHE FICHE

HEnsd ko, BROESTLERGL, A0V 2O AT A2 EUNIERE L.
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PRBHE ST SRS T2 & [FRR & T 2 72 O B FL  AVITEEH L TuZpuy, BERN ORI )1
vy RENEHEZSZ O TEHIIL, BN ORI ES L R L.

Pressure (MPa(gauge))

10.0 0.5 1.0 15 2.0 25 3.0
After start of ignition (sec)

X220 EiREIESZ2 ERBERNICERT 720D F L AREETE J1#- X

Reference
Signal e L %

3 ms Fixation
<>

A=T,+0.0 ms
Ethylene

B=A+3.0 ms

Spark Signal Al |B

(—Spark Driver) A B

Pressure Data
Signal
(—=I/O Connector)

C=T;+1100.0 ms <2
Injection D=C+1.85 ms
Signal

(—Injector Driver)

Photograph cf”
Signal
(—Picture Memory)

Exp. 1100 ms

@221 HlEER 7 o —F v — b

[42.2012 = F L URBEIC K 2 B EGNIEA ORFREEE, M2 2UZHIEE S 2 Th ZhuRd.
TF LB O 23— 7 NI 52 BREICENR# 2 & 5 2 L T, (EROFMKSEMT
TRBIZ N T2 Z LN AR L 0D, = TF LU OANRN—=JIERESEFEB L CTEE Y
X 2BRGBRENORE LA L, WEES &R L TEEE T A H X 71 X5
179, FHKEEL, BReEEN—ETHLZ & LHERFUELY, =F L2 g KFTOE
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2 WA

ANREDBEEABREST 5 2 & THEITT D, AFEBRTIE, B AT ADEE b bR
W D SRR 0) % p=8~16kg/m’ £ THEEICRETH LN TE 5.
TF L U GERIREE L T BR O BGOSR A (Q2.4)ITR T
C,H,+30, >2C0O,+2H,0 (2.4)
milE, @EHICBWT, ZF L UOBRBEZ Lo TBENT X THE INEL NI DI
TDHI LT, BRED IR ENEZEOEABET L LNFRETHD. TDLHR
HTEMES (PR EHR+Z D=3 : 9NN FEH S D F L, i, EROFHAEIEEZRD 5.
O, : (CO,+H,0O'+N;) = (0,-3C,H,) : (4C,H,+N,) =3:97 (2.5)
C,H,+0O,+N, =100 (2.6)
T F L URBERTR DR RIEE VEIS (ENEIE, BEEE) 2 2nEh0,, N,, C,H,,
O,, NJECH,L.32L, K25HDLH127ky, K25, X2.6)LvXQ2.7)E%5.
0, =3C,H, +3 ; N, =—4C,H,+97 @.7)
TF LU OPMEEIZFE215IR LTS, FOTT L OENVEIS %2 FZBRIIIT3.8%IC5%
ET 5 &, FEBRIMFIIBIT DR, EROK[MBE ARG ITZNLTH, 12.9%, 833%L 72
5.

#2.16 —F L OYHEE

Formula C,H,
Molar Weight 28.054
Density kg/m3(1latm, 25°C) 1.155
Lower Heating Value  MlJ/kg 47.17
Flammability Limit  vol %
(1 atm, 25°C) 2.75~28.60
Max Flame Speed m/s 68.3
[Fuel Consistency vol %] [7.40]

b) HRRHEHR OREHT

IR YT AN AT X o TR SN2 ERIZBMP Y 7 A /L (8bit) & L TIRIFS LS. K
W2 CIE, AAR v —/3—%tImage-Pro Plus 4.0]% F\ T, BMPY 7 A /L D4 &7 £ /LD
JEZ0~255DRAEIZIE SR 5 Z LG 21T > 72, 222184 & 912, BRBHES o
Ry 7 7T 0w R & RS R g D AR By (REROR, "EALEY) &
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B2 WA

ZELBIWZ b DI LT, DI 5 7 R AMEFLICH ) D OVE R FE I 2 R 7.
T, HETBMICONWTHRE ZOFFHIEOMEE VT 5 2 & T/ A RRELEOERIE

iTo77.

n|

penetré‘&

| =

Back ground Analyzed Fuel jet Fuel jet w/o noise

2.22 MG b ET foin B EREE 2 MR Tk

K§T4/F01’°
DOURNUTFEER|
N I & BHRGE | ‘
> ORFTTH > 3RITCFD > NEDC, /P OBIEEEN O\
/BDFO)%'K?’E& CA: %)BDFO)\ USO06E— h‘c\ f=vzalL—
ISR PR R G4 T FREENDS LaAaVvETIL
> ERIEA =07 WRAV T FHAWNTEHE
F—LOEE > BIERGR ISRy DEBEIE]
>EMEER Ka—KTH FHEREEM ExINTGA—
ISR Y 2 b BKIVA-3V > IEASEH A4—ELT,
THbd rel.2ZH LT ZEDT—4% HEZTS
CHEMKIN- HEETS Ve > BE B
PRO/Sw &r— > BRHHN > I HARGEIC

TSENKINT SootETFILE E&%Eﬁﬁ ®L, w#EE
\&5 AN A AN o AN Rl
(IYOURUFRBIZEY, FHEINEBEREERETS ) ¢
X223 Hfiv I =L —vaFlAE

BDF O AR 2 BESOS R 2 RS 5 725, 0KITE COMODELR A ¥ — L EHEE L,
CHEMKIN-PRO% FHIWCTHE A SUSEH R 21T 5. F72, 3¥ICCFDIZ X 5 BDFORBESUSFEPE
RS 5729, KIVA-3VZHWTFAMED UG A F — L& B AL, BEEEHE 21T . G
BRI DR FRBRIC KV MREE L, BRBERAME & BRI T AR E AR U, Biigelt
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FEHTAHZ L ETD. O OHEFIEILX2.231ZRT.

231 ORTTLERIGET IV

AWFFETITD ORITET NV TIE, U HNORE, £, (EFREREETY—THD
ERELTWD., ZOX) RIT AT Z L2k 0, B SOSBIR OB AIEE & /e
%. 0 Wt FERORFHIZIE CHEMKIN-PRO (25 £41% /3y 77— SENKIN # 5%

CHEMKIN-PRO OHEE A [X] 2.24 |2/~

Gas-Phase Chemistry

Thermodynamic
Data
Gas-phase kinetics

Pre-processor

Gas-phase kinetics
Link file

Gas-phase kinetics
Senkin
Output files

2.24 CHEMKIN-PRO #22

SENKIN (2i%, 5 2077 J7 A (A JEN—EDOMES 2T 4 B. (KR —EDWEL
AT b Co REEA I OB E L TH X DWE AT A ;D JENLREN—EDT AT
A B JEADRETIRENKE OB CERS NV AT L) BRHAEShTWS

T2 DV OIRBERNTIZIE, A~C BEICHWOLND. 0 RITMHTIZE W TIE, A ZHNT
{To7=. WIZ, SENKIN (2RI D E &L =N X —DRIFROMEICON TS, R
TLIPACTERDBMRE SN TNWDDT, BEANLOWEDOH AT, 65T, RIGK
RoEEEmIE, XQ8)Eb.

K
m=)p _ m =const. (2.8)

dm/dt =0

ZZT, mlIkFHOMFEOERTH Y, KIFERETOIFEOE TH L.
BAbFREOZEMNT, 2.9E Q210D L) IZREEND. AHEHBET—ETH LD T, F(2.9)
FEEHSZHCTUTO L) IcExHRmIOND. RQI10)ET v /T AA-EETHETH
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5. DEEICEA LTI, IBENBEMTHDHDT, mx X —HEXIINERLS, 70/ I A
IERQINDRIZ L VIREEND. —JF, A~CIEEK 7 — A DRGNS = 3L —
PEXHIRTIIUER B0,

dm

dtk =Vo W, (2.9)
k=1,..,K
% =Vao, W, (2.10)
k=1,.,K

ZIT, IR, @ & WL, ERSIC KD k FHO(CFREOERGHE & &, V
HKHETH L. Y =m/m,v=V/im TH 5.

P U 7= RICH T D WERRE TOMME OB 5 —1ERNE, B EZEET 2 &, K
QRINED., N L F—eid, KQR.12)TEHIND. /- T, deiFHXQRIHD L H T4
5.

de+ pdv=0 @2.11)
ZIT, eldNE =R ALF—T, plIENTHD.

K

e=Y ¢, (2.12)

=

ZIT, el kEHOEFEONITT RN F—THD.

K K
de = Zkaek + Zedek (2.13)
k=1 k=1

22T, BERERERET DL, dec, dTTHD. TIHREZ, c, 13k HOERLIAT
b5,

PSR DL ER BT, ¢, _Z Yie,, T b N TR —AE K (2.14)

kT E, K200 T ERXEZEZEL, XQ15HZEHLND.

c, —+ =0 2.14
; g dt dt (214)

dT d <
cv—+p;‘;+vZeka)ka =0 (2.15)
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Fio, BEBAKKEOREFRERND, EEXQ.16) &85, v s T A CONE, K
IR OB E L TEZONDEDT, RQRITND LI IcE£END. LiEXY, v/ T AC
Tk, KE15HEXQIBHWEND. Fiz, v/ T AB TIE, KEN—EDZD, K
Q15)F, K(@2.19) LB, FurZTH A TE, ZUHLE—RNETHY, THLE
—IX h=etpv THY, MHT2LKQ2200L720, FH—ETHDHMND, dh=0 &725. X
ISR 2=, RQR2)EERSND. UELY, BEEGFTO=RLF -
R(222) &7 5.

PRT
-2 2.16
W (2.16)
ZIT, RIF AT AEE, WIIRISKED 58, pldEETHS.
U)_vxn 2.17)
dv_1dV
dt m dt (2-18)
d K
c, —]; + VZ e, oW, =0 (2.19)
k=1
dh=de+vdp+pdv (2.20)
K
h=>Yh, 2.21)
k=1
22T, hiFkEHOERO = I N E—THD.
d ar th oW, =0 (222)

DI, PEERAE, ¢, =Y. Y, TRIND.

FALFREOSOSHIE 0, 1%, T_XTORIGRL Y EHEND. &6, ERmEHOEH]
IZHE> THAT L, EIET L =7 RO IEDKSEE E80E, RQ23) L5,

E
B
k, =AT exp( RTj (2.23)

22T, B EEM b v —, BIRIRERE, A ITHERTTHY, HFREKXONRT A—
2 —Tbh5D.
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W SOZ BT 5 551X, CHEMKIN %7 v—F o 54 7 Z ) ZH\WTiThihb.

a) RAbAKFE (D100) DEALSILET v

PRALIK SEIRBL D IRIR IR LSS £ IR LSS OFRBARK D% X 2.24 1R (KIRARL
FUSOBUSIEE L LT, BALARN D ORE| EHEITL > TELET AX VT VA

(R+) ~OfHZAMM, BELOGFNEMEIC X 28I OARRZRE T, 2 FEHORESERT
s OH Z ¥y (OH-), 7ATE R, 7r FARIHEL TSR Z L& LT,
AR DHEIC, BIRT—T VEHEZERT D08, IREBONSRT VTR, AL
7 4 VIR L OH Z I35 I, BB BIKFEN 2 [l A L 7 ¢ U BERRT 5
FOSAEAE SN TS Y. Z o Tttt Sz OH I, BREHCZ O fthod iR & X
JELTCO, KEAKL, £/, TATE ROAKRAERLEAIETHE0, ZhbHo

RN O T OIRE EFICORN 5.

Auto ignition = Hydrocarbon oxidation reaction

HTR**
Hydrocarbon RH 46}R- +R’

+X- ,02{}Abstraction reaction of H

Alkyl radicals R- W Olefin + R'-

-02ﬂ+02Addition reaction
~

LTR*

/Peroxyalkyl radicals ROO-

I | Intramolecular abstraction reaction of H***

Hydroproxides -QOOH Cyclic ethers + OH-
-OZII+02 Addition reaction Aldehydes + Olefins + OH-
| Oxohydroperoxides -OOQOOH | Olefins + HO,-

\ Branching (OH*+, Aldehydes, Ketones) J

*LTR: Low Temperature oxidation Reaction
**HTR: High Temperature oxidation Reaction
*** K. Hashimoto

YL YL Y

O H Q H o,
b o O—H

224 PALKFE OB ER P

IR POSITIRE EFIZ XY, R« ~DEEFEMIN00 TR & W o T SUS O
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JEDIREN EH-L, 5FEO/NE72 R ROV T 4 OGRS BRI E 720, OH
R HOL T K 2 HBHFUGDHEIRT 5 Z ENMbN TS, ZO[M, 77k RRA L7 1
NER S, HO, bZER Hy0, DR TER SN TV . HOIMRED 900 K LA LIZe % &,
B SNTZH,0,1X0H ~E 3R L, Z 2 CTHARK S 07 OH A3 iR O G S & R84~ 5,
RIRMIETERSNTZT VT E FRA LT 4 LIS LT CO, HyO #ERT 2 Z LIk
5. BUSOFRBIZ LY, BEES OWREIL 1200 K BLEIC EF- U, KIS E U TIER SUSHAK
flf & 720, OH, O, H, HO,Z & kL L CIEFHARMmLAMTOND L5127 Y, CO
1T CO, ~&b S, CO LIS DFRAFIRERC P AR & IREL 3 7 DB RS, F VL
O B -scission |2 KV RFEED/NS 72 R, A LT 4 0, TVT & REIZHRE S LT #IT CO,
CO, ~EMAL SN TRIENSE T D 2 EnmbnTng .

FEERDOT 4 —ENREHIZ B DN FEHEOACE WA DRY , 2 i1 6 ORRBETHRD
THEMETH D20, AENREEISEEEZ AW CET LT 5 Z LIZREETH S, Zh
F TR X AmAFIS6 TN & [F%: T 5 5 n-haptane D SUSERE 238 O AEEROR & L THW
LNTED, BEHICE EN L FEFREDCEmW D FREOBBEA RIS 5 Z LSHEET
HHT®, TTOEMBITEREOBIMCE L O ARbOATLEY Y. 22T,
AHFZE TldGolovitchev & D HEE 7~ % Diesel oil surrogate (CigHag) # 51 = R L '9% (fb25: 18
B 71, FBRUSHE :325) AWz, 2O A B =X A%, LLNL (Lawrence Livermore National
Laboratory) {Z & ¥ /AR S 4L T2 BB 7> 5 15 H AL 72 n-heptane D ZE Ml 72 b 7 SOGHERE (2
%f L, CHEMKIN-IIZ W2 B EMRATIC K 0, FRCEE O MEERS 2 Hil & LT
fi U 72 B4 |2 Toluene D SUGHE 2 #LAA A TV 5. H e 7 — MERBIC jHagl 3(2.24) 1077 T
X212, 77— IRIZ Ko T/RT 7 1 R ALK FE (n-haptane) & 5 7 1% kb K 58
(Toluene)lZ /3 4, BULHEITT 5.

1.5CiHys + 050, = 2CH, + CHg + H0 (2.24)

b) A LA UEATL (MOI00) DEALIIEET L

225 \C& A F IV AT MO/ VR BB TEIE RS B OILFRIG ~ O BRI
TN LD, BREEY R 2 L— g CORRICBOTIL, FEMZ R RS O B iR
HCh D, AIRICBNTIE, CoHy0, 1 MO100 & L, JOGA S — A4 4T 5 54 b
L.
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I
.c..c ¢ _.c ¢ _.c _.Cc .C .C..C
[ Cc C Cc c Cc

o]
CI8ME (C,4H;0,) I

C18:1ME" 0

C
/C\ /c\ /C\ /c\ /C\ /C
(II/ C Cc Cc (o] o

C
, c/C C18:2ME

(*) C18:1 &ITRFELL 18 T EHFEAN 1 DOHEHIRRIC

AFVEERAHIN U 7= AgRAEE A T v =
AT )b,

X225 f5Hfg A F L AT LOREE D

C19H3602 + 02 C11H2202 +C HIOOZ + C3H4

C,H,,0, ===
| MP2D | CHig

(MD)

CHy0, — mmmd ME2) | CH;000
(MB) \MBZJH MPZD écszco \
(CH,0CO| | MB2D | [ MB200 |/MB200H}—{ MB20 |
\MBZéOH3J\\ MB20OH4) &wscmoz

| MB2D | [MB200H400
MB200H2*0

ME2*0 |

GH,

[X]2.26 MO®DERLI A 1 =K I

MO100 Y a4 — R ZHHLT 5790, X 226 IT7T X973 AFF 4 —BLrfbEaw
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BEBEA D =X WEMns &, RQWBNTRT LIS, o= ARIRICE > TR 7 4
> R RAL Kk FE (n-haptane) & FHEE A F L AT U EIN S, SOSHETITT 5. % O n-haptane
M OBALIE & —F L, A F LT AT, K226 (2R & 5 RER LG A B
= AL LY RISHEITT 5.
C19H340,+0, = C;H,,0, + CsH 00, + C3H, (2.25)
C11H0,+0, = C;H 6 + C4H0,
Z 2T, CsHygOa, CiHGO, DS A & — L E ST L W HEEE L 72, O IRTTDFHRICE W T,
IO DN AT — L% A, ALFREES LOROSEIZ O T, K2.261277 &
VIR AT = AL L Y, 309ELFAE « 1472438 57> B 32{E LS4 FE - 8OME i F
THI L, ZOEIENOFHEBRLZE227NRT. ZOMBEICEY, BB LZRIGEA D
ZXLPAERTHY, MODRBENRIGZRBETE DD LRSS,

1E6

MO100 Reduction (103species with diesel surrogate)
1E5

MO100 Full (147species)

&
=

o
W

o
o

Ignition Delays us

T
|

P,=1MPa ®=1.0

1E0 ‘ ‘ ‘ ‘ ‘ - - - -
07 08 09 10 1.1 12 13 14 15 16 17
1000/T

[X]2.27 FEKEINLOD LI

c) IRABEHZDOWNT
gyl & BDF IZ X AIRARENCIE, B IRAIRAE L UE L, IREBAEIO IR A EH %
MTEDLETHE, Tk, KQ2.260~(2.28)005, FEWMMENRGHND.

Qm = 2i 2 V¥ Q5 (2.26)
1

Q= (QuQy) /2 (2.27)
1 2

Qm = (ZiYiQi/ 2) (2.28)

ZIT, QulFRAEIOS B, QI3 VHBWIVEIE, Qs Qy IZABNEI DB,
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Yio Vi (ZERELORTERIE TH 5.

d) PR AREET L

Soot|Z 2T

#$2.16  Soot/<JHEF LY

No. Process Chemical reactions
1. Precursor radical formation Detailed chemistry up to A,R.
2. Acetylene formation Detailed chemistry
3. Precursor radical oxidation Detailed chemistry
4. Acetylene oxidation Detailed chemistry
3. | Graphitization [éjll}z :gggigz
C(s)+0,—0+CO
C(s)*H,0—CO+H,
) . C(s)*OH—CO+H
6. Soot particle oxidation C(s)+OH+OH—CO+H,
C(s)*OH+0O—CO,+H
C(s)*NO2—CO+NO

0RIC T DR RIH WAL FOCHEIZIE, 21612777 K 5 72Soot DA FEME & fi i L
TV 5, 1 E L ITPolyene°PAH & W\ 72 T8 2 Soot fiTBRE S E KL S h, & 5IZ, [X2.28
\Z5F & 51T, Frenklach 512 J: 2 HACA(Hydrogen Abstraction C,H, Addition)i#s> 21 Fe-50
1T T F LU (AR)E TOHEHRERORENEB SND. FEHFRROKEIZARE T
& L7Ehy, ZHUFARDIBENZZ LT 5 “HEME IHFEIZ K o TSootDIERLE 4h 2 THI L ©
5 EVIREIZESS DO THD., HFHLEAFT—LTIE, ARKLOCH N v— LK
JAZ Z o THEIE A —R U CEIWZET DL 9BRE L TWD. 22T, C(s)DEWMEAEIT RN
DEINLE L TH-TND. —F, SootDE(LIZIOH +, H,0, NO,, 0, X HELIG %%
BLTWD. £, BROGICE £ 52 TOFFEOEWMEIEIZLLNL & MIT (Massachusetts

Institute of Technology) D7 —# X—R|Z L > THZ bivr.
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"'Csz

Phe nyI

(A Rs)

N

©/+
-H,
Acenaphthylen

+CzH2

Na hth |
e / o

+CzH2
Oo +H
-H,

+CoH,

@ﬁﬁﬁmcﬁcac

[X|2.28 HACAIZ

NOXIZ DU T

PERZel dovichkE™ % & 1o 21 SR ONOX BRI BT 2 B EREZZE L TV 5. #£2.17

BT B Sootf T ix A F1 = A 152

IINBEFEEDHDTRT.
%217 NOXUG A J =X 1P
Mechanism Chemical reactions
N+NO=N,+O
N+0,=NO+O
Extended Zeldovich N+OH=NO+H

N+CO,=NO+CO

N,O formation and destruction

N,0+0=N,+0,
N,0+M=N,+O+M
N,O+H=N,+OH
N,O0+OH=N,+HO,
N,0+NO=N2+NO,

NO to NO,
(low Ef —i.e. at low temperatures)

NO+HO,=NO,+OH (Main NO to NO, branch)
NO+O+M=NO,+M

NO,+0=NO+0,

NO,+H=NO+OH

NO,+N=NO+NO

N,O to NO

N,0+O=NO+NO
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2 WA

23.2 3RITCRBERISET IV

A#FFETIE, KELos Alamos[EZAFFEATIC CHI%E & 72CFD = — RKIVA-3V rel.2*Y% <
—Aa— L LT, FHEYT7TETVCHREZMZA T2 b O L. ZoEiREka— R
OB A 2181 /R T

ZDa— RIZBWT, BREMEZOMA, AEZ2ETIRGXUEMER L BT 2ME T
TNEEANT LHE L BT, BEEET L TITEMARR OB EBE T 5 2 L TET VO
JEm EE X o7, ZHECHRELPIY, FEMARRIRICET 2 MERE mEE T 2k
TZOX D REMEHE 2 FEM L CX 720, ZuoEnfERE < 7201213 % Kt Rk
MNMLETH-T-. £ T, WERDKIVA2— RMBEH T 5 operator-splitting procedure(Z &
3 & JL9E & #17-PaSR(Partially Stirred Reactor) &7 V0% A2 = & T, FHE O &k 2 X
0, HERAORIRFR CIRTTIT 21T 5 2 & 2 AlRE & L7z, ZARMEFHE O AL ER K Rz v
VERBRAE R L Ol AR LT IS DET ADORREE & R 2T, T — B EER G
KL TCHRARET VLD HIELE RV ED X OBEEL TV Z & & LTz,

#2.18  KIVA-3V rel 20D A % — A g5

Phase Solved equations Specific features
Droplet collision and oscillation / breakup terms ..
Phase A . Implicit
Mass and energy source terms due to chemistry and spray effects
Acoustic mode terms (pressure gradient in the momentum equation L . Coupled
agrangian
Phase B and velocity dilatation terms in mass and energy equations) Brang Implicit
ase
Spray momentum source terms SIMPLE*
Terms due to diffusion of mass momentum, and energy PDC**
Subcycled
Phase C Convective transport Eulerian ‘y.
explicitly

*SIMPLE: Semi-Implicit Method for Pressure-Linked Equations

**PDC: Partially Donor Cell

a) WEEET IV

3RITTCFD = — RZ W= TF 4 —B o o P ofklir L O A R EFE o T
FPIREIESE OMRIL & AR E B TRAXIZRIBEEZ T 5 Z 03 iitFRF L 2D, £
CTUToZEAZNOHB I L TEET LV ZE L, BIRE2RI L

PREFDM R PSR S 5B FR IR & AR D20 & 72 5 73, KIVA-3VIZIB W T AUED
AV E E S 72 3HRRS T FAV CEulerfUIZfiE &, BRBHI O FH R I XBER T 15 (DDM:
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Discrete Droplet Model)* (2 53 &, LagrangefJIZ il 21805 5 HIEIC L W fR< . 7272 L,
2T ORI Z B 5 IITETRARARE WD, R—t L TN 7 NV—TITE L ®,
ZONR— N EBI LTS TR RS TV D, AN—ud, (D, HE, B, RS
DFHEDFRI U THDUTE OB 2 RBLT 5. EWESIE, M REET —2 LoikESh
MIEE 2 & O R— ARRNITEA SN D Z L TREEND. / AN LB SR
HOERIT AVDOERELEFELVEDE L, KHODRSEAFIZLVEBDT L0, HDHN
(TEZRIZ L5 BTN 5.

parent parcel

droplet ry,

AKH’QKH

ARTYQRT

new parent l ‘breakup’

< N child (g »

PO >

YN

[X]2.29 KH-RT/3&E 7 L O

I ORENAERA T 5221500725818, WM ORE R & 2 5 FECBs 0TI H
MEZDEZEZXDI, TNEETMETHI LIINETHD. £ 2 TAMIETIE, X229
WCRT k9T, BRBHEEE D 4> 2T %t L T Reitz 52 12 X 5 KH-RT(Kelvin-Helmholtz —
Rayleigh-Taylor)/~A 7'V v KEFT /LA EA L7z, Kelvin-HelmholtzD RZ2EME & 1%, D
B DRI AE UDREEETH D, 2B O ZRH A S & o F 58 B o
S ENTREIR, R EDFEAMNZEIVBIEEELNTHRHL T BELZRRT L
DThD. £, 74 —BAMEBREIL, FRHEKT A0 5500 2RI X 0 2020
I D ENMBNTWD., 2D XD R\ TIE, Rayleigh-Taylord RZEEM: b F 72 ki
OWRALBIG DR BUZEE /& E 2 Rl "l HetE & 5. Rayleigh-TaylordD A 22 EME & 1T,
FETE DRI 2 2 OFAR DN Z OBERAR K U CIRELT MU EE) &3 DRI, T DBER
MRRLEC R LB Th L. 74 —ENVEFEOREEEEL, HHEIORG TR
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FW AR 2 ENIRL BN L ERIITR SN, R(2.29)D & 9 IZLevichd B N2 S
EHHREIPERLLEINTND

L, =C,-d, |2 (2.29)

T TUT, dolTMEALES, pi, plTENEIVREL L FRIHRAT ADEETH Y, Cold /) AL DIEIR
#}Thd.

Fo, WHEEOKRE LI TIE, RHR OGRS IER &\ o 7o Ei2E 8 o E)E
T5 2 L BMEIT/R D Niklas® 1T, EF VD A v o 2 fRIFVEICIEE &2 ), TER DO Rourke

48
™
B
2
m%,
9\‘\
rﬂ]ﬁ
il

DOFEFINEZHE L TKIVAVIZEA L TV, 2200 3—FB )LOEITHANAZZEL, &
DOFFEFFAT v 7N TRETLHRA > MIBIET D LS HEENREZL LW ET L
PEREINTWD., FTOETICLY, A vy aDERFEMEEEET 22 EnTE .

b) BREEET L

1. Fuel Pyrolysis 2. PAH Growth ~ HACA Mechanism

CsH, T_ACH, | C=C-H 4 C=C-H

n-heptane | - JH, ~a ., .

Fuel < CHie : I‘ H +CH, i
CiqHzg toluene @ @ +CoH, OG —
CrHg i AR5

Original Model l Modified Soot Particle Model l'
: Nucleation
Soot formation ARE = 12 Cypt + 4 Hy
ARE =12 C y + 4 Hy
Surface growth & oxidation
CgHy = 4 Cypyy + Hy =l
! S1 CyuH+H = Cppm+ H,
J. Appel.
S2 CyuH+OH <« Cyp + H,O
Soot oxidation - o NIRRT,
S3  Cyy" +H=C.H etal,
CSUUl + Oz = O + CO 54 Csuot' + C?H‘? = Csou:+2H +H
Ceoot + H,O = CO+H, S5 CyuH+ 02= Cy,H+2C0O NSC
Ceoot + OH = CO+H S6  CyuH+OH= C,u H+CO+H Nech, et al.
Cioot T N2O = CO + Ny S7T CouqH+NO = CyH+CO+N P. Roth et al.
'si i Coagulation
Simplified gas phase formation g X Cepot = Cooot

230 Soot Mok T R [ 2

BIRELDOFSET MIHOWT, 0 RITHEEZIToT-b O LFREETH Y, F7- NOx DAERL
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ETALEBETH D, —J7, Soot BT MTEWTIE, HEEHIZL Y BI% STz Soot ki1
DGR L VT, =2 ¥ U ND Soot DARK & RO JBIE % 5+ 5 © & 5 BI41) Soot
FFNLPERNT, HEEIToT.

T4 —BAT Db ST DR IRE OGRS THEMETH Y, KR
RIRB V. —RENTIE, BE L7z X 5 ISR B & BRI E 3B S 1L D A6,
YRR T ANRIE LT AR R CTAER SN D Z E MM BT S, Soot DI EGEFEIZFS
WC, I B EGRIEZ T, RIRE D D ORI, B 7E2 R L O®EZE - AR
K DR, K FRIETORMEISIZ K DR, MOBIZ KDY, S BT Lok
TR LOBESIERIC L VTS 2 b0 L LTESND P,

Rl Tl ~_72 12 2.30 123 & 9 72 Soot AR 2% b LT, ABFRICE N T H RN
JRIZ B\ THIBRE DR A R L, fit N THRERRIE T /WIC K 0 A5 Soot 3 i SUGROTE
BARIC L DM ERBEHRT 5 7t 22 EE L7~ T Soot HEHED Tl % F2HiE L
7z.

A Soot EF MBI HMESEAERQINTRT. KAEFLTHE, MO~ ORTFIE
SAMESRE & R, FRICIR BRI DWW TR T 5 B vic 1) B i %
ORLFAEESNDE LD L Liz .

a%:ot v (pSO()t ) V {pt()l‘DV Aooz } + p;()()l (2‘30)

Z 2T, 0oL Soot B, 0 o IXBE/LNDOEE R, p o ld Soot DAERKIH, uw XL
fTHS.

& 512, Soot HEDZAMITRQRINC, B E O ZLIZRQI2)ITHED b L Lz P,

d [C(s)]
0 Oy + D + a)o + Wy + Oy (2.31)
d d
df, _ne , Yo (2.32)
dt dt dt

ZIT, olTEEAHEE, Ll FEEECH D, o, IRT NC IIIEK, SG I
KRIEEESIETH Y, 0, OH, NOIZZNZNDLFFEIT LD Soot DFR{LE KT .

Soot DEEIEHGEE & L TIX, KL FREICBW TR D TENKE L, EEERED
ARG AR L D D EBREGEE G LT v T 7 F L (AR BRI & LCTRA L.
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IO 7 vt 213233 LV Fel S, ZHUTHE D Soot T+ OB B ANIEFH(2.34)
LR3I LD & L.

A2R5 —>12C(s)+4H, (2.33)
Oy = kye [A2R5] (2.34)
kye =1.0x10° exp(—5000/RT) (2.35)

F 72, BRI L DR 5 AR IERQ36IC L v itk &, Z DOEFO — ki1 RFE
Coi)l TAREFT L TIZ100 ERELZ Y. B, NJITHART FeERTHD.

d N
% == A 120, (2.36)
t min
# 219 Fin UGS IHE B R AL
k= AT® exp(-E/RT)
A b E

No. Reactions (cm mol' '/ cm atm™ s) (cal / mol)
SG1  Cs +H = Csoy *+H, 4.20E+13 — 13000
SG2 Cg,H+OH < Cgy, *+H, 1.00E+10 0.734 1430
SG3 CSoot *+H = CSootH 2.00E+13 — _—
SG4 Csoot “+C,H, = Cgo . ,H+H 8.00E+06 0.78 3800
SO1  C,,,H+0,=Cg,, ,H+2CO Nagle Strickland-Constable Model
so2 ¢, H+OH=C,, H+CO+H Yo =0.30 (K.G. Neoh et al.)
SO3 ¢, H+NO=C,,, ,H+2N, Yno =1.82exp(-30000/T) (P. Roth et al.)

B & & T2 1%, RESISTT VZHE, Soot AL DR L L& Z AL 5. K
Soot ET NV THE Lo ARG EF 2.19 12R-T . £7° Soot DEMAMENCE D S K
X SG1~SG4 (2B LTI, Frenklach b DEET 2 REUGET MZIESEET ML LI
W Soot Wk ORI TIE, 7TEF LU BRISFHRERIEMY A b LG TE 2R2WARENE
YA SDBE Y SIoEEZ, RQIND L D ITRIEEY A MEENEER TH 52 L 2lE
L7e%d, 1M A MEEITRQ38)ICE D ELD.

W1 — Osgrp T Osa j — Dsgry — Doy — Doy = 0 (2.37)

kSGl,f [H] + kscz,f [OH]
kSGl,b [Hz ] + kscz,b [Hzo] + kSG3 [H] + kSG4 [Csz]

Zzoot = ZSoot (238)
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Z 2T, EGR B A LW Tl X0 & 232X 10" sites/cm” & L, EGR A S T19.048
X 10"sites/em” & U7z, F72, ksorpld SG1 ESUSHEEEEK ;5 keorp 13 SG1 W SULHFEEEK
kscapt & SG2 TESUGHEE TEEL ; ksgap 1% SG2 WSS L ; ksoz 1% SG3 1ESU B EHL
ksis 13 SGA IESUREEELL 3 gy 1INEAES A NMIEE L 725
P> T, TEHEYA FOIRIZTEF LU BINT 2 2 & 20E LIcs, RKipsR#E IR
(239 LTRBLEIND Z &5, £70 alThi R O R ONREKRIFEEZ R L2 G
DTHY, RQANNEEE IS 9,

—kQH{aXW’&Mf} (239)

N

A

::T, Soot!i Soot @%@*ET&)@ PC2H2 17“!2?1//0) J_"C&é
1 1
o= 2{ h(m-457) 1} (2.40)

Soot DERMEEILIZIB T, KET L TIL, 0, OH, NO DEE3 SOE{LANC X% Soot
MR- DR ISR 2 E R LTz,

0,12 & % Soot ki FE{L I EF /L & LCIE, Nagle Strickland-Constable &7 /1 %9 (LLF
NSC ET7 /W EMS) ZtRH L7z, ZOMILET IV TIE, RKEERIE L FERIZ Soot fHkE
FOREZNEEY A, EEYA SO SO ERE LTz BT, ZODHER 5 FUSHE
HKABEL, BLEEZ RS 5. BRI ER (24D, NSC E7 /WTHD < Bl E
Xx2R(Q2.42), QB)IZENETIRT.

2C(S)+0, »2CO (2.41)
APO2
Ao 1, {1 . P X4 +kBPO2 (I_XA )} (2.42)
1
x, =(1+k, [ky Py, ) (2.43)

ZIZTC, P ldBESTOSETHY, x I XEEYA NEIETHD. £7- ki, ks, kg, ky
ITFENENT L=y 2RO KGEEERTH Y, NQ44)~Q4NDIT LD HiEL Hivb.
—15100]

k, =20 exp( (2.44)

—7640
ky, =4.46E —3ex, 2.45
o(259) o
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—48800
k.=151E+5ex 2.46
T p( RT j ( )
2060
k, =21.3exp| —— 2.47
7 p( RT ] (2.47)

OH & NO |Z & % Soot kiDL LTI, o EdhEmic kS5 BbeT v %
i L7z, OH IZ X AM{ki% Neoh HIC XV IESNTEY V7, Z ol 3X(2.48)
12720, RET LTI 30%E EDT-.

1/2

RT

oty =3Vor [OH | Ao, {ZEM } (2.48)
OH

ZIZT, youlTIEMEEZEMER(=0.30)TH Y, MoylZ OH 3D+ ETHS.
NO (2 X (b b [RIERIC o iEdEhER IS < 2 2 & L, K(2.49)I27RT Roth HIZL Vi
EXNTWA T L= 2R OIEME 2= 4 7= 3,

—30000)
(2.49)

Tvo =1.82 exp(

Soot KX ZALE TIZFLR L7e R\EISOETE & HIT, R M THEEZEZTILD
MOENTWD. 222 5 5 Soot KT DB LFE LA RBTRDERHT, 1 X OBUIREEEBED
BEEE L W o IR AR D 2 & 72D . BT & I IR RIE S E RIS L 0 AR L, e
E 2SR CERRITE WSS DOTEREZ I D © O L BRI S D . A Soot BT /L TIE, X4
LA MICEBWT, RLr3s—I2oM L, BRIV O HI3ERE 2 MR L,
Bi TP A R AREMETEYFE S Z & & LTXERS50)ICRT L HIC Graham 5 DEIE
Smoluchowski H 204 AV 7= Y.

d,
Yoo _ 6 £l (2.50)
dt 5
% bé!
K=i(ij 6[6kBTJ G-C, (2.51)
12\ 4r P,

2T, £, 13 Soot Bk T IRFEEIA s kg 1RV < L B G T ERPORL 74254 (Spherical Particle
Factor =1.0E-4) ; C 13 B CRFFRIFR 53 4% 5L (Self-preserving Size Distribution Factor = 6.55)
L%,

PRI Bl U 72 B £ — NI X DR 2R TR T 273, HOBEETHEL
WS TEIRE R D ENEELL 2%, LavL, Soot DX 9 RRBFEOYIKIIFERIC L
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57— M 7LD EEEORLITEET D, N0 OEERENEETHY, HEX
TR D I 7e & TIETIRIC L EIT LTV A Z R 5T 5 2. K Soot EF /LTl
iR K AR A A SRR R TSR T LY IR L b o &2 Ftik L7z,

d 6 VRY! R’
%Z_g’('fv%fn£7m2—g (dcell >d1’) (252)

T I, Ry (FBEERLFBERRER 5 deey (ZRMEMSFRERUTIST D HTRIF1E ; d, (3R
AR S RN

ERUc kv, EBRICEH SN D HEE - REROR AP FREL Y b RE o
TWAGEITITERERE LT IR Y ZFfoTohi & LTIk D & & CRlfZEmmfs & S,
R E L HINSEO8MEER1T O 2 & LD, BERIRE SR A 1T RRCIER 28 R, 21 )
L, R(@2.53)&Q254)D &) a2 CRINT 52 L & Lic. 7ok, FIMWIKL7£E d,, HTA
Tk 770 BRI DATFEINC TRDDMERH L. ZnEDOEBFHTH H5E, )
IR 72 dp Z I R EVMEICERET 5 Z LIC LV, BHERfEE X v BT 52 LA
RETHD.

IV
R, =d, [E] (2.53)
ﬂ-dcell3 3
n=— L6 | L (2.54)
d, / d,
6

ZIT, n 3REHER RIS 2R TH 5.
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HI3F EEREIRLEBR

FIE KBEREEE

AREBRIZIBWTIL, BDF OBRBERHEDIRI & 2% Fv % Bl 0 F2 44T T ORI FH O i
NG, BRCKOFEEITE— NIZBWTERBEERN G- U VBB 2xf e Lz, A
KR, BPERLT D U MER S TV S TR ECU BREE % JTICRE L T2 et 22X
— A5 E L, BRELOREEE BEIA 50% (MFBS0) ONLE & 595 L 5 ISR 2 7
L, MT BB L > THEZEITV, Cooled EGR, ZEMMESE, EEMEHF5 L O PCCI
PABEIZ 35T, BDF OIS X 2 BERE S L OWE T A RIS G- 2 DB AR5, &
HIT, ERBHRENTERET A A AFI2L Y, BDF OEFHEBEN Y L, BREHEIRIC

K074 —BERICE R DB OVWTEETS.

30 TUVURVFRBROBREEBE

AW NTIE, Vv ba 7706 ESHi7z BDFREL (IME) (3 OB E L
TEMEIND ZEHFBELT, 71 — BB ORRBHRE & PR T A ORI RIET
BrERICLOMAE L. 2070, 2 BIIRRAEHNERENT 4 —BLr D
ERWT, M7 —EIEIC LY, Cooled EGR, ZE:MEst, miEMES 5 L OV PCCI BBED K
BR&1TVy, IME OBRBERER KO A RE A H72M2 L, IME OERIZI 1T % fiiiE

LI S UR e 1AV

3.1 REHEDEVIC L 2 BEREE L PEH T 2RI B 2 D EE

IME OEMTHEM ZRAE T 5720, BFET VU HE#H SN TV D TIREO ECU #E
% JEICRE LI FEEATICH A T 2 b2 R — AL L, BREIOBBEE &S 50%
(MFB50) Oz & —8T 2 KO ITEHRF 2L, My —Ellcko Ty Vs
BRaATV, B YT A DHEZAT -T2

a) 7RA v NERERB LB

TV R, AR DR R DIRIAWSRAFIZ ISV TIREL OBV DS RSE - BEL T AR
FAZTHBEZRET 5729, NEDC E— K& US06 E— NIZI\ T ABEE O m O ERS
Rz 7 Bt U, EEDEEIRRE COBRBEE ), BRAB LI OPRE T A2 HE L. Znb

2l

61



HI3F EEREIRLEBR

DERFNFILZ O P PERH SN TV A TR COME AR TiciExE Lz, K, F
AN EIRRIG L 725 NEDC £ — REREKT HHA 2 F(No.1~5)Tlid/ A 1 > MNEk 25
Te2 BN 4, EomAMA LR E D US06 T — KA E LA A > FNo.6,7) Tl
BB Z{T> T 5. ZDDOREOFEMITEH 2 EORK2TITRLIZEBY THD.

=——=D100 =——MO40 =——MO100 = J40 <© D100 00 MO40 A MO100 QJ40
8 200 0.3

No. 1 No. 1
<
[=9
> 6 150
Q‘S) Inj. Current %D = 02
5 —1{200100 "'/\ 00 = E
g 4 M%400 >< ! o i‘)
DI o o
5 2 / 0 %@
= N
PPEIN N ¢
0 - 0 0.0 —4
-40  -20 0 40 60 0.0 1.0 2.0 3.0
Crank angle deg ATDC NOx g/kWh
8 200 0.3
© No.2 No.2
=
° 6 150 .
L ~/\ 2 < 02
@ s =
3 / \ S X
¢4 / 100 55 o
5 T g
2  deliinn 50 Z & 01 0O
(T>>‘ / o -j\
£ A A
0 0 0.0
40 -20 40 60 0.0 1.0 2.0 3.0
12 Crankanqle deq ATDC 200 03 NOx g/kWh
© No.3 No.3
=
° 9 150 .
5 P < 02
2 /\ 5z
Q6 -7 100 . >
> / \ X .
G /\ T 8 041
© .
c \ x o
3 ’ /, E E \ \ %0
‘_I: - ¥
0 0 0.0 &
40 20 0 20 40 60 0.0 5.0 10.0 15.0
8 Crankangle deg.ATDC 200 03 NOx g/kWh
. No. 4 No. 4
=
6 A 150 .
£ ../ N 2 <02
2 / gz
il
24 / \ 100 ;. S ®)
5 T 8 |
E ) / - _ \ 50 e (,o) 0.1 A
e P\
40 -20 0 20 40 60 0.0 1.0 2.0 3.0
Crankangle deg.ATDC NOx g/kWh

3.1 BREHZEBIT D THRA > N TORREERER KO Soot & NOx D HEHRFME (No.1-4)
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[ 3.1 12”2 BE I O TERRS M (No.1~4) 368 KON 3.3 127734 HLER i OO JEHR S
(No.6 & 7) 1281 2 BIREFORRIEIE ) & BV AEIBIRRI TR REI ORE R A i35 &, Rk}
DEFEVIZ X DHENTEAER bR oTle. L Lens, X33 (No.5) (2T EiES
RICFBWT, EEEFEIEE (MO40, MOL100 & J40) Tid A v MESHT K D EREEDMEIE
ENTWDLZERHALNTHD. T, LVIKELOSELELOEMFICENT, %
RO 533 (D100) 1IC X0 bESUS MBS N D b EBEZHRD .

200
© 8 No.5 03 No.5
=
S 6 7\ 150 .
(2]

= g £ 0.2
% 100 > E
54 / \ € 2
g - \ i C<IOD) 0.1 <o
£ 2 N 5° o]
> - -
3 = -:/P\
£ A

0 A = 0 0.0

40 -20 0 20 40 60 0.0 1.0 2.0 3.0

Crank angle deg.ATDC NOx g/kWh

X132 FBAEHZEIT D THRA b TOBREERFER X O'Soot & NOx DHEHFFE (No.5)

200
m12 No.6 03 No.6
o
s

9 150 .
g / 8 <02
g 6 / 100 E
e / \ o 2 o
k) / /A \ T 301
£3 g0 * @
= —
= Vg ? %
= A

0 0.0
% 20 0 20 40 60 0.0 5.0 10.0 15.0
Crankangle deg.ATDC NOx g/kWh

16 ——1200 0.3 N
© . .
o
512 A\ 150 .
5 / e < 02
a / 2=
8 g 100 | S
= / \ 2
(0] T (o]
Y B SRR A N g 2 3
: //§§§ \\;:
T 0 0.0 QA |

40 20 0 20 40 60 0.0 5.0 10.0 15.0
Crankangle deg.ATDC NOx g/kWh

X]3.3 FREHZIIT D THRA > N TORREERM:R KO Soot & NOx D HEHFEME (No.6-7)
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WIZ, BEMHICEBT D Soot PEHHIZOWTIL. EERFRREIZHER L1256, X ToLM
IZBWCKIBIZRED T2 Z EbhoTz. UL, SGEERECH D70, MEEEKRTO
JRPTHY Y =LA L, Soot DA Z AL, b bIRESNTZT2HTHL EEX DB
% 2. 7z, MO i Soot ERDERN & 72 5 FEER Y Z#E LRV EBFRLTND LD
LHEREND.

e LN

3 4
Experimental No.

B
;
-

CO g/kWh

5

1 2 3 4
Experimental No.

X 3.4 FHBREHZEBIT D THRA v b TORBRES (CO & THC) OHEHHE

350
300
=
on
n
m
200
1 2 3 4 5 6 7
Experimental No.
14
=
& 12
=
8 N i::.: ._
n
§ 1 1
8 i
1 2 3 4 5 6 7

Experimental No.

X 3.5 NI D 7 WA > b TOREFE
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F 7z, AKEHERHEE T EGR D (No. 1~No.SHIZEB W T, EERFEREID NOx OHEH &
DT DEAIAGGRD BV, ZAUX, EEEEEHCZRBWT, A 1y MESHT L REE
PEEES T, T DBOERRBEVFEM S 1, RBERE OIRBEIR N 725 SN D b D L HER
SR, FRUTLY NOx MEH SN b DEEZ LD .

MO40 & J40 D 2 DIREHE LT 2 &, RBE L BRI RFFERSIZ L AL —BL T D T
Loz,

¥ 3.4 |2 THC, CO OHPHEORRERT. SMFBREIZMMH L725E, THC & CO I
BIL IR LTS, 2, SERRIRENCIIRBE R 81T 2 BT Y &t
AT D 2 & BRI 2R Th 5 LHER SN 5.

F7o, K35 ITBEORREZRTH, SRR CITIERREHEE R BSFC)23 D100 X
DVEFTERLSRoTNDH DD, ZHITEFRAENRN O TH Y, IERT L F—HER
(BSEC) & L TROZRE & LTI R e o 72, FFIZ MO100 DLAIZ BV T,
BB OUEN S BT, ZIUTEBFEIRE TR AMEEE S D Z STk 0, RIS
RN LA L, R OPH B L, BRENLEINLTZDLEEIDLND.

#3.1 TRBOKE— RITBIT A INENY

?:. Engi?;: specd T;Ir;q;le Brpip Loa((i%) rate Wei(%‘;:gvgage Weifll}g%grage

; % %
1 1500 50 291 16 449 5.0
2 1500 7 411 25 323 26
3 1500 160 916 55 9.0 238
4 2000 100 570 30 34 26
5 2500 90 515 25 76 62
6 2500 200 1136 60 27 38.0
7 2500 270 1539 80 0.1 218

E HIZ, BDF O L72BE, £E— NIZBIT 2HH T X LIREIC G- 2 D508 2 A L.
AHFZECEBNTIE, LB ORIEC LY, EFRBROBEIT-1208, 7 Fifck
T B ER S COREREZ S L1, NEDC LT US06 E— ROMEFEHZHH L (3 3.1
W29, HEM AT A LREICH 2 582 RN L., (RAGHEES 072 5 NEDC £ —
RIZBT DRERZK 3.6 IR T. ZOBERND, GMBREOBAICE Y T _XCTOYEHY
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ZDEHN LS, BRENLET L2 RS T-. £1-, SARHEERS LM 5 US06
E— NIZBITAMEREZH 3.7 IR T. ZOMENS, PRI AIZE L TIENEDC E— R &
FREDFERNESNTZN, REOUWEN RSN T,

o
o0

Change rate
=)
N

0.41
S
<
0.21 Q
=
0"
Scot NOx (0] THC BSFC BSEC
g/kWh g/kWh g/kWh g/kWh g/kWh MJ/kWh

X 3.6 NEDC E— RiZBF 2N L D8

e
)

Change rate
(=]
(@)}

0.4
S
<
0.2 )
=
0
Séot NOx CO THC BSFC BSEC
g/kWh g/kWh o/kWh o/kWh g/kWh MJ/kWh

¥ 3.7 US06 E— N2 HRENT L B %

b) v v FEBROKES & B

WIZ, BDF OEAUIZE Tz T, BRIV ERRAEI CA IR ORRBER-E & PEHI T A ferE %
WETDVNERDD. £ T, MINEKOKEOFEFEE — RO AN mV R L BT+
ROFHEARA L P E LT, F2EOEL28IIRLIZL DT, ZEEE & BB H O )&
TeEl#EEEL 1250rpm~3500rpm, Fifif SONm~160Nm 7t 30 "1 > hZxtg L L, bFlRko ik
TEFET VTl i L7z,
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50Nm — D100 —— MO40
5 8 100
% 1250 rpm 1500 rpm
o 6 75 %b
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§-4 7~ l%\\ 50 Q{‘
2 T
E‘ 4/ l\ l/ l\ \ 25 ~
PO PO
Q - . - e
é m- mo \ - . \
0
0-40 20 0 60 -40 -20 60
Crank angle deg ATDC Crank angle deg ATDC 100
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nz‘i’ 2000 rpm 2500 rpm
o 6 75 %b
2 =
2 ~\ =
% A /\/\‘ // N 50 o
3 T
£ ,/ l\ \ / 55
> N
Q - = -—
= - h’O
0-40 -20 60 -40 -20 60
= Crank angle deg ATDC -~ Crank arrgle deg ATDC N 00
8 1
§ 3000 rpm 3500 rpm
0 6 / ~N &
2 \ =
3
5 1
an)
9 1
£ 1L/ \ / AN os ™
‘ﬁ——.
0
0-40 -20 60 -40 -20 60

Crank angle deg ATDC Crank angle deg ATDC

(3.8 FREHZI T 28EHE (hL 2 2 50Nm, [BlH5%5L : 1250~3500rpm)

KRB, 22T, BREHI DI00 & MO40 A L7=. 7=, hLo—EkEick
D, MO40 DGEHIZHRNT, [ERAEMENZD, REMERHEZEML T\ 5. T O,
XA 8y MEFEICEBOCTHEREIN 892 XS ICEREL, A A VEFEOZIIMNL TV
5.

3.8~ 3.12 |2, [EI#EEL 1250rpm~3500rpm, A fif SONm~160Nm #f 30 1 > h5:fF
IZBWT, AR CREEEHZE L T OB EZ R L7z, 22T, K38~K3.10 T, K -
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TAMERETHY, /S 1y MEFFEAETORBEREORRE T LTS, K311, F
ARG OREREZ TN, K- REEEEOSEM: (1250~3000rpm) TiE/ 31 1 MES %,

EEASEE (3500rpm) TIEHEIES 217> T\ d. X 3.12 1%, SAMEFETHY, (KE
g (1250~1500rpm) Tl SA =y Mg A, - &EHESAE (2000~3500rpm) Tl
HLEEMER S COMRBERFEDRE R Z R L T D,

70Nm —— D100 —— MO40 |,
8 100
§ 1250 rpm 1500 rpm
o 6 Py
(" g 2
g, N LN 50
= <
g ~
%2/’-..\ ==\ 25
= m oo m
0 L ‘ 0
40 20 0 20 40 60 -40 -20 O 20 40 60
Crank angle deg. ATDC Crank angle deg. ATDC 100
8 1
QE‘E 2000 rpm 2500 rpm
6 75 &b
: Z
Z J\ /’\/\ =
9~ ~
< N /NN 2
s Js/ N - fJ NS
N |
0
0-40 -20 40 60 -40 -20 40 60
Crank angle deg ATDC Crank angle deg ATDC 100
8
§ 3000 rpm 3500 rpm
VAN / \ 75 s
v 6 \ g
\ 2
(0]
= \ / N g
5 / “-
N VAN AN
E Lol ﬂ- \ L] ﬁl
y 0
0—40 20 0 40 60 40 -20 O 40 60
Crank angle deg ATDC Crank angle deg ATDC

4 3.9 FREHZI T 28EE (hLV2 2 70Nm, [EIH55L : 1250~3500rpm)
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(=)

g 90Nm — D100 —— MO40 100
;; 1250 rpm 1500 rpm
(=2 N\ ~ 75 =
;o \ \
AN N S
g4 50
a ) V. N\ /| N 25 R
Q - .
e /d RN e f T/ \\ N
‘ P 0
0-40 20 0 40 60 -40 -20 40 60
Crank angle (deg ATDC) - Crank arrgle (deg ATDC) - ’1 00
8
%f 2000 rpm 2500 rpm
2 6 J\\ /-\// \\ g
% =
%4 / A 50
s /LN 21V
=,/ N / N s &
e R ‘\\ /=4 =+ \\\
FER N AN
40 200 0 40 60 -40 20 0 40 60
= Crank angle (deg ATDC) -~ - Crank angle (deg ATDC) - ’100
12 )
%‘3 3000 rpm 3500 rpm
29 A~ e
2 3
2 \ /1 2
56 T\ \ 50
5 1
il /AN / i\ :
=3 \ \ 25
e J/ﬁgj S < —/ \
- | zJ U |

0
-40  -20 20 40 60 -40 -20 O 60
Crank angle (deg. ATDC) Crank angle (deg ATDC)

X 3.10 FREHZ BT 2EHE (Fv 27 0 90Nm, [Fl#54% @ 1250~3500rpm)

FTRTONRL 7y MEFEAT O AMEIFITBN T, BEHEDEWC X 0 IREEE Ic -2

DRBN A ORIy, BORAEREZIET 5 &, BGREFEREITII A 7y MESNZ
DIRBENMEE SN TR Y, BRSSO TIXEORER —JEH LR &R oo T,
INHEDORERNG, BRI TEHRREREHIKIE TORICFOS 2 etEd 5 Z & 235N
ThodEHHIND.
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120Nm — D100 —— MOA40

.8 100
% 1250 rpm 1500 rpm
75 &b
o 6 J J §
L/ /] )
£ 4 S0
ARSI E
I \ N / \ \\ 95 &
P
- 0
0-40 20 0 20 40 60 -40 -20. O 20 40 60
- Crank angle -deg. ATDC -- Crank angle deg.ATDC 100
8
<
=¥ 2000 rpm 2500 rpm
2 f‘
5 =
A A
N IVATAVI ARV E:
E / AN / \ =
52 \ N N 25
o - ]\':j \ = jﬁ'
——SS— P
0
0-40 20 0 20 40 60 -40 -20. O 20 40 60
Crank angle deg.ATDC = Crank anigle deg. ATDC - ’1 00
12 ; ;
§ 3000 rpm 3500 rpm
. 75 eb
1RVAN /N -
26 / /A \ / \ 50
g T
8 3 / N /| N 25 e
X N FE b
— [ | ﬁ\
‘ 0
0-40 20 0 20 40 60 -40 -20. O 20 40 60
Crank angle deg.ATDC Crank angle deg.ATDC

311 FREHC BT DREHREE (RL 7 ¢ 120Nm, [Rl#E%% @ 1250~3500rpm)

—Ji, TRTOEBEHNDOLRIITIBNT, BBEET) B L OB ERITHOWTIREED
EWIZ K DERMRD T2 L3 gnotz. BNV T MFBS0 Of7#E 2 —E
DEIICTHELIZZ LT, BREEROBELMIER L TS, E7z, HEEHOZMt
(TEEEL - HAMEKETH Y, EEEE - SREEORETH L7280, BREtO® 2 AN
X0 3EKEINIZE 2 52BN D R bl AP D bivd.
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12 160Nm —— D100 —— MO40 ,,
§ 1250 rpm 1500 rpm
o 9 P 150%0
- N =
% 6 - \ —~ \ 100 &
2 / N / N\ \\ z
—; 3 e N 4 ™ 50
L 2\ Y M- /:51 N
0 - 0
40 20 0 20 40 60 -40 20 O 20 40 60
Crank angle deg.ATDC - Crank angle -deg. ATDC - ‘200
12
§ 2000 rpm 2500 rpm
: \ N\ <
g /
5 "
| i
£, [‘\'\ \\ / J\“ \\ 50
(&)
0 -0
40 20 0 20 40 60 -40 20 O 20 40 60
Crank angle deg.ATDC - Crank angle -deg.ATDC “200
12
§ 3000 rpm /\ 3500 rpm
9 / A\ 150 5
|/ ARINE
=2 =
% 6 / / \ 100&4
5 \~ / .
£ 3 / I\ \ £ \ 50 ~
E // =5y \\w ~N =¥W \ N
0 = 0
40 20 0 20 40 60 -40 -20 O 20 40 60
Crank angle deg.ATDC Crank angle deg.ATDC

312 ABREHCI T 20EHEEE (hJV2 0 160Nm, [A#i53% : 1250~3500rpm)

4 3.13~I[x13.16 IL, REFOEWNIZ K 2P AT A2 -2 2588 %, 317 13RBEDENC
LOBRENCH R DB TN ETNE LR Z R L TWD. X313 TiE, WREE bIF
#R Soot DOHEHEAIZN L B, ARFIES « AR ORI T Soot DHEHIEE U I
NHY, ZNEFLE LTERRFIIKETFL WD Z ERbh s, 72, MO40 D573, D100
L0 L BEMICHEHER D72 o TWAH Z R LNTH D, KRS, JHENRDZ D
RIS « FAMBIFICIBDNTHDBEZF L 2o TS, T, MO40 DHF DOEEHEFN I
L0, JAPTHS EIAME T L, Soot DAENHAT 5L EZLNS.
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1

160 Soot 160
g/kWh
0.4
z z
o 120 0.3 o 120
= =
e 02 &
90 90
70 0.1 70
50 50
125 1.5 2.0 2.5 3.0 3.5 125 15 2.0 2.5 3.0 3.5
Engine speed 10°rpm D100 Engine speed 10°rpm MO40

X 3.13  FEEHZ BT 2P T 2P (Soot)

160 NOx 160 Ox
Wh g/kWh
12.0 12.0
z z
o 120 9.0 o 120 9.0
2 2
o} ]
= 6.0 = .
90 90 60
70 3.0 70 3.0
50 50 0
1.25 1.5 2.0 2.5 3.0 3.5 1.25 1.5 2.0 2.5 3.0 35
Engine speed 103rpm D100 Engine speed 10°rpm MO40

X 3.14 FREHZ BT D8 A ReE (NOx)

X 3.14 IR T L OIE, vy 7 RlZBWTE, mikElo NOx oM B3MEL TR Y, &
[Ed5 - FAMIC/ HIEE NOx OFEHENEINT 5 2 L 3bnsd. 2Kk LT, MO40 Off
FIZ X0 NOx OHEHOB(LIT R SN2 - T, £, (KA - AR O STV T NOx
DHHOUEN RO D, ZhiE, MO T, KEHESAZISVT Cooled EGR (Z X 1 #hbE
BEMETTHEEHIE, Ay MEFHZ > TEHERKD LV MRESN, S 6ITRBERE
ZIRE L, NOx OHFH MR S b EHERI S D, £z, Soot DHEHITRFTHI 2 2 &
FIZ KR REVW—T7, NOx X, RS EIL LD SRBEREIC L2 ERRE VD
DEEZHND Y.

72



&
w
1
M

160 160
z z
p 120 _ 120
S S
= =
90 90
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Engine speed 10°rpm D100 Engine speed 10°rpm MO40

X 3.14 BN I T DHEH T AR (CO)

160 160
z z
S 120 _ 120
: =
= =
90 90
70 70
=~
50 @4 50
1.25 1.5 2.0 2.5 3.0 3.5 1.25 1.5 2.0 2.5 3.0 3.5
Engine speed 10°rpm D100 Engine speed 103rpm MO40

X 3.15 SHREHCIIT DHEH T A FE: (THCO)

4 3.14 £X3.15 1%, ERENARBEAS (CO & THC) OHFHFHEZ RL TS, Zhb
DO~ TG, BREIOHEHEANELL TWA Z ERHALNTH L. Fio, TXTOIK
A DRI T, MO40 DIEANT K0, RIREI DHE D722 L35 . KL,
EEHR - ARAR ORI N TIIZ OO NE L 2> TS, ZhUE, MO40 DAL
IRV, RPTEEERNEDT L 2N —REZ2 N5, £z, EEERIZIV TRE
& ELORERNELL 72 0 IBEMBA+41 &7 0 JRATHICERERE R 722 fEIE AN B N3~ 2 723,
MO40 DRI LY, RIRK Dy OBRLZRES D H D EHEEIND.

3T IR T R DI, WREIORRE: (BSEC) FrMEICHOWTIE, ~ v 7 ETIRIEFEBED
A & 72> TND Z LRy inoTz. Fi2, MO40 DfERIZ LV, Elals - XA (3500rpm,
50Nm) OFEHZERE, BBEOEITR MR o7 L LRRG, A - [KRARTDSE

73



3 E FRRER L B

ETIE, MO40 D J7 BARBRE Ay 030 72 <, Soot & NOx DHEHHEIZIZIERETH D Z &b,
PRBEZNRNMEIN L TWA D EEZ NS, TS LT, BREOBE(ITREELISN DA
NEZHND.

160 BSEC 160
kWh /kWh
glM & 17.5
120 15.5 120
13.5
70 11.5 70
50 9.5 50
125 1.5 125 1.5

Engme speed 103rpm DlOO Engme speed 103rpm MO40

SEC

Torque Nm
Torque Nm

O

(=}
O
S

B 3.17  AREHTIS T 2 I F Rk

S HlZ, BDF OEMNEET— RICBIT DHH T R LREIZH A 58 aiia L. 30
FMHIZH VT, NEDC B LN US06 E— ROMEFHEFINT 5 Z & THEHA R LREIC
52 2585 F I Uiz, X318 [HMEARTEA .02 72 D NEDC E— RIZE T DR %,
X 3.19 I AR EER 2 HONS 72 D US06 E— RIZEB T R4 2N Ehord. TRl
UL 7 el & RIBE R Y L BTz

11.511.4

o
)

Change rate
S
(@)}

0.41
0.2
0"
Soot NOx (6[0) THC BSFC BSEC
g/kWh g/kWh g/kWh g/kWh g/kWh MJ/kWh

[X] 3.18 NEDC &— RIZBIT HBBHC L % 2
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10.310.3

o
o0

Change rate
(=]
(@)}

0.4
0.2
0 A
Sdot NOx CO THC BSFC BSEC
g/kWh g/kWh g/kWh o/kWh g/kWh MJ/kWh

1
=

ANSY

[X]3.19 US06 E— RiZEITFHREHT L 5%

c) £&¥

AREBRND, SGEEFEBEHT, RVEEFEHICBWTT —E Lz P OfkGE e il &
RSO CHERRN ATRER 2 L MR ST, £, /A vy MEFHT X0 BRBEDMEdE &
A, JRVVEERFEIIZ IV T, NOx DOHEHEZHERF L7225 Soot D H & A RBEIZAKI T
&, SLIBEZELETIC, RO OPEHENMERE NS Z L 3RS T,

3.1.2 REMEHICIT 2EHEOBEOREE - SRRV R8I 5 2 DR

TR, 74— BT DU T, FrRITARA MR 2 I @RI K > TREE
FZOWRAL AR L, BREE ZZR[OIREZED D 2 & TTIRGHIRBREEL FEBLL T, Soot
DHEH 2 RIEITARIR S 2 FESER SvTnsd. —J, BBRIRE O A2 K - T NOx 734
N5 Z & RPRBRBET K > TS EH-ZR3EM UIRE) - BRE O EZ#< 2 L 23R
Lo TWS. £Z T, BDF Zffi o 7BROm B OB e iih LTz, £ OIS
2EDPF 210K LIZEBY THD. 22T, T4 —EBLT Y U OERERIZEHE VT
il AR EE 3 e b i OMIRIETES - (KA ([E1E54R : 1500rpm ; hJV2 @ 72Nm ; AR @ 25%)
DEMEERIR LT, £z, @F OWESTE 73MPa 2 X— 2 5EE L, 160MPa % TIZHEM L
T CHEBREITVY, D100 & J40 Z Ll L7z,
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= J40 _Inj.P_160MPa === D100 Inj.P_160MPa  —— D100_base

8 200 90
< Inj. Current
% D100 | [
o 0 T740_Inj.P_160 150 )
5 D1001nj.1316w éﬁ éﬁ 60
= o e
3 an s
E A & 2 30
E\ 27 50 S \
0 0 0°
-40  -20 0 20 40 60 -10 0 10 20
Crank angle deg.ATDC (a) Crank angle deg.ATDC (b)
2.0

Change rate
=

o
n

Soot NOx THC Co BSFC BSEC
g/kWh g/kWh g/kWh g/kWh o/kWh MJ/kWh

X320 HBREHZHIT 2 @ EMESHT K 52

X 3.20@UZ/R L=k 912, EEMFHC X - CTHRELE b IR B NG L, SO
BAL MR ST, FRRBETTIRAMZRIREEL 220, B EAROEINT 2EmA A bH
To. LU D s, BBEESNZOWTIIREHEOE N K 2 EN T & A ERO D)
oz, =7, 320023 T L 91T, EEEHIZRE W TH GERRREHI A vy MEFHT

L DBBERARMET D LM TEDZ N ahoTe. ZHITE - T, BEENMEE S, Soot
OPEHEN KBS —77, NOx OPEH BB [ A 7 55 (X 3.20(c)). T
GEEFIRENT £ 5 Soot DEMLAMEMET D & L bIT, RBEREN LH425 2 &3 NOx D
HECHIMORNEZE2 b b, £z, TRAMEL R E/R A KDNE 2 CRIB
ST D E > TWD. J40 O, BEMFBREITH 5720, KT RFRRE
IRV BN OBRBENMEE E 41, D100 K 0 RIRA I D372 < 70 —T057, IRBEREES LV &
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<72, NOx OHHENSKIGIZHEMT 5 2 L bhote. £, SEEIIZEY, BREED
RESN D720, BERIT LA L, RENPKEINDIMRERoT

3.1.3 & EGR RiZB T 2 REHEDEVIREE - PRV R Eetkic B 2 2 &

WE DT 4 —EN TV T, & Cooled EGR O AIZ LV, NOx OHEH S KIFIZ
fRIC & 2 5, B E O AL PM RO INADNEET b2 L E STV 5.
ZOMKEELTIME AT 2L T, #nbaxdET L LM aN5.

a) 18 EGR FRIZH\T J40 (2 L % %

T =BT Y OEERFEI U TR R A R b SV MBS - ARAT ([RIEREL
1500rpm ; h/L7 2 72Nm ; B : 25%) OFEMEZEIRL, 36% &9 mVEGR e L7z,
ZHUTED, IHITEV EGR FE(42%) 5 & EGR 372 LIS WERHFQWIZIW T, s
a1 T T2,

ZORER, K 321@IZRT L 91T, N—=AFKMHITHAT, K EGR FTIL Y &IV
9, WRREHT W T/, 17y MBS X0 BREEAMEIE S d, REHEDIEWIC K 5 EMNZ
EAER N7z, —FF, ®EGR EBOLRMTIX, JAOZHEHT L2 LT, XM ry b
G K DBRBEI R — AL L IZERIZETH Y, 72 D100 LY FRREEMEtE s hn 2 &
WDy olz, 22T, M3210ITRT X 91T, k0 AmERgrETiE, Bt LT A
B LTI DEWC L 2 ENIZ LA LR N holz. Zhix, v ¥ —Ane
RIC A RRETH V0, B OREER Y S BT 4 BLbIC 5 2 D BITIT & A C
RTEDHLBEZALND. JA0 2T 256 TIE, KV IBRAREMECENT, BEO
HOEZEMIIZEY, REFTRYELNNI R0, M ay NERIZ L D REESEET
L Enghole. Fo, KVIRETERZRSEMEIZBWNTL, FEBEREINEKLL 2D
HLoLHEERIND., ZHICEY, K321RT L 912, J40 TiE, EGR RNREFEHWIHAT
t D100 D_— 2SR T, Soot & NOx OFEH R ITFIFRHEI L, THC H4072< 72>
TW5.
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== J40 EGR rate 42 == D100_EGR rate 42 == D100_base

= = J40_EGR rate_5 = = D100_EGR rate 5
8 200 80
= Inj. Current
% D100 base | /\
5 040 150 | ~ 60
) ) \
5 D100 N é" éﬂ s
8 I / \, = =
a 4 /. 100 o o 40 0
2 = = N
£ , A o & \
E‘ 2 - - — 30 > 20 \
& / m| = \ o
0 0 0= —
-40 20 0 20 40 60 -10 0 10 20
Crank angle deg. ATDC (a) Crank angle deg.ATDC (b)
2.0

[u—
(9]

Change rate
>

o
W

Soot NOx THC Co BSFC BSEC
g/kWh g/kWh g/kWh g/kWh g/kWh MJ/kWh

(©)

321 BEHZEIT D EGR RIZ L HE

b) EGR FEDZEA(LIZIIT H MO40 T L 552

EREFERENT XD EGR ROEELZH LML, TOREZR EGR &2 4720, &
PERL T 2B 1T D ECU BREDSAF THEHEIZ K D1 WABHEIC R 6N D% L LT
taldis « AR (BIEEEC: 2000rpm ; R/L2 @ 100Nm) Z784R L CHEBRZIT 72, BAKK
(21X, 552 D 2.9 1R TEMEEZ VT, DI00 & MO40 [IZOW T AFRED 2 b
—/UIZ LD EGR H% 0225 30 £ Tl b H 7.

ZORER, K322 127 F K 918, EGR HDZEUIT K o TEREIOIE W DSRBERHMEIC B 2. 5
BRSO TN Enbhnotz.
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820001rpm, 100Nm —— D100 _—— MO40 ,,,
nz‘i’ EGR 0% EGR 10%

A\ A\ 75 &b
AEAN 7N\ :
79 laar
8 A
2 / X 7N
5] s
E o) 4 \ \\ / \ \\ 25 =
Q = -

0 ’ P 0
-40  -20 20 40 60 -40 -20 O 60
- Crank angle deg ATDC -  Crank angle deg ATDC ) ’1 00
8
§ EGR 17% EGR 20%

2\ 2\ 75 b
g © /J \ J \ 3
7 —_
8 A / A ,
a4 / / \ \ / / \ \ 0 o
) T
9 !
22 g= \ \\ / \ \\ 25
[S) . |

0 I ——— O

40 -20 20 40 60 -40 20 0 20 40 60

- Crank angle deg ATDC - Crank angle deg.ATDC - '1 00

8 [
o; EGR 25% EGR 30%

6 N ~ 75 b
(]
6
N /\ \ / /\ N
< T
£, / AN / N s ®
ﬁ>f / - ﬁ# \\ N / o ﬁ:/ \\ N
: =)

0 N T 0

-40  -20 40 60 -40 -20 40 60

Crank angle deg ATDC Crank angle deg ATDC

322 HBREHZEIT D EGR RIZ X DB G 2 D 2

Ff

3.23 I EGR SROZEAIZHTT DB OEW I L 5 Soot & NOx DOHEHICE % % BB %
RT. ZORIDD, Soot DPEHEIZOWTIE, &2 TD EGR FOFRMITEWT, MO40 O J5
WLIRNT LD, KRS, BGR ENRE L 25138, REERAH KT 2235300 b
%. F72, EGR FMENGE, MO40 Da NOx OHEHEN%L < 725 —7J7, EGR i
< 72 % & NOx DI L, D100 (2T NOx DFEHENR V2L 78D Z LN nhD.
TAUE, BREFOEWT L0 RBEREE O 220 & e, Z&D Cooled EGR IZ LV,
PRBEIRE O F 2 B8 E D775 NOx OHEHEIC G 2 BN RE W=D &2 b5 Y.
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=0-D100 -T-M040

e
o

Soot g/kWh
IS
SRS

I

—_
oo N

NOx g/kWh

|
{

(e}
(V)]

10 15 20 25 30
EGR ratio %

323 BREHZEIT D EGR HIZ X DT AFHEIZ G 2 5% (Soot & NOx)
=0-D100 =C-M040

hﬁ%ﬁk

0 5 10 15 20 25 30
EGR ratio %

o
o

o
~

i

THC ¢/kWh

e
o

3
=
Z 2
)
S lp— G
0
0 5 10 15 20 25 30,

EGR ratio %

324 FREHZIIT D EGR RIZ L AR (CO & THC) OHEHICH 2 5 2

324 £V, (K EGR RDOH4, MO40 O JiA THC OHEH &N 72—, & EGR %
TIE, BRBIOEWIZ L D THC OHPFHEICE X DN T L A ERWZ LR pnd. £z,
W OBERS EGR FHOMNNZ X VY CO O EEINT 223, MO40 D J573 D100 £V
LPEHEN DR 2D Z EBRHER SN, O EnD, GEEEIRENT D100 (2T,
KO EWEEIIZIBWTRREESMEE S, BREZNERD M LT 560 L Hrsind.
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=0-D100 =T-MO040

§290
S .
260/0- o—
Q
53230 ‘
m
200 :
0 5 10 15 20 25 30
EGR ratio %
§ 12
=4
=)
S 11 =
210
n
m
9
0 5 10 15 20 25 30

EGR ratio %

[X]3.25 #BREHCIIT D EGR RIZ L AREICH % 5

[X] 3.25 |Z EGR RZ{VIZ BT DIREOIEN DR EN 2 5- 2 5 2% 4. D100 TlX, EGR
OIS TREDOBELN RS A 7. MO40 Tik, EGR ROZBALNRE ZH- %2 5%
BNFRD TN LRSS, 72, IKEGR RDOH4E, D100 & MO40 OBRE NFIE—

HLTWA. —J, 5B EGR ROHHE, MO40 OFFNREN LS o TWA., 2L, &
EGR HEEITHB T, MO40 DIRBEIERE L o TWAZ ENFREEZ NS,

c) £&¥

GEEFIRELOERIC L - T, NOx O Z KT 2 ORAKO I TH 5% & Cooled
EGR % ] L72BITHIINT 2 Soot DHEH 2 #11 2 7275 5 NOx O KME 7R KJRA Al RE/2 T Z &
PHER Sz, T2 OB, BIE D SREERNRR M LT 5720, KBRS OHEH AV
L, BBEOUEDLRIFICERTE 22 &R 0hoT.

3.1.4 BREHEDEVNZ LD PCClLRABER L OBEH T R etz B 2 D8

—f%H)7% PCCI #¥HBEIL, 28 EGR 12X D NOx OPEH AR L, FIIMEH CREIO TR
B xRt LT Soot D AN T D& Z L ZHNE LTS, LLen s, FHEMHIC
5% E, HAROay o —AREEL <, QEZRIREEC Lo CTRAET DERE - BEHO
FIHAREE LS 725, 22T, AUFRETIE, FHERZES, FRERADDTEEER L, &
AT —VHIZ Ko TTHRA Z T 5 2 & T PCCILRBEL BT 2 HikaH o7z,
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a) JREHEDEWIC K 5D PCCLIABEIL b2 5 48

ARFEETIE, D100 & J40 2 VT, BB & LTt E% 160MPa [ZERE L, ~N— A
4 (IEli5%% : 1500rpm ; R/V2 : 72Nm) C MFB50 OALE Z 309 5 K 5 1S SR %
FHHE U C B SRR AT o 72

=——D100_Conv. === J40 PCCI = D100_PCCI
8 200
6 A\ 150
Inj. Current
D100 PCCI \
| MO40 PCCI 100

R.H.R. J/deg.

D100 Conv. X
2 A 50
/ — J

7

0
-40 -20 0 20 40 60
Crank angle deg.ATDC

3.26  FBRERS PCCLIRBERFIEIC 52 5 B2

In-cylinder pressure MPa
o~

ZORER, X 3.26 17T X DT, J40 2BV T, DI00 &[RRI PIRAREE (EHHE T
BNOBBEEERIG 5% E TORRM EERT D) RV PCCURBERAEL TS Z &M

RENT-. JA0 TIFEKBRDTNICTREDDIE, B & AlA DI LV @2 & 23 &
EZbD.

Op1oo pcct O 140 pcct A D100 Conv.

03 6 15
0.2 4 O %10 '
£ = =
= z < p=
= =
) A = A )
= 0.1 o2 25
3 @} m
0'00.0 1.0 2.0 3.0 00.0 0.2 0.4 0.6 0.8 0 D100 J40 D100
NOx g/kWh THC g/kWh Conv. PCCI
3.27 ARRED PCCLABEIZ 35T D PRI A LR EIZ -2 5308
3.27 \ZEBRERD PCCIIRBERF DS HEH 7T A K OV E: OFeMEZ 77, HEH T AIZBA L T

I, WIHLOBRE PCCLIABEIZ K-> T NOx DFEHE A —EITHRB 7213 5 Soot D KIE72K
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B FREZR Z LD, Eiz, BRBEO TIRAIKIEL & BIMZRRBEDO R RIZ XV, J40 12
FBUWTIE NOx D EIIIERDILEIRBE L EIR & T 27 4 —BVRBE L IZIERFE L 72D
eI N, £, RIBRES (CO & THO) 1B LT, BEHc LT 7 0 —8L
PREE(D100 Conv.) & lb_TEINT 2MHAARD SN, —F7, K320 R-Lzkr1g, R
BRIV, T 4 —BVREE I, SRRSO 723 D100 & 0 b3 B A ® 5 43, PCCI
PRBETIE, J40 ©J7A3 D100 £V ¥ D13 H 5. ZhiE, T X TOFGERRE)E
AT RAE <, ABEREWZY, KVIRE CREESICEEESN SND Z &I
F o THEFOREEREANE R L, BEICAE T DB L, KRR DSB8 2 72
EEZLND Y. B, TOHETHREOEAN AL RN T2

b) REHEDE M IS 1T DS EDZEALAY PCCIIRBEIZ 52 % 5%

3.1.3 HilZik~7= X 912, D100 IZBWTEEEERORBHL N TH L0, GHE
BEHZB W TIEEEEF O A Y > MIMD TLRNZ LN gnol. 22T, HHELY
50MPa, 73MPa, 120MPa & KJk L, 25 2 D3 2.12 128 L7254 HvC, D100 & J40 %
VT PCCLIABEIC 5 2 2 B8 A LA L 7.

ZOFRER, K328 13T L HIC, BREHEOEWIC L 2 BETE 125 2 D280 b T
RN ENy ot Fi, EEED 160MPa O TR LIV J40 DFEKE[N 2
DOEMTITFRD bV oTz.

TERAITFENZ I T, PCCHABEMMEIRIRLSUG & ERBERS & W D 2 BIRBESUG & 72 %
TENBBHENTWS D T, BREMEDEWITEIT D PCCl DA K LIRBEICH 2 55
BEHLAET 2720, X328 IR TERAELED Y T 7126 (777 A
~0deg. ATDC ; ZWFEAE=R : 0~5)/deg.) &mEI(b) (7 7 7 M : 0~10deg. ATDC ; EVis4
0 0~20)/deg.) Z[X3.29 IZPERK L TR
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——DI100_Cony. === J40 PCCI === D100_PCCI

8 200
g S50MPa
=l 150
g . eb
2 Inj. Current /\/\ s
] D100 PCCI N\ =
= 4 I mo40 pcc ~/ ;
% 4 l\ll/)ll()O_gonv.l >< 100 Qﬁ
z A z
A= ~
B2 i 50
Q@ / — , \
.5 mmmdy
a
-40 -20 (b) 20 40 60
Crank angle deg.ATDC
8 200
g 73MPa
= 6 150
g . ob
= Inj. Current J\\ 2
@ D100 PCCI =
= | - 1 .
E 41500 con 100 o
2 =
E p s
=2 - >0
NS 0
0
-40 20 " )20 40 60
Crank angle deg.ATDC
8 200
g 120MPa
= 6 T 150
) . \ 6
2 Inj. Current \ 3
a D100 PCCI I\ \ -
= | P 1 .
& 415000 Convr 100,
3 T
R y 50 ~
> 2 -
N
0 0
-40 20 ° b) 20 40 60

(b)
Crank angle deg. ATDC

[X] 3.28 FBRBHZ I 1T HWEHEDS PCCIBRBEIZ H- % 5 B0 (BRIERE)

X 3.29(a)l 2SS EIZ I 1T B BIREL O IRIRER LIS DEFE AR A 7R3, A ENE 7R

HIXE, mREE b, RIRBLISOBIAEDEIG DR o TnDH T ERHLNTH
D, ZHUE, WEHENEL 8D L, MEHRNEL Y, EEOIRIHORENHS 220,
IR LT SN EME T 2720 LB A BN, Fiz, EHED 50MPa D6, 140 %
WAHHER, ARIRBICRONC KRB ERDOEIENREL 2o TND Z b, GREFRNE
IHKIRBA LSOOG LT W0 O EHERI S LD, X 3.20(b) &M S EIZ I 1T D S5 BRE D EiE gk
BEBUS T D& KRFOBIE AR 2T, AREHEICI WD TTREFEOEWC X 2 8T &
I ER BRI T2, EMERTETIE, 140 OEA, HEANETELS R-oTWVDH Z L2y
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Mol ZHUL, JA0 DFRFEMENR DI LV ENTHAZENEKEEZEZ NS,

== J40_PCCI == D100_PCCI

(a) (b)
5 S0MPa 20 5oMPa
24 2
3 515
S, S
i 10
T2 T /
o
14 1 5
—_—
5 73MPa| 20 73MPa
g4 o
S o165
S 3 S
14 10
T2 T /
o o
1 5 /
0 = 0
5 120MPa 20 120MPa
Dy qcn;
S 315 /
Sg = /
14 @10
T2 T /
o o
1 5 /
0
0-10 8 6 -4 -2 0 0 2 4 6 8 10
Crank angle deg.ATDC Crank angle deg.ATDC

X 3.29 FBREHZ BT DS ED PCCI DAk & BREEICH- % 5 5

D100_Conv. [ 140 _pcc1 <©D100_PCCI
§ 03 11.6 _§
0.2 —]1.4

e} ::::i: % E}
< 0.1 1.2 x
o

B —a——uo} ! ‘ ‘ —J,02

50 73 120 50 73 120
Injection pressure MPa Injection pressure MPa

X 3.30 ABREHT IS DIEHEA PCCI OHEH T AT 5 2 % %2 (Soot & NOx)

[ 3.30 (Z PCCIABEIZ I W TAIEINEIZ LD, SBREHEDY Soot & NOx DHEHIZE- 2 5
WELTRT. TRTOEKFIIBNT, 74 — BV OIHURETdh D ~— AT~
T, WRBHIIBWT, Soot DHFHENKIFKIKT 2 Z L AHLNTHD. LLRRE,
R EDOHINC XD NOx OHEHEEINT 2 Z &N pnodz. ZHUE, 3.1.2 HiTik~7
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EEZ B ORER & —E LTS, —J, BHEN 50MPa £TIC TR 2 LICL-T,
J40 TIT NOx DHEHEITN— ALK L ITIERFE L 72D, Soot DHEH AN KIFERT 2 Z & 23
Sote. ZO X DT, JA TIEHMEHEZK < § 5 2 & T Soot & NOx D[RIKHEIH FTHE 7R
ZEHERE N Y,

D100_Conv. [] 140 _PCcI <©D100_PCCI

9 0.95
2 6 — = 0.6 %
o 3 033
[l

© 0 : : : 0.0

50 73 120 50 73 120
Injection pressure MPa Injection pressure MPa

X331 SEREHTE T DMEHEN PCCLREE TOHE A A2 5 2 D5 (RIRAST)

[ 3.31 (2R3 & 51T, BRBHEIS S OB E 2 R 3 RIRA 53 O HEH 23803 2 iR 28 &
D E NI T, BREHT 3 T, T E ORIIC & > THRIRER S DA L & 7223,
N RARMETIHMRRTE e ofe. iz, MMEHETIE, J40 IZ L 2MENRE L o
TWD Z DR ST,

- D100_Conv. [ 140 pccI <© D100 PCCI

=R o £0.6 53

5 o =

O 11 045 =

0 o

%2 10 : , : : 0.2

50 73 120 50 73 120

Injection pressure MPa Injection pressure MPa

X332 FBREHC I DWESED PCCLIREE DR E: - BXZ 1T 5 2 5 55

(4332 12" K 912, D100 (2B W TIIBRE DEALA R o 5 —7, J40 TIEMaES £ %
DTRE DB OGN ZEDRHLNTHD. £z, KH) - BEEICHEST HRKNESD
E5#E (dP/AO _max) ([ZOWTIX, BEHENBDTHE L BITHDTHI ENghoT.
FRICHEIED 50MPa £ TIZ TS Z L2k - C, RARIES EFFER 0.5MPa/deg.LL FIZ72
v, EMER AR LA LN TWDL EEZXDBND.

) £&¥
BEEFEIREHIBWTIE, PCCHRBEIZ LV, NOxDOHEH ZH#EEF L7225 & SootDHEH D K Iig
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RARHEA FBLTE D 2 EPBRES Nz, £, JAEMEM LcGa, M EZ N5 5038k
AT A DI L R - BEE DUCEITRITH D Z LA LT Te.

3.2 PM DR FHRIEDRER & B5%

PM DKL A A ZHD/NSUME EFFIRER R OESCE N R E N L0 HE S, 207D, PM
OPHETZT TIEZ <, PMORFHEHE (PN) IZHER S TWS. £ZT, FBEOPM
DOHEITH LT, BPEHEZ T Tide <, R4 (PN) &hifE (Nd) OBE LS & HIZ,
PMH DSOFRRSY DT 4T~ 72, %10, TOMRERMY I 2 L— 2 Ot &+
L7128, BT 2 b— 3 UAAHEERMO40E VT P U FEBR A i L 7.

3.21 REFEDEVD PM ORLFHEHRREIC 5 2 5 8

RN 2 O HEIASRRIC RN T, B 2 FITIR AT PM O HT A KD, BRIN R Ok
E OFREE — FTHEABEN @SV REZZTE FIROFER A > F &2 FRE Lz, BRNITIT,
F2EDOR 28 IIRT K 91T, ZEMES 5 K OV BEE R ) 7 5 e [BIRA%L 1250rpm~3500rpm,
A ff SONm~160Nm 7 30 KA > h &5t L L CEREZIT- 7.

a) PM ORIk LUK

PEROMIFETIL, BDF OFEHIZ LY, P S35 PM ICI W TRIAE D /NS VKL (RiRg
<50nm) OHEHERSHINT S Z L E@mE S T0DE 20 F2bh, BDF OFEHICLY,
PM OIE— RTORIFABIME D ZHRE SN D ZEAVRENTWD. 22T, KFER
T R L2 _RCTOZMIZI T, BEEPS3090 % VT, PM ORIERIZxHS 2k 750D B
RAJE LTz,

£9, X 333 IZHEHRICKIT D 25%AR TOREEE PN OBfRAERT. £, KR

(1500rpm) DEAETIE, BE— R (Nuclei Mode : Fi£t<50nm) '""O#iPH T, MO40 @ PN
DOHEHA D100 KV T SR R b5 —75, T — N (Accumulation Mode : 50nm<
kiEE<100nm) VO T, MO40 D53 PN 372 e o TWB Z ENSIND. RIZ, |
[El#5 (2500rpm) D ZAFE TIEHBAEHI I 1T DBV RIZIE RN &g oTo. £z, @l
iz (3500rpm) DZMATIEL, MO40 OfEAIZ XY, FRIED PN D72 725 2 LB LM
Thod.
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® pioo B Mo40

1E07
1500 rpm 72Nm
§ 1E06
=~
E
£
1E05 o
]
= .
4
1E04 =
5 50 500
Pd nm
1E07
2500 rpm 90Nm
.§ 1E06
=~
= e,
g M t
1E05 ‘ '
]
1E04
5 50 500
Pd nm
1E07
3500 rpm 70Nm
”m”
§ 1E06 4 guun, ®
5 |
£ '3 m
Z [ 2 4
=W ]
1E05 ®
|
o™
| |
1E04 * ®
5 50 500
Pd nm

3.33  FIREHI I D 25%AMTERFO PN (9 DR A1

WIT, BREHZIBWT, T X TOEESRMTOR 4 (PN) %X 3.34 (TR d. i
REHZ B W T, (REESFE CARMOBINC L % PN 7L 25—, &R Tl
PN OHEHOEALDRD T 72 3ot £z, T XTOAMEKHFITEWNT, il
BB b IC o ¥ RIS ORI S THEH AT 2 23 - 72, R 056
IZBWTIE, @EEZTO PN OBIINE LW EXpnoTz. TORIKE LT, KRl
SEIRIZ IV T, ARSI KV EGR 23072 <720, PM OHEHEN SRR 72 < 72
5—77, mEHAFE ClX EGR HOAMIZ K A ZEBNFIER ol B2 NS,
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160 PN 160
#/kWh #/kWh
1E13 1E13
g =
% 120 “ 120
% 1E12 % 1E12
= e
90 90
1E11 1E11
70 70
50 1E10 50 1E10
1.25 1.5 2.0 2.5 3.0 3.5 125 1.5 2.0 2.5 3.0 3.
Engine speed 10°rpm D100 Engine speed 10°rpm MO40

334 < v 7 ETORKBRENII T S PN 20 Af

160 PN
#kWh
-6E12
z
_ 120 3E12
S 0E12

O
[}

70

L 3E12
| ™

50 6E12

125 1.5 20 25 30 35
Engine speed 10°rpm D100

3.35  DI00 Z HHE L 4 2840 MO40 @ PN OHEHEOZEL &

33512 D100 ZFEHEL LT, MO40 @ PN OREHEN S OB EE RT. ZOKMND,
MO40 T, {KEHERFEIIZIVT Soot @ PN 23 D100 & IZIERSTH D —F, mEIE6ER
TliE, D100 LY PN AT 2B AN RO, DF D, RFHIC >\ TE, BEHZ XD,
I EESEI C 2 DO ZELRN Y, IRERRFES CIEERS & e 5. 2, BEERICENT,
MO40 DOHFIZIHENEFEN, HERDDRNI LIZLY, PM ORLFOERAIH S D
TeHEEZ LS.
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Torque Nm
Torque Nm

1.25 1.5 2.0 2.5 3.0 3.5 1.25 1.5 2.0 2.5 3.0 3.5
Engine speed 10°rpm D100 Engine speed 10°rpm MO40

X336 ~v 7L, BBREHIIT 5 LR N

160
-15
120 -1.5
0
70 7.5
50 15

1.25 1.5
Engme speed 103rpm DlOO

Torque Nm

O
[}

X]3.37 DI00 % HEHUE L 3 54550 MO40 ORI DAL &

F72, K336 IZHREHI BT D BERE o MA R L. 22T, FERAERIZ DN TIEAB.1)
(CE DRI Uz, BRREHE S IEERIR A OFEAIK 3.13 1277 L7z Soot DR ES3 4 &
FERLLCTWD Z ENnnd. F72, K3.37120F, DI00 ZE%EL L, MO40 O FEPRIEZED
FEYED D OZALEZ IR Y. MO40 T, AN FIRAEDN/ NS W &N otz Zh
1%, MO40 OHICEBENEZENDH Z LICL Y, PM OBEMEE SIS Z & 03Bl & H#E
5.

Nd — Z(mldl)/z m, (3.1)

2T, mi [ IHRERAEICKT 5 FEE, di I IREBRETHD.
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b) SOF iy 7 Hris 5

fERSEE N b 2V R TH 2 IRES - KA (1500rpm, 72Nm) 128V T, GC/MS
(2 XY IEZETT o 72 SOF iy Dot A X 3.38 (Z/Rk9. £z, T2 TOMHIETIE, SOF
D RIEF 72N =8, EEOHTIIRECH 72720, EMESITOHREITH>Z L EL

7.
1500rpm 72Nm D100 == MO40
21E6
g
E .
~5ES
; LAuMLh.L___
2
'2 0 all_ . _
5 15 Ret. Time 25 35
Soot 0.126 g/lkWh
2E5 @
®
% ‘? l | @ @ ad__A4s
S E IES @
22,
15 Ret.Time 25
Soot 0.080 g/kWh
2E5 (7]
) 2 ® ¢ © CLW@@
52 1E5 ® I Iﬂ? o Tagvalvianibon
< 5 0
15 Ret. Time 25
1:C8H18 @:C11H24 @ :C14H30 iD:C17H36 @:C20H42
@:C9H20 ®):C12H26 ®:C15H32 @:C18H38 :C21H44
@:C10H22 ®:C13H28 ©®:C16H34 @:C19H40 9:C22H46
©:C13H2402 ©:C15H2802 ®:C17H3202 @ :C19H3602
@ :C14H2602 O:C16H3002 ®:C18H3402 ©:C20H3802

%] 3.38 SOF %55 oAt 5

3.38 L0, WBAEHZ ISV T, SOF O EUIFERBEBREI CH D Z L nbhoTz. £z,

T, BN CTHDHTZD,

AR BITFFE TS 220D, RS, Mt &

O EHEETHRRETH LD, P Ao~ 257 7 TCRIL)TF—3 9 v %A A
ThHE—27 OEmSINE, RS OMBOEAEZELETHZENTREEEZLND 2.
% 2T, SOF A DRSS OHEHEIZBWTIE, D100 O FRHEH N L W O L HEEE S

4. Fiz, B EH7z SOF 5433 2.3 1253 K 5 72 D100 DFREH Y & B, K0 @ik

PRACKFZINO D 2 &3 yhole. T, BB ORSRRIEKED KL LT <720,

WIRIZZ2 67, BT ARRASY (THC) & LTHE SN2 b DORL N eh b EZ L.
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) &

MO40 (23517 % PN I, IKHEHEE O TIE D100 & IEE—H L, @EEASM: TRIFIEK
BLTWD. £z, TNTORMCBNT, RN NS K R DA H D Z & 03570
272, SOF BATITHOWTIE, WIREHE IR 70y L 7o TV D T L3y
7.

322 BEMESICRIT SREFEOEVD PM DR FHEHRHEIC 5 2 28

EEME T B WO TRBHE DB T K % PM ORI LIS 5 2 2 B2 TE T 5720
3.1.2 Hi Tl ~_7= R & Rk DO T, EEPS3090 (2 Xk W JIEZ1To72. ZOfERAX 3.39
T, K320 R L2 K D1, FREHI B W TREIEEHNSRIIZ LY, Soot DHEH 2 KIE
WD T 5 Z LD ho TWD. 2R3 LT, M 3.39 12777 K 912 PN ORIERK RS
FREL & B ICEEER ORIFIZ LD PN N5 Z L3 nholz. T, EEEKIC
K0, BEREFZEOMR LI L OEBEMEE SN D T2, BB EROIRE S, PM O
PR SN bDEEXLND. £, &
PEHITRE L CRRE I ZIERE CTH 5 — 77,
DIFWDI T TNDZ ENhoTe. iUk, MO40 OEEFRKIICE Y PM O
RESNLTD EHERHIEND.

FEMERSE T, PN O E— RfETO

m m

FEE— REEIK COHEHIZ DV TIE, MO40
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1500 rpm 72Nm @ pioo M Mo40
1E07
73MPa
.§ 1E06
= Win
3+ ‘l 3
z [ ] ‘m
~ 1E05 g =
[
°
A n
[
1E04 i Py
5 50 500
Pd nm
1E07
160MPa
= 1E06
=
=
Z L
[
™ 1E0s gorte™s |
= *
of
*
| o
1E04
5 50 500
Pd nm

3.39  HREHZ BT BMEEE TOD PN 2SRIBRIZ X 5940

3.23 & EGR R{ZBWTREHEDEV DS PM ORLFHEHAEIZ 5 2 5 8%

%D Cooled EGR Z i 1] L 72 B> PM D HF R 2 iR BH 9~ % 72 8, EEPS3090 % JHW T,
F2 DK 2.9 DFRMITE Y, PN & FERRROBEZIT o7, T DOFER A 3.40 L [X 3.41
(™7

340 12T K 912, EGRFENHMT D & & HIZ, PN EERIENEMT 5 Z & 235y
D, FElz, PNAIZOWTIE, (K EGR HOSMTIIABHEDEV I X 2 8N TE 2 vn—
77, = EGR REMETIIMO40 IZ LY PN DHFHEN DR 5 Z LGRSz, 2o X
o 7efIANE, X 3.23 12" K 9 72 Soot DPEHIED EGR RIZ K 2 Z(MEHA & —E LTS
T ENING. Fle, IR OWTIE, T3TO EGR EEFIZIHWNT, MO40 DT A
FIERIERRE T/hEL< o TWD. 2, EGR HROZELN PN OHEHICE 2 5 AN
REL, EBREHEOBE DN ERIRIC G 2 D BN RE VD EHEHI S D.
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=0-D100 -C-M040

9EI1
=6El L
5 4 o
:‘t 1
E3Eh DO
0E ] 5= —
0 5 10 15 20 25 30

EGR ratio %

160

Pd nm
¥
[

— 85—
100 2 |
0 5 10 15 20 25 30
EGR ratio %
3.40 BHREHZIIT D EGR A PN & R % 5

PN OFFEZFE L T3 D72, X 3.41 ICKBREHTISIT 54 EGR R TORZITHT 5
PN ®7597. D100 (23U Tid, EGR HROAEIKIZ X U, Soot @ OH (& & 2RSS HMEHE L
Soot DHEHAE & PN MERT 5 2 & A ST d P REBRIZIV T, MO40 @ Soot
& PN @ EGR (2 X A Z{LEHAA D100 & 1FIXF%ETH D78, Soot 3L UPN OHEH &
2% EGR RO X b3 %5 Z L1, AT Soot @ OH | BRAL BUSAMIEE S 2 Ji
HThsbEEZXDLND. £72, M EGR BOLRMICTENT, MO40 (LY, E— FEKT
? PN OPEHEZ D100 £ 0 %< 722 % —757, FEE— FEKTOPHEN D 22> TW 5
Z otz AR EGR O FMITRWTUE, WMiRE e I T — REEIKCO PN 23 9EH
(272 < 720, MO40 O NEFETE — REEIRT PN 23072 <, AEMEN L VRN L2
.
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2000 rpm 100Nm ¢ pioo M Mmo40
1E07
30%
L]
1E06 ”t—.
£ g e m
= ® °
£ B |
. *
Z u ]
1EO05 B 4
*
]
1E04 |
5 50 500
Pd nm
1E07
24%
= 1E06 L] |
= .'0..
=4 a [ ]
EiS ‘ L
z ° "
1E05 B ry |
° ou
1E04
5 50 500
Pd nm
1E07
0%
<= 1E06
g
*F
z
~ 1E0s
Em
23
.,,, L3
n® °n
TS
1E04 =
5 50 500
Pd nm

341 HREHZBIT 54 EGR K TO PN 2hifk bBIZ X 5040

324 BEHEDBENIC LB PCCLABED PM ORI T-HEHFHEIC B 2 B RE

3.1.4 HTR AT T BSE RIS U, @ EE B LS A Y — VT K 0 TRE
R 5 PCCLIABESRME 2 AV C, EEPS3090 (2L ¥, PN 35 X OVFEHRIEROWIE 21T -
7= Fio, BBEHRUIT KD SOF fipIc 5 2 2B % RET 5720, GC/MS 12XV, SOF
By M AT o 7.
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a) PCCIBRBEN PN & HPRIFRIC -2 % W2

{100 pccl [ Mo4o Pccl A D100 _Conv.

1E12 J

1E11

PN #/kWh

1E10 | € O

1E09

80 90 100 110 120
Pd nm

X 3.42 FPREHZ 1T D PCCIRKEDS PN & SEHPRIRIC G 2 B2

1500 rpm 72Nm @& pioo M Mo40
1E07
Conv.
= 1E06
7 Win
z [ ] ‘n
= 1E0s 2 =
[ ]
*
A =
]
1E04 ‘ .
5 50 500
Pd nm
1E05
PCCI
Em
[ ]
= 1E04 Soe
= om
=4 *
B :Q ' u
*
£ o =
1E03 . 2
*m
v
[ 1] .
1E02
5 50 500
Pd nm

X 3.43 FHBREHZ BT D PCCIERBETOD PN HVhifk i X 554

[X] 3.42 |2 BREHZ 1T 5D PCCIERBEIZ L W PN B L OVEBRI R DOFE B4 R4, PN &y
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RIRIZDOWTIE, RIS BT L TWD Z MR 005, £z, PN DT, —iW
PRAEBURBE DS A LRI L <, MO40 DT MY ipu i i & /e o> Tnd—J7, SERRIRICE
UNTHEHURBE OB & IZ MO40 DIE ) R E L 72> T D 2 &M ilERR STz,

343 IZHERENZ BT D PCCLIRBED PN O AN KIET TR L~ BT — Nk
BT 5 PNIZMO40 DA% <, EFET— FHEIETO PN IZ D100 D 77320 & W ) HEEk
BE & FREOM[E & 72> T D7, MO40 Ti, HlE— F (Coarse Mode : 100nm<#z£g) 'V
FEIKCO PN I D100 X D 2 L3y hno 7z, PCCHRBEICIB W TIE, K327 1R T L9
IZ, MO40 (X D100 £ ¥ THC OHEH A< 7> TWnd Z &1, MO40 Tl& PM DA% D
B PMEES I, HLE— NEEITO PN OHEHAEINT 2 Z &P FEKRTH L LB bND.

1500rpm 72Nm PCCI DI00 —— MO40
2> 1E6
&
()
E
= 5E5
B
: J—Iu—-Lam
20 - " :
15 Ret. Time 25 35
Soot 0.016 g/kWh
o o 2E5
23 ®
2 § IE5 @ €) (G
[0}
O =
<E . l O I |
15 Ret. Time 25
Soot 0.010 g/kWh
2E5
9 >
2 Z
25 1B © © 9% o o |2F
< =
05 25

Ret. Time
(1:C8H18 @:Cl11H24 @:C14H30 (0:C17H36  (3:C20H42
®): C9H20 ®:Cl12H26 ®:C15H32 ({D:CI18H38  (4:C21H44
@:CI10H22 ®:C13H28 (@:Cl6H34 {@:C19H40 ({5:C22H46
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PCCI JRBEDIEE, TEBURBED 1/10 1272 > TV A Z &2, SOF R4y DI &30 72
EM2H 5. FFI2 MO40 1BV TIEL, MO RSN ELIERENTNWD Z RS T-.
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332 MEREICRIT IREHEDRVSEFREICE L DHE

PREHE DIEWVZ K o THEIER T « —EBEAMEEICE X 582 HET 2720, HEHEIX
50MPa, 73MPa, 120MPa 35 & U 160MPa DSRFIZIB W THEFERL 21T o 72, ZORER %X
3.48~[X13.50 %, M Seimic KB ERREZ X 3.51 ICENEILRT. S HIT, BEHNEICE
F 2 BB O P D3R S i i K B B (- S E TR A X 3.52 (TR T

={=D100 == J40 J100
3.
§ 3
5
E|
o 2. L S
.2
§ \‘\:
= 3—
=}
22 —
1. ‘
50 73 120 160

Injection Pressure MPa

X 3.51 FBRBHIIT D AW E T OME 5 i R

={=50 MPa (Inj. P) ={}=73 MPa (Inj. P)
120 MPa (Inj. P) ~O~160 MPa (Inj. P)
3.5
E Q
o 3
5
E|
=2.5
g
s
=]
3]
1.5 -
0 83 0. 85 0.88
D100 MO40 MO100

Density (@ 15C)  g/cm?

X 3.52 HIREHI IS T D 4 ME S T OHEENE ST 3 L

B 3.51 IZRT & 942, WBREHZRW T, BEHEDOEEIIC X - Tk ORI EREEN EHET
DT ENDMND. ZHUE, SEREFNC X o TEFEORA L Z A, RELOZEFENMEE S
HlzblEZ LD, £, TXTOEKNEMAIZIEBWT J100 1 D100 L Y M52 EEE)S
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R moTn s Z LGRS L.

X 3.52 1R 4 £ 9IS, MREHIR VT, MEHEEEINT 5 & & bIC, MBEORKEE
PRREASHEINT 2 Z L3I DN Th D, FHT, EEMEFICRWT, MO RS EHEE A
BHEE L BERICHIINT 2 L /e o TV D, ZORERND, SEEFIZS O TIRED
BREEE DS E T O IROCEEIRBEC 5 2 D BT T 2 L b0 BRI HND.

34 £1®

KETIX, 8EMNT —BLrz Pz, AFCKEETE— RICB W T AN
O EERSE A %512,  BDF i IFO Cooled EGR, ZERMHt, M 55 L OV PCCI #%
BEDSPRBERFIE & R T A RIS G- 2 DB 2 ERAICRA Lz, £72, ERBwmEHNT
FRET A ATIZEY, BDF OMEHZERE Lz, TOMEEZELEDDLLELUTOLEEY T
H5.

1) SEEFEME (J40, MO40 & MO100) % V=354, SEEEkicE W TT 1 —E =
VYU DG E RIEOSMECHEENAIRE TH H. £z, 3 1y MEFHT L0 BN
RESFL, REEIZINT, NOx OHEHEAZHMERF L7235 Soot DHEH & 4 KIEKEAS 7]
RETHD. Fiz, PNIHEHFEELOSEMT, D100 LIZIZFETH Y, mFEHERSM:TKIE
T L, TRTORMFITBONTEHRAEN/ NS <725, SOF oWV, migkele b
(IR E70 iy ThH D, £ LT, BEERENT & o TRE 2 B L ST RIBRA D
PR EZ T2 2 & TE 5.
2) mEMESHC XY, WRERE BT Soot DHEHEA KIEICI D K, NOx OFFH &3
MU, EEEFREHCEB VLTI, D100 XY NOx OHEHEN S LIt 2@mansd 5. %
72, PN OfZE— REEK CTOPEHIZ VT, WREHIIZIERI% TH 50, BEE—F
FEIE COHPEHIZ OV TIE, MO40 OBV 7Bl [aIR8 5 5. Fiz, miREHE b IRy
MEEINT D & 7220, BEOEANROND.

3) EEEFEITIL, D100 & H_TZ & Cooled EGR OFEMIZ LY, Soot DHEH % HI % 72
N5 NOx DK FREE 72 5. F72, Soot 3L UPN @ EGR 2 X 5 ZLfE A% D100
CIZIFEMETH Y, @ EGR ROLMITEB N T, T — REETO PN O E23 D100
FVZL 25—, EHEE— FHEEBCOHHEIID 22D, 51T, D100 LY &AM
SrOPHAMER L, REOUGES R ARETH 5.
4) GEEFIREHIFWVTIE, PCCHRBEIZ X > T NOx OFEH &A% L LA D, Soot DHE
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A RIBIARET 5 2 &N TE, BHFELZ T 52 &Ik o THH T AER &R E - RS
DWFEIZHRATHD. £z, PN EEERAITOWTE, MBS ST L, SOF AL
57 BRI %

5) EEEFBEIOERIZLY, TRTORMIZB N TEERERHENA R R0, RBHERE
NS % & & b IR O R RBEIRRECIEM U, @S E ISV CRIBRY e/ 2 77

PlEDZ 212X, @WBDFEARIZBWT, BFEMT —B Lo P ~DISH M A]

REE 72V, B EGR B L MRS EDOSM 215 2 & TR CTOERIZ 6 L CRREE & P
HADWENRGETH VY, PCCIRBED EH L AIRETH 5.
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FAE FHREERLEE

ARFETIL, %5 2 B CTHH L7z BDF 2808 & 3 2R & BRABESURICBID 2 8B > < =
L—va VETAERWZERERBRICOWTHIL, %9 %. £, BDF ORBENLE
FOEFAWT, 0 WICOCFEFEMIG 20— RIC X 0 REERS X ORI R 25 % 5 8% fif
5. E7z, BMa~~—2& L THIELMEETT L2 T, BDF OMEBIE O H

IZXVMEEL, BDFIZH#H LISAMEEET VEAMET S, 51T, 3 WoTOHEFAY
2 b—3 3 2K Y BDF OBRBE - JEH T A REZ RN L, BIGGRH) Soot £7 /L& W T
TV URIND Soot DARFS L OLD A 1 = XN EfHT L, 2 OPEHZRET 57291
Ko b D IRERIEAETRE & RBERE OFIEIC DWW THERT 5.

41 0 RITGLERGHAERR L EE

RBFFETITH 0 RTLETATIE, U U FARNORE, B, (LFERRESEIS T D
EARGE L, BDF SRR LT, 2 2 IR AR B RRELOBRBESSE T V3 L OBEHE A A
E7 V% VT, CHEMKIN-PRO (2 XV, 0 RITALFIRBESUSFH R 21TV, BIRELO PR bE
Rk & PR T X R AR L 7.

4.1.1 A FERELDEF K

BRI IR T (2.24) 3 L Q25T T BREFOBRBESUS A % — A& VT, &K
DERBNEWBAKRBEELZHE LZ, 22T, FREBOEERE, =21 —BLID
T b OV TEREG D~R@)TRT L 9 RNASAOZIERIC LS E, R4UTTRT
NASAZHADRH A AN CERE L., 20 2L E—0fEE (D100 MO100) % [X4.1
EX421TR T

c

> =0 +aT+ asT? + a,T3 + asT* 4.1)

H apT a3T 0T | osT* | g

Rro Gt T s T (4.2)
3

5= qInT+ T + % %T+%T+a7 (4.3)

~

3

ZIT, aradIFAUTTRTRETHDH. ZORITTRTIAMEORED 59 H, 1000KLL Ed
EREEIC B W TIERTREOTE %2, £ LT OMRIEERICB W TR Lo %2 Z I E U H
W5,
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4.2 FBREHZ BT Do v Z L B — D ER R

a) HAKENIZDOWT
I J15MPa, #IHIY B 1O SRR T, SREHZ BT 2% KIEN OFE R R & X

4312777,

A4 GHERERE LB
#4.1 NASAZHEARE"
CI19H3602 TO02/08 C19H36 O2N0G 5000.0 1000.0

OGS, FIYEIOLE, SEEFHREE (MO40, MO100) @5 HD100
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BERRFREITIE, KVIRECTORENMEES LD bO LHERIND. ., SEERICE
W, REL O KEBNPIRIERFIC R D 2 E R gholz.
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ICBWTCEAEZIT o o R 2 X447 . SBREHZ IS W CTIIIED Z NS 5 & 55 KB
NS 2D, ZOMAITEMOLE LRKTH L 2 en3nhrole. £z, WIEINE
K72B L, BREIHOBEWRDR 5 Z LR INT. 20X D B, ZEERIZHE
T, 7 |1y MEFIT XD FHEKEMEROEIIATON D DT, SBEBREOTREED
D3, AA UPEETIEFEHKIED BWIGITEHN SN D T2 OBREHT LD EW AR b Z &0
AT LDEEILND.
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BOWCHEEITo IR Z K45 L K4.6127 7. K451, BBREHIIB T 2 9181 Bb o
WREKBIICE 2 28 RT. XY, FBEHIBWT, Y'EEOBIMCE - T
FRBENDELL 225 Z 03 yholz. £, WIRFEKCIE, YE&HOBINIC XY FKEN
DEALENR DI 720, REHH OEW R D In—T, RIRFEKICHS VT, DI00EEY, &

BRSAIREHZ I W TR KBNDE LSBT 5 Z Livminoiz.
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Far EHRERREER

DC-H (K4.70a) O R/VF—THI/NS V. Zhid, BRFEEREE KR (800K
T) OFRMFIZENT, ZHEEGIFRET DL, RTOUCKVROMEEEZA LT 2D,
Z OFEE OB EMENIEF IR T2, BEINT <, £RRICRD Z EITX 0 b
FORICHEE N2 & b, £, &R (800KLL E) TiE, —HFBESGOMEDCH (X4.7
Da) 12L& VIRBERUC S HER, HRBRL 2D HEMDR S 5.

b) WrEVK AR
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LD, EYEEEICBOTIE, MO100D AR EEY (501k)/kg) D100 (358kI/kg) K
D HEWTZD, BIEVKRIRE MK T 2@ MR H 5.
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HEOFE TR AT PR A RURE T L2 T, 25% B O SMEHE 24 ORRBEXIHITE J15MPa
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% oA % 4.9 R T,
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AHFFETIE, P28 Tk _72CFD = — RKIVA-3Vrel2&_X—Za— K& LT, £V 7€
TR R ZMAT b D% AT, BDFORREE « PEHIT ARt 2 it L, BRI SootE
TIZRY = VRN DSoot DRI L OELD A J1 = X L %N L, Z Ok 2 K
T 570K HNDIRATIEHGEEE & RBERE OHIEIC DN THELERT 5.

421 BB OB DHEERE R

AR CHAT 2MEBEETT NV ERBEET LB T, BBt OSFEYERE (RaE, &
RIGEN, KRG, REES, BMLERBIOT 2 E—) RLEL25. DI0IZHOWTIE
FA2TRT X D RS2 E %5 & L CKIVA-SVTERA ST b 2otz Fuv
THtEEIT-o 7.

#4.2 KIVA-3VIZfE A L7=D100DEW i

Enthalpy n-dodecane (C,H,()
Latent heat of vaporization n-hexadecane (C,4H;,)
Vapor pressure JIS#2
Liquid viscosity n-hexadecane
Surface tension n-hexadecane
Thermal conductivity JIS#2

—J7, MO OEWMEIZ BT 5 EBRIENIFELRWD T, LFDO X ) ITHEEFHEEIT-7-.
BABEHZBWTIE, E2E= TR L9 ICHBRESRELREL, BEBREO _{KMHHHE
TER 240 L C, (2.26)~(2.28)7> b F B A 2 R b 7-.

a) BRSASRIE

B IR & JE I, Fedors ® 11 Y& VTR (4.4), @HICk->THELND.

T, =T, [0.584+0.96 (A7) — (E(Ar)?] (4.4)

P, = (0.113 4 0.003n, — Y (Ap)) 2 (4.5)
ZIT, mIENTFORNPOFRTFOMTHSD. £, SCHL YL 0 EEFUEE T=764 K, BHE
71 Pe=1.28E6Pa & 72 %.
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b) RXUE

FREJENZ DUV TIE Gamez-Thodos D F7E N2 L » THR@.6)HRD BN D.

InP,p, = B[ = 1] +¥[T7 — 1] (4.6)
2T, yir@nkoiEeons.

y = ah + b (4.7)
F£72, a,b, f,m & hiFH@.8)~@.12)iIc k> TRDBND.

=Y,
_ — (4.8)
1—1/Tm
— br
b=—2 4.9)
8= —4267— 221.79 3.8126 (4.10)

*
hz-sexp0.0384h2~5 + EXp2272.4—4—/h3 + A

8.5217

m = 0.78425exp(0.089315h) - — T 4.11)

h=T,, P o132 (4.12)
1-Tpr

Z 2T, TET/T, To=Ty/Te (T I3 TH D)

LLEDR A, Lydersen ® 51k N2 k- TR@.13)D & 9 2l AnGosn 5.

Pyp; = exp[187.49 — 19153/ — 22 989InT + 7.2769E(—6)T?] (4.13)

ZoORITE - T, ARENBHICEHINS. FOREX 4.10 (TR T.

ISXIO5
= D100 m— MO40 MO100

< 12
(=¥
jo)
§ 9
8
£ A
: V4
= 3

0! /

200 400 600 800
Temperature K

X 4.10 FBEREHZ BT 2 RKEDFHHE LR
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c) ZRFETEEN

BN IRFE BTG 1D L > TRO B D Y, E7- Lydersen D57k Nz L » T
(415D X 5 1TEPATRDOIND.

AH, = RT[7.08(1 — T,)*35* + 10.95w(1 — T,)®*5¢] (4.14)
AHy = 1.22E8(1 — T,)(©39%) (4.15)
ZORER AR 411 1T

2 8

i — D100 m— MO40 MO100
E

z of

.S

g

i 4

S

(7

o

5 2 \
jan)

g 0

=

— 0 200 400 600 800

Temperature K

X 4.11 FREHZ I T 2 2RO Gk 5

0.8
— D100 = MO40 MO100
g 06
)
-~
2 04
:
2 02
Z
—
0
200 400 600 800

Temperature K

B 412 AHEHCI T DHEIE DRI R

d) KhE
—FRENTREE TR (4.16)I2 L o TR B D0 Y, F 77 Lydersen D F7 1 1 k- TH(4.17)
DX o7l TRbEINS.

B
lan—M_A'l'? (4.16)

ny, = exp[—9.059 + 2116.7/ . — 0.5587InT] (4.17)
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Fa4E HERELEZ
FOREREK 412 1”7
e) Mkl

— A FEE AT L o TRD BN DY, Lydersen D 51k N & - TH(4.19)
DX IITIEETES.

0= ([P]F)Lb)4 (11__;;)411 (4'18)

o = 0.058(1 — T,)(1-248) (4.19)
FORER K 413 1T

IS
S

= D100 = MO40 MO100

(%)
(e

[\
(=)

—_
(=)

Surface Tension 10*N/m

200 400 600 800
Temperature K

413 FREHT IS T 2 K E R OF AR

) BmER
—RENBRIE R T (420012 L > TRD B D Y, Lydersen D F57% Iz & - TH(4.21)
D EHriEpTES.

_ 0.38

A, =2 (4.20)
T'®

AL = 0.14 — 1.33E(—4)T 4.21)

ZORERZX 4.14 1 TRT.
2) T A —
T AN E—EF 4.1 1R T NASA ZHEAOBREZH O THRED)IC LV EHL, 2ok

RIFH 4217 T LB THD.
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—_
W

== D100 = MO40 MO100

—

—
[\S)

O

o)}

Thermal Conductivity
102W/(m-K)

200 400 600 800
" Temperature K™~

4.14  BBEEHZ BT 2 BVREROFHRRE R

For each parcel,

Position of the parcel is beyond the breakup length? '7
‘ ~9i(p —Pg)
K. = |—0 Fel

@ RT 30

_2nB,

RT =
Kar

Is Agr smaller than the parent droplet’s diameter?
v

‘_,@ 2 [-gp —p,)F*? N
OQpr =, [—————— Time since last breakup to zero.
T \3Bs  pitp, P
Cr

t

A

bRT =
Q,
RT

Is the time since the last breakup greater than t,.,? @

RT breakup-occurs Increment time since last breakup

v Agr ar,  -f

CRTT T g tor
Number of child droplets reset to conserve mass. v
Reset time since last breakup to zero. Continue with KH calculation.
If breakup occurs in the KH model,
Skip KH breakup calculation. reset time since last breakup to zero.

X415 KH-RTEFNLOFHE 7o —F v — 7D

422 "EBEETTIVOKRIE
AWFIETIL, BREMEZ DO HET VL L THE2E TR _/7ZKH-RTE T VA EA LT, KE

TIOFHE 7B —F v — k& [X4.1512~7.

a) Kelvin-HelmholtzE 7 /L9

ReitzlZ ARG R CERr) OFRHICB W TR BESRETH (G bbb Z Y 9 %)
ki 7% i (Kelvin-Helmholtz wave) DI & Axku &, Z O KR F Qrug R(4.22) TH 1
7.
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9.021,(1+0.45VZ )(1+0.4T°7)

KH —

(1+0.865W, " )" (4.22)

0.34+0.38W, "° [
Qupy = 06 I3
(1+Z)(1+1.4T°)\pr,

22T, pURIETEOEE, ol OREIET], WeldZHR T AD T = —"—KTHV,
Ohnesorge#Z & Taylor i TiZ(4.23) O XK 9 7R T/RT A —XTH 5.

W,
ZZRE, T:z\/W% (4.23)

728, U= =W, Weekd X ONRIKOYERMMEEIZFES L LA L ZERal T (4.24)
DEIHITERINS.

2 2
We _ plvrel rp’ We _ pgvrel rp, R _ pl relr (424)

] g ] L,

22T, veell T & TP A L OFRREEEE, w3 o (F) R EE T & 2 (EhRL EEvi=ud/py).

ZOKHET UZEBW T, / AVHOIZEB W THEFLE & [F U ERZFF2"Blob” 3 5- 2 5
11, Kelvin-Helmholtz wavelZ £ > TEREL SN2 TIURENZ LV, "Blob” D303k E 5.
DFEY, MR OWEE Axulc £V, BUEHCEE ) 5 H3U4.25) D X 9 72 R rekn D T
LWHRIEAER S D & LT 5.

i = BoAuy (4.25)

T2, OEEOBIIEITE LB &S, RO L0, Bloi—ELNO)E

i D Rl I (4.26) 12 > TP T2 H D L LT 5.

an _ h e (4.26)
dt t

ZIT, tyyldEHESEEHTHY, K2V FEHT 5.

ton = —3.726B1rp (4.27)
A€o

ZIT, BildEHRER TH Y, BUIDARHEER THD. £, Blo—ZEEN
HIETEOEIIRAGFTH O E L, BEERGFANZLD, FO/X—8WIE N DI E K
O 5.
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a4 FHRERREER

b) Rayleigh-Taylor® 7 /L9
PREF O REFE 2 4 L (u=0.0), REEHNDOALZEE TS L, RiMEEDTHRET D

Rayleigh-Taylor wave D% K% = Qrr & # D% KrriZBellman & Pennington(Z L - Tz

428/ X HlcFkRENTNAS,

o - \/ 2 [-9(p—p,)]

3\3c P+ P (4.28)

f—gt(p. —pg)
K — 9
RT 30

ZIT, gEET), aEREOMBE, [EBMASY MLET D E, HRHET IR
HINEEE g 1%, K201 K-> THRIT L. £, HOMEEa X, K(4.301277 3K

OEHHEALVEOND.
g =9-j+a-] (4.29)
dv _ pU” U (4.30)

mdgzplvda_ D fT"—U—'

22T, U=u-v) ik s ABEORE L o EETH Y, RA3DICEY, ThEhEk
ZARGE U Te a6 QWG O AR, M ORI mE CH 5.

3
V, = 4%, A, = r? (4.31)

%&?ﬁﬁO)?&ﬁ'f;ﬁi&Cd(ZCd,sphere)L:E’g L/VCLi, StOkeS@ﬁﬁYiEU@ﬂ%ﬂzHﬁi D , {Tﬁ{ﬁﬁ@ I//(
IV EAWTHRM@.32)D L HlckEN 5.

C,-2*(1:1Res|  Re, <1000
°“Re,l 6 ¢ Ca = (4.32)
C, =0.424 Re, > 1000

Wi OIPUREN T /T 21 OIRECE A DO R A2 EET 572012, TABET L%
% . R O IBUR LI OB DO K & Sy(=yOp@)IZBiE 4% L HEE X, R(4.33)1C &
DEIHENS.

Co = Cospners (1+2.632 )

Lo, WMOIMMERE a 13, R@A3)ICEVEHL, b LIHNKTHD LIHET D

(4.33)

2b1E, X357 5.
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a:;:_._.; (4.34)

3:%-—-U-CD (4.35)

L7=2-TH(4.28) LY, £HEIESL.774X102 N/mz & OB 2 4HE L7256, Rk
EHRQrr & WOBKrrOBNZIE, K(4.36)D L 5 ABEAFET D Z LTk b,

Qnr” =5x10%Kgy — 246Ky, (4.36)

— 7, BRELOREIE L KRR O T &2 B LTz & Z(n+#0.0), FA9HREET.46 X 104 sN/m?2
% b W HIZ %4 % Rayleigh-Taylor wave ? i KB £ 3 Q rr & 3 O 2 Krr O BIFR I,
Bellman & Pennington(Z £ > TR(4.37)D L S IckE N 5.

—3.6x10*Kqy +17.74K;° +0.72Q,°

+40 Kqr =0 (4.37)
J(7.46x10° Ky, > +5.37x10° Q.

7B, WTROLEIZEWNTHAERDEE LREITREIO T & N TIHRFEIThE L,
£/, g=500m/s2TH D EVIHIRED S & T, X(4.36), 3NN EHEINTWD. LLED
Xz b L, BEORTRDOLEZZE LIGE LRE L RmEHOWH T E2BE LI x
DOWrr-Krrfi X O i A3 Ricart 5 LV /R & TH Y, WHFOERITIZTE B L TWD.
ThE, BEHOLAICBWTCHEDREZ BT Z LRRYRNETH DL LERLT
W5, 22T, BDFORER LOREENIBHEY S HI2ELR>TWDHDOT, BDFO
LBEICEBNTHZOMEDHBEL B TE5LE200D.

Rayleigh-Taylor wave®DJ (327 Bo/Krr ThH VD, T & BURHOBERZ T 5. 3
ENEEOER XV /NS WEAEIZ, Rayleigh-Taylor wave N i O RIENZHB W TRRE T 2
HDOLT D WE, AR LToEERFR 2, 30(4.38) TR S5 K 47 AR torr & FLI
T5 L, EEHtrr A BT 5 &, N(4.39)TRIN D FREFFOFIRIENE E D /3 —
BABRERT D, Fe, WREOSRIZEY, BRI O IKHE 7 /L & A2 20(4.40)
2> TR T 5.

t = (4.38)

_ _ D (4.39)
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ZZT, Be=0.13F V5.

dr, K —fer (4.40)

dt tbRT

BON—BVZEENLEHOLUIRAT 200 L L, HERFNNLFDO/ A=/
BENDBRHBIREDLD LR TH 5.

c) ETIVOEERRES L OMRAE

ARBFFRIC BT B IREIETZE O AL ERR L, FIHKREBE 12kg/m’, RIS 900K D54
TITo7z. 22T, Z 2 TIXRE 900 K OEiREFEZ Fb & L THRET VERZIET
HEEBHIT, BB HEHIEICH L TCEOMmEZRBTE LA HEE L

%43 KH-RT BT /LVDOEH

Fuel D100 MO100

BO0:KH break up coefficient for droplet radius 0.61 0.61
B1:KH break up coefficient for timing (before

.. 60 50
wall impingement)
B1:KH break up coefficient for timing (after

.. 1.73 1.73
wall impingement)
B2 :RT break up coefficient for droplet radius 0.13 0.13
C.:RT break up coefficient for timing 0.1 0.1
Cb (distant) : break up coefficient for length (L) 2.0 3.0

4416 (Zd/ AV EHEAL, RAITIORTERA v vl fh, R43ITRTET IV
EH A VT, "EEEY) 73MPa, 120MPa, 160MPa (Z351F % 1AL R & EBE R 41X 4.18
(L TORY. I 2T, AREMEEIUIR I O G & AR TS L 72 T o
TSI C OV TRET AT o 7o, RHERERD D, SIREHT BT DRI D
HANFHHTETND ZEh, SR IOETFTAVEREERT S Lz, 22T, &
BTN TIE, 5 3 FITHE~7Z K 91T, MO40 & D100 OFEFE SelinE i BREE o & 23
ZE AR, ZHIUCK DIRAHEESRIG S0%LLTICX LT, D100 DR ZMA L, 50%Lk
ETIX MO100 OfREAHAT 2 2 LiC L. 72d, WBEOERFBOBEIIIT-> TRV D

T, BHEET NVOEFEET VORFHIIT > TR0,

123



AR A & B

f0.133 mm x 6 holes

153°

416 J AR

X 4.17 ERBILOHFARA v 2

—49—DI100 exp. ==>-=DI100 calc.

—@—MO100_exp. =O==MOI100_calc.

4.0
g < . ;
©
510
A4 A4 A4

73 120 160
" Injection pressure” MPa

B4.18  MEFESoum R BR A OO KR aE

4.2.3 BRITRBERIGFHEMRER & B

a) RN

KIVA-3V 22— RZ W, R 44 |\ ORTFEMET VA N2 CHEZIToT-.

F7, £E—

RIZBW Tl B i b @O (1500rpm, 72Nm) Z a5 SEE L, K419 (2R L9
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Far EHRERREER

(ZHEST ) 2D 6 EALZRFODT, 1 DOMFEELRIRL LT OBy X —A v azfl
AL, ERTHELNZEEHEND, £ 45 ICRTRIEOERRASGMEEZ BV THEZIT-
To. Flo, WRANVT WAL D24 107 (RFEAHT 1547 ) ZEHREBERE S L, HEX
NVTRRHL 24 07 (BFERE 157 ) PR TRHE L.

# 44 KIVA-3V 2 — ROFEMET L

Combustion model PaSR model *

Diesel oil surrogate model'” / FAME

Chemical reaction mechanism

surrogate model '

Turbulence model RNG k-¢"

Spray breakup model KH-RT hybrid model®

Soot formation model Phenomenological soot model'”
NOx formation model Extended Zeldovich mechanism'”

# 45 WA

Intake air components (Experimental)

0O, vol. % 3.20

CO, vol% 16.56

Intake air components (Calculated)

N, mole rate 4.525
(0)) mole rate 1.000
CO, mole rate 1.655
H,O  mole rate 1.655
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X 4.19 60° B/ H—RAva

b) FEBRAE L FHREAE O
4 420 (2R T & D1, FREHIIWTRBEE ), B4R, Soot DHEHEDET /LI &
FHAEIIERE S IZE L TWD ey hofz. 22T, MO OFMIZEY, /3o
7y MRS CERBEDMIERE S 1D B 1A1°, MO DIRAFRNEININT 5 & Soot DPEHI BN
LS RIS TN D

= DI100 calc. D100_exp.

— MO40 calc. —&— Exp. —fg— Calc.
8 200 0.3

6 150

e
o

4 g/. 100 \\\\\
Ny PA 50 ' e
| 0 0 Qﬁ

940 20 0 20 40 60 0 20 40 60 30 100
Crank angle deg.ATDC MO %

HRR J/deg.
Soot g/kWh
(=)

In-cylinder pressure MPa

X 420 SZBRAE & FHEAEOPRBET ), BVIEAES IO Soot DHEH D Ll

o)  BIRBINEFEREICH 2 DR
4 4.21 [ZK BN I 1T DN Y R E T , EHEORKMIH LT 5. =
DFERI D, MO100 (2B W TIEENERRE & < 72V, MFEOFOERITERREHER ) MFE
L2RWZ L3orhole. TORBITEEBIRER L FRORR E RV, £, BREIOZI
FEMEDSMEBREIC 5 2 D ENT L A ERW T &R S L7z,

m
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MO100 calc.

-
0

[ ——
o . .
Equivalence ratio

10

444444444
444444444
444444444

X 421 FHBREHZBIT AEN Y &S5

d)  BIREHZB T DSootD AL & BRL A T = X LD fifHT

Soot DPEHEDEERMN 5, KEHE - KAMOKIMTB W TIE, K3k (PN) 1XIZIE RS
ThHDHN, FERRIIMO OFHBR/NELIgoTWD Z ERgholz. X422 1IR3 D%
JER L ORI ORNEIE 2R 9. ZOREENS, MO OfEFMIZ LY, PN] &K
T5HZLRMERINT. PN OFEE LRI ERIBREROHEIMC L VDT 25 2 L vl
ENTWD . AR TIE, BN L - TESBREIRNZE Lin—0, MO O AIC &
D RETSREEEA TS 2 S IT KBRS EINT A 2 L LR THD EE LN,
F7o, B423 17T K91, MO DFEHIZL Y, Soot DE &L ARMBONLE 30 )3
<Y, REREVSHLS 25 —F, EIZIER%E LD Z EnTFRISZ. £72, Soot D
B EEREOE —ZHN MO OHMEL 725 —7, TXTORREHI I T Soot DER{LHE
MIZIEFETH -T2,
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m— D100 _calc. == MO40 calc.

9 - 101
g 5
5 3+
g \ 2 o1 AR \\‘
g§ Z 10
3 \ 2 N
° <
] ‘ g
g 3 &\‘. £ 109]
o %\_ . E
on T —— [
g e
o o
> =
< o & 1012 ,

-20 0 20 40 60 80 -20 0 20 40 60 80

Crank angle deg. ATDC Crank angle deg. ATDC

4 4.22  FRENZ IS T 2 IR BRIEIEE &br 50 FE O g IR

2QERT LD, EEYA FORIZTEF LUBMINT D Z EAE LGS, Kil
PR IIRQ2.39) E LTERBEEIND. £/, o (TR R E O£ SRR TEZ £H L
ZbDTHY, XQAONHEEIND. My MEFIZKDBBEDENILY, TDOK
JSIREEDN 2D, MO O TIXEmBUSIREIME LS, EEY A MEEORE 2D, 7
DWIPRIREN L L 2o TCD. LINLRN D, ZDMk, A4 VRBEXIZIERETHY, MO
DERIZE > TT B F L OERNPD R0, IEEFA MEEOWADNBRKE L 25T
LT EDNGMND. 2T, MO ORI ZRFERAIT/NS < 2o TS,

Wg; = ksPC2H2 {a %Awm fn} (2.39)

A

T 2T, Ao lE Soot OERHFETH Y, Peyp 7 BF LU DHBETHS.

o= a8 57,01 2
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%102 = D100 _calc. == MO40 calc.
4
on
g 3
2
g 2
: [ AN
7 ) —
——
o l ‘ |
X102
15 i.é
1.0 _5 m
\
4 ] ke
— A . 0.0 -
05 2
Z‘ Xl()']6 Z
7 1.2
5
5 09 =
B
R
= 0
2 E — —
8 0.3 & — —_
< _—
£ o L&‘ s ‘
«» 20 0 20 40 60 80

Crank angle deg.ATDC

423  KIREHZISIT D Soot FEFE, Soot ARk RIEEFS X OFREIEMEY A NEE D JEIRE

52 BT L 912, Soot OEFEEGEFE & L CIE, KABLFREICE W Tied 0 18N
R&EL, ERHKPREDIEBIEZTEML 5 5 HBRKEEEZ AT 57 )7 F L 2 (A2Rb)
FRM L. B0 7 rt 213R(2.33)IC L v ik &, Fhucftk Soot Hok: 10 H &
HmE(2.34) £ KQ2.35)ICHES LD & L.

AR5 —12C(s) +4H, (2.33)
Oye = kye [A2R5] (2.34)
kye =1.0x10° exp(—5000/RT) (2.35)

72, BIERIC L DR B AT Q362 LV itk &, Z DO —kiFIKFK
Con)lIARET ATIZ 100 LFEE L. 2B, NJITAD P e Ths.

dfuxe N,
0™ -4 12w 2.36
dt C Ve (2:36)

min

129



AHER A & B

H
o~
It

D100_calc. = MO40 calc.

g 2107 108
B
w6 "‘g 15
- 5 10 \
S
= 2 f
v —
i(\l 3 .5 1012 | \\‘\f—\
5]
3
-20 0 20 40 -20 0 20 40 60 80
Crank angle deg. ATDC Crank angle deg. ATDC

424 FBEEHIISIT D Soot KiF DREAKIEIE (ARS DR L OBARR)

ZIUCHES T, X424 18T X D12, ARS OEEBERER L OBAMSRIZ MO OfFHIC
EVBDT D e gmote. KT, A vy FOFZIZEWNT, MO @ ARS AERKA R
HTHRL, FRICKY, BEKRL DRI 2o T0D. LNLRBL, AL UBRBRIZEN
TOEWIXIFIFERNZ R0 T,

— D100 _calc. = MO40 calc.

-2 — X102
6 X 10 § 20 10
E
o
= 15
o 4 g
g r/\ 2 10
]
g 0.5
5]
&
0 5 0.0
-20 0 20 40 ©»n 20 0 20 40
Crank angle deg.ATDC Crank angle deg.ATDC

(425 HREHIIIT D Soot DERMME DIEEE (CH, DRI L ORMKER)
TEF L U(CHY)EREREOMMMETHY, K42517F X512, MO IZX VAR

DI o TNWDZERNN5D. £77, AR5, CGH, BEXOEMAELRNFE UEmMA2E L
TW5o.
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D100_calc. mmmm—— MO40 calc.

~ -3 X -1

§ 0 X 10 15 10

E

2

=-0.5 —f

2 \ o 1.0 F——x

310 Z

3 E

2 o 05

=15 \J —_—

8

g

% -2.0 0.0

o -20 0 20 40 60 80 -20 0 20 40 60 80

o . x 103 Crank angle deg. ATDC s X 102 Crank angle deg.ATDC

2-0.5 /

g

& 210 l¥7L \\

jan) @ \

2t g N

2 m = 05 .

E.15 ©

=L

8

= l

=20 0.0

g 20 0 20 40 60 80 -20 0 20 40 60 80
Crank angle deg.ATDC Crank angle deg.ATDC

[ 426 FHRBHZIIT D Soot DEE{L A 71 = X
(Soot DEALFH LN 0, & OH DAEMHE)

Soot DIEAKIZFEIZ 0y, OHBLUINOIZ LD HDTHD. AHFFITIBVTNO IZ K518
IEBOTNTH LD, BHTELH0OL Lz, K426 12 0, 8L OH IC L A k% R
LTCW%. OHIZ X2 REMB(LSINE Soot DFRLIZEB W T KA TH D Z L RHESINT
W5 L LD, MO THBVAER E RERESER LV D7 RoTWnhH7), 0,
IZE DL D7 7o TS, ZhuE, MO ICBWTEAER & R EN V72725 T
WA Th%D. —J, OHIZ X 2BALIZIZIERETH L Z LN 005.

e) FHIREHIIIT L SootDAAES K OMRIL A T1 = X LD 34

B 4.27 [ZHRBHZ BT DEPWIRE M 2R3 . 2R 0, A 1y MEFIT Z D BREEC
BT, MO X DIRENMELS, AL VBRBEICBWTUREFRETH L Z EBnhnd. £z,
BIREHZ BN TR ERBEILEE DZENIZIT 2N 2 &5, NOx OHEHANIFITEN 220 2 &3

o7,
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deg. ATDC D100_calc. MO40_calc. MO100_calc.

’ ‘_ ‘_ ‘_ I2500
T § - -
o
g € W |-
¥ W W
o I'i,, ..5,_ .=r= 300
. W
X427 BBREHZI T D (R NIEE S5 Ah
deg. ATDC MO100 calc

0

|

¢ . o

o Soot concentration
ppm/cm?

=

10

144444
444444

X 428 HREHZIIT D Soot ARk & N4 A

4.28 1 Soot AKX DENGAAZ~T. Z3LLY, Soot IZEA MUV BLUORTDOF v v

TATAMBAERL, AF vy 2l U o ANOFLMICBEIT S 2 8, Ez,
Soot DA DONTIE, BEIOENZ LD ENIEAERNZ ENRghoTz.
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Far EHRERREER

deg. ATDC D100 _calc. MO40 calc. MO100_calc.
0

1E14

Nucleation rate
mol/(cm3-sec)
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4444
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6
OE14
X 4.29 HBEHII T DR ORI
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5.0
0
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s
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0

-
—
%
N

.
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mol/(cm3-sec)
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X431 FEEHIIS T D KRR ORI
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Faw FIRMRLEE
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X 432 FERENZEIT D CH, DA DR N AR
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FALIZ L 20, & B Lok 7R L BRI LV AT 52 b D LE L T
W5,

X 429 725X 432 1R T XK DS, FEMZRMENTTIX, ARS OAERIC X 5B E CH,
DAERIZ XD REBUERH Y, RS NRFERIZR D Z L030hoTz. ZiLdk D, ARS
(T EICRERE R IR OSEIZ W TAR S, CHy X, REHEZF O & —BL, R
KIED) 7 NATHEBECERSND bDEEZ NS 'O Fz, MO100 TIX/SA 17 M
SHZ X DB L RHEMRITR 6oz,
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AHER A & B

H
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It

deg. ATDC D100 _calc. MO40 calc. MO100 calc.

4 I 3000

OH concentration
ppm/cm?
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4444
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o

X 434 FBREHCIIT D OH OO HE N

72, ARS & CH, ODRAEMIIE &E REREISH EROGE 7Y, ThBMRTER LT
%, Soot DEALEUSHRBEZE N TOKFHISIRE & 78 5.

[44.33 & [ 4.3412 OH DR DE NG & OHIZ K % Soot DFELHED RN & 7~ 7.
Soot DEE{k & LTIk OH M b EHEARMS TH Y, OH IEEZEDIMUNC AR S ILD Z &M
W sh g, F£72, OH OARGEKE OH IZ X5 Soot DELAEEA —E L T, &
HIZ, BERARDOFv ET 4 NITBWTERED OH BN R bz, —J7, FEHTE
VT, OH IZ K% Soot DAL EIZIFIZFHER Z L3 ooz,
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0
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mol/(cm3-sec)

(=]
R
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Far EHRERREER

deg. ATDC D100_calc. MO40 _calc. MO100 calc.
R O < I K
B . . R E
~ N . el
. S S : %
o
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(e}

2 o oS
2 ol ol a
T T &

X 436 FBREHCBIT D 0, DA ORI A

X 4.36 (2R T X 912, TRTOBEHZBNT O ORISR IZFEETH Y, X435 1R
T X1, 0202 K % Soot DEEALFRD 4341 b AR OMBMIZ 72 5 Z &, MO100 TiE, 0212 X
% Soot DEELNEDNDIREHI LT 72 I Z L 53noT. EHIZ, O DRISIZI
TOH DARRIZIR D Z L1353 no Tz

43 ¥&¥

BDF ORBESGSET V& VT, 0 o DAL FFEMOG 27— F 2 T, U Z N0
B, Eh, {bFREREEEIIH —-THD EMEL, BDF L OEHIZX LT,

CHEMKIN-PRO (Z XV, BRBERUGEHR 24TV, S REF O PRIERENE & PR AT A ek 2 R L
7.

1) GEFEMECIE, RS CTOE KBNS DI00 L0 b3 L LAY, IR TORREE
wiRET 5.

2) EIRMAEKICEWT, WREIOBFBEIVIIRIERETH Y, YIEBSENT 5 & 35X
BENANEL 2D, BREHEOBEWN DR 5. 65T, L0 FEMKENMRDN A 12y Mg
FHZ LD HEKTIE, BBEREOSE, RESND OO, L0 FEEKESENA A K
BECITREHZ L 2BV AIZIE W2 EF SN D.

3) BREHTIBWNT, YEOEINI X > TEKENNELS 20, Sl ik, & KE
NOENDIRL 720, B OBV R e 5 —T7, (KIRECIL, SMFEREHCE
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Far EHRERREER

WTELLBAT 5. £, GEFEREITIE, YEEINNS 2D L, [RRFERIZHB W T
TEKREANRELS 2V, SREERICSOTIECEL< 2 Y, 1000KFTHZIZIWNT, HKiE
NBEIERIEL 72D,
4) Y& 1 AR O R KRKBIECKRIREIZ B W THREL S HIZIZIEFETH 0, &2 E b iEk
IZBWVT, MO100 DZFEIEED D100 X 0 @iz, BiE ek JREME T3 5.
5) MO Ti¥, Soot 23 D100 IZ XV & @R ARk L, MO40 Ti%, Soot 7% 2 2D
BECTARRT 5. £, BBIOMEIC X 69 NOx DA EE A EZED L.
6) D100 DEABETIE Soot & NOx D iEpk e Z Wil 5 —J7, MO OBABETIE, Soot
DA RCTEIBIZ Il L7222 & 0D, K0 AKIR TR 22 &2V T Soot OFEHIA D 220
ZENHHESND.

7z, BMAEN—2 L LTS LIcEEET L& T, BDF OEEBIZEORERIZLY
FREEL, BDF I CTE HMEFEET L AME LT,
1) AWFFETIT o T REREZE O FIGALERRIC L 0, IRE 900 K D EiRSEEZ & LT
HET IWVERERE L.
2) BRSSP R OIS & 2R TE DN AT 5 U 7 IR C oM et B EE B L oW
THETL, SREHCB T 2 IS T 502 BBl T2 2 &N TER

E B, 3RITOBIEIA S R 2 L—3 3 2 X ) BDF ORRBE - HEH AT A Bk 2 fRd L,
BIGEHI Soot BT MAC L = VU RIND Soot DAERL & BELD A 71 = X L& AHEIC L
ZDOPH ZAR S 2 72 DITR O b N HIRE K AGETE & BRBEREIZ DWW THERE L.
1) BBEEHT I\ TRREEIE /), B A48 KO8 Soot D HEH EILFHAAE & FBREINITIE 2K
L, KEFILVERIETHZENTEZ., ZOET/MIED, MO TIE A oy MEEIZ

D BRBEDMEHE 41, MO OIRGHENHME & H1Z Soot DPEHEN AT 2 FER & R 26
235 DALz,
2) MO T, Rir8B X ORENED L, 7220 OIXZE5BEROEIC LV
T 5.
3) MO T, Soot DE &L AREKRDOND LNy NEL 20, REEENEL /25—,
BAERNTIZIFIERZE L 720, Soot DEER LOAEMEDO B — 7 ik MO O 3MEL 725,
Fiz, TRTOBEHIEB T Soot DEL=RITIZIERETH S.
4) FREHIB T HRNIRE SN D, MO T, 73 1y MNEFHZ L 2RBETIX L ViR
FEPMEL, AL VRBECIIEIERS LB S D, Fiz, SREHTB WO TR BERE O
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AHER A & B

Rid
N
i

ZEMIFEE RN L2 LY, NOx OFEHICIFIZ E A EED W,

5) Soot AEFLDENZAIZL Y, Soot (FEA R BLORT OF ¥ B 7 bR L,
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EWSE B W

RETIIANAFT 4 — BV ERAWTT ¢ — BB OBREE & Pe T AFstElc o, &E
BREQICIRA Lo/ R &, BUEfTIC X VB oMz ER L TRime 5 L L b, 4
% OWFFERRERCHUR & B F Z T2 RRIEIC OV TR S,

51 HBoni-amRLoBE

HIERIR B LSO BB OB REME L TR Y, NA 47 1+ —EL (BDF) 171 —F
N OIS LTEMARETH Y, CO, RHHBEOMSIRIKE LTHARE S
TW5. RIFRICBNTIE, Yy ha 7y bl Sy BDF SRR E E LT,
FRLEND Z EEZBELT, ZNEHWEEREOT 4 —EBx ¥ ORRBEREE & HEH T
ADOREIZRFTEELFERICIOMAAE L. £, HEY I —varE T ML
TENS ORMEA I L, PR A%t 4% 8 L T BDF 2 G FIH T 5720 D BARRy 7 —
VO A D Z L EARMEO R ET 5.

BHFRE 221 ES 4 KA DORET 4 — Bz DU 2 ANT, ARCKTEA STV
FMHEDFETE— FICBWTHEMABENBWRERN T U U EERR M2 0RIC, &
Cooled EGR, Z M, & EM s L OVPCCIRBEIZ I\ T, BDF OFEHIC K 2 BRBEREE
B X O AT AR B 2 5 58 2 ERAVICIRA L.

F7T, SERFEEL J40, MO40 & MO100) % HVWizia, Sl W TT 1« —
B U E UTRE SIS COFEEN R Th o2, BERMIZIE, M
v MESHZ L > TRBEARET 5 Z L3 TE, NOx OHEHEAHERF L7223 5 Soot DHEH
BEKIBEBCE D Z L &MR LT-. £72, PN IIEPEESEE OZM:T DI00 &1FIE—E
L, MRSt TR L, TN TORMTBO TR/ E <72, SOF i3I
DONTIE, WTIOBEHRRE LTORRBEOBBI N L2l Th 5 ZEEM BT L. &
DT, BFREHZ L v RE (BSEC) Z A b ST, RIS OHEH & DA ATRE 7R
ZEERLI.

WIZ, WTROBRELS, FEEESHIZ LD Soot DHEHENKIFIZH S —F7, NOx HEHH &
DHEMZFE, GEFMEITIT D100 2 EES NOx SN D Z &nmmotz. Fiz,
e — R (CRSRIRE<S0nm) T PN (W THOREL HIZIZRSETH L7, SEE

e
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— RAEI (SOnm<*P-EJRiFE<100nm) T PN X, MO40 D37 725 T\ 5 Z & A3fk
W, F, WIS RIRE NS 203 H 0, REDOE(LRFED b7,

GERFIREICIE D100 & X, £ & Cooled EGR O FIZ &V, Soot DPEHZMZ 7285
NOx OIJAFIRE L 72 o7=.  F7z, PM HEifE L PN @ EGR (2 X 22k A]1E D100
CIFEFEFETHY, m EGR ROLKMTIE, HE— FEETO PNIEIDI0 LV %< 725 —
Ji, BT — REEITO PN W07 7e b Z &Mool 728, DI00 £V bR O
PRIV U TRBERI R 23 ) L9 57280, BREOWHELRIFFICER TE 5 2 LR S
7.

E I, BEEFIREITIEL, PCCIHRBEIZ XV, NOx OHEHZHMEFT5 & & HIZ, Soot D
PR KIBIARIR S LD 728, WSEL T 5 2 &1L 0 Pl AR & R - BR s ook
BRI THD Z EBHAL IR 5T, £, PN & PM O FEERRIZOWTE, Wih
DPREF AR L, SOF plisy bIRIT 2 2 & 3 Esd STz,

R - TS A BT D ERERNICHERN LIRS R 2 @ T A A T2 k0 Bl
L7z, ZOFER, SMBBEOEMICLY, XTOLRMBICE W TEZERERRNE < 72
D, ARMESE TSR AN 720, SEESTICERVT D100 SIRIXRFICR D 2 L
o

UEDZ &2k, @ BDFIRGRIZEBWT, BFEMT + —E /> P U~ DS ATRE
L72Y, 1w EGR B L MEMHEDORIFIZT 5 2 LT, I bRENSE S, HEH
TAMELS D Z ERHA LN oT. Fe, TO XD 7RFREIZ K > T PCCI ABED F
BbAle L e o7e.

2D X O IR EHHER A BRI 572, BDF OBRBESISET WIZ X D 0 IRt D1k
FREMOS T — R HWT, U U ARDIRE, £, (WFREREFITS—Td 5 LRE
LU CRRBESUG R 24TV, BDF &M ORRBERF S KX ORI AR ORI &2 3K 72 %
DR, BERFENE D100 XV bAREFIR CTORKENANE L ELS 20, KRR
REIND O EHEREIN. BIRERICB W TE, WTINoOBREI O KiEN HIFIE R %
THY, PIEIEMT 2 &E&KBAUPEL 2D, BB OB 72 < 70 28 2558
L.

ZORERNG, KO FRAKEMENGEAETIT O S vy MEFHT LY, FERRRECIX
BRPRED, KOFEAKENEWVERBEIZI W TIRENC L 280N )R EREE
DIHAENS. WTFNoBRES, YELOBINC X > TEXBRAEL 20, WIEfEKT
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(X, & KENDOZALEN D2 T2, BRBHH OEW DR D 72 < 72 % — 77, IRIRFEIC B W T,
BHEFBEHZ BN TE LSBT 5. e, BBIEREHIBOW T, &R NSLRD
&, RIRFEBICB W TITEKREANR 20, SRRSO I m< 720, 1000K
AT ICRNT, BERKENSIZERE L o7, SR 1 A% ORESBEKRRE IO TN
OEREL B IZIERE Thd 5203, @2 & HLER T, MO100 OZRFIEE)S D100 LV @i
WK ZIRE DR TR R b7z, MO O¥E, D100 (2& Y, Soot 23 &V @&V EEEHET
AL, MO40 I8\ TIE, Soot 728 2 DOFHIKCAERT 5. F7z, BEIOMEICE ST
NOx OAERSEIEANF & A EZEL L2 Z L 235072, D100 DK %A Soot & NOx DA
R AR 2 @iE 3 5 —F7, MO T, k228 Soot DA RLEIKICHEIE LRV Z Lk, KV
G 2 IRV T Soot DPEHAD N LRI TE 5.

F7o, BHE - L LT SN HE T UV BDF OMEERMEZ5bc& 5
£ 9 BDF OMFEBIZEOR R A AW TEIE L, FRIHKIRE 900 K OmiRSM 4 Tl & LT
SHREL D5y T T VERCADRE UTo. BRORHES S R O ity & 2R B3 P L T
B C oM RSB C DUV TRRET L72/E R, BIRBHZI81T 2 MBI 3 2 m 3
HHETZ LN TE.

BT, 3RITOEMEFART I = L —3 2 12K Y BDF ORREE - PEH 0 AREMEE B 5 )
2L, BigGan Soot BT LA HWTZ U VU BREEEEN O Soot DARKIS L ORILD X 1 =
RLEFRRT LT, TOHPREE AR 5 72 DI LB SN DIREGRIBROBEEIZ SN TELE
7z.

ET, BREHZRWT, BRBEET), BEA%E XU Soot DHEH B FHREIL LA & 1%
FE—ET 52 L 2R L, MO TIX, 7 =y MEEHIC X W BREEMEES L, MO DRES
AN & L BT Soot DHEHEN AT 5 &) REROMEM BT 5 Z LN T 2.

WIZ, MO OFERIZL Y, K5 KL ORIBENEA L, K20 % s X ORIRITZER
WEFEOBEIZ X VAT 26M203H 0, Soot DE/EEAREONLE LRV RiELS 720,
713 Soot DEE L AERRRO B — 7 EHPMELS 705 T EBHER S L2, 7ok, TNTORENT
BT Soot DIEILENIZIXFETH 72,

F72, BEHCRT HRENIRE S OFFEE R, D, MO TiE/ A vy MEFIZ L D8
BEOPIMA R E 5 —J7, FABETIX d100 S IFIEFE CTHh o7 Fo, FBEHIBW TiE
PRBEREE DT e o7 2 212KV, NOx OHFHICITIZ & A EENR D> T,

BT, Soot DN DFERMELY, Soot lFEA MV BIORTOF ¥ T
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AERIDBAERK L, AF v aifihic kv v U EANORMINCBEEIT 58, BREFOEN
WK DEMILAERD o T2, Soot DARMGHFEIZE L TiE, ARS & CH, DEERSUGR
FORERESED ERIE L 720, ZTNODHET L1214, Soot DEE(LLUE DMEEER N T
DXEI RN & 72D Z & R Sz,

LI EORERERM D, BDF OFEFIZEE D Soot DK A 1 = X L EfRIA$ 5 Z LN TE,
NOx OHEHEEM L7 Z & AR S iz,

52 SROFBE

52.1 AHRIZBWTOHRE

ABFFEIZBN T, @\ BDF IRARCTREROT  —E NV r 2 ilifind 5 2 L 3 alkE
R EDHER S, H EGR =R & ARMISE DS TR TOMRBE A S L, AR HEH AT A
DI S AIRE7 2 E R B of=. L L2, BDF OEY ANE WD, KVIK
WERBEIRE BT, BDF ORHEB L ONTHL, 4 P27 X —DEODFEE Y OJFK &
ROMENREIND. ZORKE LT, RETIIT DU E RO T, JIS#H2 il
IZ X BEEEEIT-> CED X D RN A U220 K 28070, 2 OxREITBEN TR
WOT, MOMBRREBRT DUERD L.

72, BDFOFEETHLY ¥ v hr 7 7 3EmTh o, AERICEWTIHET 5%
ERHDHTD, ZAUTE>Ta A MREINL, EEOEEELR D Z ENBEIND. £72,
B2 EMEIC D\ T, AWFSE T il L 72 BDF 135845 /K (L L 7= & 'l BDEV T 5 729,
PAER ORGBIZ B O T HIREHER OBIIT R LT, S KBTI BT I3A A 22071k
THHAIM, TIUED 2 X FO¥IAMEE > TnWD. EHELLTE, Yrv v b
77 7 76 BDF Z i L7 O ORI IS X - Tl &2 4 LT, 2k L L TR/
FEEERT 200 HaRatd & chsr ) 2.

i - EE O E AR AP U7 BREE S O FIHMEIEERIC KV, R 900 K @ il dk
gl & U TR EE T /ICEIT 2 B A RE LT, BREFE SR IRt O s
& AIE DIV L 7 W) C oM i BERBE S DWW TR D 2 & T, HBEHIRIT D
WIS AN CTE . L LR D, MEOERKMOBIENFEHT HI2I13E
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L— P —FEEGEQLIF ) AZEAT 5 2 & T, MRS TOMFEORTHHEZBIE L, HRE
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TNERT HULERS .

72, 3 WIEOKERIKY 2 2 L—3 9 12k W BDF OBREE « PEH T A Reik: & fifhr L,
B Soot €T /L& FAWT I VU fRINGD Soot DA L OE(LD A J1 = X 1 % fiR At
INTET. L LMD, ABFFECHMA L7z KIVA-3V 22— R T, HRREHS X 53R
a— RKERoTWAHTw, IRABEHI B W TRBICEARARIE & UE LT, IRAED
CHMEERE RS 5 EOSRE T, ZHUC K Y, 2 FEOBREIORAIZONT
Ty ab—va URFREE IR o ey, ENLL DL DREHEG 3 #E L <, %512, BDF
DT RXTOETDET MGITEEL <, 7z, BEIOREICIW T HREHH O BEAEH 2 E
BLRTNE RS20, A1k, ZRREIOMEARAATREZR KIVA-4 =— FZ AL,
Lo DB TRDVER D D.

5.2.2 BDF O XIZBI¥ 5RRE

KT TUE, BRRREFES LAWYy br 7 7 2L EL7- BDF ICTER L TilF%E%
ITole. ARUFFRIE, IST & JICAIC LD AARE X A OIL[FEIFE FERIER A 4~ A Dk
REHE AR BT (2009 ££~2014 4F) OBEDO B L L TITObI I bDTH L. ZD7
mY =7 T, #A TBDF Z W RBEETHRATO, Yy bu 7 rinbiEbhic
BDF ZiRG L7277 4 — B /VREHC B W CTEBFEEA FEETH Y, = ¥ DAL &I
WENMIEAERNZ ERHR S,

L L7ed b, ARBFFRICHE A STV 5 BDF (XRIEHM A & <, 208 &M 7= > T
BEGIC L - CTHAIZ TIFARERDHDH. Fo, BELT IS, FETHLY Y hr7
7 BIRDOHEFHNLEE L 72 578, R EEICE W TH AMEEOEIMERICH 5720, Vv
N7 7 DRSS OIRAL & AEEIC LY, AMEROIFINEEN TS, S b,
Ty MR Ty ORI AR E G HRBREA~ORELRHAET L & b EERRE L

e TV A,
53 WrROEENE
531 kZ MR ERIE L TORHA
Tk, BEVEHAO AR OISR EAENRE SN D720, AimEEsE X, EHil

NOESIRLTT 4 — BN = O HOBIMAERET S V2 LR EN TS, Ll
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N, ZTOLINZ U TEEINBRMITE X ANMELS, FEBRESPEZL D60 LT
WEND., 2L - T, BERKENDELS RDTZDTIRAEHIZRBEEL 72D, Soot DHEHI A
BT 5, ARBRESy (CO, THC 72 &) & NOx OHFHEDIINT %k, #RE) - BEE O
BEALSBEE 2D AEERN H D, 22T, BX iz R ESETED L D 72¥E 2T
D12, BOy iR L5, <, In>% OBGHRA S DR 2 (R~ 2 il 7 /L 2L (EHN)

Nk 2 AfE Al E UTEBREHZIREG L TEEH S TV D, ZORISA T =X LEK 5.1 12

Y,

Thermal Decomposition 2-ethyl-hexyl-nitrate

/\/\CO-NOZ /\/\CO- . NOS

0.
NN —— /A ¢ HeH
lts Contribution to Fuel Oxidation
02

NN AN :><:RH
NN .

RH + NO2 —» R + HNO2
HNO2 + Oz —— HO2- + NO2
HNO2 — OH + NO

5.1 EHN OFJG A=A LD

EHN I3, & BN 2 50 S 2 i, ERNZEN TN D720 NOx O ES L,
Fio, HKENDEMERSEELE 72D, Soot OIMFNITER S RWVEHRAH D, Tk L
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UL ED TGRS, BDF I3t # Afm EAlE LTOAMRZ L3mmoTz. Ll
ND, —RENCE Z A BRI B TR KENOERT 28R 2T 5 2 Lidifr S
N5bDOTH DM, ZIZTiE, BDF # 40%F TIRAT 5 Z & THERG LN, 41T,
EOREDRAGEIGD BDF T AGOR EVRPEOND 0% S HIZFEMICHET S
VENDD.
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-0-D100 =CFCN45 =& CN50+MO =0O~CN50+EHN

=
2
S 12
=
210
n
m
8 ‘
1 2 3 4 5 6 7
Condition No.

5.4 HBREFOIRE

5.3.2 K VIBEVSA ZRELOFI I B 2 3l F & ORESL

AWZEZRBNTIE, ¥ hr 77 bfEbiLz BDF x4 s LTE DR R4 FH L7z
n, A1k, Fricefiimi» S BDF MELND Z e b TFHIEND. B, OV,
aa b, RHIYMARERFETOND., LT XTOFREHIR L T v 03
BREAT D IR FME A NRKELRD., 22T, AKFRICE DI BDF OBRBER
ISET NERWT, TORBEERRE &P AR EEZ TRIL, ZICESW T Y TR
DFEZNT, 63 P UMl ofE 2179 2 & T, B = X b LI O HIE
DHREIZR D HDEEZI LS.

54 FL¥

A B OMERRE LA EI O R R 72 EORBEISH ST 5720, " AT 4 —BLaef
BRI % 720 DITER S % bIFRLITATON D b D EFREND . AHFIEIZ L0 RS
SIS FT 4 — BB RIET T P DORRBE « ST AR~ DB E 2R+ 5 =
& T, COp EHDIEIL & PEH T A DI FE T2 b0 L s D, fkiE, A 47
A —BLVOMEREBOEMNERL, 71—z Yro—j@odkkdbzEZR Lz
T, A&t 2 AR A~OW & o TRHMEM RN Y, BHET AT =Bz
DHFFEBHFENMEE ST, RXBREEOUEIZORNB D ZENEEND.
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G A

+  &A

KA1 wiCERE IR

BUERT EE
E2xi ECDY PTW - DAD
R i 2 S E

i P [l dis 25 700 - 8000 rpm
ZERIMAIK 100L / min
HHKIES 0.047 MPa
A HIKIR EE 32 C

F A2 RENTEE

BLERT NS
B PG AR
jiZ=N FP-2140H
T P 03-120L/h
HI7E P RERRER YV, W, KT, ONS A R VEBD I
Ko +0.2 %
B /NG PRRE 0.01 mL
(CIEE S FNES 980 kPa
ot FH VL ki A 0-65C
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it

gk A

K A3 B ER N

REPT /NI
E2xi) &G

B FM-1500
US| 0-10s
KL +0.2 %

ot UL AR 0-100°C
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G A

FA4 VT EAREEE Y —

& T w1 AF
A P7D
JESEE— K ZIE(P T A4 V)
FA UIES -1~70 kgf/cm®
(1) 0~ 70mmAq (12)0 ~5000 mmAq
2) 0~ 100 (13) 0 ~ 500 mmHg
(3) 0~ 150 » (14)0 ~ 760
4 0 ~ 200 (15)0 ~1000 »
(5) 0 ~ 350 » (16) 0 ~ 2 kgf/em’
Ehvoy 6) 0~ 500 7 (17)0 ~35 »
(7) 0 ~ 700 (18)0 ~ 7
(8) 0 ~1000 (19)0 ~10 »
(9) 0 ~1500 (20)0 ~15
(10)0 ~ 2000 » 21)0 ~20 »
(11)0 ~ 3500 (22)0 ~35
GiRASIOPNEA EHL Yo%
FEEGEERRME+E AT ) 2 R) +1 %FS BSL
TR BRI +0.05 %FS/'C
i Al A s 26 CT~74 C
i FH R HE R R P -40 C~120 °C
XA Y7 T LEAREK (1) L > 22T 2000 Hz
JE 25 M 20 MV/V/FS J£ 7
BA Y7 T DG 17 —4PH 27 > L A4l
£ 1R FE 65 mm’
JE AR 5 mm’/FS
D= 7 — 70 mmAq > ¥ 0.2 %FS/g LA
Yo —EE 450 g
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G A

FAS VUTUEARGEE Y Y — HEE

RERT =] AT
BTy DPR-7
TELARE A Z 7 Z 2B - HARE £0.5 %L
JEBBOEE DC~1kHz +5%
o 7V E 2.5 [A/ %
T s +0.2 Y%omi A4 HL Y il
i 0~10 VFS/FS /) HZ#&HT 100 QLT

F A6 BT ERT

RET GIREos
itV LFE-150B
TE K i BT T A 0-150 L/ sec
e R ) E P 225 L/ sec
72T (EREIR) # 0.65 kPa
ZEE (B K& IRF) #) 1kPa

F AT UV UHEH AIEER

BERT Y S A E T
I MEXA-1500DEGR
S THE 570 (W)X 710 (D)X 1980 (H) mm
HE #7200 kg
IR AC100 £ 10% 50/60 Hz & 0.5 Hz
JEIPHIREE, I 5~35 C, FHAHEE 80%LL T
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G A

#* A8 HBH AP T AR

HIE RSy CO/CO, THC/NOx 0,
eV AIA-240 FCA-246 IMA-24X
HIE J7 14 NDIR FID, CLD gAUER
LUK 2 2 4 2
T E i PR 0-1/16 | 0-8/16 0 — 50000 ppm 0-10/25
vol. % vol. % 0 — 5000 ppm vol. %
FRELME TV A=K LT E1%EN

FAY T T KD

BLERT INEF B
H) v 254 1 P/R, 360, 720, 3600 P/R
[l 25 i A 0~15000 r/min
fif IR LG 0~120 C
=7 W7 7 ANRN=Tr =T
R CP-5900
i A ST KM 500 m/st , AT A A 250 mys?

FALI0 7T 0T T IVESHEIES:

BT AN BB

UtE:v CP-6000A
[ELARIE A By BB - HRE £0.5 %L

S B TR K 300 Hz
it FH LS 0-40 C
KA Tu—TFI3 77X H—
BLERT KISTLER
LY 6535Q306
i FHET 250 bar
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i BkA
#AL12 FHHNEESY
RERT KISTLER
LLEaV 6055Csp120
TE ) i P 0 — 250 bar
KT 300 bar
5 BE 20 pC/bar LA F
DS JE AR 130 kPa
fif RS -20-350 C
KA Fy—vTF
SERr KISTLER
A 5011
IS JE A 0 —300 kHz
it L 0-50C
7% A.14 LabVIEW
ERT National Instruments
ey Lab VIEWS.0
A SR Y Z k
#A15 E\Ex
ReERT CHINO
e >— ANt
UiEy TA, KA
P BR L i T #1300 C, K% 650 C
FAl6 JESIE
REPT REEHER
FiE F A NVIESE
ULEY GC61
JE 74t -0.1-0.5 MPa
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it

gk A

FALT IREETHESS
RERT CHINO

ity LT230

FiE INRIF D 2 Ve R e

TR 7 i -199.9 —400 °C
FhEE W EFPH D £0.25%
B T E 0.5 sec
il IR EE -10-50 °C
FUEL HEATER

PRESSURE
LIMITER VALVE
(Built into the

|l fuel rail)

FUEL FUEL
FEED RETURN
PIPE PIPE
<A
FUEL TANK

X A.1

FUEL PUMP

FILTER

To INJECTOR

From INJECTOR FUEL RAIL \

INJECTOR
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> LOW PRESSURE
= HIGH PRESSURE
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G A

TURBOCHARGER ggg&ﬁgﬂazﬂl
NTROI

CHECK VALVE SOLENOID VALVE

VACUUM PUMP

INTAKE MANIFOLD
RUNNER CONTROL (IMRC)
SOLENCID VALVE

EXHALUST GAS
RECIRCULATION
COOLER BYPASS
CONTROL SOLENOID
VALVE

T
EXHAUST GAS
RECIRCULATION (EGR)
ml\l"::lﬂl. SOLENOID

&
e

o ; -
\\g‘,. ==
EXHAUST GAS
RECIRCULATION (EGR)
VALVE

>

FRONT OF INTAKE MANIFOLD RUNNER
VEHICLE CONTROL {IMRC) WALVE

EXHAUST GAS
RECIRCULATION (EGR]
COOLER BYPASS VALVE

Intake manifold runner control Exhaust gas temperature
(EGT) sensor

'IHEHIMISTDH
/

Warm up catalytic converter

Turbocharger boost
control solenoid valve

SENSOR

EXHAUST ‘

7 Diesel particulate
s Diesel particulate filter (DPF) filter (DPF)
differential pressure sensor

ATMOSPHERE N

TOTALMAT
T

TERMINAL

A3 BFET Y AR
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G A

Fuel heater Fuel rail pressure (FRP) sensor  Output shaft
e (countershaft) speed

Sensor M;Imun |

% i
SENSOR ELEMENT B —————

FUEL HEATER 2= »
HOUSING E o T PTC ELEMENT

FUEL FILTER

Fuel pump o-Ring

Camshaft position
(CMP) sensor

TERMINAL

Fuel injector W“\"\W \

Crankshaft position
(CKP) sensor

Fuel temperature sensor

FUEL FILTER

THEAMISTOR TERMINAL
ff’
Fuel filter water “~ pusaan
/ G level switch
O-JF;NG e T POLE PIECE
M A4 BFET Y
Glow relay control cxven Manifold absolute pressure
HI

(MAP) sensor / Intake air
temperature (IAT) sensor 2

TERMINAL

MAP SENSOR
ROUND PLUG

Engine coolant temperature
(ECT) sensors 1

TEAMINAL SEALRING

Mass air flow (MAF) sensor /
Intake air temperature (IAT)
sensor 1

—
HOT WIRE IAT SENSOR 1

X A5 KT Y UE
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fF B

f+ &B

B.1 BREEHEIA

a) fRPNET O IE
JEA® Y OO AFTEORAHEIIRIZ L D/ A X2 572018, UToRIZL -

TIENEEEZMIET 5.
20 e+ (02,0 )
w [0}
Pg: FHHIET
P, fHIEENIZIESN
o 1 ZRRIITIURER S O A
¢ 0 ZIRBITPMBERE S O MR R

I, ok 1IXB2), (B3), BA) Lo THHTES.

=2 (B.2)
1-¢7°
Ol _ 1 (B.3)
o 1+ 7
fl

1 1
T

wo:  —RIEHR A
a: ENEMR

VAL EEF
M, —AEEIRIEL

T
i

r

2
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fF B

b) KAEKIIE

FEEREFZBIT A RS L LT, KL - FERIRFE - IR ERIEE 2 EBRBALAIFICHIE L=, =
AUH L, PR T RZARDEOFHBEIZHNWS.

F9°, MEKREET, XV fafnkRKmEakd 5.

L ex;{Bxln(Tw)+29:(E e )}

" 1333?3 [mmHe] (B-5)
=L, B= —12.150799 F5= —1.1460454E—8
FO= —8499.22 F6=+2.1701289E— 11
FI= —7423.1865 F7= —3.610258E— 15
F2=496.1635147 F8=+3.8504519E— 18
F3=+2.4917646E—2 F9= —14317E—21

F4= —13160119E—5
Kh DR THEHRE TH 5.
WIT, KREEP,, FCEKRET, FAR/KEREDE LY KRR EP, 2 RD .

I%:&W__OiD%?J% [mmHg] (B.6)
REIEDPATENAKRELRDIEP, & — IR AZEL (ITR) T OKELDOEEEE Camno
ERDD.
Coi2o = ;}xloo [%] (B.7)
o) K/RbNY T, @ [Nem]
7,= IMEPxV, x1000 B8)
4dx
IMEP D U ARNE  [kPa)
v D ATRRAFE [m’]
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fF B

d KFEHA L o kW]

L- T, xN,x2xrx (B.9)
60x1000

N, : BRI [rpm)

e) KXURAEHHEZR ISFC : [g/kWh]

3600x<m,
ISFC= —— 1 (B.10)
my: PREHAE & [g/sec]
) efEEeE 0, : kW]
0, - H, xm; B.11)
" 1000 '
H, DB O R 43092.0 [kJ/kg]
o BUREGE g (%]
no = Li s100 (B.12)
h) 1Y BERRAZE K E  gairth : [g/sec]
gairth = Vix Nexdensity wet airx 10C (B.13)
2x 60
density wet_air : %Y Z2KOEE  [kg/m’]
h h
Press 101.325- umxps —umxps
density_wet_air = 76OR ( 2713 {)5) + R 100 (B.14)
ax\temp x 215. 0 (temp x 273.15)
H,0
R, : ZEXRDH AT 0.28704 [kJ/kgK]
Ry : —WHAERK 8.3143 [kJ/kmolK]
My KON r+& 18.016 [kg/kmol]
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fF B

= nairth

) W& MR [g/(sec-cyl)]

, M,, fc d MF ¢ d MF h d
nairth = X = X ==+ == (B.15)
MF o, a |cyl num M. 2xM,,
MF c d : B S £ 5 IRFEOEEES 0.8610
MF h d: BHIZEENDKFEOEEES 0.1380
MF o0, a:  FEZER[PICBIToBEOEREREG 02314
M, PRSE D5y T & 31.999  [kg/kmol]
Mo, FesE Dy & 12.011 [kg/kmol]
M), KFEDGF & 2.016 [kg/kmol]
j) WMAZERE  gair [g/sec] , gair st [mg/st]
gair = 2.3399xccxin_delta p (B.16)
in_delta_p JE R E A L A HEE [mmAq]
gair st - gair x60x1000x 2 (B.17)
Nexcyl num
k) ZERGEEE A
= & (B.18)
(1+ x) x nairth
X et i
MHZO hum
X ps
M, 100
T ress hum (B.19)
p 101325~ "7 bs
76 00
M ZERDN oy & 28.97 [kg/kmol]
) BREHE g [%]
n o= 2 %100 (B.20)
e gairth
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fF B

m) VU UXEE V(n)

VU U HER BBEERR) Vi)l RAUTEY

0 =D _deg — BIDC deg)- %)

2
L(n) = (%Hj —Ay? —%605(‘9“0)—\/12 —(—%Sin(9+‘/’)+4‘7j

Vin) = é%Bz(L(n)+-ii—j [m’] ,

e—1

fiFHE

TEITkRD%.

(B.21)

(B.22)

2
[m] (B.23)

0 = n < datanum—1 (B.24)

XB.1 ¥V v XM
BTDC deg: [E/17 — 2B E A b ALE & FALSNEDOAE  [deg.]

D _deg: M fERE  [deg.]
B: 7% [m]

Ay : A 7% v h(Deltar)

S: A b1 —7 F(Stroke)

I: =21y FE(Conrod)

L: YA N BEE

[m]
[m]
[m]
[m]

datanum : VA 7NV HT-0 OF— 2K
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fF B

n) PEAEE  dQ/dO (RHR) : [J/deg)
BIEAERAQIAOILL T ORIZ LV FHHET 5.
dQ =dQ, + d0, (B.25)
dQ,: BEY A 97— n-1, nlORBERIN T 2125 2 bz &
dQ,: BEY & 57— n-1, nfE] OBRBESE T A PRBEEREIZ KT 5 BLE

2T, dQ, dOJEEI T D L STk 5.

dQ.(n) = (V(n)-dP(n)+ K(n)-P(n)-dV(n)) [J/deg] (B.26)

K(n)-1

K(n) :n A7 v 7 ToOHELL

V(n) i n AT v 7 TOMRBESREZ R [m’]
dP(n) : n A7 v 7 CORNES LHFE [Pa/deg.]
P(n) :n A7 v 7 TORNES [Pa]

dV(n) : n AT v 7 T ORRBEE B FEE L [m’/deg.]

d0,, = 4.18605 ((

6-N,-3600 AQ,ig +deisl)‘Sw1(”)‘(T("—l)—Twl) [J/deg.]

+(deig +deish)'Swh : (T(n_l)_Twh)
+(dQ,s + 0, ) Sy - (T(n-1)-T,,)) (B.27)

0) BIEARE Q)
BIEAEREQO)IE, RAUTK W SMREZ LIk 5.

BABET R B R R ORI DT —

Om) = Q(n-1)  [J], 0 = n < Cyam (B.28)
RBEE BRIGHENOT — &
Q(n) >0D & x .
QO(n) = Q(n-1) + dO(n) * D deg  [J], 0 = n = Cou (B.29)
Om) =0D&x
Q(n) = Q(n-1) [J] (B.30)
BBEEERIGHK T ROBRDT =4
Om) = Q(Cea) [, n > Cena (B.31)

D _deg : 53 fiRRE [deg.]
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fF B

Coar » RIEE BRSPS T — 2 /5

Cona: WIHEEBERIGK TRT —2FE
XOPRBEE BRIGBLA R, RBEE BRI T A

BRBEE EEIG MR (FRIOAR) 1R AERION B KEAQ MAX)> D IE~REE L, 3

WA FEFHELTOLLTOMEE RS T RFO AL DIEDIED 7 7 o 7 HEE L, ZOHRD
RIDRA > MIBBEE EEIS 0% L 72 5. BREEEREEIGK TR (FROBR) 1384
dAOQMW 3 HRA LV FNEFE LT OLLFOMEE RS TR ORBEDIEDIED 7 Z 7 ABEL L, =
D RITRBEE BEIG 100%DOFRA > h D,

dQ
< MAX
A B
Y
T7.D.C \\4-/( o

XB.2 RBEEIE

p) BEEEEES X0
PREEE EEIAX0)1E, RAUTEV HMEREZ LTk 5.

x0 = 2000 %), 0 = n < datanum (B.32)

Q: BusARE (1]
Omar : WKRBEAERE [J]
datanum : A 7 I)VHT- 0 OF— 2K

B.2 BT ABOFHESE

BREHEH T AR OHEHIERI, BT - ERKEREEE ORZILEE D - SR RS0
(ZREH S R4l EEEMPEE T X ORJE T EORRIE A S BRI L2 LITIiCE o
Tk
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fF B

a) WRBREDOKRKEM
1) FRARKE DR
RERGMAREOFFEITH O DR AGER, RAUTL VKD D,

Ps=Pa—Pw (B.33)
P s : BRI R AT (kPa)
P a : BN ASRIE (kPa)
Pw : iBR=E KA (kPa)

KZRREP w ORI, 18RI BRI 5+ O BRI K OB BRIR L 2 L, kel
FVRD%.

Pw=P e,—0.5(0,— 0,)X(P a/755) (B.34)
Pw : B NKARTE (kPa)
Pe, : 0,D8F/KERRE (kPa)
Pa : BREA KRG (kPa)
0, : B = N R BRI (K)
0, : R = N BRI RS (K)

7E, FFKARIEP eld, WRAUCKVEHTS. 2720, RphoiExhRE,
0 (K)=(tC+273.15 &% %.
1 n(Pe )=—6096.9385X(0) '+21.2409642
—2.711193X 102X (0)

+1.673952X 10X (6 )?

+2.433502X 1 n(0) (B.35)
Pe =PeXI10’ (B.36)

0 : BAFIZKZR UL & 2R 80 2 I EE (K)

Pe D BLER OB ERIREE (280 2 fafik K &JE  (kPa)

MERHREH a 1%, kAUTL VKD D.
Ha=62XPw/P s (B.37)
Ha : PRBR R N ST (g/kg)
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fF B

Ps R BRENTERERSE (kPa)
Pw B NAKARTE (kPa)

2) KRN

BIESNFzmy PV RAERIRET a ROMOHE £ 0 R BRTHERGIEP s
ZHV, LT O Ko TROTZRKRRMFREOME, F 2309684 F, 1.06LLT TR ide
SYANAN

JEfE A KB T Y DA

1.5
0.7
T
99
F=|— x| &
Ps 298

(B.38)

b) HEHHA X EOFEHE T

AWFZETIE, PR A 2 EHEEEIC L > THET 5. DUTNICHRE T A & OFHR GiE%E
R

1) BRREHE 7 A R O I E
PEH T A EHAEEIC BV TE, IRBREB OB T A E & EQme w, 1 ZLLFIZ
RLHEIT D B THIET 5.

2RI ORI NS K D HE

1
Q =Q x| 14— B.39
mew, 1 ma w, 1X( A/Fs txﬂi\J ( )
Q maw, i : Hﬁﬁﬁlﬂj\%/iEEZﬁE (kg/s)
ASF : P22 (kg/kg)
L] : 14.61
4 : R ZE KR R =R

i

~1+0. 00475 xCO0O, 4,

L3t A
0. 07024 xCO,,.

i

C Oy, IAHEHIA 2 P OWMRIECRHII S 7= C O (%)

165



fF B

2) WA RRELE T 2550 COFEDOHH B R L

(a) TR AE~ DAL

Wl THIE L 72 C OF OIRESRIFIREE THIE S TWARWEEIZIE, BIFOHIEI
TR BB~ DB FARIK & 3R, (D)L IR S Nz R A C OE DR IZF T

O BAZEKEEE, BEHTENLRD D5

1.2439xHN&528.7ng
Ky=1- s a x1. 008 (B.40)
773. 4+1. 2439 xH, + 1!

x764. 4
G, : MAZKHEE  (kegh)
G : IREHR (kg /h)

H?}

H, : W AZERDOMERHEE (g/ke), RKDIF1H2.2.1(1)IZ

@ PEHT AREN RO D56

1
Ky= K 1. 008 B.41
w [1+L 9x0. 005xCO, “”jx (B4D
_ 1. 608xH,
Y2 1000+1. 608xH,
COsq : AT A DEZERIRTED C O, (%)
(b) CODHEHE
i=n 1
coO 0. 000966 xCO x— B.42
masle1 X conec, %Qmew, le ( )
Qmew, i : WERREHE T A B (kg/s)
CO,uss D E— REROCODHPEHE (g/test)
0.000966 . CODE L (g/kg)
CO.cone. i CHEH A A O CODOBIFEE  (ppm)
f - TR E JE (Hz)
n LT — A DK
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fF B

(¢) THC OHEH &

1 =n

THC,,, . 5220. 000480 xTHC, ;. ¥Qmew, ix% (B.43)
i=1

TH Cma s 's : T— F/i\ﬁg@THC@ﬁFm% (g/test)

0.000480 - THCOE&H (g/kg)

THC . ,ne ; :HEHTAHOTHCOBRKEREE  (ppmC)

(d) NO x OHEH &

1 —n

NOX,, =2.0. 001587 xNOX., ., ¥Quew, *Kiup, ix% (B.44)
i=1
NO Xmass B ]\\\/j:}"ﬁ.g@NO X OD’EIE&% (g/test)
0.001587 - NO x D'E &Lt (g/kg)
NOX cone, i HEHATAFONO x OBRIFRE  (ppm)

£, Kup, (HBEMERETHY, KAUTLVKRD .

1
TP 1.0, 0182x(H,-10. 71)+0. 0045 x(T,-29 8) (B.45)

T, @ WAZETIR

£ (K)
H, : WAZEROMIHREE, KOG 1F2.2. 1)L 5.
() CO,DHEH L
i=n 1

CcO = 0. 001518 xCO X — B.46
Zmassizl X ZConc,¥QmeW, le ( )

C OZma s s B ]\“/ﬂé{zl‘(@C OZ@EH:H% (g/test)

0.001518 : CO,DEEL (g/kg)

COscone. i D YEHIH A D C O, DOBFIFIRE  (ppm)

PLEOX I VAR LZCOEDYH T AREZMTFRETHRTLIZLICLY, FHEHE
(kWh) %R 5.
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gk C

+  &C

RNV A B

k=AT " exp(-E/RT)

Reactions considered A n E UNIT

1 | C19H3602 02 = | C11H2202 + | C5H1002 C3H4 5.00E+11 0 30000 | CGS

2 | C11H2202 = | MP2D + | C7TH16 5.00E+11 | -0.6 30000 | CGS

3 | C14H28 02 = | C7TH8 + | CTH16 H20 1.00E+13 0 30000 | CGS

4 | C14H28 H20 = | C7TH16 + | 02 1.00E+13 0 30000 | CGS

5| C7TH16 02 = | HCO + | H20 5.00E+11 0 27500 | CGS

6 | CTH1402H 02 = | C7TH1404H 4.60E+11 0 0| CGS

7 | CTH1404H = | CTKET21 + | OH 2.97E+13 0 26700 | CGS

8 | CTKET21 = | C5H11CO + | CH20 OH 1.50E+16 0 44200 | CGS

9 | C7TH16 C7H7 = | C7TH15-1 + | CTH8 5.00E+12 0 0| CGS

10 | C7H16 C7H7 = | C7TH15-2 + | CTH8 5.00E+12 0 0| CGS
11 | C7TH16 C6H5 = | A1 + | C7TH15-1 1.00E+12 0 0| CGS
12 | C7H16 C6H5 =| A1 + | C7TH15-2 5.00E+11 0 0| CGS
13 | C7H16 02 = | C7TH15-1 + | HO2 1.50E+13 0 48810 | CGS
14 | C7H16 02 = | C7TH15-2 + | HO2 3.00E+14 0 47380 | CGS
15 | C7TH16 H = | C7TH15-1 + | H2 5.60E+07 2 7667 | CGS
16 | C7TH16 H = | C7TH15-2 + | H2 4.38E+07 2 4750 | CGS
17 | C7H16 OH = | C7H15-1 + | H20 8.61E+09 | 1.1 1815 | CGS
18 | C7TH16 OH = | C7TH15-2 + | H20 6.80E+09 | 1.3 690.5 | CGS
19 | C7H16 HO2 = | C7TH15-1 + | H202 8.00E+12 0 19300 | CGS
20 | C7H16 HO2 = | C7TH15-2 + | H202 1.00E+13 0 16950 | CGS
21 | C7TH16 = | C4H9 + | C3H7 3.40E+16 0 80710 | CGS
22 | C7TH16 = | C5H11 + | C2H5 3.40E+16 0 80710 | CGS
23 | C7H15-1 02 = | C7TH1502 2.00E+12 0 0| CGS
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24 | C7TH15-2 02 C7H1502 2.50E+12 0 0| CGS
25 | C7H1502 C7H1402H 5.00E+12 0 20380 | CGS
26 | C7TH1402H 02 C7H1404H 2.00E+11 0 0| CGS
27 | C7TH1404H C7KET21 + | OH 1.00E+11 0 23850 | CGS
28 | C7TKET21 C5H11CO + | CH20 OH 1.50E+16 0 42400 | CGS
29 | C5H11CHO 02 C5H11CO + | HO2 2.00E+13 | 0.5 42200 | CGS
30 | C5H11CHO OH C5H11CO + | H20 1.00E+13 0 0| CGS
31 | C5H11CHO H C5H11CO + | H2 4.00E+13 0 4200 | CGS
32 | C5H11CHO O C5H11CO + | OH 5.00E+12 0 1790 | CGS
33 | C5H11CHO HO2 C5H11CO + | H202 2.80E+12 0 13600 | CGS
34 | C5H11CHO CH3 C5H11CO + | CH4 1.70E+12 0 8440 | CGS
35 | C5H11CO C5H11 +| CO 1.00E+11 0 9600 | CGS
36 | C5H11 C2H5 + | C3H6 3.20E+13 0 28300 | CGS
37 | C7H15-1 C2H4 + | C5H11 2.50E+13 0 28810 | CGS
38 | C7H15-2 CH3 + | C6H12 3.00E+13 0 29800 | CGS
39 | C6H12 C3H7 + | C3H5 1.00E+16 0 68000 | CGS
40 | C6H12 C3H6 + | C3H6 1.00E+16 0 68000 | CGS
41 | C6H12 OH C5H11 + | CH20 1.00E+11 0 -4000 | CGS
42 | C6H12 O C5H11 + | HCO 1.00E+11 0 -1050 | CGS
43 | C7TH15-2 C4H9 + | C3H6 1.50E+13 0 28600 | CGS
44 | C7TH15-1 C7H15-2 2.00E+11 0 18050 | CGS
45 | C4H9 C3H6 + | CH3 7.36E+17 | -1.4 30230 | CGS
46 | C4H9 C2H5 + | C2H4 2.50E+13 0 28810 | CGS
47 | C3H7 C2H4 + | CH3 9.60E+13 0 30950 | CGS
48 | C3H7 C3H6 +|H 1.25E+14 0 36900 | CGS
49 | C3H7 CH3 C2H5 + | C2H5 1.90E+13 | -0.3 0 | CGS
50 | C3H7 02 C3H6 + | HO2 1.00E+12 0 4980 | CGS
51 | C3H7 H CH3 + | C2H5 4.06E+06 | 2.19 890 | CGS
52 | C3H6 C2H3 + | CH3 6.25E+15 0 85500 | CGS
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53 | C3H6 H C3H5 + | H2 5.00E+12 0 1500 | CGS
54 | C3H6 CH3 C3H5 + | CH4 9.00E+12 0 8480 | CGS
55 | C3H6 02 C3H5 + | HO2 4.00E+12 0 39900 | CGS
56 | C3H5 HO2 C2H3 + | CH20 OH 1.00E+12 0 0| CGS
57 | C3H5 H C3H4 + | H2 1.00E+13 0 0| CGS
58 | C3H5 02 CH3 + | CH20 Cco 4.00E+12 0 0| CGS
69 | C3H4 OH C2H3 + | CH20 1.00E+12 0 0| CGS
60 | C3H4 OH C2H4 + | HCO 1.00E+12 0 0| CGS
61 | C3H4 02 C3H3 + | HO2 4.00E+13 0 39160 | CGS
62 | CH30 CO CH3 + | CO2 1.57E+14 0 11800 | CGS
63 | CH30 H CH20 + | H2 2.00E+13 0 0| CGS
64 | CH30 H CH3 + | OH 1.00E+14 0 0| CGS
65 | CH30 OH CH20 + | H20 5.00E+12 0 0| CGS
66 | CH30 O CH20 + | OH 1.00E+13 0 0| CGS
67 | CH30 02 CH20 + | HO2 4.28E-13 | 7.6 -3530 | CGS
68 | CH30 CH20 +|H 3.00E+12 0 27420 | CGS
69 | C3H3 C3H3 A1 2.00E+12 0 0| CGS
70 | C4H5 C2H3 A1 + | H2 1.84E+13 0 7070 | CGS
71 | C7TH8 H A1 + | CH3 1.20E+12 0 5148 | CGS
72 | C7TH8 C6H5 C7H7 + | A1 2.10E+12 0 4400 | CGS
73 | C6H5CHO H A1 + | HCO 1.20E+13 0 5148 | CGS
74 | C6H5CHO C6H5 C6H5CO + | A1 7.01E+11 0 4400 | CGS
75 | C6H5CO HO2 C6H5 + | CO2 OH 2.00E+13 0 0 | CGS
76 | C6H5CO 02 C6H50 + | CO2 3.00E+11 0 2870 | CGS
77 | A1 02 C6H5 + | HO2 6.30E+13 0 60000 | CGS
78 | A1 OH C6H5 + | H20 1.60E+08 | 1.42 1450 | CGS
79 | C6H5 CH20 A1 + | HCO 1.75E+10 0 0 | CGS
80 | A1 O C6H5 + | OH 2.00E+13 0 14704 | CGS
81 | C6H5 H A1 2.20E+14 0 0 | CGS
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82 | CO + | OH CcO2 +|H 3.51E+07 | 1.3 70 | CGS
83 | CO +| 02 CO2 +]10 4.60E+13 0 41000 | CGS
84 | CO + | HO2 CO2 + | OH 1.50E+14 0 23650 | CGS
85| CO +10 M CO2 + (M 6.17E+14 0 3000 | CGS
86 | H2 +| 02 OH + | OH 1.70E+13 0 47780 | CGS
87 | H2 + | OH H20 +|H 1.17E+09 | 1.3 3626 | CGS
88| 0O + | OH 02 +|H 2.04E+14 | -04 0| CGS
89 | O + | H2 OH +|H 5.06E+04 | 2.7 6290 | CGS
0|0 + | OH M HO2 + (M 1.00E+16 0 0| CGS
91 | H + | 02 M HO2 + (M 3.61E+17 | -0.7 0| CGS
92 | OH + | HO2 H20 + ] 02 7.50E+12 0 0| CGS
93 | H + | HO2 OH + | OH 1.70E+14 0 874 | CGS
9410 + | HO2 02 + | OH 1.40E+13 0 1073 | CGS
95 | OH + | OH O + | H20 6.00E+08 | 1.3 0| CGS
96 | H +|H M H2 + (M 1.00E+18 -1 0| CGS
H2/0.0/ H20 /0.0/ CO2/0.0/
97 | H +|H H2 H2 + | H2 9.20E+16 | -0.6 0| CGS
98 | H +|H H20 H2 + | H20 6.00E+19 | -1.3 0| CGS
99 | H +|H CO2 H2 + | CO2 5.49E+20 -2 0| CGS
100 | H + | OH M H20 + (M 1.60E+22 -2 0| CGS
101 | H +10 M OH + (M 6.20E+16 | -0.6 0| CGS
102 | O +|0 M 02 +| M 1.89E+13 0 -1788 | CGS
103 | H + | HO2 H2 + | 02 1.25E+13 0 0 | CGS
104 | HO2 + | HO2 H202 + | 02 2.02E+12 0 0 | CGS
105 | H202 +| M OH + | OH 4.30E+16 0 45500 | CGS
106 | H202 +|H HO2 + | H2 1.60E+12 0 3800 | CGS
107 | H202 + | OH H20 + | HO2 1.00E+13 0 1800 | CGS
108 | H202 +|H H20 + | OH 1.00E+13 0 3590 | CGS
109 | H202 +10 H20 + | 02 8.40E+11 0 4260 | CGS
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110 | H202 +10 OH + | HO2 2.00E+13 0 5900 | CGS
111 | H2 + | HO2 H20 + | OH 6.50E+11 0 18800 | CGS
112 | CH20 +| 02 HCO + | HO2 1.00E+14 0 39000 | CGS
113 | CH20 + | HO2 HCO + | H202 3.00E+12 0 8000 | CGS
114 | CH20 + | CH3 HCO + | CH4 5.54E+03 | 2.81 5860 | CGS
115 | CH20 +|( M HCO +|H M 3.30E+16 0 81000 | CGS
116 | HCO + | HCO CH20 + | CO 3.01E+13 0 0| CGS
117 | HCO + | HCO CO +| CO H2 3.01E+13 0 0| CGS
118 | HCO + | OH H20 +| CO 3.00E+13 0 0| CGS
119 | HCO +|H H2 + | CO 1.19E+13 | 0.3 0| CGS
120 | HCO +|0 OH +| CO 3.00E+13 0 0| CGS
121 | HCO +|0 H + | CO2 3.00E+13 0 0| CGS
122 | HCO + | 02 HO2 + | CO 3.30E+13 | -0.4 0| CGS
123 | HCO +( M H +| CO M 1.87E+17 -1 17000 | CGS
124 | HCO + | HO2 CO2 + | OH H 3.00E+13 0 0| CGS
125 | CH4 + | 02 CH3 + | HO2 7.90E+13 0 56000 | CGS
126 | CH4 +|H CH3 + | H2 6.60E+08 | 1.6 10840 | CGS
127 | CH4 + | OH CH3 + | H20 1.60E+06 | 2.1 2460 | CGS
128 | CH4 +10 CH3 + | OH 1.02E+09 | 1.5 8604 | CGS
129 | CH4 + | HO2 CH3 + | H202 1.00E+13 0 18700 | CGS
130 | CH4 + | CH2 CH3 + | CH3 4.00E+12 0 -570 | CGS
131 | CH3 + | HCO CH4 +| CO 1.20E+14 0 0| CGS
132 | CH3 + | HCO CH20 + | CH2 3.00E+13 0 0 | CGS
133 | CH3 +|H CH4 1.90E+36 -7 9050 | CGS
134 | CH3 +|H CH2 + | H2 9.00E+13 0 15100 | CGS
135 | CH3 + | CH30 CH4 + | CH20 4.30E+14 0 0 | CGS
136 | CH3 + | CH3 C2H6 2.12E+16 -1 620 | CGS
137 | CH3 + | CH3 (+M) C2H6 (+M) 8.77E+16 | -1.2 654 | CGS

LOW / 1.400E+41

-7.030

2762.00/
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TROE/

.6190 73.20

1180.00 9999.00/

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.50/ CO2/2.0/ C2H6/3.0/

138 | CH3 CH3 C2H5 +|H 4.99E+12 | 041 10600 | CGS
139 | CH3 O CH20 +|H 8.00E+13 0 0| CGS
140 | CH3 OH CH2 + | H20 7.50E+06 2 5000 | CGS
141 | CH3 OH CH20 + | H2 4.00E+12 0 0| CGS
142 | CH3 CH2 C2H4 +|H 3.00E+13 0 -5670 | CGS
143 | CH3 HO2 CH30 + | OH 5.00E+13 0 0| CGS
144 | CH3 02 CH30 +10 4.67E+13 0 30000 | CGS
145 | CH3 02 CH20 + | OH 2.31E+12 0 20310 | CGS
146 | CH3 C2H4 CH4 + | C2H3 6.62E+00 | 3.7 9482 | CGS
147 | CH3 CH3 C2H4 + | H2 1.00E+15 0 31000 | CGS
148 | CH2 OH CH20 +|H 2.50E+13 0 0| CGS
149 | CH2 02 HCO + | OH 4.30E+10 0 -500 | CGS
150 | CH2 02 CO2 + | H2 6.90E+11 0 500 | CGS
151 | CH2 02 CcO + | H20 2.00E+10 0 -1000 | CGS
1562 | CH2 02 CH20 +10 5.00E+13 0 9000 | CGS
153 | CH2 02 CO2 +|H 1.60E+12 0 1000 | CGS
154 | CH2 02 CcO + | OH 8.60E+10 0 -500 | CGS
155 | CH2 CH2 C2H2 + | H2 1.20E+13 0 800 | CGS
156 | CH2 CH2 C2H2 +|H 1.20E+14 0 800 | CGS
157 | CH2 CO2 CH20 +| CO 1.00E+11 0 1000 | CGS
158 | C2H4 H C2H3 + | H2 1.10E+14 0 8500 | CGS
159 | C2H4 O CH3 + | HCO 1.60E+09 | 1.2 746 | CGS
160 | C2H4 O CH20 + | CH2 3.00E+04 | 1.88 180 | CGS
161 | C2H4 O C2H3 + | OH 1.51E+07 | 1.91 3790 | CGS
162 | C2H4 OH CH20 + | CH3 6.00E+13 0 960 | CGS
163 | C2H4 HO2 C2H3 + | H202 7.10E+11 0 17110 | CGS
164 | C2H4 OH C2H3 + | H20 6.02E+13 0 5955 | CGS
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165 | C2H4 M C2H2 + | H2 1.50E+15 0 55800 | CGS
166 | C2H4 M C2H3 +|H 2.60E+17 0 96570 | CGS
167 | C2H4 H C2H5 2.60E+43 | -9.3 52580 | CGS
168 | C2H6 02 C2H5 + | HO2 1.00E+13 0 48960 | CGS
169 | C2H5 02 C2H4 + | HO2 2.00E+10 0 -2200 | CGS
170 | C2H4 02 C2H3 + | HO2 4.20E+14 0 57590 | CGS
171 | C2H4 C2H4 C2H5 + | C2H3 5.00E+14 0 64700 | CGS
172 | C2H5 HO2 C2H4 + | H202 3.00E+11 0 0| CGS
173 | C2H2 02 HCO + | HCO 4.00E+12 0 28000 | CGS
174 | C2H2 O CH2 + | CO 1.02E+07 2 1900 | CGS
175 | C2H2 H C2H3 + (M 5.54E+12 0 2410 | CGS
176 | C2H3 H C2H2 + | H2 4.00E+13 0 0| CGS
177 | C2H3 02 CH20 + | HCO 4.00E+12 0 -250 | CGS
178 | C2H3 02 C2H2 + | HO2 1.34E+06 | 1.61 -384 | CGS
179 | C2H3 OH C2H2 + | H20 5.00E+12 0 0| CGS
180 | C2H3 CH2 C2H2 + | CH3 3.00E+13 0 0| CGS
181 | C2H3 HCO C2H4 +| CO 6.03E+13 0 0| CGS
182 | C2H3 C2H3 C2H2 + | C2H4 1.45E+13 0 0| CGS
183 | C2H3 O C2H2 + | OH 1.00E+13 0 0| CGS
184 | C2H2 CH2 C3H3 +|H 1.20E+13 0 6620 | CGS
185 | C3H3 OH C3H2 + | H20 1.00E+13 0 0| CGS
186 | C3H3 O CH20 + | C2H 1.00E+13 0 0| CGS
187 | C2H3 C2H2 +|H 4.60E+40 | -8.8 46200 | CGS
188 | C2H2 C2H +|H 2.37E+32 | -5.3 1E+05 | CGS
189 | C2H 02 HCO +| CO 5.00E+13 0 1500 | CGS
190 | C2H H2 H + | C2H2 4.90E+05 | 2.5 560 | CGS
191 | C2H2 O C2H + | OH 4.60E+19 | 14 28950 | CGS
192 | C2H2 OH C2H + | H20 3.37E+07 2 14000 | CGS
193 | C2H2 OH CH2CO +|H 2.18E-04 | 4.5 -1000 | CGS
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194 | C2H2 OH CH3 + | CO 4.83E-04 4 -2000 | CGS
195 | C2H2 C2H C4H2 +|H 9.60E+13 0 0| CGS
196 | C4H H2 H + | C4H2 4.90E+05 | 2.5 560 | CGS
197 | C4H2 OH C4H + | H20 3.37E+07 2 14000 | CGS
198 | C4H2 C2H C4H + | C2H2 2.00E+13 0 0| CGS
199 | C4H2 O C3H2 +| CO 2.70E+13 0 1720 | CGS
200 | C3H2 O C2H2 + | CO 5.80E+13 0 0| CGS
201 | C3H2 OH HCO + | C2H2 5.80E+13 0 0| CGS
202 | C3H2 CH2 C4H3 +|H 3.00E+13 0 0| CGS
203 | C3H3 C3H3 C6H5 +|H 2.00E+12 0 0| CGS
204 | C3H2 HCCO C4H3 +| CO 1.00E+13 0 0| CGS
205 | CH2CO H HCCO + | H2 5.00E+13 0 8000 | CGS
206 | CH2CO H CH3 + | CO 1.13E+13 0 3428 | CGS
207 | CH2CO O HCCO + | OH 1.00E+13 0 8000 | CGS
208 | C2H2 C2H2 C4H2 + | H2 1.00E+17 0 81000 | CGS
209 | C2H2 C2H C4H3 4.50E+37 | -7.7 7100 | CGS
210 | C2H3 C2H2 C4H5 8.10E+37 | -8.1 13400 | CGS
211 | C2H2 O HCCO +|H 1.02E+07 2 1900 | CGS
212 | C4H5 02 C2H4 + | CO HCO 4.16E+10 0 2500 | CGS
213 | C4H3 M C4H2 +|H M 1.00E+14 0 30000 | CGS
214 | C4H3 H C2H2 + | C2H2 6.30E+25 | -3.3 10014 | CGS
215 | C4H3 H C4H2 + | H2 1.50E+13 0 0| CGS
216 | C4H3 OH C4H2 + | H20 5.00E+12 0 0 | CGS
217 | C2H OH H + | HCCO 2.00E+13 0 0 | CGS
218 | C4H3 C2H2 C6H5 2.80E+03 | 2.9 1400 | CGS
219 | C6H6 H A1 +|H 3.70E+20 | -2.4 6800 | CGS
220 | C4H3 C2H2 A1- 1.90E+63 | -15 30600 | CGS
221 | C4H5 C2H2 A1 +|H 1.60E+18 | -1.9 7400 | CGS
222 | C6H5 A1- 3.50E+46 | -10 33600 | CGS
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223 | C6H5 C2H A1C2H 2.54E+17 | -1.5 ’ CGS
1541.0
224 | A1 H A1- + | H2 2.59E+14 0 16000 | CGS
225 | A1 OH A1- + | H20 1.06E+08 | 1.42 1450 | CGS
226 | A1- H A1 1.00E+14 0 0| CGS
227 | C4H3 C4H2 A1C2H- 1.90E+63 | -15 30600 | CGS
228 | A1 C2H A1C2H +|H 5.00E+13 0 0| CGS
229 | A1- C2H2 A1C2H2 7.90E+29 | -5.2 13700 | CGS
230 | A1- C2H2 A1C2H +|H 2.50E+29 | -4.4 26400 | CGS
231 | A1C2H H A1C2H2 1.60E+32 | -5.7 11090 | CGS
232 | A1C2H H A1C2H- + | H2 2.50E+14 0 16000 | CGS
233 | A1C2H OH A1C2H- + | H20 1.60E+08 | 1.42 1450 | CGS
234 | A1C2H- H A1C2H + (M 1.00E+14 0 0| CGS
235 | A1- C2H3 A1C2H2 +|H 9.40E+00 | 4.14 23234 | CGS
236 | A1- C4H2 A2-1 5.10E+48 | -11 28000 | CGS
237 | A1C2H2 H A1C2H + | H2 1.50E+13 0 0| CGS
238 | A1C2H2 OH A1C2H + | H20 2.50E+12 0 0| CGS
239 | A1C2H- C2H2 A2-1 5.10E+48 | -11 28000 | CGS
240 | A1C2H- C2H2 A1C2H)2 +|H 2.10E+10 | 0.85 13700 | CGS
241 | A1C2H)2 H A2-1 1.50E+51 | -11 25500 | CGS
242 | A1C2H C2H A1C2H)2 +|H 5.00E+13 0 0| CGS
243 | A1C2H2 C2H2 A2 +|H 1.60E+18 | -1.9 7400 | CGS
244 | A2 H A2-1 + | H2 2.50E+14 0 16000 | CGS
245 | A2 OH A2-1 + | H20 1.60E+08 | 1.42 1450 | CGS
246 | A21 02 A1C2H + | HCO Cco 2.10E+12 0 7470 | CGS
247 | A21 C2H2 A2R5 +|H 1.10E+07 | 1.71 3900 | CGS
248 | A2R5 O A2-1 + | HCCO 2.20E+13 0 4530 | CGS
249 | A2R5- 02 A2-1 +| CO Cco 2.10E+12 0 7470 | CGS
250 | A2R5 H A2R5- + | H2 2.50E+14 0 16000 | CGS
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251 | A2R5 OH A2R5- + | H20 1.60E+08 | 1.42 1450 | CGS
252 | A2R5- H A2R5 1.00E+14 0 0| CGS
253 | HCCO 02 OH +| CO Cco 1.60E+12 0 854 | CGS
254 | HCCO CH2 C2H3 + | CO 3.00E+13 0 0| CGS
255 | C2H C2H C4H2 1.80E+13 0 0| CGS
256 | C3H4 O HCCO + | CH3 6.30E+12 0 2010 | CGS
257 | HCCO HCCO C2H2 + | CO CcO 1.00E+13 0 0| CGS
258 | CH20 O HCO + | OH 3.80E+13 0 3540 | CGS
259 | CH20 H HCO + | H2 2.30E+10 | 1.05 3270 | CGS
260 | CH20 OH HCO + | H20 1.43E+10 | 1.2 -447 | CGS
261 | C2H5 O CH3HCO +|H 1.09E+14 0 0| CGS
262 | C2H5 O CH20 + | CH3 4.24E+13 0 0| CGS
263 | C2H5 O C2H4 + | OH 3.46E+13 0 0| CGS
264 | CH2CO O HCO + | HCO 1.05E+13 0 2400 | CGS
265 | CH2CO OH HCCO + | H20 1.50E+13 0 2000 | CGS
266 | CH2CO OH HCO + | CH20 2.04E+12 0 0| CGS
267 | CH2CO OH CH3 + | CO2 3.10E+13 0 0| CGS
268 | CH2CO M CH2 +| CO M 3.00E+16 0 | #HH#H# | CGS
269 | C2H3 O CH2CO +|H 3.00E+13 0 0| CGS
270 | C3H3 02 CH2CO + | HCO 3.00E+10 0 2878 | CGS
271 | C3H4 O CH2CO + | CH2 2.00E+07 | 1.8 1000 | CGS
272 | C4H3 02 HCCO + | CH2CO 1.00E+12 0 0| CGS
273 | C6H5 02 CH2CO + | CH2CO C2H 7.80E+16 | -1.8 0 | CGS
274 | A1C2H OH A1- + | CH2CO 2.18E-04 | 4.5 -1000 | CGS
275 | A1C2H)2 OH A1C2H- + | CH2CO 2.18E-04 | 45 -1000 | CGS
276 | A2 OH A1C2H + | CH2CO H 1.30E+13 0 10600 | CGS
277 | A2 O CH2CO + | A1C2H 2.20E+13 0 4530 | CGS
278 | A2R5 OH A2-1 + | CH2CO 1.30E+13 0 10600 | CGS
279 | C4H5 C3H4 C7H8 +|H 2.00E+11 0 3600 | CGS
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280 | C7TH7 H C7H8 1.20E+14 0 0| CGS
281 | C7H8 C6H5 + | CH3 1.40E+16 0 99800 | CGS
282 | C7H8 02 C7H7 + | HO2 3.00E+14 0 42400 | CGS
283 | C7TH8 OH C7H7 + | H20 1.78E+13 0 2583 | CGS
284 | C7H8 O C7H7 + | OH 1.00E+08 | 1.5 8000 | CGS
285 | C7H8 H C7H7 + | H2 1.50E+14 0 8235 | CGS
286 | C7TH8 CH3 C7H7 + | CH4 3.16E+11 0 9500 | CGS
287 | C7H8 C2H3 C7H7 + | C2H4 3.98E+12 0 8000 | CGS
288 | C7TH7 O C6H5CHO +|H 5.00E+13 0 0| CGS
289 | CTH7 O C6H5 + | CH20 8.00E+13 0 0| CGS
290 | C7H7 HO2 C6H5CHO +|H OH 6.00E+13 0 0| CGS
291 | C7TH7 HO2 C6H5 + | CH20 OH 6.00E+12 0 0| CGS
292 | CTH7 OH C7H80 5.00E+13 0 0| CGS
293 | C7H7 C6H50H C7H8 + | C6H50 1.05E+11 0 9500 | CGS
294 | C7TH80O OH C6H5CHO + | H20 H 8.43E+12 0 2583 | CGS
295 | C7TH8O 02 C6H5CHO +|H HO2 2.00E+14 0 41400 | CGS
296 | C7TH80 H C6H5CHO +|H H2 8.00E+13 0 0| CGS
297 | CTH80 H C7H8 + | OH 2.21E+13 0 7910 | CGS
298 | C7TH8O C7H7 C6H5CHO + | C7TH8 H 2. 11E+11 0 9500 | CGS
299 | C6H5CHO 02 C6H5CO + | HO2 1.02E+13 0 38950 | CGS
300 | C6H5CHO OH C6H5CO + | H20 1.71E+09 | 1.18 -447 | CGS
301 | C6H5CHO H C6H5CO + | H2 5.00E+13 0 4928 | CGS
302 | C6H5CHO O C6H5CO + | OH 9.04E+12 0 3080 | CGS
303 | C6H5CO C6H5 + | CO 3.98E+14 0 29400 | CGS
304 | C6H5 CH3 C7H7 +|H 5.70E-02 5 15700 | CGS
305 | C6H5 HO2 C6H50 + | OH 5.00E+13 0 1000 | CGS
306 | C6H5 02 C6H50 +10 2.60E+13 0 6120 | CGS
307 | C6H50 C5H5 +| CO 2.51E+11 0 43900 | CGS
308 | C6H5 OH C6H50 +|H 5.00E+13 0 0 | CGS
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309 | C6H50 O C5H5 + | CO2 1.00E+13 0 0| CGS
310 | C6H50H H C6H50 + | H2 1.15E+14 0 12400 | CGS
311 | C6H50H O C6H50 + | OH 2.81E+13 0 7352 | CGS
312 | C6H50H HO2 C6H50 + | H202 3.00E+13 0 15000 | CGS
313 | C6H50H C2H3 C2H4 + | C6H50 6.00E+12 0 0| CGS
314 | C6H50H OH H20 + | C6H50 1.39E+08 | 1.43 -962 | CGS
315 | C3H7 HO2 CH3CHO + | CH3 OH 2.41E+13 0 0| CGS
316 | C3H7 O CH3CHO + | CH3 4.82E+13 0 0| CGS
317 | C2H4 HO2 CH3CHO + | OH 6.03E+09 0 7949 | CGS
318 | C2H5 O CH3CHO +|H 6.62E+13 0 0| CGS
319 | C2H3 OH CH3CHO 3.01E+13 0 0| CGS
320 | CH3CHO CH3 + | HCO 7.00E+15 0 81674 | CGS
321 | CH3CHO 02 HO2 + | CH3 CcO 3.01E+13 0 39150 | CGS
322 | C2H3 02 CH2CHO +10 3.50E+14 | -0.6 5260 | CGS
323 | C2H4 O CH2CHO +|H 1.21E+06 | 2.08 0| CGS
324 | O CH2CHO H + | CH2 (o{0)] 1.50E+13 0 0| CGS
325 | O2 CH2CHO OH +| CO CH20 2.00E+13 0 4200 | CGS
326 | O2 CH2CHO OH + | HCO HCO 2.35E+10 0 0| CGS
327 | H CH2CHO CH3 + | HCO 2.20E+13 0 0| CGS
328 | H CH2CHO CH2CO + | H2 1.10E+13 0 0| CGS
329 | OH CH2CHO H20 + | CH2CO 1.20E+13 0 0| CGS
330 | N NO N2 +10 3.50E+14 0 330 | CGS
331 | N 02 NO +10 9.00E+09 1 6500 | CGS
332 | N OH NO +|H 7.33E+13 0 1120 | CGS
333 | N CO2 NO +| CO 1.90E+11 0 3400 | CGS
334 | N20O O N2 + | 02 1.40E+12 0 10810 | CGS
335 | N20 O NO + | NO 2.90E+13 0 23150 | CGS
336 | N20 H N2 + | OH 4.40E+14 0 18880 | CGS
337 | N20O OH N2 + | HO2 2.00E+12 0 21060 | CGS
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338 | N20 NO N2 + | NO2 2.75E+14 0 50000 | CGS
339 | NO2 N NO + | NO 1.00E+12 0 0| CGS
340 | NO HO2 NO2 + | OH 2.11E+12 0 -480 | CGS
341 | NO O NO2 + (M 1.06E+20 | -1.4 0| CGS
342 | NO2 O NO + | 02 3.90E+12 0 -240 | CGS
343 | NO2 H NO + | OH 1.32E+14 0 360 | CGS
344 | N20O M N2 +10 M 1.30E+11 0 59620 | CGS
345 | C6H402 O 2CO + | C2H2 CH2CO 3.00E+13 0 5000 | CGS
346 | MP3J C7H15-1 C11H2202 8.00E+12 0 0| CGS
347 | MP3J C7H15-2 C11H2202 1.00E+13 0 0| CGS
348 | MB2J H C5H1002 1.00E+14 0 0 | CGS
349 | MB3J H C5H1002 1.00E+14 0 0 | CGS
350 | C5H1002 02 HO2 + | MB3J 2.00E+13 0 51050 | CGS
351 | C5H1002 OH H20 + | MB3J 4.68E+07 | 1.61 -35 | CGS
352 | C5H1002 C2H5 C2H6 + | MB3J 5.00E+11 0 10400 | CGS
353 | C5H1002 C2H3 C2H4 + | MB3J 4.00E+11 0 16800 | CGS
354 | ME2J C2H5 C5H1002 8.00E+12 0 0 | CGS
355 | C5H1002 02 HO2 + | MB2J 4.00E+13 0 41300 | CGS
356 | C5H1002 CH3 CH4 + | MB2J 2.01E+11 0 7900 | CGS
357 | C5H1002 H H2 + | MB2J 6.52E+14 0 7300 | CGS
358 | C5H1002 HO2 H202 + | MB2J 4.32E+12 0 14400 | CGS
359 | C5H1002 O OH + | MB2J 2.20E+13 0 3280 | CGS
360 | C5H1002 OH H20 + | MB2J 1.15E+11 0.5 63 | CGS
361 | C5H1002 C2H3 C2H4 + | MB2J 4.00E+11 0 14300 | CGS
362 | C5H1002 C2H5 C2H6 + | MB2J 2.00E+11 0 7900 | CGS
363 | C5H1002 MB200O MB20OCH + | MB2J 2.16E+12 0 14400 | CGS
364 | MP2D CH3 MB2J 1.00E+10 0 7600 | CGS
365 | MB2D H MB2J 1.00E+13 0 2900 | CGSs
366 | MB2J 02 MB200O 1.41E+13 0 0 | CGS
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367 | HO2 MB2J OH + | MB20 7.00E+12 0 -1000 | CGS
368 | MB20O HO2 MB20OOH + | 02 1.75E+10 0 -3275 | CGS
369 | MB20O MB200 02 + | MB20 MB20 1.40E+16 | -1.6 1860 | CGS
370 | MB20O MB2J MB20 + | MB20 7.00E+12 0 -1000 | CGS
371 | MB20O CH3 CH30 + | MB20 7.00E+12 0 -1000 | CGS
372 | MB20OOH MB20 + | OH 6.00E+15 0 42540 | CGS
373 | CH3CHO C3H7 C5H1002 1.81E+13 0 0 | CGS
374 | MP2D CH3 C2H3CO + | CH20 CH4 4.52E-01 | 3.65 7154 | CGS
375 | C2H3 CH30CO MP2D 1.00E+13 0 0 | CGS
376 | MP2D H C2H3CO + | CH20 H2 9.40E+04 | 2.75 6280 | CGS
377 | MP2D O CH30CO + | CH2CHO H2 5.01E+07 | 1.76 76 | CGS
378 | CO CH30 CH30CO 1.50E+11 0 3000 | CGS
379 | CO2 CH3 CH30CO 1.50E+11 0 36730 | CGS
380 | C2H4 CH30CO MP3J 1.06E+11 0 7350 | CGS
381 | C2H3CO C2H3 + | CO 2.04E+14 | -04 31450 | CGS
382 | MP2D H MP3J 1.00E+13 0 2900 | CGS
383 | MB20O H202 MB20OOH + | HO2 2.40E+12 0 10000 | CGS
384 | MB20OOH HO2 MB200 + | H202 2.40E+12 0 10000 | CGS
385 | CH2CO CH30 ME2J 5.00E+11 0 -1000 | CGS
386 | MP2D 6] ME2J + | HCO 1.58E+07 | 1.76 -1216 | CGS
387 | ME2*O H ME2J*O + | H2 4.00E+13 0 4200 | CGS
388 | ME2*O CH3 ME2J*O + | CH4 1.70E+12 0 8440 | CGS
389 | ME2*O HO2 ME2J*O + | H202 2.80E+12 0 13600 | CGS
390 | ME2*O OH ME2J*O + | H20 2.69E+10 | 0.76 -340 | CGS
391 | ME2*O O ME2J*O + | OH 5.00E+12 0 1790 | CGS
392 | ME2*O C2H5 MB20 1.50E+11 0 11900 | CGS
393 | CH30CO CcO ME2J*O 1.50E+11 0 3000 | CGS
394 | C3H6 CH30CO MB3J 1.06E+11 0 7350 | CGS
395 | MB2D H MB3J 1.00E+13 0 2900 | CGS
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396 | CH3 MP2D3J MB2D 1.00E+13 0 0 | CGS
397 | C2H2 CH30CO MP2D3J 1.61E+40 | -8.6 20330 | CGS
398 | MB20O MB200OH4J 6.00E+10 0 22000 | CGS
399 | MB20OOH4J MBCY402 + | OH 7.50E+10 0 15250 | CGS
400 | MBCY402 H MP2D + | HCO H2 4.80E+08 | 1.5 2785 | CGS
401 | MBCY402 OH MP2D + | HCO H20 2.40E+06 2 -1192 | CGS
402 | MBCY402 HO2 MP2D + | HCO H202 4.00E+12 0 14398 | CGS
403 | MBCY402 H C2H4 + | ME2J*O H2 2.40E+08 | 1.5 2005 | CGS
404 | MBCY402 OH C2H4 + | ME2J*O H20 1.20E+06 2 -1192 | CGS
405 | MBCY402 HO2 C2H4 + | ME2J*O H202 2.00E+12 0 13261 | CGS
406 | MB20OOH4J 02 MB20O0OH400 4.52E+12 0 0 | CGS
407 | CH2CO CH30CO MP3J2*O 1.00E+11 0 9200 | CGS
408 | MB2D CH3 C5H702 + | CH4 1.00E+12 0 7300 | CGS
409 | MB2D H C5H702 + | H2 3.70E+13 0 3900 | CGS
410 | C5H702 OH MB2D +10 7.00E+11 0 29900 | CGS
411 | MB2D OH C5H702 + | H20 3.00E+13 0 1230 | CGS
412 | MB2D HO2 C5H702 + | H202 1.50E+11 0 14190 | CGS
413 | C5H702 C2H3 + | HCCO CH30 2.50E+12 0 45000 | CGS
414 | C2H3CO CH30 MP2D 3.00E+13 0 0| CGs
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The Effects on Diesel Engine Combustion and Emission Characteristics by Using Biodiesel

Xiaodan Cui  Masato Kiyomatsu

Kouhei Touma

Yuki Hisatome Jin Kusaka Yasuhiro Daisho

Engine tests and numerical simulation were conducted to investigate the effect of 40% and 100%

methyl oleate representing Jatropher-derived biodiesel on diesel combustion and emission

characteristics over a wide range of DI diesel engine operating conditions. Emissions measurements

and heat release analysis show that biodiesel can significantly reduce PM without influencing NOx

emission and brake thermal efficiency under the conditions tested. Detailed analyses were made on

particle size distribution and chemical components including soluble organic fraction.

Key Words: biodiesel, DI engine, combustion, emission, PM, NOx, SOF, particle size, particle number
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Fig.1 Engine layout

Table 1 Engine specifications

% Accelerator sensor indicator

Item Specifications
T
Valve train DOHC 4 valves
Cylinder L4
Bore x Stroke mm 85.0x 97.1
Displacement cc 2204
Compression ratio 16.7

Common-rail (Max.160 MPa)

Fuel supply Nozzle cone angle 153°
®0.133mm X 6 holes
EGR system HP-Hot-EGR / HP-Cooled-EGR
Boost control VNT turbocharger
Swirl control Continuously variable

(Swirl ratio: 1.2-4.4)

Max. power kW/rpm

103/4000

Max. torque Nm/rpm

340/2000
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Fig.13 Effect of PCCI combustion on
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ABSTRACT

The objective of the present research is to investigate the
effects on diesel engine combustion and NOx and PM
emission characteristics in case of blending the ordinary
diesel fuel with biodiesel in passenger car diesel engines.
Firstly, we conducted experiments to identify the combustion
and emissions characteristics in a modern diesel engine
complying with the EURO 4 emission standard. Then, we
developed a numerical simulation model to explain and
generalize biodiesel combustion phenomena in detail and
generalize emission characteristics. The experimental and
simulation results are useful to reduce biodiesel emissions by
controlling engine operating and design parameters in the
diesel engine.

Engine tests were conducted and a mathematical model
created to investigate the effects of 40% and 100% methyl
oleate modeled fuel representing Jatropha-derived biodiesel
on diesel combustion and emission characteristics, over a
wide range of passenger car DI diesel engine operating
conditions.

The thermal efficiency and emissions of these fuels were
compared to real Jatropha-derived biodiesel. The engine used
in this study complies with the EURO4 emission regulation,
having a displacement of 2.2 L for passenger car applications.

In the engine tests, seven steady-state engine operating
conditions typically encountered in the NEDC and US06
modes were chosen. Emissions measurements and heat
release analyses showed that biodiesel can significantly
reduce PM (particulate matter) without influencing heat
release rate, NOx emission and brake thermal efficiency

Copyright © 2012 SAE International
doi:10.4271/2012-01-1637

under the tested conditions. Detailed analyses were made of
particle size distributions and chemical components including
the soluble organic fraction. For comparison with
experimental results, we developed a zero-dimensional
reaction model with detailed chemical kinetics to identify the
effects on engine combustion, performance and emissions.
The results show that 100% methyl oleate tends to emit soot
at a higher temperature region while the blended fuel emits
soot at lower temperatures much closer to those at the region
where the ordinary diesel fuel emits soot. However, NOx
emission did not vary significantly between diesel fuel and
biodiesel. The ignition delay of methyl oleate is shorter than
that of diesel and tends to be shorter as the injection pressure
increases.

Based on the experimental and simulation results, the engine
operating and design parameters of the diesel engine fueled
with biofuel can be optimized to ensure thermal efficiency
along with sufficiently reducing emissions.

INTRODUCTION

Global warming and fuel depletion issues are becoming
serious in the transportation sector. To resolve them, diesel
engines with high-efficiency and low fuel-consumption are
becoming one of the effective measures across the world.
Better still, biodiesel (fatty acid methyl esters, FAME, BDF)
is a renewable fuel derived from vegetable oil, which can be
blended with diesel fuel and used in diesel engine without
changing engine design parameters. Furthermore, BDF is
useful to reduce CO2 emissions through the life cycle. While
PM emissions are significantly reduced, it is necessary to
reduce the increased NOx emission, which is still an issue for
the commercial utilization of biodiesel.




In previous studies, the U.S. EPA has reported that when
using fuel blends of 20% biodiesel, the PM emission is
reduced by 12% on average but NOx emission increases by
2%, while with 100% biodiesel, the PM emission is reduced
by 47% but NOx emission increases by 10%. Additionally,
blending BDF (1 to 2% in volume fraction) can improve the
lubricity of diesel fuel [1]. Nonetheless, BDF has some
problems to induce the poor cold flow, deterioration of
oxidative stability and degradation of the rubber material.

Although the particle mass is reduced to comply with the
recent emission regulations by using after-treatment such as
an oxidation catalyst and a DPF (diesel particulate filter),
there is increasing concern about the particle number (PN)
influencing human health[2-3]. Both the particles number and
size characteristics can affect the performance of DPF and
LNT [4-5]. PN and particles size distribution from the diesel
engine are influenced by fuel specifications as well [6,7,8].
Although many studies have been experimentally done by
using palm oil, rapeseed oil or soybean oil [9,10,11,12], the
present study uses biodiesel from Jatropha blended with
normal diesel in the conventional diesel engine.

In recent years, some researchers have been trying to develop
biodiesel combustion kinetics models [13,14,15,16]. These
models would be useful to explain biodiesel combustion
processes based on 3-D CFD code. Then, they could simulate
in-cylinder combustion processes accompanied by mixing
and chemistry processes and be utilized to determine engine
control and design parameters to reduce emissions in case of
diesel fuel blended with biodiesel. However, few of these
models have been validated sufficiently by using test data on
combustion and emissions in recently developed diesel
engines. The engine tested in this study is equipped with an
ECU we can flexibly handle to employ not only EGR and
pilot injection but also premixed charge compression ignition
(PCCI) combustion by changing injection timing.

In this study, we focus on Jatropha which doesn't have
competition with food, can be grown in the drought area or
even acid soil, and contain high oil content, has gained much
attention recently [17]. Using BDF made from Jatropha as an
alternative fuel, we studied its effects on the combustion and
emission characteristics over a wide range of engine
operating conditions in a passenger car diesel engine. We
characterized PM emission in terms of particle number (PN)
and particle diameter (Pd), considering the future EU
regulation on particle number. Effects of EGR and premixed
charge compression ignition (PCCI) combustion were
explored to simultaneously reduce Soot and NOx [18].
Lastly, a numerical simulation model was developed to
explain the effects of biodiesel on diesel engine combustion
and emission characteristics.

EXPERIMENTAL SETUP & TEST
PROCEDURE

Engine Facility
The engine used for this study is a production turbocharged
DI diesel for passenger cars, complying with the Euro 4

regulation. The main specifications of the engine are shown
in Table 1.

The engine and measuring apparatus were configured as
shown in Fig.1. The fuel consumption was measured using an
FP-2140H standard flow rate type series volumetric flow
detector. Exhaust gases were sampled at the engine outlet
before the DOC, and measured by MEXA 1500DEGR, while
an AVL 415SE smoke meter was used for the measurement
of filter smoke number with conversion to soot emission (g/
kWh). The intake gas composition was also recorded to
calculate the EGR rate.

Table 1. Engine specifications

Item Specifications

Water-cooled, 4-stroke-cycle,

Engine type DI Diesel engine
Valve train DOHC 4 valves
Cylinder L4
Bore x Stroke mm 85.0x97.1
Displacement cc 2204
Compression ratio 16.7

Common-rail (Max.160 MPa)
Nozzle cone angle 153°
¢0.133mmx6 holes

Fuel supply

EGR system HP-Hot-EGR / HP-Cooled-EGR

Boost control VNT turbocharger

Continuously variable

Swirl control (Swirl ratio: 1.2-4.4)

Max. power kW/rpm 103/4000

Max. torque Nm/rpm 340/2000
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Fig.1. Experimental setup

During the tests, all the engine control parameters were
controlled by ETAS ECU control program INCA 5.4, which
was directly connected to the engine ECU. For all operating
conditions, the 50% mass fraction of burned fuel (MFB50)
was kept at the same crank angle for the different fuels at
same engine speed and torque conditions by the injection
strategy control for fair comparison. Moreover, the piezo-
type pressure transducer (6055CSP120 by KISTLER)
integrated into the glow plug in No.l cylinder, which was
used for the combustion control, was equipped to measure the
in-cylinder pressure. Since the engine was a production one, a
pressure passage between the transducer and the engine
surface caused high frequency noise. So it was filtered by a
low-pass filter and a transfer function shown in Eq. (1) [19]
to prevent aliasing errors and signal distortion. In this
equation, Pg is the measured pressure, P, is the correction
pressure, o is the quadric approximate specific angular
velocity which can be calculated by caliber ratio for a glow
plug, and { is the quadric approximate damping coefficient
which can be calculated by flow rate and air viscosity. After
this processing, we used the ensemble average pressure data
using 100 consecutive cycles. The pressure and temperature
about intake and exhaust gases were recorded by
thermocouple and digital manometer. For management of all
the data, LabVIEW 8.5 (National Instruments) was used. And
we repeated the engine tests three times on consecutive days
for each condition to ensure data reproducibility.

PO = () PE @ + (Z) PO + Po(®)
(1)

Measuring and Sampling System

A TSI model 3090 engine exhaust particle sizer (EEPS) was
used to record the PN and Pd distributions of exhaust PM
under different engine operating conditions. Such analysis
conditions were shown in Table 2. Since the measurements of
PN and Pd distribution were very sensitive and reveal subtle
effects for size selective losses, coagulation, heterogeneous
condensation and homogeneous nucleation, the measuring
points were required to be as close to source as possible for
minimal coagulation, and the dilution line needed thermal
conditioning to prevent condensation [20]. The dilution

method was shown in Fig.2. The design of the sampling line
was shown in Fig.3. Engine exhaust gases were firstly drawn
into the rotating disk thermodiluter (MD19-2E) and then
diluted by mixing with filtered dilution air. The temperature
of the dilution air was adjusted by heating apparatus at 120
°C in the dilution line. The MD19-2E unit can maintain the
dilution ratio steadily by an adjustable valve, which
automatically adjust rotation speed of rotating disk, with total
dilution rate of 275 times. Finally, the diluted exhaust was
returned to ambient temperature then introduced into the
EEPS for analysis. The test particle size range of the EEPS
was 5.6 to 560nm.

heated block
80M120150°C
o vent/ dilution air
peristalic pump (pre-heatad)
A
from tailpipe r {0 nstrumenis

Fig.2. Rotating disc dilution concept

Table 2. EEPS3090 conditions

3090 Engine exhaust particle

Particle sizer type .
yp sizer

Inlet Cyclone

50% Cut point Ipm

Time Resolution 10 size distributions/sec

Sample Flow : 10 L/min

Flow Rates Sheath Air  : 40 L/min
¥1Iet Sample 10 t0 52 °C
emperature
TOpera‘ung 0 t0 40 °C
emperature
Storage Temperature -20t0 50 °C

Pre;tLTeOSCpglrigzion 70 to 103 kPa
(700 to 1034 mbar)
Range
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11 times

Atmosphere

Ambient ¢ 10 L/min
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Fig.3. Particle sampling line and measurement

Fuels

Experiments were performed using the following four fuels
which were shown in Table 3.

D100: standard ultra low sulphur diesel fuel compliant with
JIS#2 (sulphur < 10 ppm)

MO100: 100% methyl oleate (C;9H360,) which can be used
in numerical simulation

MO40: 40% vol. blend of MO100 with D100

J40: 40% vol. blend of Jatropha-derived biodiesel (JME) with
D100. This JME was produced from conventional
transesterification but with partial hydro-genaration method
at for improving oxidation stability. Their constituents were
shown in Table 4.

Table 3. Experiments fuels

engine- particle | numerical
fuels | composition | bench . .
test test simulation
JIS#2
D100 Diesel fuel © © ©
100%
MO100 C1oHO o X o
40%MO100
MO40 1 Co%aD100 © © ©
40%JME
1401 60%D100 © * x

Table 4. JME constituents

Chemical
No Formula Ingredients gﬁflltlstizuz/e
clulfo SIS 7o
111734 | 2 Methyl Palmitate 15.3
2 11934 2 Methyl Linoleate 1.5
3119362 Methyl Oleate 71.1
411913812 Methyl Stearate 12.1

The composition (from GC/MS) and properties of tested fuels
were listed in Table 5. Note that the lower heating value was
calculated by the Dulong function.

Table 5. Composition and properties of fuels

Ttem DI00 | MO100 | IME
Density (15deg.C) | (e318 | 08740 | 0.8768
g/cm3 . . .
Viscosity 30deg.C) | 5515 4.041 5.040
mm~/s
C 86.0 76.90 76.65
CHO H 13.7 12.14 1235
mass %
0 0 10.79 11.00
Aromatic vol. % 18.8 0.0 0.0

Lower heating value 42970 39021 39163

kl/kg
Flash point deg.C 73.5 174.0 >200
Sulfur mass ppm 6 0 2.5
Cetane number 583 - 57.2




TEST RESULTS
Engine-bench Test

Table 6. Engine operating conditions

Exp. | Engine | BMEP | EGR | Swirl | Inj.press. [Pilot
No. speed (kPa) | ratio | ratio (MPa) |Inj.
(rpm) (%) Q)

1 1500 291 39 3.4 58 Y
2 1500 411 36 3.4 73 Y
3 1500 916 3.5 2.6 107 Y
4 2000 570 24 2.8 111 Y
5 2500 515 24 2.6 132 Y
6 2500 1136 17 2.1 142 N
7 2500 1539 5 1.3 150 N

First, D100, MO40, MO100, and J40 fuels were used for
engine experiments. In order to identify the effects of the
different fuels over a wide range of engine speeds and torque,
seven steady-state engine operating conditions typically
encountered in NEDC and US06 modes were chosen, as
shown in Table 5. Prior to the engine tests, the calibration test
was conducted on D100 without any additional change in
control on injection algorithm in order to obtain baseline
ECU controlled data (such as injection pressure, fresh air
quantity, swirl ratio, etc.) in each operating condition. As
shown in Table 6, the typical NEDC mode for mid and low
load (No.1~5) conditions include pilot injection, and the
typical US06 mode for high load (No.6, 7) conditions do not
include pilot injection. When other fuels were used, the
torque and MFB50 were maintained to be the same as those
in case of D100 by changing fuel quantity and injection
timing, but keeping other ECU output exactly the same as
those for D100.

In the mid and low engine speed conditions (No.1~4, in Fig.
4) and high engine speed conditions (No.6, 7, in Fig.6), the
results showed little difference among the four test fuels
unlike our expectations. Before the test, we predicted that the
ignition delay would be longer when using MO40, MO100
and J40, but this was not the case. Because the cetane number
was similar for each of the fuels, the ignition characteristics
were similar. Furthermore, the effect of pilot injection
combustion was minimal since there is hardly any change in
No.1~4 conditions. However, for No.5 condition (Fig.5), the
heat release rate was higher for MO40, MO100 and J40 at the
first phase of combustion, which can be explained as follows.
Since the density and viscosity of MO40, MO100 and J40
were higher, the premixed of the pilot injection spray could
be enhanced at high injection pressure. The viscosity of
MO40 and J40 were similar to MO100 and JME [21].

However, this postulate should be confirmed by the future
spray observance study we are preparing.
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Fig.4. Comparison of combustion characteristics and
s00t/NOx emission (No.l ~4)
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For all conditions from Figs 4 and 5, the soot emission was
reduced with MO100, MO40 and J40 fuels at different extent
because these fuels include oxygen, which can reduce the
equivalence ratio in the local combustion region, enhance the
oxidation reaction and reduce soot generation. In addition,
these fuels contain no aromatic components so that the soot
nucleation is reduced. No significant change in NOx emission
was found with MO40 and J40 in comparison to D100
because NOx formation is not reactive as soot reaction even
when local oxygen concentrations change. Nevertheless, NOx
emission was reduced by using MO100 in low engine speed
and high EGR rate conditions. Fig.7 showed reductions in
CO and THC emissions for MO and JME because higher
local oxygen concentration in these fuels could increase the
combustion efficiency.
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Fig.7. Comparison of CO and THC emissions
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Fig.8. Comparison of fuel consumption

Brake specific fuel consumption (BSFC) of MO and JME
was worse than that of D100 because of their low lower
heating value. However, the specific energy consumption
(BSEC) was not changed with different fuels (Fig.8).

These experiment results indicate that the emission and
combustion characteristics of MO40 and J40 were similar
under all conditions tested, so MO40 could be used as
substitute for J40.

Particle Test

Since PN and particles size distribution in the diesel exhaust
were affected by fuel specifications, this study focused on the
effects of the test fuels and engine conditions on PN and
average particle diameter (Pd). The Pd was calculated by Eq.
2, where di was the particle diameter, and mi was the mass of
a particle with that di. Measurement of PN and Pd in each
condition was conducted three times by using EEPS. Thirty
operating conditions were chosen the same ECU calibration
data (MAP TEST). Changing EGR ratio was conducted at
No.4 condition, which showed the biggest difference for
emissions between fuels (EGR ratio TEST), as well as the
PCCI combustion condition (PCCI TEST). MO40 and D100
were used for this test.

Pd — Z(mldl)/z m;
)
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Fig.9. The PN distribution for Pd at 25% load rate in
each engine speed

The results about PN distribution for Pd at 25% load at each
engine speed are shown in Fig.9. We obtained the similar
tendencies to the results shown in the previous studies ([6]
and [8]) by using D100. However, the results for MO40 are
different. No peak value at Pd below 20nm was observed at
lower engine speed while PN was significantly reduced at
higher engine speed. This is probably because under these
conditions, pilot injection and high EGR rates were
employed, changing local oxygen concentration. Particle
numbers were lower than other those observed in the
previous studies ([6] and [8]) under all operating conditions
due to the same reason stated above.

Map Test Results
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The engine was operated for the thirty conditions, where the
engine speed was from 1250 to 3500rpm, and the torque was
from 50 to 160Nm. The actual combinations of engine speed
and torque used were shown in Fig.10, where the conditions
in range 1 were with pilot injection and the others (range 2)
were without pilot injection.

As shown in Fig.11, the PN distribution showed that the
number increased with increasing engine speed but not with
increasing torque in the same engine speed. This is because
particle coagulation is limited in time when engine speed
increases. The Pd distribution tendency was similar to soot
distribution (see Fig.12) for each fuel, having a larger Pd in
more soot emission range (Fig.11). In this range, since EGR
ratio was high and the injection quantity was large, the local



oxygen concentration was reduced so that particle formation
was enhanced. With low engine speed, the particle
coagulation was further enhanced. The PN variation
distribution (Fig.12) showed that the number was the same
between fuels in low engine speed range but PN was reduced
with MO40 in high engine speed range (red color region in
Fig.13(left)). Particle size was smaller with MO40 in all
conditions (scatter red region in Fig.13 (right)). This may be
because MO40 contains oxygen, which could reduce local
equivalence ratio, and contains no aromatic components,
which could constrict particle nucleation generation.
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EGR Test Results

The operating condition No.4 was chosen from engine-bench
test due to the largest difference for emissions between the
test fuels. EGR ratio was varied from 0 to 30% by controlling
fresh air quantity, whereas, MFB 50 was kept by changing
injection timing and set the boost pressure by using a variable
nozzle turbo in calibration test.

From Fig.14, when soot emission increased, NOx emission
was reduced by EGR ratio in both fuels. Soot emission was
less for MO40 in all EGR ratio conditions. In particular, soot
emission was significantly reduced by MO40 in high EGR
ratio condition, where NOx emission was very low at the
range similar to D100. In low EGR ratio conditions, the NOx
emission of MO40 was slightly higher since higher local
oxygen concentration from oxygen content in the fuel could
enhance soot oxidation, resulting in higher combustion
temperature and inevitably increased NOx emission [22-23].
In contrast, when EGR ratio increased, the combustion
temperature was lowered by cooled EGR gas. At these
conditions, the NOx reaction was not too reactive as soot
reaction by local oxygen concentration changing [24]. Thus,

high EGR ratio could effectively reduce NOx emission while
simultaneously constricting soot emission with MO.
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The effect of EGR ratio for PN and Pd with each fuel was
shown in Fig.15. When EGR ratio increased, PN increased in
the similar manner as soot. At low EGR ratios, PN was not
significantly changed between the fuels whereas at high EGR
ratios, PN was significantly reduced by using MO40. This is
because at high EGR ratio, soot oxidation was enhanced by
oxygen in fuel. Pd increased with increasing EGR ratios as
well, and MO40 tended to yielded smaller Pd at all EGR
ratios. The reason was similar to the case of PN affected by
MOA40.

Fig.16 showed that CO emission was effectively reduced by
MO40 at high EGR ratios while THC emission was reduced
by MO40 at low EGR ratios. Fig.17 indicates that MO40
showed worse BSFC for in all EGR ratios while better BSEC
was obtained in all EGR ratios. It is worth noting that when
EGR ratio increased, the consumption of D100 was worse,
but that of MO40 was rather unchanged. These could proof
higher combustion efficiency in low temperature and high
EGR ratio with MO40 [25].

PCCI Test

In the PCCI combustion test, ignition timing was controlled
with difficulties by changing the injection timing. The effect
of combustion with fuel characteristics was expected to
increase in PCCI combustion compared to conventional
(conv.) diffusive combustion. Injection pressure was
increased to 160MPa without pilot injection to encourage fuel
and gas mixing while MFB50 and boots pressure were
maintained from calibration test of engine-bench test No.2
condition.
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First, the experiment proved that MO40 can be used for PCCI
combustion in high injection pressure condition. Then the
ignition was advanced for MO40, but little change was found
compared with D100 (Fig.18). Fig.19 showed the effect of
PCCI combustion on emissions and consumption with
different fuels. The soot emission was significantly reduced
with little or no NOx emission increased in both fuel while
PN and Pd were also significantly reduced for PCCI
combustion. On the other hand, CO and THC emissions were
increased for all fuels. For conventional diesel combustion,
which was shown in Fig.6, CO and THC emissions from
MO40 were lower than those of D100, but they were higher
for PCCI combustion. Compared to D100, MO40 with higher
boiling point would increase its spray penetration with high
injection pressure in low temperature and low density field.
Thus, the fuel quantity attached to the combustion chamber
wall was increased, resulting in an increase in unburned fuel



emission [26]. Nonetheless, the BSEC was better in PCCI
combustion than conventional combustion with MO40.

NUMERICAL SIMULATION
RESULTS

In addition to the engine tests explained above, a zero-
dimensional reaction model was conducted with detailed
chemical kinetics model CHEMKIN-Pro to identify the
effects on engine combustion, performance and emissions.
CHEMKIN-Pro was specifically designed for extensive
chemical simulation applications requiring complex
mechanisms, and was highly structured and modular,
consisting of three basic utilities packages. GAS KINETICS
is one of the packages forming the core set of utilities [27].
The schematic represented the relationship of GAS- PHASE
KINETICS and the application SENKIN was shown in Fig.
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Fig.20. The schematic of CHEMKIN-Pro

As mentioned earlier, the test results from JME and MO were
similar so the present numerical study focused on MO to
simulate engine combustion, performance and emissions with
CHEMKIN-Pro. Due to long chain methyl ester, MO tends to
generate a significant number of species during combustion
process. The reaction mechanism was proposed in a form of a
surrogate as a blend assumed to be the 1:1:1 mixture
consisting of methyl decanoate (MD, C;1H»,0;), methyl
butanoate (MB, CsH;¢O,) and propyne (C3Hy). MB was a
short chain ester while MD was a long chain methyl ester like
MO. The second surrogate was formed as MD decomposed
into n-heptane (C7H;4) and methyl propanoate (MP2D,
C4HgO,). To describe the MO surrogate decomposition into
the constituent components, two global reactions were added
to the mechanism, as shown in Eq. 3 [28]. The MO
mechanism consisted of 309 species taking part in 1472
reactions, which was taken from Chalmers University [29].

CyoH350, + 0, = MD + MB + C5H,
MD = C,H,, + MP2D

)

On the other hand, diesel surrogate model was well-known
modeled as a 2:1 mixture of C;H;¢ and toluene (C;Hg) to

achieve the same C/H proportion and cetane number as real
diesel [30]. The global reaction was shown in Eq.4, with
mechanism of diesel taken from Chalmers University [29].

3C,,Hyg + 0, = 4C,H,, + 2C,Hg + 2H,0
4)
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The ignition delay (ID) was calculated with D100, MO40 and
MO100 to identify the initiation of combustion. The
calculation conditions and results were shown in Fig.21,
where the Py was initial pressure and ¢ was equivalence ratio.
The ID was similar between fuels in low equivalence ratio,
but when ¢ increased the ID was shorten specifically in the
low temperature range. From the engine test results in this
study, little difference was found between the test fuels
because the tests were conducted at the equivalence ratio ¢
lower than 1.0, even under high EGR ratio conditions.



Moreover, the low temperature oxidation reaction was
enhanced by using MO.
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Then, the adiabatic flame temperature was calculated along
with C(s) and NO formation reactions to simulate combustion
and soot and NOx emissions. In these calculations, the initial
pressure was SMPa, and the initial temperature was 1000K to
reproduce No.2 condition in engine-bench tests. NOx and
soot models were employed, which were included in the
diesel surrogate mechanism taken from Chalmers University
[29]. The results were shown in the ¢-T map, as shown in
Fig.22. The 100% methyl oleate tends to emit soot at a higher
temperature region while the blended fuel emits soot at lower
temperatures much closer to those at the region where the
ordinary diesel fuel emits soot. However, NOx emission did
not vary so much between diesel fuel and biodiesel. The
adiabatic flame temperature curve was well consistent to the
soot generation range of D100 at low temperatures and high
equivalence ratios, but it was not found with MO. That was
the reason why there was reduced soot emission with a high
EGR ratio but with no increase in NOx emission. We

calculated NOx and PM formation tendencies at a high
pressure and temperature condition encountered at the start of
injection in the combustion chamber. In this case, no
significant difference was observed between the fuels in
terms of adiabatic flam temperature, focusing on the effect of
local equivalence ratios and temperatures. A more detailed
numerical simulation model is being developed based on a 3-
D CFD code to identify the effects on engine combustion,
performance and emissions.

CONCLUSIONS

In this study, a EURO4 turbocharged common-rail
production DI engine for passenger cars was used to evaluate
and compare the effect by four different fuels (D100,
MO100, MO40 and J40) on engine performance and
emissions over a wide range engine speed and torque.
Standard ultra low sulphur diesel fuel compliant with JIS#2
(D100), 100% methyl oleate (MO, C;9H360;), 40% vol.
blend of MO100 with D100 (MO40) and 40% vol. blend of
Jatropha-derived biodiesel (JME) with D100 (J40) were used
in the study.

Firstly, seven steady-state engine operating conditions
typically encountered in NEDC and US06 modes was chosen
for engine-bench tests for comparison.

There was no significant effect on engine combustion
characteristics in all conditions except No.5 condition.

In No.5 condition, the heat release rate was higher for those
of MO40, MO100 and J40 at the initial combustion phase.
The soot emission was significantly reduced by using MO
and JME fuels without an increase in NOx emission for all
conditions.

The apparent BSFC was worsened but BSEC, defined on the
energy basis, was not changed with different fuels. The CO
and THC emissions were reduced by using MO and JME.

These engine test results indicate that the emission and
combustion characteristics were similar between MO40 and
J40 in all engine operating conditions. Thus, J40 could be
substituted by MO40 for the subsequent numerical study.

Secondly, the effect of particle number (PN) and average
particle diameter (Pd) were investigated for various engine
operating conditions and fuels by using EEPS.

At the thirty engine operating conditions, PN was increased
with an increase in engine speed, but not with an increase in
torque while Pd increased with an increase in soot. PN
tendency was the same between fuels in low engine speed
range but it was reduced with MO40 in high engine speed
range. On the other hand, Pd was smaller with MO40 in all
conditions.



In EGR test, soot emission was less for MO40 than for D100
in all EGR ratio conditions. At high EGR ratios, soot
emission was significantly reduced by using MO40 while
NOx emission was very low, which is similar to D100 NOx
emission. When EGR ratio increased, PN increased in the
similar manner to soot formation behavior. Pd increased with
increasing EGR ratio for both fuels with MO40 being lower
than D100 in all EGR ratio conditions. The BSFC was worse
for MO40 under all EGR ration conditions, but the BSEC
was not different between fuels. The CO emission was
reduced by MO40 under high EGR ratio conditions but THC
was not changed.

In PCCI combustion test, MO40 was used for PCCI
combustion under high injection pressure condition. The
ignition was advanced with MO40. However, compared with
D100 no significant change was founded. The soot emission
was significantly reduced without an increase in NOx
emission in both fuels. The PN and Pd were reduced for
PCCI combustion, but CO and THC emissions were
increased. Compared with conventional combustion, the un-
burned fuel emission was increased with MO40 in PCCI
combustion.

Finally, a zero-dimensional reaction model was conducted
using CHEMKIN-Pro to identify the effects on engine
combustion, performance and emissions.

The ignition delay (ID) was calculated with D100, MO40 and
MO100 to identify the combustion characteristics. The ID
was similar between these fuels at low equivalence ratios.
However, when ¢ increased, the ID was shorten specifically
in low temperature range.

The adiabatic flame temperature, C(s) generation reaction and
NO generation reaction were calculated to simulate
combustion, soot generation and NOx generation. From the
results, 100% methyl oleate tends to emit soot at a higher
temperature region while the blended fuel emits soot at lower
temperatures much closer to the region where the ordinary
diesel fuel emits soot. However, NOx emission did not
significantly vary between diesel fuel and biodiesel. The
adiabatic flame temperature curve was well consistent to that
of soot generation range with D100 in low temperatures and
high equivalence ratios, but it was not the case with MO.

Following the present study, a spray observance study will be
conducted to confirm the effect of fuel physical properties
and dynamics at various fuel injection strategies under high
injection pressure conditions. Furthermore, additional
numerical simulation based on a 3-D CFD code will be
explored to identify the effects on engine combustion,
performance and emissions. Finally, engine operating and
design parameters of the diesel engine fueled with biofuel
will be optimized to ensure thermal efficiency along with
sufficiently reducing emissions.
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ABBREVIATIONS

ATDC - after top dead centre
BDF - bio-diesel fuel

BSEC - brake specific energy consumption

BSFC - brake specific fuel consumption
C(s) - solid carbon

CFD - computation fluid dynamics

CO - carbon monoxide

CO2 - carbon dioxide

DI - direct injection

DOC - diesel oxidation catalyst

DPF - diesel particulate filter

ECU - engine control unit

EEPS - engine exhaust particle sizer

EGR - exhaust gas recirculation



EPA - US Environmental Protection Agency
EURO4 - European emission standard 2005
FAME - fatty acid methyl esters

GC/MS - gas chromatography/mass spectrometry
ID - ignition delay

JIS#2 - Japanese industrial standards No.2
JME - Jatropha-derived biodiesel

LNT - lean NOx trap

MB - methyl butanoate

MD - methyl decanoate

MFB - mass fraction of burned fuel

MP2D - methyl propanoate

NEDC - new European driving cycle

NO - nitric oxide

NOKx - nitrogen oxide

PCCI - premixed charge compression ignition
Pd - average particle diameter

PM - particulate matter

PN - particle number

R.H.R - heat release rate

T - temperature

THC - total hydrocarbons

USO06 - high speed driving cycle as a supplement to the
Federal Test Procedure
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Effects of Biodiesel on Diesel Engine Combustion and Emission Characteristics
- Detailed Combustion and Chemical Kinetic Analyses -

Xiaodan Cui Teagun Kim Yousuke Fujii ~ Jin Kusaka ~ Yasuhiro Daisho
Engine tests were conducted along with chemical kinetics modeling to investigate the effects of 40%
Jatropha-derived biodiesel on combustion and emission characteristics over a wide range of engine operating conditions
in a passenger car diesel engine. Emissions measurements and heat release analyses showed that biodiesel can
significantly reduce PM (particulate matter) without significantly influencing heat release rates, NOx emission and
brake thermal efficiency under the conditions in the NEDC. For comparison with experimental results, we utilized a
zero-dimensional reaction model with detailed chemical kinetics to identify the effects on engine combustion and

emissions.
KEY WORDS: Heat Engine, Biodiesel, DI Engine, Combustion, Emission, PM, NOx (A1)
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Table 2 Compositions and properties of fuels tested

J40
ltem D100 JME (Mass 40%
(JIS2#) (Jatropha BDF) blend with
JIS2#)
Density (15deg.C) g/cm? 0.8318 0.8768 0.8498
Viscosity (30deg.C) 3212 5.040 5.0400
mm?/s
C 86.0 76.65 82.26
CH(?, H 13.7 12.35 13.16
mass %
O 0 11.00 4.40
Aromatic vol. % 18.8 0.0 11.0
Lower heating value kJ/kg 42970 39163 41447
Flash point deg.C 73.5 >200
Sulfur mass ppm 6 2.5 4.6
Cetane number 583 57.2

ZC, J40 OREEOT — 1 IREE TIE7e <,

X V)?EE L7ETH 5.

25 3Ck9)

Table 3 Engine specifications

Item Specifications
. Water-cooled, 4-stroke-cycle,
Engine type . .
TI Diesel engine
Valve train DOHC 4 valves
Cylinder L4
Bore x Stroke mm 85.0x97.1
Displacement cc 2204
Compression ratio 16.7
Common-rail(Max.160 MPa)
Fuel supply Nozzle cone angle 153°
¢0.133mm X 6 holes
EGR system HP-Hot-EGR / HP-Cooled-EGR
Boost control VNT turbocharger

Swirl control

Continuously variable
(Swirl ratio: 1.2-4.4)

Max.power kW/rpm

103/4000

Max.torque Nm/rpm

340/2000

Air flow meter
/ Intercooler
/ 'EGR cooler

Retary enooder | ,'
/
Turbocharger /

E:haus[ gas

Common rail
r

=
\yna mometer

Rad\alcr

-

%_Accelerator sensor indicator

Fig.1 Test engine setup
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Table 4 Base operation condition

Engine speed rpm 1500

Torque Nm 72

BMEP kPa 411

EGR ratio % 36

Swirl ratio 34

Boost press.  kPa 12

Inj.press. MPa 73
Inj.quantity pilot/ main mg/str. 1.69/13.2
Inj. timing pilot/ main deg. ATDC -11/-4.0

MFB50 deg. ATDC 10.3
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Fig.2 Results at base condition
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Fig.3 Results at high injection pressure (160MPa) condition
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Fig.4 Results at high EGR rate (42%) condition
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Fig.5 Results at low EGR rate (2%) condition
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Fig.6 PCCI combustion at different injection pressure conditions
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A Numerical Study of the Effects of FAME Blends on Diesel
Combustion and Emissions Characteristics Using a 3-D CFD
Code Combined with Detailed Kinetics and Phenomenological
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ABSTRACT

The objective of the present research is to analyze the effects of using oxygenated fuels (FAMEs) on diesel engine
combustion and emission (NOx and soot). We studied methyl oleate (MO), which is an oxygenated fuel representative of
major constituents of many types of biodiesels. Engine tests and numerical simulations were performed for 100% MO
(MO100), 40% MO blended with JIS#2 diesel (MO40) and JIS#2 diesel (D100). The effects of MO on diesel combustion
and emission characteristics were studied under engine operating conditions typically encountered in passenger car diesel
engines, focusing on important parameters such as pilot injection, injection pressure and exhaust gas recirculation (EGR)
rate.

We used a diesel engine complying with the EURO4 emissions regulation, having a displacement of 2.2 L for
passenger car applications. In engine tests comparing MO with diesel fuel, no effect on engine combustion pressure was
observed for all conditions tested. However, combustion was enhanced by using MO under low temperature and high EGR
rate (high equivalence ratio) conditions. Using MO, soot emission was significantly reduced without a concomitant
increase in NOx emission, but the apparent brake specific fuel consumption (BSFC) was worsened. However, the brake
specific energy consumption (BSEC), defined on an energy basis, did not changed significantly between the tested fuels. In
addition, CO and THC emissions were reduced by using MO. These effects were due to the enhancement of low
temperature reactions with oxygenated fuels like MO.

We also conducted a 3-D numerical study using the KIVA-3V code with modified chemical and physical models. To
predict soot emission, a model dealing with the formation of precursors including polycyclic aromatic hydrocarbons
(PAHs) was coupled with a detailed phenomenological particle formation model, taking into account soot nucleation from
the precursors, surface growth/oxidation and particle coagulation. We adopted an engine condition of 25% load and 1500
rpm because it is typically encountered in the NEDC mode.

The calculated in-cylinder pressure traces and heat release rates (HRRs) for all the fuels were in close agreement with
the measured engine data and the results on soot emission also agree with analyzed data. Further, the numerical results
suggested that the oxygenated fuel did not greatly affect soot oxidation rates and rates of oxidation by OH radicals.
Instead, soot nucleation from the precursors and surface growth were found to be major factors influencing soot emission
for the oxygenated fuel.

CITATION: Cui, X., Zhou, B., Matsunaga, M., Fujii, Y. et al., "A Numerical Study of the Effects of FAME Blends on
Diesel Combustion and Emissions Characteristics Using a 3-D CFD Code Combined with Detailed Kinetics and
Phenomenological Soot Formation Models," SAE Int. J. Fuels Lubr. 6(3):2013, doi:10.4271/2013-01-2689.

INTRODUCTION and low fuel-consumption are being introduced in the
] ) ) ] worldwide market. However, the exhaust from diesel engines
Global warming and fossil depletion issues are of contains high particulate matter (PM). Biodiesel fuel (BDF)

increasing concern in the transportation sector. To help
alleviate these problems, diesel engines with high-efficiency

has attracted considerable interest over the last few decades
as a potential substitute for fossil fuels. In addition to being a
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Table 1. Components of BDFs

Fatty acid methyl ester %
. Caprylic
Material acid Methyl Methyl | Methyl | Methyl | Methyl | Methyl | Methyl Methyl |y
methyl | decanoate laurate | myristate | palmitate | stearate oleate linoleate | Linolenate
ester
C9H1802 Cl 1H2202 C13H26O2 C15H3002 C17H3402 C19H3802 C]9H3602 CI9H34O2 C19H32O2 C>21
Soybean 11 5 25 52 7
Rapeseed 4 2 62 20 8 1
Palm 1 45 6 38 9

Jatropha 15 12 71 2

Coconut 8 8 45 18 10 2 8 2
Cooking oil 10 3 42 35 5

renewable fuel derived from vegetable oil, BDF has the
advantage that it can be used as a blend with diesel fuel
without the need for changing engine design parameters.
Furthermore, BDF is useful to reduce CO, emissions through
the life cycle, as well as to significantly reduce PM emissions
[1,2,3]

In recent years, numerous researchers have reported an
increase in NOx emissions from diesel engines fueled with
BDF, and several biodiesel combustion kinetics models have
models could be used to simulate in-cylinder combustion
processes coupled with mixing and chemical processes in
order to determine optimal engine control and design
parameters to reduce NOx emissions with blended BDFs.
However, few of these models have been validated
sufficiently against test data on combustion and emissions,
specifically on PM emissions in recently developed diesel
engines.

The objective of the present research is to analyze the
effects of using BDF on diesel engine combustion and
emission by employing both engine tests and numerical
simulation. BDF consists of several fatty acid methyl esters
(FAMEs), e.g., methyl palmitate (C;7H340,), methyl oleate
(C19H3607), methyl linoleate (C;9H340,) and so forth. We
chose methyl oleate (MO) as a test fuel representative of
major constituents of many types of BDFs (as shown in Table
1[9]) and compared different fuel compositions, i.e., 100%

MO (MO100), 40% MO blended with JIS#2 diesel (MO40)
and JIS#2 diesel (D100).

The engine tested in this study was equipped with an
ECU, allowing not only exhaust gas recirculation (EGR) and
injection pressure control but also pilot injection combustion.
Although the effects on diesel combustion have been
the present study, we attempted to explain FAME combustion
processes with the aim of optimizing engine operating
parameters to ensure high thermal efficiency together with
reduced emissions.

In a previous study, we used a zero-dimensional reaction
model adopting in CHEMKIN-Pro to identify factors
affecting engine combustion and emissions [15]. The results
obtained with the numerical model suggested that the ignition
delay with D100, MO40 and MO100 was almost similar at
low equivalence ratios. By contrast, when equivalence ratio
(p) increased, the ignition delay decreased specifically in the
low temperature range with MO. Further, MO100 resulted in
emission of soot at high temperatures, whereas the blended
fuel resulted in emission of soot at lower temperatures similar
to ordinary diesel fuel. However, NOx emission did not vary
significantly between diesel fuel and biodiesel.

In the present study, we used the 3-D CFD code based on
the reaction model described previously to investigate the
effect of MO on engine combustion processes. We also
employed a phenomenological soot formation model to
identify the soot generation mechanism with MO.
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EXPERIMENTAL SETUP
Test Engine

The engine used in the present study was a production
turbocharged 2.2 L DI diesel engine designed for passenger
cars, complying with the Euro 4 regulation. The main
specifications of the engine are shown in Table 2.

Table 2. Engine specifications

conversion to soot emission (g/kWh). The intake gas
composition was also recorded to calculate the EGR rate.

Fuels

The following fuel compositions were used:

D100: standard ultra low sulfur diesel fuel compliant with
JIS#2 (sulfur < 10 ppm).

MO100: 100% methyl oleate (C;9H360,), which is
representative of major constituents of many types of BDFs.

MO40: 40% mass blend of MO100 with D100.

The properties of the tested fuels are listed in Table 3.

Table 3. Composition and properties of fuels

Item D100 MO100 MO40

Density (@ 15°C) | 6318 | 0.8740 | 0.8487

Item Specifications
Engine type Water—cool@d, 4—stque—cycle,
DI diesel engine
Valve train DOHC 4 valves
Cylinder L4
Bore x Stroke mm 85.0x97.1
Displacement cc 2204
Compression ratio 16.7

Common-rail (Max.160 MPa)
Nozzle cone angle 153°
@ 0.133mmx6 holes

Fuel supply

HP-Hot-EGR /

EGR system HP-Cooled-EGR

Boost control VNT turbocharger

Continuously variable

Swirl control (Swirl ratio: 1.2-4.4)

Max. power kW/rpm 103/4000
Max. torque Nm/rpm 340/2000
Air flow meter

‘r‘" Intercooler
/ 'EGR cooler Common rail

~_Radiator
Rotary encoder / ‘e‘/ /ECU == @
Turbocharger ‘,"‘ ‘ ] \ ETK [ "]

\_Accelerator sensor indicator

Exhaust gas

Figure 1. Experimental setup

The engine and measuring apparatus were configured as
shown in Figure.1. Fuel consumption was measured using an
FX-1100 gravity flow sensor developed by ONO SOKKI.

Exhaust gases were sampled at the engine outlet before
the DOC using a MEXA 1500DEGR, while an AVL 415SE
smoke meter was used to measure filter smoke number with

g/em’
Viscosity (@30°C) | 551, 4041 | 4.041%
mm-/s
C 86.0 76.9 82.4
CH(?) H 13.7 12.1 13.2
mass %
(0] 0.0 10.8 44
Aromatic vol. % 18.8 0.0 11.3

Lower heating 42970 36980 40574

value kl/kg
Flash point °C 73.5 174.0 -
Sulfur mass ppm 6 0 3.6
Cetane number 58.3 66.1 61.4

This viscosity value marked with * is an estimated value
based on reference [16]. The other values for MO40 were
calculated from D100 and MO100 values as shown in

Equation (1).
Qm = 2i2;yiyiQij
(1)
where, Qy, is the property of the blend, Qjj is the mean
property, and y; and y; are the volumetric ratios of each pure
component.
Although binary interactions between D100 and MO100

would be considered ideally, these were considered negligible
[17].

EXPERIMENTAL RESULTS

Experimental Conditions

To analyze the effects of using MO on diesel engine
combustion and emission characteristics, we set the engine at
a speed of 1500 rpm and load of 25% as the base condition
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typically encountered in NEDC and JCO8 modes. Details of
the base conditions are listed in Table 3. In the engine tests,
the EGR rate and injection pressure was varied to evaluate
the combustion reactions of MO. For all conditions, the 50%
mass fraction of burned fuel (MFB50) was kept at the same
crank angle by adjusting injection timing to enable fair
comparison between the different fuels. The detailed base
condition is shown in Table 4. D100 and MO40 fuels were
used for the engine experiments. For all EGR conditions, the
cooled EGR gas was mixed with fresh air upstream of the
intake pipe.

Table 4. Engine base operating conditions

Engine speed rpm 1500
Torque Nm 72
BMEP kPa 411
Load rate % 25
EGR ratio % 36
Swirl  ratio 34
Boost pressure  kPa 12
Injection pressure MPa 73

pilot mg/str. 1.69
Injection quantity

main mg/str. 13.2

pilot deg. ATDC -11
Injection timing

main  deg. ATDC | -4.0
MFB50 deg. ATDC 10.3

Experimental Results

Pilot injection

Pilot injection, originally utilized to prevent diesel engine
noise and vibration by reducing ignition delay with diesel
fuel, has been investigated in many studies [18, 19, 20]. In
the present study, we measured in-cylinder pressure, heat
release rate (HRR) and emissions using MO40 as a typical
biodiesel fuel to analyze the effects on combustion process.

The results showed no significant differences in the main
combustion characteristics between MO40 and D100, as
shown in Figure.2 (a). However, the combustion phase with
pilot injection was advanced by using MO40 due to
enhacement of the combustion reactions in the low
temperature range, as shown in Figure.2 (b). The ignition
delay was shorter with MO than diesel at low temperatures
and for high equivalence ratios, as calculated in [15]. NOx
emission was reduced by using MO40 as shown in Figure.2
(c), owing to the increased combustion at low temperatures.
Further, the local equivalence ratio was increased by using

MO40, resulting decreases in the total hydrocarbons, CO and
soot emissions as shown in Figure.2 (c). The combustion
efficiency was also improved by using MO40, and thus the
brake specific energy consumption (BSEC) with MO40 was
better than with D100. However, the brake specific fuel
consumption (BSFC) with MO40 was worse than with D100
because MO40 had a lower heating value, as shown in

Figure.2 (c).

—_— MO40 == D100_base

8 200 40
£
=) Inj. Duration
s ¢ Moo 10 .
Z D100 £ g
2 = = 90 I
5 Y 4
2 o s
=) 50 10
5
£

0 0 0

-40 20 0 20 40 60 -10 -5 0 5

Crank angle deg.ATDC (a) Crank angle deg. ATDC (b)

0.13 123 037 228 258 262 11.110.9

e
2
3

Relative rats

Soot NOx THC co BSFC BSEC
o/kWh o/kWh gkWh  (c) @kWh 2/kWh MI/KWh

Figure 2. Results for pilot injection: (a) injection
duration, in-cylinder pressure and heat release rate for
each fuel, (b) effect on the heat release rate of using the
different fuels showing differences in the combustion
phase between MO40 and D100, (c) emissions and
consumption results

High Pressure Injection

High pressure injection can enhance the atomization and
evaporation of spray as well as reduce soot emission [12-13].
In this study, we increased the injection pressure to 160 MPa,
and examined the effects of using MO40 on combustion and
emission characteristics.

Because of the enhancement of atomization and
evaporation of the spray for high pressure injection, the
injection timing was shortened and the mixture timing for
fuel and air was lengthened [13]. This meant that premixed
combustion was observed for both fuels. Thus, the maximum
in-cylinder pressure and maximum rate of pressure rise were
higher than with pilot injection for both fuels as shown in
Figure.3 (a). On the other hand, combustion in low
temperature range was enhanced, but there was slight the
decrease in main combustion with MO40, as shown in
Figure.3 (b). Owing to the increased mixture timing, soot
emission was reduced. However, NOx emission was
increased for both fuels but was significantly increased for
MO40, as shown in Figure.3 (c).
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Figure 3. Results for high pressure injection: (a)
injection duration conditions, in-cylinder pressure and
heat release rate for each fuel, (b) effects on the heat
release rate of using the different fuels, (c) emissions and
consumption results

EGR rate

External exhaust gas recirculation (EGR) is a well-known
method to reduce NOx emissions from diesel engines and
offers the possibility of decreasing the temperature during
combustion. However, soot emission has been shown to
increase under high EGR rate conditions [14]. In this study,
we varied the EGR rate from 5% to 42% to investigate the
effects of using MO40 on the combustion and emission
characteristics.
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Figure 4. Results under a high EGR rate: (a) injection
duration, in-cylinder pressure and heat release rate for
each fuel, (b) effects on the heat release rate of using
different fuels, (c¢) emissions and consumption results
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Figure 5. Results under a low EGR rate: (a) injection
duration, in-cylinder pressure and heat release rate for
each fuel, (b) effects on the heat release rate of using
different fuels, (c¢) emissions and consumption results

Increased inlet heat capacity due to the higher specific
heat capacity of recirculated CO, and H,O compared with O,
and Ny has been shown to result in lower gas temperatures
during combustion, particularly a lower flame temperature
[14, 21, 22, 23]. Thus, in the present study, the ignition delay
increased under the high EGR rate condition with D100
specifically for pilot injection combustion, but was
unchanged with MO40, as shown in Figure.4 (b). This was
because the combustion reaction was enhanced by using
MOA40 under low temperatures and for a high equivalence
ratio. On the other hand, the ignition delay was decreased
under the low EGR rate condition and the heat release rate
was similar for both fuels as shown in Figure.5 (b). This is
because the equivalence ratio was so low that the effect of the
local equivalence ratio on the combustion with different fuels
could be ignored. Compared to the results under the base
conditions, soot emission was reduced with MO40 even when
the EGR rate was increased. However, soot emission was
significantly increased with D100 when the EGR rate was
increased as shown in Figure.4 (c). Thus, the results suggest
that soot and NOx emissions can be reduced simultaneously
without a deterioration in consumption (BSEC) by using
MOA40.

Experimental Summary

The experimental results suggested that for a low engine
speed and load, soot and NOx emissions could be reduced
without compromising consumption by using MO40 coupled
with a high EGR rate, low injection pressure and pilot
injection. Thus, we performed numerical simulations for
these conditions to analyze and explain the combustion and
emission processes using MO.
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CALCULATION METHOD

Calculation Conditions

We used the KIVA-3V code [24] developed at the Los
Alamos National Laboratory as a base code. Detailed
explanations of this code are given in references [25-26]. The
additions and amendments made in the present study are

listed in Table 5.

Table 5. Modifications to the KIVA-3Vcode

Combustion model

PaSR model [27]

Chemical reaction
mechanism

Diesel oil surrogate model [28] /
FAME surrogate model [29-30]

Turbulence model

RNG k-¢

Spray breakup
model

KH-RT hybrid model [31]

Soot formation
model

Phenomenological soot model
[32]

NOx formation
model

Extended Zeldovich mechanism
[33]

Figure 6. The 60 degree sector computational mesh

Table 6. Intake air components

Intake air components (Experimental)

0, vol. % 3.20
CO, vol.% 16.56
Intake air components (Calculated)
IN,  mole rate 4.525
O, mole rate 1.000
CO, mole rate 1.655
[H,O mole rate 1.655

A 60 degree sector computational mesh was used to
model the test engine combustion chamber geometry, as
shown in Figure.6. Simulations were performed for the base
conditions shown in Table 3. The calculation started at 154
deg. BTDC when the intake valve is closed and finished at
157 deg. ATDC when the exhaust valve is opened. The
calculated intake air components are shown in Table 6
together with experimental values for comparison.

Thermo-Physical Properties

In the spray model, the liquid fuel's thermo-physical
properties, e.g., enthalpy, viscosity, latent heat of
vaporization, vapor pressure, thermal conductivity and
surface tension, are important parameters affecting the spray
characteristics. The properties of the diesel oil were assumed
to be the same as those set for diesel oil in the KIVA-3V fuel
library [34]. In contrast, the properties of MO were calculated
using various empirical methods [35], as shown in Equations
2), (3), (4), (5), (6). Thus, all thermo-physical properties
were considered to depend on temperature alone.

Viscosity:

3
21167X107_ 4 5587InT)

o = 79059+
)
Latent heat of vaporization:
AHy = 1.22 x 108(1 — T,)03%®
()

where T; is the reduced temperature = 7/7,, and T is critical
temperature =764 K [35].
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Figure 8. Thermo-physical properties of each fuel
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Vapor pressure:

1.9153x10%

p, = o(187:49- —22.989InT+7.2769x10("6)xT2)
v =

4)
Thermal conductivity:
A, = 0.1402 — 1.3316 x 10 x T (5)
5
Surface tension:
0 = 5.806 x 10-2)(1 — T,)1-248
(6)

The enthalpy (H), entropy (S) and heat capacity (cp) for
the fuel vapor were then predicted from NASA polynomial
coefficients [36], as shown in Figure.7 and Equations (7), (8),

).

C19H3602 C 19 H36 O2N0G 5000.0 1000.0
4.0742E+01 1.1313E-01 -4.4292E-05 7.9264E-09 -5.3264E-13
-9.5318E+04  -1.6125E+02 1.0390E+00 1.8950E-01 -4.9021E-05
-6.2465E-08 3.7696E-11  -8.2267E+04 5.2486E+01

Figure 7. The polynomial coefficients (NASA) for MO,
in the data form, the first seven coefficients starting from
the second row of each species’' entry are for the high
temperature range, the following seven coefficients are
for the low temperature range.

i_a1+ﬁ+a3T a4T3+a5T4+%
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A similar relationship to that as shown in Equation (1)
was used to calculate the blended fuel's (MO40) properties.
The calculated results are shown in Figure.8.

Phenomenological Soot Formation Model

The generally soot formation in diesel combustion has
been attributed to a sequence of reactions and processes in
which polycyclic aromatic hydrocarbons (PAHs) are formed
from unsaturated hydrocarbons produced by thermal
decomposition of fuel components, nucleation, surface
growth/oxidation and coagulation [37].

1. Fuel Pyrolysis
Aliphatic CzHo
components —» C;H; —» @
Fuel Short chain  _,
methyl ester
toluene _7 @
2. PAH Growth /
C=C-H +H C=C-H
-H, .
+CV

ARS

3. Modified Soot Particle Model ¢

Nucleation

ARS=12C,, +4H,

soot

Surface growth SI - CouH+H S Cyoe + H,
S2 C,nH+OH ¢ C,» + H,O

¢
1 S3  Cu*+H=CH

soot soot
S4  Cyo +CH, = CypH+H

500t

Surface oxidation

S5 CypuH + 02 = Cyy,H + 2CO

1 S6 CyuH+OH=C,,H+CO+H
S7  CgpoH + NO = Cy i H+ CO +N
Coagulation X Caoot = Conot

Figure 9. The phenomenological soot formation model
combined with the detailed gas phase PAH growth
chemical model

In this study, we used a phenomenological soot formation
model as shown in Figure.9, which handled soot particles as
gas phase species; for simplicity their diameters and number
densities were calculated in each computational cell
independently [38]. Therefore, changes in soot particle mass
and number densities could be expressed by Equations (10)
and (11). A detailed explanation of this phenomenological
soot formation model is given in reference [32].

% Wye T Wsg + Wo, T Wop + Wyo
(10)
dfn _ dfnnNc , Afnce
ar . at Tat
(11)
CALCULATION RESULTS
Spray Verification

Spray characteristics have significant effects on
combustion processes in diesel engines and are highly
dependent on the fuel's thermo-physical properties [39].
Therefore, the spray break-up model and associated model
parameters had to be verified by experiment for each fuel.
Sprays were examined by shadowgraph photography in a
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constant-volume chamber under non-combustion conditions
for each fuel. The spray experiments were conducted at an
ambient gas density of 12 kg/m> and temperature of 900 K to
approximate actual combustion conditions used in the
numerical simulations. The measured and calculated spray
break-up lengths (liquid penetration lengths) for each fuel at
different injection pressures are shown in Figure.10. Close
agreement between the calculated results and measured data
confirmed the validity of the break-up model for each fuel.

—4—D100 exp. ==>=DI100 calc.

—@—MO100_exp. =O==MO100_calc.
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Figure 10. Experimental (constant-volume chamber) and
calculated spray penetration length

Calculation Results

Combustion & soot emissions verification

The calculated combustion and soot emission
characteristics for each fuel are shown in Figure.11. It can
clearly be seen that the calculated in-cylinder pressures, heat
release rates (HRR) traces and soot emissions are in close
agreement with measured engine data, and that soot emission
is reduced by using MO.
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Figure 11. Comparing of the calculated and
experimental in-cylinder pressure, HRR and soot
emissions for each fuel

Soot formation & oxidation processes for
different fuels

Regarding soot emission, the particle number was the
same for all fuels. However, the average particle diameter
(measured at engine out before the DOC using an EEPS3090
particle sizer in reference [15]) was smaller with MO40 than
D100 under the specific engine operating conditions used.
The calculated results showed that not only exhaust soot mass
but also average particle diameters and particle number
densities decreased as the MO blended rate was increased as

shown in Figure.12. Soot particle density and diameter have
been reported to increase as the excess air ratio is reduced
[40]. In our case, the excess air ratio was unchanged.
However, the local equivalence ratio reduced when MO
blended rate was increased, which had the same effect as
increasing the excess air ratio.

In addition, soot mass and net soot production tended to
occur later for fuels containing MO than for diesel, as shown
in Figure.13. This is probably because more surface sites are
activated in the case of MO fuels than for D100. In addition,
the peak soot mass and net soot production was lower with
MO than with D100. Thus, the results indicate that soot
emission with MO is lower than with D100. In contrast, soot
oxidation was similar for all fuels as shown in Figure.13.
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Figure 12. Calculated time courses of average particle
diameter and particle number density for each fuel
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Figure 13. Effects of different fuels on soot mass
histories, net soot production rates and soot particle
surface active site density

The mass of acenaphthylene (A,R5) was reduced with

increasing MO blended rate. Thus, the nucleation rate,
constant (knc) calculated according to Equations (12), (13),

(14) [35], decreased with increasing MO blended rate as
shown in Figure.14.

A,R5 - 12C(s) + 4H,

(12)
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wye = kyc[AzR5]

(13)
kyc = 1.0 x 103exp(—5000/RT)

(14)

Surface growth mediated by acetylene (C,H;) addition

was the dominant mechanism responsible for the observed

increases in soot mass, as shown in Figure.15. The mass of

acetylene was also reduced using MO, but the reduction was
not as large as for acenaphthylene.
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Figure 14. Calculated time courses of soot particle
nucleation formation processes (A;R5 masses and
particle nucleation rate) for each fuel
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Figure 15. Calculated time courses of soot surface
growth processes (CoH, masses and surface growth
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Figure 16. Calculated time courses of soot oxidation
rates and oxidant masses (0, and OH) for each fuel

The concentrations and effects of three oxidants (O,, OH
and NO) were considered in the soot particle oxidation
calculations. Soot oxidation by OH has been reported as the
dominant oxidizing reaction [41]. However, in the present
study, oxidation by OH and O, occurred to a similar extent
for MO40 and D100, specifically, the oxidation rate due to
OH was similar among all fuels, as shown in Figure.16.
These results imply that the soot oxidation rate due to OH is
simply controlled by the OH concentration. In contrast, the
oxidation rate due to O, was lower for MO100 than for the
other fuels. The reason for this is considered that the specific
area of particles and particle number density are reduced by
using MO100, as shown in Figure.12. Compared with soot
oxidation by O, and OH, oxidation by NO was negligible.

Soot formation & oxidation distribution for
different fuels

The fuel spray behavior for each fuel was analyzed from
in-cylinder temperature distributions, as shown in Figure.17.
The results show that soot initially forms near the piston bowl
cavity and then moves inside the piston with the squish flow
as shown in Figure.18. No significant differences were
observed between the soot concentration distributions for the
different fuels. Moreover, the temperature, which could affect
NOx formation, was not changed so much with MO.
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Figure 17. Temperature distributions for each fuel

calculated every 2 degrees from a crank angle of 0 deg.
ATDC to 10 deg. ATDC
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D100 calc. MO40 calc. MO100 calc. the major soot related species, are fully consumed and
B B oxidation processes start to become dominant throughout the
combustion chamber.
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Figure 18. Soot concentration distributions for each fuel -
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Figure 21. Surface growth rate distributions for each
fuel calculated every 2 degrees from a crank angle of 0
deg. ATDC to 6 deg. ATDC
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Figure 19. Nucleation rate distributions for each fuel
calculated every 2 degrees from a crank angle of 0 deg. 2
ATDC to 6 deg. ATDC

Detailed analysis of the calculated distributions suggests
that nucleation, which is the first step of soot formation, starts 6
just after acenaphthylene is formed and that acetylene surface deg. ATDC
abstraction begins at approximately the same time as shown
from Figures.19, 20, 21, 22. In addition, acenaphthylene
forms predominantly in fuel rich and low temperature
regions. This is because acenaphthylene stars to form near the
lift-off region of the injected fuel vapor, which corresponds to fuel calculated every 2 degrees from a crank angle of 0
the edge of the fuel spray at temperatures higher than 2000 K deg. ATDC to 6 deg. ATDC
[42]. Subsequently, acetylene and acenaphthylene, which are
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Figure 22. C;H), concentration distributions for each
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The highest rate of soot oxidation by OH was predicted to
be at the outside edge of the fuel spray where OH is largely
formed [41], as shown in Figure.23 and 24. Consequently, the
oxidation rate by OH rate and OH concentration exhibited
similar distributions. Moreover, OH was found to occur in
high concentrations at the center of the piston cavity.
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Figure 23. Rate of oxidation by OH rates for each fuel
calculated every 2 degrees from a crank angle of 4 deg.
ATDC to 10 deg. ATDC
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Figure 24. OH concentration distributions for each fuel
calculated every 2 degrees from a crank angle of 4 deg.
ATDC to 10 deg. ATDC

The rates of oxidation by O, were similar among all fuels,
as shown in Figure.25. Even though the results suggested that
O, concentrations were highest during soot formation and
oxidation reactions with MO as shown in Figure.26, the rate
of oxidation by O, was not significantly higher with MO than
with the other fuels.
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Figure 25. Rate of oxidation by O, for each fuel

calculated every 2 degrees from a crank angle of 0 deg.
ATDC to 10 deg. ATDC
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Figure 26. O, concentration distributions for each fuel

calculated every 2 degrees from a crank angle of 0 deg.
ATDC to 10 deg. ATDC
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CONCLUSIONS

In this study, we analyzed the effects of methyl oleate
(MO) on diesel engine combustion and emission
characteristics. MO was chosen as an oxygenated fuel
representative of major constituents of many types of
biodiesels. 100% MO (MO100), 40% MO blended with
JIS#2 diesel (MO40) and JIS#2 diesel (D100) were used in
this study for engine tests and numerical simulations.

A diesel engine complying with the EURO4 emissions
regulation, having a displacement of 2.2 L for passenger car
applications was used. Engine tests were conducted with 40%
MO blended with JIS#2 diesel (MO40) and neat JIS#2 diesel
(D100). The results showed that:

1. The combustion phase with pilot injection was
advanced by using MOA40, resulting in enhancing the
combustion reaction at low temperatures. NOx emission was
also reduced by using MO40 because combustion in the low
temperature range was increased. In contrast, the local
equivalence ratio was increased with MO40, resulting in a
reduction of total hydrocarbons, CO and soot emissions.
Moreover, the combustion efficiency was improved by using
MOA40 as the BSEC with MO40 was lower than with D100.

2. Since high pressure injection led to enhanced
atomization and evaporation of the spray, the maximum in-
cylinder pressure and rate of pressure rise increased with both
fuels. The increased mixture timing resulted in a reduction in
soot emission. However, NOx emission was increased for
both fuels, particularly for MOA40.

3. Ignition delay was found to increase under high EGR
rate conditions with D100 particularly for pilot injection
combustion. However, the ignition delay was not affected
with MO40. In contrast, the ignition delay was reduced under
low EGR rates conditions and the heat release rate was
similar for both fuels because the local equivalence ratio had
a negligible effect on combustion. The results suggest that
soot and NOx emissions can be reduced simultaneously
without compromising energy consumption (BSEC) by using
MOA40.

The experimental results, suggest that under low engine
speed and load, the optimal parameters for reducing soot and
NOx emissions with MO40 includes a high EGR rate, low
injection pressure and pilot injection.

Using a 3-D CFD code (KIVA3V) combined with
detailed kinetics and phenomenological soot formation
models, combustion was modeled with MO40, D100 and
MO100 (100% MO). The following results were obtained:

1. The calculated in-cylinder pressure, heat release rate
(HRR) traces and soot emission agree closely with the
experimental data.

2. As well as the soot mass emission, the average particle
diameter and particle number density tend to be reduced
when MO blended rate is increased due to a reduction in the
local equivalence ratio.

3. MO does not greatly affect soot oxidation rates, even
for OH radicals. Instead, soot nucleation from precursors and
surface growth are major factors influencing soot emission.

4. No significant differences were found between the soot
concentration distributions for the different fuels. Moreover,
the temperature, which can affect NOx formation, is not
changed with MO. So using MO can reduce soot emission
without increase NOx emission.
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DEFINITIONS/ABBREVIATIONS

ATDC - after top dead centre

A,RS - acenaphthylene

BDF - bio-diesel fuel

BMEP - brake mean effective pressure
BSEC - brake specific energy consumption
BSFC - brake specific fuel consumption
BTDC - before top dead centre

C,H; - acetylene

CFD - computation fluid dynamics

CO - carbon monoxide

CO; - carbon dioxide

DI - direct injection

DOC - diesel oxidation catalyst

DOHC - Double Over Head Camshaft
ECU - engine control unit

EEPS - engine exhaust particle sizer
EGR - exhaust gas recirculation

EUROM4 - European emission standard 2005
FAME - fatty acid methyl esters

JIS#2 - Japanese industrial standards No.2
MFB - mass fraction of burned fuel
NEDC - new European driving cycle

NO - nitric oxide

NOx - nitrogen oxide

PAHs - polycyclic aromatic hydrocarbons
PM - particulate matter

HRR - heat release rates

T - temperature

THC - total hydrocarbons
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Abstract

As the petroleum depletion, some of this demand will probably
have to be met by increasing the production of diesel fuels
from heavy oil or unconventional oil in the near future. Such
fuels may inevitably have a lower cetane number (CN) with a
higher concentration of aromatic components. The objective of
the present research is to identify the effects of a typical
biodiesel fuel as a CN improver for a light-duty diesel engine
for passenger cars.

Our previous study indicates that methyl oleate (MO), which is
an oxygenated fuel representative of major constituents of
many biodiesel types, can reduce soot and NOx emissions
simultaneously by optimizing performance under exhaust gas
recirculation (EGR) when used as a diesel fuel additive. In
addition, it was found that MO tends to reduce the ignition
delay.

We employed a 2.2 L passenger car DI diesel engine
complying with the Euro 4 emissions regulation. Four different
fuels were compared: JIS#2 diesel fuel, which has a CN of 57
(D100) for a reference fuel, a very low CN diesel fuel (CN45), a
blend of CN45 with 40% MO (named CN45+MOQO), and a blend
of CN45 with an alternative CN improver, 2-Ehtyl-Hexyl-Nitrate
(EHN), which has the same CN as D100 (named CN45+EHN).
These fuels were compared in terms of their thermal efficiency,
combustion and exhaust emission characteristics.

Experiments were performed using seven engine torque and
speed combinations that were selected to reflect typical
operating conditions in passenger car diesel engines, focusing
on the effects of important parameters such as pilot injection,
injection pressure, EGR ratio and the use of premixed charged
compression ignition (PCCI).

The engine test results showed that CN45 generated longer
ignition delays than the other tested fuels under all operating
conditions and that pilot injection with this fuel was not
sufficient to ensure ignition and effective main combustion at
low engine speeds and loads, particularly when using high
EGR ratios. This increased fuel consumption and unburned
fuel emissions (CO & THC). It was judged that too much
amount of MO must be added to improve the deterioration
brought by CN45. We therefore compared the performance of
CN45+MO to that of CN45+EHN under low temperature and
enhanced EGR conditions. CN45+MO produced lower soot
and NOx emissions. In addition, the brake specific energy
consumption (BSEC), defined on an energy basis, for
CN45+MO did not differ significantly from those for CN45+EHN
or D100. These effects are due to the enhancement of low
temperature reactions brought by oxygenated fuels such as
MO. Moreover, MO can reduce maximum pressure rise rates
associated with engine noise and vibration observed in case of
CN45.

In summary, MO is a useful CN improver for light-duty diesel
engine.

Introduction

Global warming and fossil depletion issues are of increasing
concern in the transportation sector. To help alleviate these
problems, diesel engines with high-efficiency and low fuel-
consumption are being introduced in the worldwide market. It is
predicted that some portion of diesel fuels will be derived from
ordinary heavy oil or unconventional oil to meet the increased
diesel fuel demands in many areas in the near future. Such
fuels generally have lower cetane number (CN) than
conventional diesel as well as higher contents of aromatic
components and sulfur [1].
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The use of low CN diesel will increase the ignition delay of
diesel combustion itself. Therefore, engine emissions will be
significantly increased [2, 3]. Moreover, the use of low CN
diesel has adverse effects on pilot injection combustion and
fuel consumption [4]. It is therefore necessary to treat such
diesels with additives to increase their CN values. 2-Ehtyl-
Hexyl-Nitrate (EHN) is widely used as a CN improver because
of its low cost and high effectiveness [5]. Di-tertiary-butyl-
peroxide (DTBP) is also used in some cases because it does
not contain nitrogen. Both EHN and DTBP form highly reactive
alkoxy radicals that in turn generate fuel radicals and thereby
accelerate the ignition process at low temperatures [6,7].
Biodiesel fuels (BDFs) also have the potential to serve as CN
improvers in light-duty diesel engines based on their ability to
promote low temperature oxidation reactions and reduce the
ignition delay [8].

BDFs have attracted considerable interest over the last few
decades as potential substitutes for fossil fuels. In addition to
being renewable fuels derived from vegetable oils, BDFs have
the advantage that they can be blended with conventional

diesel fuel without having to change engine design parameters.

Furthermore, BDF is useful to reduce CO, emissions through
the life cycle as well as to significantly reduce PM emissions

9.

The objective of the present study was to viability of FAME as
a CN improver for a light-duty diesel engine. BDF consists of
several fatty acid methyl esters (FAMEs) such as methyl
palmitate (C,,H,,0,), methyl oleate (C,,H,,0,), methyl
linoleate (C,4H,,0,) and so on. We selected methyl oleate
(MO) as a test fuel that is representative of the major

constituents of many BDFs [10,11].

The engine tested in this study was equipped with an ECU,
allowing modifying not only exhaust gas recirculation (EGR),
injection pressure control and pilot injection combustion but
also premixed charged compression ignition (PCCI)
combustion. The effects of MO on diesel combustion have
previously been investigated under similar conditions [12, 13,
14, 15, 16], revealing that optimal engine operating parameters
with this fuel blend at low engine speeds and loads requires a
comparatively high EGR ratio, low injection pressure, and pilot
injection. Under these conditions, soot and NOx emissions are
both reduced without adverse effects on fuel consumption [8].
In the present study, we evaluated MO as a CN improver in a
blend with a low CN diesel, and compared its performance to
that of EHN, with the aim of optimizing the engine operating
parameters in order to achieve a high thermal efficiency while
also reducing emissions.

Experimental Setup

Test Engine

The engine used in the present study was a production
turbocharged 2.2 L DI diesel engine (Honda CRV 2.2L I-CTDI-
N22A2/2008) designed for passenger cars in compliance with
the Euro 4 emission regulations. The main specifications of the
engine are presented in Table 1.

The engine and measuring apparatus were configured as
shown in Fig.1. Fuel consumption was measured using an
FX-1100 gravity flow sensor developed by ONO SOKKI.
Exhaust gases were sampled at the engine exhaust outlet
before the diesel oxidation catalyst (DOC) using a MEXA
1500DEGR, while an AVL 415SE smoke meter was used to
measure the filter smoke number and convert the measured
values to soot emissions (g/kWh) by Equation (1). The intake
gas composition was also measured to calculate the EGR
ratio.

Soot. i
Soot = 3o%tm o Qair
1000 P

(1)

where Soot is the result of Soot emission (g/kWh), Soot | is the
measured data of Soot emission (mg/m?3), Q,, is the intake air
quantity (m3/h), and P is the engine output power.
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Exhaust gas
Figure 1. Experimental setup

Table 1. Engine specifications

Item Specifications

Water-cooled, 4-stroke-cycle,

Engine type DI diesel engine
Valve train DOHC 4 valves
Cylinder L4
Bore x Stroke mm 85.0x97.1
Displacement cc 2204
Compression ratio 16.7

Common-rail (Max.160 MPa)

Fuel supply Nozzle cone angle 153°
@ 0.133mmx6 holes
EGR system HP-Hot-EGR /

HP-Cooled-EGR

Boost control VNT turbocharger

Continuously variable

Swirl control (Swirl ratio: 1.2-4.4)

Max. power kW/rpm 103/4000

Max. torque Nm/rpm 340/2000
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Table 2. Composition and properties of fuels

Item D100 CN45 MO100 CN45+MO CN45+EHN
Density (@ 15°C) g/cm’ 0.8318 0.8485 0.8740 0.8587 0.8442
Viscosity (@30°C) mm?/s 3.212 3.116 4.041 4.041* 2.893
86.0 86.7 76.9 82.8 86.9
CHO mass % H 13.7 13.2 12.1 12.8 13.0
0.0 0.0 10.8 44 0
Aromatic vol. % 18.8 314 0.0 18.84 30.0
Lower heating value kJ/kg 42970 42490 36980 40286 42740
Sulfur mass ppm 6 4 0 2.4 4
CN 58.3 45.1 66.1 - 51.2

During the tests, all the engine control parameters were
controlled by ETAS ECU program INCA 5.4, which was directly
connected to the engine ECU. For all operating conditions, the
50% mass fraction of burned fuel (MFB50) was kept at the
same crank angle for the different fuels at same engine speed
and torque conditions by the injection strategy control for
comparison. For this control, the piezo-type pressure
transducer (6055CSP120 by KISTLER) was inserted into the
glow plug in cylinder No.1, which was used for the combustion
control, was equipped to measure the in-cylinder pressure.

The swirl ratio was controlled by using a swirl control valve,
and the optimal swirl ratio was determined for each base
operating condition using D100. The same swirl ratio, injection
pressure, fresh air quantity and boost pressure were applied to
other fuels.

Fuels
The following fuel compositions were used:

D100: a standard ultra low sulfur diesel fuel compliant with the
JIS#2 regulations (sulfur content < 10 ppm) and high CN.

CN45: a low CN diesel with a CN of 45.

MO100: 100% methyl oleate (C,4H,;0,). MO is representative

of major constituents of many BDFs.

CN45+MO: a blend of MO100 and CN45. The addition of MO
to low CN diesel can potentially reduce CO, emission and
improve the fuel's CN.

CN45+EHN: a blend of CN45 and the CN improver EHN
(0.15% by mass), which has a CN close to that of general
diesel fuel.

The properties of the tested fuels are listed in Table 2.

Viscosity value marked with * is estimate based on literature
results [17]. The other values for CN45+MO were calculated
from the known properties of CN45 and MO as shown in

Equation (2).
Qm = 2i 2 Yy Qij
(2)

where Q, is the property of the blend, Qij is the mean property,
and y, and y, are the volumetric ratios of the pure components.

2500 450
Fullload US06 mode,
o 2000 without pilot | 360 =
o injection b
o 1500 270 o
W &
= 1000 'S ) . 180 o
54 < mode,
500 2‘ * * with pilot injection 90
0 - 0

0 1000 2000 3000 4000 5000
Engine speed rpm

Figure 2. Operating conditions
Although it is possible that binary interactions between CN45

and MO could affect the properties of the blend, their impact
was assumed to be negligible [18].
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Table 3. Engine operating conditions used to evaluate the performance of the different fuels

Exp. | Enginespeed | Torque | BMEP | Boost Pressure | EGRratio | Swirl MFB50 Inj.press. Pilot Inj.
No. rpm Nm kPa kPa[g] % ratio | deg. ATDC MPa mg/st.
1 1500 50 300 11.0 43.5 3.2 8.5 60 1.57
2 1500 72 410 11.8 39.0 3.4 9.0 70 1.67
3 1500 160 906 25.5 7.2 2.6 11.2 110 1.32
4 2000 100 575 22.5 28.0 2.8 11.0 105 2.29
5 2500 90 515 36.6 29.0 2.5 13.2 125 242
6 2500 200 1130 96.5 14.5 2.1 13.5 140 -
7 2500 270 1539 110.0 6.5 1.6 11.7 150 -

Experimental Results

In order to determine the effects of the different fuels on
combustion at a wide range of engine speeds and torques,
seven steady-state engine operating conditions typically
encountered in the NEDC and US06 modes were selected for
experimental evaluation as shown in Table 3 and Figure 2.
Prior to the engine tests, the calibration test was conducted
using D100 without any additional change in control on
injection algorithm in order to obtain baseline ECU controlled
data (such as injection pressure, fresh air quantity, boost
pressure, swirl ratio, etc.) in each operating condition. As
shown in Table 3, the typical NEDC mode conditions for
intermediate and low loads (experiments No.1~5) involve pilot
injection, while the typical US06 mode for high load
(experiments No.6, 7) do not use pilot injection. When other
fuels were used, the torque and 50% mass fraction burned
(MFB50) values were maintained to be the same as those in
the case of D100 by changing injection fuel quantity and
injection timing, with all of the other ECU outputs being held
constant.

Testing the Effect of Varying the MO Admixture
Because the general CN improvers such as EHN can enhance
combustion even in blends where it is a relatively minor
component (below 1% by mass) [19], and the current
regulations of many countries stipulate that the BDF content of
blended diesel fuels should not exceed 5% [20], we performed
experiments using several blends of MO with CN45 in which
the MO content ranged from 5% to 40% in order to further
evaluate the utility of MO as a CN improver. These studies
were performed under conditions of low load and engine speed
(1500rpm, 72Nm) or intermediate load and engine speed
(2000rpm, 100Nm) because there were significant differences
between the combustion processes for CN45 and CN45+MO
under these conditions. The details of the experimental
conditions are listed in Table 3 (conditions 2 and 4).

The rate of heat release profiles generated in these
experiments (as shown in Figure 3) showed that MO can
enhance combustion at low temperatures even when it
accounts for only 5% of the fuel by mass. In fact, the degree of
MO blending had relatively little effect on the results obtained.

Figure 4 clearly shows that the trends in soot and NOx
experiments were similar for both sets of operating conditions
examined in these experiments. Soot emissions increased
when using the 5% MO blend because this fuel favored low
temperature combustion, reducing the ignition delay and the
duration available for fuel-air mixing. Both soot and NOx
emissions declined as the degree of MO blending increased,
the reasons would be discussed in the section on the engine
operating conditions experiments.
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=== CN45+MO35% CN45+MO10%
80 ===CN45+M0O20% CN45+MO40%
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b
=
o 40
=
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20
-20 0 20 40 60
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60
g
32
o 40
z
-4
20

40 60
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-20

Figure 3. Effects of varying the degree of MO admixture on the rate of
heat release
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Figure 4. Effects of varying the degree of MO admixture on emissions
(Soot & NOx)
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Figure 5. Effects of varying the degree of MO admixture on emissions
(THC & CO)
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Figure 6. Effects of varying the degree of MO admixture on fuel
consumption (BSEC)
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Figure 7. Effects of varying the degree of MO admixture on the
maximum in-cylinder pressure rise rate

The Effects of Combustion under Different
Engine Operating Conditions
Table 4. Effects of fuels on premixed timing

Premixed Ini. Timin
Exp. Fuel timing d eJ. ATD (gj
ms &

D100 0.21 -4.8
CN45 0.60 -7.5

1
CN45+MO 0.21 -5.1
CN45+EHN 0.20 -4.8
D100 -0.05 -3.6
CN45 0.33 -7.0

2
CN45+MO -0.02 -4.0
CN45+EHN -0.02 -3.6
D100 -0.10 -1.7
CN45 -0.09 -1.9

3
CN45+MO -0.13 -1.9
CN45+EHN -0.10 -1.7
D100 -0.51 -5.0
CN45 0.23 -5.5

4
CN45+MO -0.34 -5.5
CN45+EHN -0.42 -5.0
D100 0.28 -6.4
CN45 0.36 -7.0

5
CN45+MO 0.29 -6.4
CN45+EHN 0.29 -6.4
D100 -0.28 -9.3
CN45 -0.21 -9.0

6
CN45+MO -0.30 -9.3
CN45+EHN -0.27 -9.3
D100 -0.55 -12.3
CN45 -0.54 -12.3

7
CN45+MO -0.60 -12.3
CN45+EHN -0.54 -12.3
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Increasing the degree of MO blending reduced unburned fuel
emissions under both sets of operating conditions, as shown in
Figure 5. This is because the local equivalence ratio was
reduced when the oxygen content of the fuel increased. This
result also demonstrates that MO promotes oxidation reactions
even when it accounts for only 5% of the fuel by mass. The
presence of MO increased the BSEC relative to that for CN45
alone, but it did not increase further as the degree of MO
blending rose (as shown in Figure 6). Blending MO reduced
the maximum cylinder pressure rise rate but there were no
significant differences between the different MO-containing
blends with respect to this parameter (as shown in Figure 7).

These findings demonstrate that MO can enhance combustion
and reduce ignition delay even at a blending rate of only 5%. In
addition, under high levels of MO blending, MO can not only
reduce emissions such as Soot, NOx and unburned fuel
emissions, but also reduce the maximum cylinder pressure rise
rate. Then the high MO mixing rate can reduce CO, emission.
In this study, we chose 40% (by mass) blend of MO with CN45
for reduce CO, THC, NOx, Soot and CO,, emissions and
improve fuel's CN simultaneously.

D100, CN45, CN45+MO (a 40% (by mass) blend of MO100
with CN45) and CN45+EHN were used in this part. The engine
operating conditions in this part were seven steady-state
conditions typically encountered in the NEDC and US06 modes
as shown in Table 3 and Figure 2.
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Figure 8. Rate of heat release, emissions (Soot, NOx, THC and CO),
fuel consumption (BSEC) and the maximum cylinder pressure rise rate
results for each fuel under the No.1 (1500rpm, 50Nm) experimental
condition
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Figure 9. Rate of heat release, emissions (Soot, NOx, THC and CO),
fuel consumption (BSEC) and the maximum cylinder pressure rise rate
results for each fuel under the No.2 (1500rpm, 72Nm) experimental
condition

In this study, the premixed timing was defined the time
between the end of injection signal and 5% of MFB. The
premixed timings for each fuel were shown in Table 4. The
minus data mean that no premixed timing happened in that
condition.

Under conditions of low load (load rate lower than 25%) and
low engine speed (as shown in Figures 8 and 9), the pilot
combustion did not occur when using CN45, and the premixed
timing was increased as shown in Table 4. Therefore,
combustion using CN45 produced lower soot emissions than
were observed with normal diesel (D100). In addition, the high
EGR ratio reduced the combustion temperature, so NOx
emissions were not increased. However, unburned fuel
emissions (CO & THC) increased significantly when using
CN45 because of the low in-cylingder temperature and
equivalence ratio. Then, the combustion efficiency was
decreased. Thus, the brake specific energy consumption
(BSEC) was worse with CN45.

In addition, the maximum cylinder pressure rise rate increased
when using CN45, leading to elevated levels of engine noise
and vibration due to the increased premixed combustion.
Conversely, pilot combustion occurred without issue when
using either CN45+EHN or CN45+MO, which reduced the
ignition delay. The combustion processes observed using
either of the blended fuels were similar to that for D100.
However, CN45+EHN increased soot emission significantly
due to this fuel's high content of aromatic components. In case
of CN45, the increased ignition delay was longer than other
fuels, so the premixed timing of air and fuel was increased. The
longer ignition delay can increase the mixing timing of fuel and
air, resulting in lower soot emission. This is the reason for
lower soot emission level with CN45.
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The CN45+MO blend, which uses MO as a CN improver,
produced significantly lower soot emission than D100. This is
because MO is an oxygenated fuel and so can reduce soot
particle nucleation and surface growth [21]. NOx emission was
also reduced by using CN45+MO. It has previously been
reported that oxygenated fuels can cause increases in NOx
emission because the oxygenated fuel enhanced the Soot
oxidation reaction which is exothermic reaction that increase
the combustion temperature [22]. However, it was also argued
that the use of high EGR ratios with high equivalence ratios
and low in-cylinder temperatures during MO combustion would
reduce soot formation and therefor reduce the impact of Soot
oxidation reactions. This reduced level of soot oxidation would
in turn reduce the combustion temperature, leading to lower
NOx emission. The emissions of CO and THC along with the
BSEC and the maximum in-cylinder pressure rise rate
observed with D100 were similar to those for CN45+EHN and
CN45+MO because all three fuels generate similar combustion
process. These results identify MO as a useful CN improver
that can reduce emissions simultaneously under low load and
low engine speed conditions.

Under condition of high load (load rate higher than 50%) and
low engine speed (as shown in figure 10), all of the tested fuels
yielded similar rates of heat release. This happened because
the effects of ignition were weak due to the high in-cylinder
temperatures and the premixed timings were no significant
difference as shown in Table 4. However, the ignition delay for
pilot combustion was longer with CN45 than with the other
tested fuels. In addition, CN45 combustion produced higher
NOx, CO and THC emissions. However, CN45+EHN and
CN45+MO generated NOx emission that was very similar to
those for D100. Moreover, the maximum in-cylinder pressure
rise rate and BSEC were similar for all of the tested fuels.
Overall, there were no significantly differences between the
fuels under conditions of high load and low engine speed.
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Figure 10. Rate of heat release, emissions (Soot, NOx, THC and CO),
fuel consumption (BSEC) and the maximum cylinder pressure rise rate
results for each fuel under No.3 (1500rpm, 160Nm) experimental
condition
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Figure 11. Rate of heat release, emissions (Soot, NOx, THC and CO),
fuel consumption (BSEC) and the maximum cylinder pressure rise rate
results for each fuel under the No.4 (2000rpm, 100Nm) experimental
condition

At intermediate load (load rate is 30%) and intermediate engine
speed (as shown in Figure 11), the use of CN45 increased the
ignition delay for both pilot combustion and main combustion.
In addition, the heat release during pilot combustion with CN45
was lower than with other fuels, so only a fraction of pilot
injection fuel was burned. The soot emission was significantly
reduced (relative to the case for D100) under these conditions,
but NOx emission was increased. This happened because the
use of CN45 increased the premixed timing as shown in Table
4, which in turn increased the combustion temperature and
hence the increased of NOx emission. Moreover, due to the
long ignition delay, the combustion was premixed combustion
although pilot injection was employed. As a result, the
maximum cylinder pressure rise rate was increased and there
were high levels of unburned fuel emissions. The use of either
CN45+EHN or CN45+MO significantly improved the
combustion process, making it very similar to that achieved
with D100. However, whereas combustion with CN45+EHN
produced high soot emission, CN45+MO vyielded reduced soot
emission for the same reasons that applied in the low load and
low engine speed case. The CO and THC emissions generated
using CN45+EHN and CN45+MO were similar to those for
D100, as were the BSEC and the maximum in-cylinder
pressure rise rate. Under these conditions, MO was a more
useful CN improver than EHN, yielding lower emissions at
intermediate load and engine speed.

Under condition of low load (load rate is 25%) and high engine
speed (as shown in figure 12), the use of CN45 increased the
ignition delay for both pilot combustion and main combustion,
as was observed for the intermediate load and engine speed
case. However, the low load and high engine speed condition
produced a greater heat release for the pilot combustion when
using CN45 because the high engine speed increased the
in-cylinder temperature and pressure. Consequently, the
maximum cylinder pressure rise rate observed with CN45 was
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similar to that for the other fuels. The results achieved with
CN45+EHN and CN45+MO were similar to those for the low
load and low engine speed conditions.
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Figure 12. Rate of heat release, emissions (Soot, NOx, THC and CO),
fuel consumption (BSEC) and the maximum cylinder pressure rise rate
results for each fuel under the No.5 (2500rpm, 90Nm) experimental
condition
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Figure 13. Rate of heat release, emissions (Soot, NOx, THC and CO),
fuel consumption (BSEC) and the maximum cylinder pressure rise rate
results for each fuel under the No.6 (2500rpm, 200Nm) experimental
condition
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Figure 14. Rate of heat release, emissions (Soot, NOx, THC and CO),
fuel consumption (BSEC) and the maximum cylinder pressure rise rate
results for each fuel under the No.7 (2500rpm, 270Nm) experimental
condition

At high load (load rate is higher than 50%) and high engine
speed (as shown in Figures 13 and 14), the first phase of
combustion was higher with CN45 because of the high
percentage of aromatic composition. Subsequently, there were
no significantly differences between the fuels under high load
and high engine speed conditions, making this case similar to
that involving high load and low engine speed.

Overall, the results of the 7 point test indicate that there is a
need to increase the CN of the CN45 diesel in order to achieve
good performance under low load conditions. Moreover, MO
was a more useful CN improver than EHN in terms of it can
improve combustion and reduce emissions simultaneously.
Under high load conditions, the tested fuels all provided similar
combustion performance and emissions.

Testing the Effect of Varying the EGR Ratio

External exhaust gas recirculation (EGR) is a well-known
method for reducing NOx emissions from diesel engines, and
offers the possibility of decreasing the temperature during
combustion [23]. However, the use of high EGR ratios has
been shown to increase soot emission in some cases [16]. As
demonstrated in the preceding section, high EGR ratios also
have adverse effects on combustion when using low CN fuel,
which can be alleviated by using a CN improver additive; MO is
more useful for this purpose than EHN. To further evaluate the
usefulness of MO as a CN improver, we performed combustion
experiments adopting EGR ratios ranging from 2% to 43% in
order to determine its effects on the combustion process and
emissions. The detail experimental conditions used are
presented in Table 5.
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Table 5. EGR ratio operating conditions

Rotation speed rpm 1500
Torque Nm 72
BMEP kPa 410
Fuel injection pressure 70
MPa
Swirl ratio 34
MEFB 50% 90
deg. ATDC )
Pilot ingection
mg%st. 1.67
EGR ratio 43, 40, 39, 36, 31, 27, 20,
% 16,2
Fresh air 280, 290, 305, 320, 350,
mg/st. 380, 420, 450, 550

In the case of CN45 combustion did not occur when using EGR
ratios above 40%, and MO did not enhance combustion when
using a ratio of 43%. This is because the oxygen content was
so low on high EGR ratio condition [24, 25]. When using low
EGR ratios (as shown in Figure 15), pilot injection fuel was
burned efficiently and the ignition occurred during main
combustion in the same way as for other fuels due to the low
equivalence ratio under these conditions.

The soot and NOx emissions for each tested fuel are shown in
Figure 16. The soot emission tendencies for D100 and
CN45+MO are very similar: in both cases, increases in the
EGR ratio caused increased soot emissions. However, in the
case of CN45, when the EGR ratio was increased above 30%,
soot emissions began to fall because CN45 does not burn
efficiently at high equivalence ratios and low temperatures.
Consequently, premixed combustion occurs with CN45 under
these conditions, which can reduce soot emissions. There
were no significant differences between the tested fuels with
respect to NOx emissions at any EGR ratio. In general, NOx
emissions declined as the EGR ratio increased.
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Figure 15. Effects of EGR ratio on rate of heat release for each fuel

=0-D100 =-CN45 =& CN45+MO

0.6
z
Z 04
n
302
0.0
0 5 10 15 20 25 30 35 40 45
EGR ratio %
9
z
£ 6
n
&3
Z
0 b, VN
0 5 10 15 20 25 30 35 40 45
EGR ratio %

Figure 16. Effects of EGR ratio on emissions (Soot & NOXx) for each
fuel

The relationship between the EGR ratio and unburned fuel
emissions is shown in Figure 17. D100 and CN45+MO
behaved similarly in that unburned fuel emissions rose as the
EGR ratio increased. The unburned fuel emissions for CN45
were higher than those for the other fuels at all EGR ratios; this
trend was especially pronounced at high EGR ratios.

Emissions of unburned fuel and soot increased with the EGR
ratio, indicating a decrease in the efficiency of combustion.
Therefore, as the EGR ratio increased, the BSEC also
increased for all fuels. This behavior was observed for all of the
tested fuels, as shown in Figure 18.
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Figure 17. Effects of EGR ratio on emissions (THC & CO) for each fuel
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Figure 18. Effects of EGR ratio on fuel consumption (BSEC) for each
fuel
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The effect of varying the EGR ratio on the maximum cylinder
pressure rise rate, which was used as a measure of engine
noise and vibration, is shown in Figure 19. When using CN45,
high EGR ratios (>30%) increased the maximum cylinder
pressure rise rate because under such conditions, the pilot
injection fuel did not burn and so the fuel injected during the
pilot injection mixed with the main injection fuel and the two
burned simultaneously. This resulted in rapid combustion,
causing significant engine noise and vibration.
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Figure 19. Effects of EGR ratio on the maximum cylinder pressure rise
rate for each fuel

There were no significant differences between the fuels with
respect to emissions when using low EGR ratios. However,
high EGR ratios, which are aimed at low emissions of NOx,
caused an increase in unburned fuel emissions and the
maximum cylinder pressure rise rate when burning CN45.
Under such conditions, the use of MO as a CN improver makes
it possible to reduce engine noise and vibration while
maintaining a high EGR ratio and low emissions. However, MO
stops being useful once the EGR ratio exceeds 40%.

Testing the Effect of Varying the Injection
Pressure

High pressure injection can enhance the atomization and
evaporation of the fuel spray and also reduce soot emissions
[14,15]. We conducted experiments using injection pressures
ranging from 50 MPa to 160 MPa in order to determine how
this affects the impact of MO as a CN improver and its ability to
improve combustion and emissions characteristics. The
conditions used in these studies are shown in Table 6.

Table 6. Experimental conditions used in the injection pressure
experiments

Rotation speed  rpm 1500
Torque Nm 72
BMEP kPa 410
Fuel injection pressure 50, 70, 90, 120, 160
MPa
Swirl ratio 3.4
MEFB 50% 9.0
deg. ATDC )
Pilot ingection 1.67
mg/st.
EGR ratio % 39
Fresh air mg/st. 305

The effects of varying the injection pressure on the rate of heat
release are shown in Figure 20. When using CN45, the ignition
delay did not vary appreciably with the injection pressure. For
CN45+MO and D100, increases in the injection pressure led to
shorter injection durations by promoting increased fuel spray
atomization and evaporation. This also increased the amount
of time available for fuel-air mixing [15]. Consequently, high
injection pressures created premixed-like combustion
conditions for these fuels. However, the increased spray
atomization and evaporation at high injection pressures also
reduced the in-cylinder temperature. Therefore, the pilot
combustion rate declined when high injection pressures were
used with D100. In contrast, the pilot combustion rate for
CN45+MO did not depend strongly on the injection pressure
because the MO facilitated low temperature combustion [8]. In
addition, the rate of heat release during the main combustion
phase was somewhat lower for CN45+MO than for D100.

The effects of varying the injection pressure on soot and NOx
emissions are shown in Figure 21. For all fuels, soot emissions
decreased as the injection pressure increased. CN45 and
CN45+MO yielded lower soot emissions than D100 at all
injection pressures, but the trend was most pronounced when
the injection pressure was low. NOx emissions increased with
the injection pressure when using D100 or CN45 because this
resulted in almost premixed combustion conditions with high
combustion temperatures. However, high injection pressures
reduced NOx emissions when using CN45+MO because pilot
combustion was more intense under these conditions.
Consequently, the rate of heat release during the main
combustion phase was reduced.

=== ]00 ====CN45 ===CN45+MO
Inj. P.: 50 MPa

80

=
S

&
S

R.H.R. J/deg.

)
S

/\/ \\ |

0 20 40 60
Crank angle deg.ATDC

ne
S

©
S

Inj. P.: 90 MPa

N =N
S S

R.HR. Jdeg.
o
=1

I

Al

0 20 40 60
Crank angle deg. ATDC

LS
=

%
S

I‘ Inj. P.: 160 MPa

=N
S

|

Al N

0
-20 0 20 40 60
Crank angle deg.ATDC

R.H.R. Jdeg.
P
=

)
=]

Figure 20. Effects of injection pressure on rate of heat release for each
fuel
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Figure 21. Effects of injection pressure on emissions (Soot & NOx) for
each fuel

The effect of varying the injection pressure on unburned fuel
emissions is shown in Figure 22. In all cases, raising the
injection pressure increased unburned fuel emissions.
However, while D100 and CN45+MO yielded similar unburned
fuel emissions, those for CN45 were comparatively high. All of
the tested fuels generated similar BSEC values at the tested
injection pressures, as shown in Figure 23.
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Figure 22. Effects of injection pressure on emissions (THC & CO) for
each fuel
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Figure 23. Effects of injection pressure on fuel consumption (BSEC) for
each fuel

As shown in Figure 24, the maximum cylinder pressure rise
rate increased with the injection pressure for all fuels because
this reduced the injection timing and therefore increased the
time available for fuel-air mixing. However, when low injection
pressures were used, CN45 yielded a higher maximum
cylinder pressure rise rate than the other tested fuels.
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Figure 24. Effects of injection pressure on the maximum cylinder
pressure rise rate for each fuel

These results demonstrate that MO is capable of reducing
emissions regardless of the injection pressure, although its
beneficial effects are most pronounced under low injection
pressure conditions.

PCCI Combustion Test

Experiments using early injection were conducted to evaluate
the effects of premixed charge compression ignition (PCCI)
combustion as a means of reducing soot emissions during
premixed combustion and NOx emissions at high EGR ratios
[26]. However, the use of early injection made the ignition
timing difficult to control, and the high rate of premixed
combustion caused increased engine noise and vibration [27].
In this study, we used a high injection pressure and swirl ratio
to enhance the mixing of fuel and air, near the top dead center
in order to control the ignition timing [28]. The conditions used
in these studies are specified in Table 7.

Table 7. PCCI operating conditions

Rotation speed  rpm 1500
Torque Nm 72
BMEP kPa 410
Fuel injection pressure 70
MPa
Swirl ratio 34
MFB 50% 9.0
deg. ATDC )
Pilot ingection )
mg/st.
EGR ratio % 39
Fresh air mg/st. 305

The use of MO advanced the ignition timing slightly but yielded
results that were otherwise similar to those observed with
D100, as shown in Figure 25. CN45 and CN45+MO
significantly lowered soot emissions than D100, with negligible
increases in NOx emissions. On the other hand, PCCI
combustion produced significantly higher unburned fuel
emissions (CO and THC) than conventional combustion with all
fuels, and especially with CN45. PCCI also increased the
BSEC and the maximum cylinder pressure rise rate as a result
of the increased unburned fuel emissions, reducing combustion
efficiency.
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These results show that while PCCI combustion generates
higher unburned fuel emissions (CO and THC) than
conventional combustion, there are no significant differences
between the tested fuels with respect to their performance in

this mode.
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Figure 25. Effects of PCCI combustion on the rate of heat release,
emissions, fuel consumption (BSEC) and maximum cylinder pressure
rise rate for each fuel

Conclusions

This work focused on the potential of biodiesel fuels (BDFs) as
CN improvers for use in light duty diesel engines. MO was
selected as an oxygenated fuel that is representative of typical
BDF components. All experiments were conducted in a diesel
engine that was designed for use in passenger cars, has a
displacement of 2.2 L, and complies with the Euro 4 emissions
regulations. Engine tests were conducted using a low CN
diesel (CN45), a 40% blend of MO with CN45 (CN45+MO), a
blend of CN45 with the general CN improver EHN

(CN45+EHN), and neat JIS#2 diesel (D100). A reaction

mechanism that explains the ability of MO to facilitate ignition
was proposed. In addition, results were obtained showing that:

1. MO can enhance combustion and reduce ignition delays
even when it only accounts for 5% of the fuel (by mass). In
addition to reducing emissions of soot, NOx, and unburned
fuel, fuels containing high levels of MO also reduce the
maximum cylinder pressure rise rate.

2. ltis important to use a CN improver when using low-CN
diesel under low load conditions. MO is more useful than
EHN for this purpose, allowing for better combustion and
lower emissions. However, the tested fuels all offered similar
performance under high load conditions.

3. There were no significant differences among the tested fuels
with respect to emissions under low EGR ratio conditions.
However, high EGR ratios tend to yield low emissions of
NOx and unburned fuel along with high maximum cylinder
pressure rise rates. These tendencies were worsened
when using CN45 as the fuel. The addition of MO as a CN
improver reduced emissions and engine noise/vibration
under these conditions. However, MO was only useful for

this purpose as long as the EGR ratio was below 40%.

. MO reduced emissions at all tested injection pressures,

but its effects were especially pronounced when using low
injection pressures.

. All of the fuels offered similar performance during PCCI

combustion. However, CN45 produced higher unburned fuel
emissions than the other tested fuels.
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Definitions/Abbreviations

ATDC - after top dead centre

BDF - bio-diesel fuel

BMEP - brake mean effective pressure
BSEC - brake specific energy consumption
BSFC - brake specific fuel consumption
BTDC - before top dead centre

CN - cetane number

CO - carbon monoxide

CO, - carbon dioxide

DI - direct injection

ECU - engine control unit

EGR - exhaust gas recirculation

EURO4 - European emission standard 2005
FAME - fatty acid methyl esters

JIS#2 - Japanese industrial standards No.2
MFB - mass fraction of burned fuel

MO - methyl oleate

NEDC - new European driving cycle

NO - nitric oxide

NOx - nitrogen oxide

PCCI - premixed charge compression ignition
PM - particulate matter

RHR - rate of heat release

T - temperature

THC - total hydrocarbons
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