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W& 5 BIC]] Explanation
AsRs TEFTFL acenaphthylene
AHRR FLNT OB A 38 apparent heat release rate
Al20O3 b7 VI=0h, TIVIT aluminum oxide
ATDC AR after top dead center
BDC AR bottom dead center
BSCO IEM—R bR B R brake specific CO emissions
BSFC IEBRIREHE =R brake specific fuel consumption
BSHC IEBR R LK SR PEH brake specific HC emissions
BSN Ay arRE— 7 FEYLE bosch smoke number
BSNO IEMR—M bR P = brake specific NO emissions
CA50 PREE O TE crank angle of 50% heat release
CCU AL IR RN 2R CO2 capture and utilization
CeO2 etz v, U7 cerium oxide
CFD BRI T computational fluid dynamics
CH4 AL methane
C2He TEFLY acetylene
C2H4 —F L ethene
C2Hs g ethane
CsHs A= = propene
CNG JEAE RIRIT A compressed natural gas
CO A AES carbon monoxide
COq R bR R carbon dioxide
CcoP RAGZE B Pt SRR A [ i Conference of the Parties
CoV EERIK coefficient of variation
C.R. A b compression ratio
C(9) B RFERN Sy, +9 solid carbon
DME VAFNT—T ) dimethyl ether
DOC 7 4 — B VIR bt diesel oxidation catalyst
EC M ZE = European Commission
EEA KRN BR 558 T European Environment Agency
EGR BEXIHER exhaust gas recirculation
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W& 55 BIC]] Explanation
EU RN EE S European Union
EV HEAUH B electric vehicle
FCV B EE I, B ) H fuel cell vehicle
GA BT LT XA genetic algorithm
H: KFE hydrogen
H20 IRZER water vapor
HC fRAbEK SR hydrocarbon
HCCI V) —TIRE M AE K homogeneous charge compression ignition
HEV AT Yy REEE hybrid electric vehicle
IEA [EIBES = R L —HE B International Energy Agency
IMEP BRI A S indicated mean effective pressure
ISCO X7r—ERb iR B HE 2R indicated specific CO emissions
ISFC BN EREE- 8 indicated specific fuel consumption
ISNOx BN e v ab7/ke Sa s indicated specific NOx emissions
IvVC &3V B SR intake valve closing
JRC LR & — Joint Research Centre
LPG WAL A AT A liquefied petroleum gas
N2 ZER nitrogen
nC7His IV NT R normal heptane (n-heptane)
NEDC FKIN R Z A4 v 7% A 71 New European Driving Cycles
NO: ez nitrogen dioxide
NOx ERBY nitrogen oxides
O2 [ivE oxygen
OH Kz (e Fe¥i1) 737V | hydroxyl radical
PCCI TIRA TGS K premixed charge compression ignition
PHEV I T4 AT7 Yy RAFE | plug-in hybrid electric vehicle
PM B IRE particulate matter
Pt H 4 platinum
RANS LA SIS Ex - 2 h— | Reynolds averaged Navier-Stokes equation
7 2 )5
RCCI BRI A A K reactivity controlled compression ignition
RDE FEE TR real driving emissions
Rh =RVAVVN rhodium
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W& 55 BIC]] Explanation
R.H.R. B AR rate of heat release
SOI PRBHE 5 P 4 start of injection
TDC B top dead center
THC R total hydrocarbon
VVT FENNTHAIT variable valve timing
WHO SR R World Health Organization
ZrO2 by va=oy L, Y)La=7 | zirconium oxide
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1.1 BrRER

AARICBIT D BEEDOREL ARV KD &, E@MpERL L TRERREOT LA TE
— 5T, BE=F VP = arofke L LICHBEO N A CRE Lz KRR E bz
H5L7Z. ZTOxKE LT, 1966 FEICHEH A AMHINENICHD TEA S, ERYIOHE
A ZBENTAT Y U = D B E 2 RIS —{bRFE (CO) DHEHREZ ST 5%
DTHoTD, THLE, BB RE-CHTNE, RBRTEIC O W THEREN RS, IER
SRl S AT & 72O HEH T AR O FRILITERMN 21X U b & F 55 ANEIC BN T H FERICHED
HATWD D, BN TR T O b zEF#R (NO2) IREICEEEDIK LR R by, Bl
BR5%/T (EEA : European Environment Agency) £V /AR I TV 5 2015 4FDOEMNIZ
I7 % NO2 J& & DEFHEZ M 1.1 1273, KINES (EU : European Union) & 5%
ffkERE (WHO : World Health Organization) 73 @ CUN 5 BB (40 pg/m?) %
FCHR TV ZR WIS 22 <, KREBTHEE CIREZN R CTH 2 Z &3 0D, 22T, BINE
B2 (EC : European Commission) OFERIAFSEHEEI T o 5 LEMFZEE > % — (JRC : Joint
Research Centre) 7% Euro 3 225 Euro 6 Ml & L7727 4 —EABLOH YV U VigRE
HERRIC, Yy U HATEA—4 ECRARBE— F (NEDC : New European Driving
Cycles) ZE1TT 51 FAEITHER & FERIZEK L2 1T U TRl 2 ERETHRBR 21TV, 2
FRY (NOx) OFEHHEZ g L-fE R 2K 1.2 1IR30, Y VTR ETICE
Wb BN Z BT 57— 23D 220, 7 — B VHEIRE R AT O HEH B KiELC
L R LA ZRLTEY, #MEHO NO2 ENYGE LW —RIZ > TW\WhH Z & &R
LTWb., ZOLH R ZE=T T, BRINTIHEEH 7 A2 OF8GERERIZ RDE (real driving
emissions) & FHIN L EEETHBRAZEAT L Z L 2REL, 2017 £ 9 A0 blifrsh
TV, EEEETHRERICE L OXENICB O TORFAED b, 2022 X0V EAT L5
RSN TN DW, ERGEITRBROG AT T AR oMb 2 EW L Tk, BEjE)

-1-
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HHEH D CO, KRKRIL/AKFE (HC : hydrocarbon), NOx, K7 7IR#)E (PM : particulate
matter) & W 7oA F YR T ARGITE 2 DARBA HIAEND . T D72, 58T IRk
# (CO2) DHFHEIRC =L —IHE O, 3720 BARREACIT R 2 SR DMEREL B
WE< 5 eZEZONS. ZHETHOHIEKIER LT XL F—tF 2 U T ¢ OBLENG, K
BYCEI AT T2 IO A3 72 ST E 72, BARENTIX 1979 Rl v F— D O 58
TEICBIT 234, Wb 28 = ) ENHIE S, BUEILRAE, SR, JNEYEc s
LIRBIEENRE SN TWDO, Y U URMELICK T 5 PR EE (K30 JCO8 &
— IR Z A 2 2T R U TR o#ERB 4R L7 1.3 1 0, 2000 LUK,
PRI RIBICEE L CTND 2 ENnn50. Fiz, AARICKT 2EEH 50 CO2 HEH
HIE 2001 FEA E— 7 ITAEN A TR L TN D 2 EARK 1.4 K0 HEGRHIR D O.
N5, KUEEBFALRAE 21 FIFHOESHE (COP21) OTERIRS Nz Y HEx i E 2 T
HAE PN THE & iz MERIE B L 5 GO T3 2030 4R OMERIRIC I 1 5 PEH & B i
fE7S 163 Mt-CO2 IZRRE SN TH Y, 2013 FEEL 27T% R & mWHIETH 5 Z &1z, Bl
16, ERRHBMOK 9 FINHEENSOPEHTH L Z L2 BEZX DL, BEIHEORELEL
KV —JEgHET I LERDH DL EERD.
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Fig.1.1 NO:2 concentration in Europe 2015 @
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Fig.1.2 NOx emissions during on-road driving as compared to laboratory testing ©
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Fig.1.3 Trend of average fuel economy of gasoline passenger cars in Japan ©
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Fig.1.4 Trend of CO:z emissions from transportation sector in Japan

BBV DOBREEMRRIC T 2 ZRIZAEBEH AT — F LA COZREEZIMESETEY,
HIETIINA T Y v FEBHE (HEV : hybrid electric vehicle) 075 7 A A 7Y v R
H## (PHEV : plug-in hybrid electric vehicle), #4% H#i# (EV : electric vehicle), #&
EHEM E B H (FCV : fuel cell vehicle), = L T, [EfE KM % (CNG : compressed natural
gas) ik bAiAg A (LPG : liquefied petroleum gas) Z#REHZ V2 AFRE B BhELHS
BELEN TV, K 1.5 [ZITEEE= 1L X —#4E8 (IEA : International Energy Agency)
DRBELTWDLRMEDNT — F LA CRIIRFEEARBUICET DRkl 2 7R900, Zhid
50%LL EOHERTHHKIRD EF-Z2 2°C [Tl T2 LW o Tei Ly T U A &g LT
BV, BV FCV OKRIERY RIERBNLETH D —J7, HEV & PHEV %4 % 7= MR
PR A IR & L ORI EA2 S5 2 N5, DFED, 2050 FIZBWTEH AEE
DFEFI ST — kLA IR L TR0, 4% btk L CRRERI OB FR K
B ML BN H D Z LR L TN D.
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% 100 r ® Plug-in hybrid diesel
Z 80f = Diesel hybrid
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Fig.1.5 Global portfolio of technologies for passenger light-duty vehicles 19

EROTEFZRE X T, TV BGIRUGED TTRICHOW TR S, ¥ 1.6 DIRAKITR
T L D ISR TIREI b L= XL F—Z L AR 2B RICB W T, HH
BT HEK, R TR, IR CORFEEENELD. Tabb, gt A 2L
THLNLEFENLZNENOEREZB - bOREMtF LD, LR T, @%b
FBUITE GRS ROM | & FEHROEEALETH D, 22 T RYESRE L
T, BBEUCEIC L 57 7' e —F, WMEAHEAOIRIBICE N A2 BV CEN, PR k¥ —0F
BRI 2B A AEH T 5.

Other loss
Pumping loss
Mechanical loss

Cooling loss
Exhaust loss

Fig.1.6 Energy flow of an internal combustion engine
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U I, BEEEICEET 2 RET Vv Uy, To—Brm Py, ik s
KA CHAT 5.

IV 2P A 7 Midty h—H A 7L ThY, TOHmENENITLLT
DR (1.1) TEREIND.

1 K—1
Nep =1— (E) (1.1)

PSR BN o [ EAG e & EBMEkDBIE T H 2 Z LD, BhEM RICITEME L & H
EEDDIMLENRGHD. LLRRG, TV Y v P OmEMm b= v OiE %
L 7 vF U TOREICL S THIREND. /7 v F U ZIEKRREREICE > TE S 2R
IS ORIRESRBBAEKTLBLETHD. /v ¥ 7% MiilT 272 DII3HEB A 2 O
FEEARIRT 5 Z ENETH VW, ZORNRDMG 5 I 5 G N E B EIE S 02-090 P FHE
Bt (EGR : exhaust gas recirculation) 0934, £ OAF Y vz P THRASA T
50007, F7o, ) v X ZITRBEENOETRREN R 25 MAR CTRET 5720, 1K,
HAGHR Tl AR IR TEWEMICRET 5 Z N THDH. £ 2T, BRI
Jis U CHERME L 2 2L S8 5 Al B EMHBEE 2 i 2 o= DU b S T8, 2 LT,
JEME & & BICHEGRBN RO M LICFH T 2B AmO L FERGiEE LT, J—r 13—
VO(FERREE) BN OND. U S CIIRBEIRE DR T I & > CHEAHB R AMENR
L2 T, AAMICBWTITEGRZRICIEAS TR R v LT 2 B CHEfE S
B, R THROBEBIZ %A 5. UL, MEICHEL LIS E, BEEEENMIT L
BEAB O R AL . ZOXRE LT, MARMEZRNVF —& 52 TRERAE I
KEEDHI)RK AT AROKRIBHEEARESED X T VMBI ORI ENdH 0 a9, i
FHOMAE DRI K o THERBERFUITIER T 2 Z L AmEShTVWH0900, 72721, 1
— U= B LI SAIIE, oo T NOx LA REETH 5 72, NOx 4Ll
DR RD B D.

—Ji, TA—BNLAZ DDA 7V E NSV ANT A 7 L OB R, 122
To (1.2) TREIND. 22T, ed/EMt, It oliZE Nl (B, ks
U chH 5.

k-1 0FF —1
Nen=1—1|= (1.2)
£ o—1+kp(&—-1)
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Rl

T b= A 7V EFRRRIC, JEffitbe & leE bk Z R 5 2 & CHEREEn XM TS
ZEBGMD. TA—BAZ UV RV s VAR TE W E S LD EE
HELT, T4—BLZ DU TRAVI DU BT S 7 v X 70O X 5 efilin
RN DI ERE A m S RRERRD 2 L, SIDILT 4 — BT D AR AR L
LTWD Z ERFT LD, BUNRUEICIANT LT FEOF 7272 B0 A L LT, IEBREG=R
RS 2 B AR OTR 2 BUEFH R TGS L, F3ERER T3 1.7 1087 1 KA 3 A
DALVl X LTV AT LAEEA L CERAREREBINICHIET D 2 & TIERE
R A UE LTIFZEH 3 8 2 @0, 7z, BRROERT 28 < BRZ 2 BT 5729012,
WE SR DI & HER DI TId72 <, B 1.8 IR T & 9 Mt R A th 2 I F S ¥ 5007
WNETE T 25 & P AREIRIREE S R A BRI L, ERIZI W TE DR AR L7 gE s
WE I TV HEED,

Ne:1000rpm,Q:120mm3/st,A:2.5, EGR:0% l

Side-injector

Pressure
ratio ¥

~ B > ~.

Side-injector &
O
</

Cylinder pressure [MPa]

{ Pressure ratio )
—1.18 —1.35
-_—1.59 —1.77

600
400
200

0

-20
%o 40 crik anglg i ATB%] ® w0

s
.

RHR [J° ]

Fig.1.7 Layout of multiple injectors (left) and result of in-cylinder process
with R.H.R. (rate of heat release) controlling (right) @329
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Common-rail system

Upper injector
G3P
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D
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Common rail

fuel pressure [MPa] 50 — Inversed-delta
— Rectangle
Nozzle with 40 Mluel= 45 mg
#1.0mm

large orifice

Upper injector
injection pulse [V]

Lower injector <
fuel pressure [MPa]

w
=]

%]
=3

Hardened steel
gasket

Injection rate [mm3/ms]

=]

>

—— 0.0 0.5 1.0 15 2.0
injection pulse [v] I Time after start of main injection [ms]

Time [ms]

[=]

Lower injector
body-cut G4S

(a) TAIZAC injector (b) Operating principles
{TAndem Injectors Zapping ACtivation)

Fig.1.8 Structure of TAIZAC (TAndem Injectors Zapping ACtivation) injector (eft)
and injection rate profiles (right) @0

Z LT, B eRiE )i L LTI THRAEM S KRBED 28 b D . TIRA M KIRIE
(TR Z RIS L, RO TRAGRMZ MR L OB L el TRA K EEMA LB S
TORBESFXNTHD., YV 2P _X—RE LT —TFIRAEMAE K (HCCI :
homogeneous charge compression ignition) PABEES 63Tl E EAGHLALCEIR /2R A
ERMLTHY V2 HERESEL T, T4 =BTV eN—X L LIEPRAE
%k (PCCI : premixed charge compression ignition) #RBEG-38) X D B 75 Kk Z P
T 5 T2 ORI A L PIRIE 72 EGR W A D REE AN TS, HCCIABETIXAT Y U
TV DOMETH 2PN YEE SN, PCCLABETIZT 1 —EL= o DU O E S
% NOx & PM ORIFHEIA FIRE L 72 5. L LR b, WTNOBREES & KIZE Hifeix
B BUSIRATT D720, &K OHIEHAEH L7200 T, RART TRk E SAR T
DM TRIRBET & - TEESWRERBEBIIIRESND L Vo B EN H L. OB L,
AR CIIAE KD 72 5 “F OB 28 H LT, FXRHZHIET 5 R bt b
TWNH6IE). ZDfflicd, AN—27 v A MIOTREEME KRBEPIREZES N TVD
@hEs), = T KRIERKIT Ko THAE LT KRR AL OIRE Rz [EME L CTHE XK ZH IS
2R THY, HKEFHOSIEMEN M B 5 & & bISEREOILKIZ RN D L ST
W5,
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e T AR ORI R & W I BRI DWW THY R 5.
1980 FRICE T X v 7 ZAFEM AT D UM LT, BREEEBET OWEVME 2 X 5 bF7E
BEANATON T2, iR Z BTt T 2 v 7 A 2 ¥ 2 TR HBR ORI R S
N5, RBEEBEm OIREN RO P L @< 20, FE T AEES ERT5

ZLITERN U THEH T AERERCR B OEL 2 < 2 L <D

LRI TR E o T
UTAE, BUhRUFICHT HEROBEE 0 15, BHBROEBICE B LHEORE DT
U R TV D, £ DO—DWPRBES OBEMIREE 2 SN OAFE) 7 ZREEITIS U T LSS 2
& CHEEN T R & BEmR OIREE 22 S THABK ORI Z X5 H1ETH 266D, ZDF
ETIERKATRRICRT DRERIRE D EAZHHT 5 2 R Hks720, 879 IvrRAxz
DU THEUTAFEA ZRED EFITEO BEGRT OND LW o T FR R H 5. BEmIEE
T AA T SELBEREON R AR LK 1.9 K0, RBEIZ XD FEh T AIRED EHITE T
THEFRE & RE S ZBT HEF R R TN DS & & bICmABROEBZER L TND Z
EBDMD. L, BHBAROER TR LN LX—Z2TOMEFICER ST, HE
LKA BN TV D AUCSE L TIERERDORFZE L RIfE Th o 72
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M i o
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Fig.1.9 Comparison of surface temperature (left) and energy balance (right) 0
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BERT, WY R ENEF BN 562,

H—RA Ny FIEM 110 (R K D18, PEREICRRIE LB R 2 — e THE
RERNX—Z BN LEONBNET P DY T VI GET DY AT L Th %69,
INETICHEBHEO -FTRAINED, BAHRENMAY —ErOREIZL TP UD
N THFIFWERT 5720, Rz X =0T AR TIIRE OB ZH R E
DOFRENRH Y, F KT DIZE S TWRNWED, JTETIFE ) & LTEIT 5 57210 The <,
A —B v LERE LT RERIC L > TENOFETEINT 2 b MF ST 569,

Fig.1.10 Structure of turbo compound system &3

FUxUHA I NERNEY AT AT, YR AOB T VX — %I U CHEB A 2
mE, K4bL, ZOo=x ¥ —CEEELZ RS, Bhb LIIENOFETT L X —
ZEULT D240 T D, VAT LO—H% K 1111769, & AT LAORREM 13 Z <,
FERMEICREN & 572D, BEEEAOBHZE LI2FER 2 S ST 236567,
AR TSR 2/ MR L, SRABICHEA L2 b D 5 TN s6969, F£7-, J v
X oY A I NVERWEV AT ATERER =RV X -1 T, EGR TARLT ¥ Al
KOBEZRXNLF—HEIAIRETH DL Z b, LVZL O F VX —ZEINT HT AT A
PRFFEN TN D60, BURTIIARBSEDRPHEON L0 ¥ VERERITRE S Tk
Y, IRVEIRES A T2 BB EA~OwEA A B 25 &, IRAREKIZI T 5 =00 F—[EL
HWETLOMENDD.

-10 -
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Heat exchanger
Exhaust
Single cylinder —q gas
diesel engine 4532 K
* (180°C)
Superheated hulkikg)
vapor Feeder Drive E-motor
\b pump or
. electric auxiliary

Air + EGR gas

Condenser Expander

=)

Fig.1.11 Example of waste heat recovery system using ranking cycle 65
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Exhaust gas inlet

Hot side heat exchanger

Exhaust gas outlet

Fig.1.12 Example of Thermoelectric Generator ¢4
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Fig.1.13 Reactor product gas composition (vol.%) and process efficiency
(left: low load (IMEP: 4.5 bar), right: medium load IMEP: 6.1 bar)) 69
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25 5 20
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2 —m—REGR
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10% 4 4 —&—REGR retard
151 @, .
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7] 1]
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Fig.1.14 Effects of reformed EGR (REGR, vol.%) with and without
retarded injection timing on NOx-smoke trade-off
(left: low load (IMEP: 4.5 bar), right: medium load (IMEP: 6.1 bar)) 67

Christodoulou 513, Tsolakis & & [A#kiZ NOx & smoke DO[RIFHEIH A HAY & LT, HEH
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S8 Tsolakis B DAFFE L 1F 5> T D, M 115 IR THEH T AN S, ARAR Tl
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DIRBEZ B2 O A3+ TN Z & 23 smoke BEMNDO E/LEK TH 523, CO DEAIZ L -
T, R (1.4) ORISAMERE S, soot DEELIZH 595 OH OEE L L 112 soot DAL
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CO+0H=C0,+H (1.4)
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Fig.1.15 Effects of syngas + N2 on NOx-smoke trade-off
(left: low load, right: medium load) (76
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Electrode
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Fig.1.16 Schematic representation of the reaction apparatus (77

CO/12C,Hy, COY12CHy, COY12CHy,  COL/12C,Hy CO,/12C,,Hy,

— =\). =1. =1. =4

Fig.1.17 Photograph of the carbon deposit in the reactor after 30 min of reaction 7
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Fig.1.18 Effect of reformate Hz additive on ISFC (78
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Fig.1.19 Effect of reformate Hz additive on EGR combustion (79
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Fig.1.20 Schematic representation of Dedicated-Reforming engine system ®1
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Fig.1.21 Comparison of brake thermal efficiency ©®V
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Fig.1.22 IMEP and indicated thermal efficiency of HCCI combustion engine system
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Degree of fuel heat increase: 113.2%

Heat transfer efficiency of reformer: 21.1% (7.6/36)
Heat transfer efficiency of evaporator: 19.7% (5.6/28.4)

Fig.1.23 Typical heat balance in a HCCI combustion engine system
fueled with DME and methanol-reformed gas 2
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Fig.1.24 Schematic representation of hydrous ethanol reformer ©
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Fig.1.25 Schematic representation of Dedicated EGR engine ©4
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Fig.1.26 Effect of equivalence ratio in Dedicated EGR cylinder on
BSFC (brake specific fuel consumption), BS emissions, and
CoV (coefficient of variation) of IMEP 949
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Fig.1.27 Valve timing of negative valve overlap (107
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T5.

(a) TARAGTERMA K IRBE

TR R KIRBEZ 31T 2 A48 JGRRRITALFSURITHRAET 2720, 35 KEEH o il 3 #
LWNE WS TZBE N B 5. £ ORREITK L, I Tl KErEDS 272 5 " O PR 4 1
L T KB 2 HIH 3 2 TIEARFT SN T 5696, = 0 Tk Inagaki 512 K- TIRRE
S, EOWME TITEKFEN R DT Y U o LM OMAS = T TR G EM A KERBED
KRN FEETHDH Z L 2R L TNAHB). Z LT, Reitz X Inagaki & DWf5E% S
FIZLT, ZouBBh a2 U TR A M A KIRBEOIFE 2 1 /1 HIIZAT - Tk b 4D
w8), RCCI (reactivity controlled compression ignition) #ABE & i L7=kbE iz o
UHHRFIIRS AN D X9 2oz, ZHETIZHE SN TWD RCCI BBEDOHISL Tl
FRA ZRBFER OO TR Y, 2 2 CIERBIRE T 2 R R L& H W 7= ifF 541
ZHY EIF 5. Nieman HIFERHEHT Y VU OMRENRER S 2RI ZRILV I 2 b
—¥a ML THEEIR AT A —F Ok e £ L TR Y, TORKZM 1.28 (5
@), R BES (IMEP : indicated mean effective pressure) 7% 9 bar 705 13.5
bar £ TOPAMFEEICHWTIE EGR 28 A2 Z &72<, NOx & soot O [FRHEIE A 32
BT 5LEbll, MOIEMELNATND. —F, IMEP 28 4 bar OAXAfT ClIE KHEDK
WA Z 2 (CHa) DMRBEICE LT, RIRELOPEH AR L, RO T 2T
HTEMD, TOUENLETHD.
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Crank Angle [deg ATDC] Crank Angle [deg ATDC]
Design Parameter 4bar | 9bar | 11 bar | 13.5bar | 16 bar | 23 bar
Engine Speed [rpm] 800 1300 1370 1460 1550 1800
Total Fuel Mass [mg] 40 89 109 133 158 228
Methane [%)] 73% 85% 87% 90% 87% 85%
Diesel SOI 1 [deg ATDC] | -52.9 -87.3 -87.2 -79.5 -81.1 -92.7
Diesel SOI 2 [deg ATDC] | -22.5 | -38.3 | -39.4 -39.6 -39.7 -20.4
Diesel in 1st Inj. [%)] 52% 40% 39% 55% 49% 70%
Diesel Inj. Press. [bar] 1300 954 465 822 594 742
EGR [%] 5% 0% 0% 0% 32% 48%
Results
Soot [g/ikW-hr] 0.004 | 0.002 | 0.002 0.002 0.003 0.079
NOx [g/ikW-hr] 0.24 0.25 0.08 0.07 0.15 0.08
CO [g/ikW-hr] 10.8 0.2 0.9 0.8 0.5 6.0
UHC [g/ikW-hr] 10.5 0.5 2.2 2.4 1.5 9.4
Ngross (%] 45.1% | 50.4% | 50.6% | 48.9% | 49.2% | 44.1%
PPRR [bar/deg] 2.7 5.1 8.1 4.4 5.7 5.0
Ring. Intens. [MW/mz] 0.2 1.5 2.8 1.0 1.8 1.5

Fig.1.28 Optimization results for heavy-duty methane/diesel RCCI combustion 42
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Fig.1.29 Effects of natural gas fraction on exhaust emissions and efficiency (119
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Fig.1.30 Cylinder pressure and R.H.R. histories under different injection timing (126
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Fig.1.33 Effects of the combustion control on brake thermal efficiency,

emissions, and unburned hydrogen loss (132(133)
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HI2DOHREE LT, PR R/ —EI & PRBESCE O 1 7> H BAh =R ) _E o "TREME % fid
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L72LUF D 3 DOMFFEEREIZHL Y flde. WFZEHYEZ I U C, BREHUE 20 ) U 7z a7
AT RETESBRIEMAA KT P ORBUTA MM A OB/ A LR & T 5.

(1) BRBHE A3 L 72 JEME S kT o ¥ T BT D SR

RITEI IR~ 72 X 9 ICHER = )V ¥ — 2 FH U 72RO i - 3 ) L 7o e 5 1R
ERTWDTEIT T2, BRBEICBE T D08 & OB E 2 = o 2 O BRBEI B L 7P 28
DRIAIATON TS, ED7h, Z VUV AT AR E L TORMER SN TE LT, £
DRT 2y VCHEN A /2> TR, 22T, AFRETET A —B L= Yo
EGR 7 AZHRENCH 2B A L CUE E D v AT A2 E LI BEF R 2170, &
AT BORESLAREME AR ETT 2 & & big, BGhEm bicmid gt &R

(2) SBEREF D CO ALy 13 TIRE M E KRB KT T 528

ALK FEIREL O SE TIEFEIZ Ho = CO, CHaMER SN D, ZHILE TORITHIRIZE N
T, He SIS U <% CHa &M 208 U TR KBABE @] L7z 1320 a8, CO
W& B LIEagetli3d 72 <, ZORBITH TR, £ 2T, AR TIIE KIZE DR
DPAEZERUSITHRATE L, BRELO BAE KEFrE R & < BT 2 TIR A EMAE KRBEIC CO L 8%
2R & Ul U 7 e & BEEH R 21T O . FEERBR L iR R 2B U ¢, CO W
AEFORBERFE 2L T 5 L RIS, T OBRBETRARZEDTLODEMEZR ST D
ZEERENETS.

(3) BABESETAR D EEAVIT K 2 KRB D AR AR IR

SUREARE & B & D EMGE JIRBEORRE & LT, IRAST TIEAURRREL O ARIRDEH 2318
e, BROERTEZHE ZeBFToND. ZOBBEITH LT, BNRENC D 2B
TR O BB ALA TERFFER A 1T 720, 2 2T, ARBFSE Cldid b 715 & ik U 72 80l
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L TR D[] LTS 7203 % IRBE TR 22 R L35 .
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SEREI S = O U RBEIC R E T RB A R 570w, SRR OB 2 BB Lol
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U DRSLATREMER T DV AT JMIBWTEIRILZ TR D120 DB OV TR~ 5.
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2 b= 3 Y EITY, TIREEMAE KIRBEDORHE T H 5180 NOx JEfrE 28705 Z &7
<, BWBGREZERT LD OBEMF 2T 5.

B4 BEITEAIRBE L BRI oD AR A IORRIE CRRRE & 72 2 KURIRE O RIRHE I R IR L 7= A
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RO BBNREL T 7 7T LR L, BEERRORELEZIT ). TOMEND, BEEER
RBRBRIERICRETHEEZMNTT5 & &b, RRPEBOEIZ L TR DM Eigo
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2.2 BHEEHAESE
2.2.1 MREICEICEE T B LR R

TA—EBNT PN ET D EGR U A 2RI LT BB SO DRt 2 R 5 720, U
BZEBUSRYT Y 7 R W89 % FIW TR et R 2 560 L 72, ARGHR THB R L 7o b il 3l
DERET D URRBEY R 2 b—3 3 U T 2 ROG A F— 208010 F £ 50T
LRl —ThY, ZOFMENL 74 THD. £ LT, FREEMITEE —EN2E—E L
L, FHREFFORE & ENCIT 2.3 #i TR T EERBRT — 2 OPF<IRE (¥ — v ARIRE)
CHERIEN) (X —E v ARIESN) ZM Lz, £, EHERBR TRl S = AP T A 4y
OHEHIRE D HHEE L7z EGR H A DI TOFFEIZBWTH—L L, B & LT
N NANT 2 (nCiHie) A INA TR Z GHRBR AR ORI T AR & LTz, eds, AGH
FIZIHWTIE EGR A ATHES 2 RELOZKTE AR EGR L& R if 7> b O & W o 72l
EERTIZORNLBHEZE L T, FHREMEL LIZRE (¥ - ARRE) Tk
EVERRAZBMKICAEL 52 L1 d. 2L, mWEBEAZ ST 572D 24 HiCRET
5 FETIXEGR U Az it LUWEGREAT HMBEEZK TS TS5 & &b, dHEHBIEA
SR EGR A T E Oz @l 2iE 2 HE L TWD. Z07w), dERNO
A ATJEA Rz @i 2 EGR HANGEAEZE S LEZ b, AFETII EROEERK 2%
LW EETFRLE.

B SCE R AR T D IC b, BER =R X — B OIRIE & 72 5 R,
(LHV increase) #=. (2.1) TEF L7z, ZiUX EGR H A ITHEH L2 BREORAI 3 B &
& BCEBRBHT B E D ARy DALV E ORI A LB TR LI b DO TH 5. 7ok, AW
JECIISUER BN B £ 2 a2 3R L C 5 (k7 fE (Hz, CO, CH4, C2Hs, soot
R LT C(S)) mbIEEA R L.

Kl o
1 (AH PN
n, = (21_1( 7,298, l,r) _ 1) .100 (2.1)

AH; 595 f * Np

DT T, A o ¢ VEHREHD A k/mol, AHS o 1XBCEMRERT O RIS C b B AL
Bl § DN FE B k/mol, npy 13 EGR 4 A ~ME 5 2 #EHE molls, nyy 1XSCETHEN 0 o]
WA C b BALSERE | DR molls, Ky XS EIABH & £ 5 FTHARAY & L CE I LT
(L As (5H0) T .
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222 ZRFTTVIUVREESI2L—Yayv

EGR # A % FIH U7 RBHSUEC K o THAR S IV BB = 0 O U RBE I 350
EWRET 2720, =70 = ZROPUHEERATAF R = — P00 2 X—RTEH 2N A
EbDOERANTCERIET YV UVREEY R 2 L—va Y EITo . X"—2a—RiELA /v
R ex « 2 b—27 252 (RANS : Reynolds averaged Navier-Stokes equation)
BMOELET VEZEA L TR Y, TR E R EEMICm. Lo T, fLific ks
RERIZE BN o DB EIL SR A2\, ARBFFED & 5 I 7 BL G % fighir 3~ 2 BN Th I,
HEAM B FHRFIETH D, AR CHAT 23R = — RIZRAG B R R
THERBEEIMTON TN D, FRICKE A RITRAROEK RIEERRIC BV TR 5
POGHFE % B8 LA ROGFHE 91T 9 8 Th 0, BREEREECHE T A MERE O NS HE 72
BEl, TRIZAREICLTWD. ZOMBAAENYTET LVETR 2.1 OB THD.
T UV NS SN D IREE R OWRALICRED 2T MZONWT, —RASHE PR
D IRFED 5y 2422 Kelvin-Helmholtz O ARZEM %, k5% L METHL 2 KR 0O 5y 24t
F21Z Rayleigh-Taylor DA% EM A EfE L7 KH-RT E7 /L& H LT\ 5089042, F 7=
BT O A Nk D EBEEIERT 5729, Nordin H2MERE LiEHOEEAKET L
EVEEAENE 2 EA L T 542048, 2 UC, FHRANM O @O b RO F R X iR s
Y v3—0 ERENAGOZ @ ] U, AL USRI T 2R O Z X > T g, S 51,
ALFRORFHRIZ IS W T RIS E OFLIRIR A K 284 B8 2729, V.1 Golovitchev &
® Partially Stirred Reactor 7 /LU ZEH L T 5. 723, soot DAL, FE(LIEFED T
JNCR L CIEBEmIC RS SRR SN T T VA LTV 5 144D,

Table 2.1 Sub models used in CFD code

Turbulence RNG k-g model (148
Spray breakup KH-RT model (139)-(142)
Particle collision Nordin model (142)(143)
Gas-parcel relative velocity Velocity interpolation method (142(143)
ODE solver for chemical kinetics ERENA (44
Chemistry and turbulence interaction Partially Stirred Reactor model (145
Soot model Waseda phenomenological model (146147
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QEDZRILT Y D URBEY R 2 L— 3 U CIEEER A2 BB L T 2.1 1R TR s #
— A vV a RS TICHWZ. 2O TEILNER (BDC) T 13174, LE3EsL (TDC)
T4074 THDH. T2, ALFISAF— L0121 V.1 Golovitchev & D7 ¢ —¥ L4 7 — |k
AT =R ({LFFEEL 74, FOGEL 8320) WOEMHEH L, BEHL / V~A~TH o LTH
2T, W AR T ¥ ATEA S D BRI R D 15 D I BB R A
IMZ TR E U, e L 7e DIRBHCE 21T > TOZR WS TR EGR 7 A &z /-8
RRERE LTz, 72, MAZKEITRESE 0L L 5 TR TOHEICH O THEERR &
FEzZ@EH L. 2L T, Y AT AREICHRT 2RAEN —ELRD LI, =V Uf
N~OWE EL EGR A ~WEUR U7 RBy A s L Tk E L7z, 72ds, RHEBHAARFO W)
FEINIEERBROBNE N2 BB2, RTCOFHETH—OMEZ#EA L, PINREICE L TX
EROYIA T A RBE SN DIRE A REF AN SR U CRE L.

Fig.2.1 Overview of computational grid (4074 cells at TDC, 13174 cells at BDC)

LI TR DB RIET TR, BRESEICRB T DIERMREBEDOE(LHEE LT
T2 B2, WEHIRE GO VUV AT ABIKOMENE N LA F D (2.2)
TEHLZ. b, Q1T VU RINICHES S DR O NBE & UCEIREHZ & 5 Al
IRy DREEDOT, Thbbr o DG sn 2B &omfmTchy, K (2.3) £V
BT 5.
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N = W ¢ 100
t = 60 -2 "AH® e
—= .1000 r,298,f " ''fit
¢ Ne - Ncyl
Wi
= 07 -100 (2.2)
AH® . « =+ 1000
r298,f Tt N Ney
— o nT °
Q =AH; 955 Npr - (1 - Tf,r) + 100 AHy 595 5 Nyt " Trr (2.3)

T, W B (e R) J, Ne 3w P U EERE rpm, Ny, 130 2 2 2 O,
AH; 508 ¢ IZBREFOIRALFEEA R kd/mol, Nfe (T2 20 v AT AR TOREHNE & mol/s,
Tep (X DUV AT ARROBREREE #2525 EGR 7 A W5 U7 RE & O Hesk, 0y
TEETH S.
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2.3 EEEMHE

2 BBV, BB Y AT AR I N TV WT o — B>z P O FERART
— XA CITRBIE AR E LT BEY S 2L — a v B Tl BB L LT 4 —
BAx DO R 22 18T, PERE 2.199 L 0FES| 4 KERMEN T« —E L
TUUUTHD. e, HEXNRLETHZ U OFEIRSSMITIIE WA RN S D I,
ARSI ERE L. IR A R 2.3 1077, B, ZOFRMKICKIT 5 EGR i 10%
Thb.

Table 2.2 Engine specifications

Engine type Inline 4-cylinder 4-stroke diesel engine
Total displacement L 2.199
Bore x Stroke mm 85 % 96.9
Compression ratio 16.3
Swirl ratio 1.62
Number of valves 4 (Intake: 2, Exhaust: 2)
Valve train type Double over head camshaft
Fuel injection system Direct injection with common rail
Air intake system Turbocharger and intercooler
EGR system Hot or cooled EGR
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Table 2.3 Baseline conditions (Experimental data)

Engine speed rpm 2250
IMEP kPa 1442
Intake air mass mg/(cyc.-cyl.) 899.7
EGR ratio % 10.0
Exhaust (turbine inlet) pressure kPa.gage 91.3
Exhaust (turbine inlet) temperature °C 553
Exhaust CO ppm 64
Exhaust THC ppmC 48
Exhaust NOx ppm 798
Exhaust COz vol.% 9.7
Exhaust Oz vol.% 7.5
Injection pressure MPa 160
Total injection quantity™ mg/(cyc.-cyl.) 40.0
Pilot injection quantity™ mg/(cyc.-cyl.) 1.4
Pre injection quantity’™ mg/(cyc.-cyl.) 1.5
Main injection quantity’™ mg/(cyc.-cyl.) 37.1
Pilot injection timing™ deg.ATDC -29.7
Pre injection timing™® deg.ATDC -18.7
Main injection timing™® deg. ATDC -5.6

* Indicated value
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2.4 EGR F R ZFH LIz BsE otk

XUOIL, T4 —EBALZ= YO EGR A A ZFH LT B 1T B9 2 FEAR KR & 2
T 5720, EGR HAHRICHEFT 2B EZ /3T A — X ZHRE AT 7. X 2.2 [THEWE,
X 2.3 |ZFHRBRAARE & gt D=L 2 L B —E, Z LT 2.4 (S P O 3 72 OB R 5y
DENGRERT. 728, AFIEICBNT, EGR HANER 2 REHE 1T AEE & U 7- 28
RERICEB T DTV URN~ORENES & (4 KFAE) ISR TRLTEBY, filx
(X, EGR AW DREHE DN 1 OR6, EHRABROBEIESN & L &% EGR
TANERTHZ L 2EH®T 5. 2 CIIRBSE O EARRFEAHET 2 2 L AHBTH
Hicth, FHERBROMREMEHN B LV b 20K AE EGR A ~WES L5 (EGR H A~
T B REHEO RN 1B L) IR W T hEREEZIT o7,

X 2.2 £V, EGR H AR T 5 REHEN DA Gefh CIIEEENME S, ADEZRL
TWNDZENSND. FEERBRICBIT 50 VU RN~OBRENE S & [FE% EGR 7 A~
W L7255 G Th o T, HEET-4% Th DKM EARITININ L T2, ZoERE L
T, V= Rk CHEIESND T 4 — B A D TlREEH T AT Qe NG ENDH 2 &
DT DD, REFEDD 220G CTIIREN Oz L BUS L, BRBE GBEY T 5720, HER
TARNF— %R LTALB R e BRI B S 720, K 2.3 IR Licm vy Ve —2 10,
PREHE D 7 DN TIRE B . D = o 2 L B — R EFE B AAIR T R TR, = # L —
FEFADMEZR L TV L BREASTENEL TNDZ L ERIB LTS, EGR A~
MES T D BREHEE DR 5.4 BB A D L, WBRITEOERGELNTNDA, 1 E R
B L CHBERIIRE <[ E LTV, 22T, K 2.4 (R E 5% O sE BB
MCERT D E, AR TH D Ha, CHa, CO, soot ZHiHE L7- C(S)M9RN Ak STk
D, FFZ EGR H ANEH T 2R EHE DL WEAIF T He, CHy, CO)DAERENRZ W &
MGG . T =R DENHRIT EGR U A~ 5 REHREO RN E L 2 51250
T, TNEN—EDEIZICR T DEF N RTINS, DF 0, EREIOMAIT K& 72221t
Wi IeHZ T, HARLREL A ETHZ MR EDHERLIZEZZOND.
U EDOFERI G, EGR H A3 2 BB DO LSRN 1 BUF & 72 5 BUEA 2 BRBIE S 5 C
EVVEBCR 2155 72D121E, EGR W A% —#0iRT 572 £ LT, EGR 7 ADREND 720
ST CHEEKD LRV AT AORMPLETH D, £z, EGR HA~MEH 2 RE
BENRZVEE, BRRIEAR LD 72D CR)DAERENZL /o> TV, EGR EEF~D
WRIC L DAREA R EN TSN, EHEOBREE R 552 Rz,
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Fuel injection ratio
Fig.2.2 Effect of fuel injection ratio on LHV increase
(Temperature: 553°C, Pressure: 91.3 kPa.gage)
40
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Enthalpy difference between
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Fig.2.3 Effect of fuel injection ratio on enthalpy difference
between equilibrium and initial (Temperature: 553°C, Pressure: 91.3 kPa.gage)

H2 CH4 CO —— C(S) ==:H0 -—-CO2
==+ OHX10” —=—=-H202%X10® =-= C2H2X10° =-= A2R5X10%
1

101

1072

107
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Fuel injection ratio

Fig.2.4 Effect of fuel injection ratio on reformate fuel composition at equilibrium state
(Temperature: 553°C, Pressure: 91.3 kPa.gage)
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T, FRIRAKIRE SR MT B A MR Uiz, 2 2 TIE, #EFFOIEE D 400°C
& 700°C DEAFZ BT R R 21TV, B L 722 5 SRR O PR (553°C) %
W U72EHRRER L Lz, 72k, SHRBRAGREO I T AT TORMETR—& L,
REOHREZET L. KREICK T 2MBELK 2.5 177, £, R & s o
TN E—EEM 2.6 ITRT.

WTNDOREICHB N TS, EGR U ANES T 2 BREHEN D 720G CIIRBBBUSIZ L -
TIRWEEEEZ R LTV D03, TREREVNEE, D722 RS G & TR BB 2> & WS
WCBITLTEBY, BOHEBARMELNLT W EB3ON5. 2F0, L EVHEARESS
7DITIEEIRZ EGR WARME L SDd. LMLRNG, SRIOMKGTIL EGR 7 AI2E
S 2B OZEFIEERS EGR BlE RKED O OB L Wo ToRER FIZ SN 5 HHELH
BLTWRNZEND, BWHERARZERICEL LI LWLEERXD. £, T 14—
Bz YO EGR HAZFIH L7CRBISE TIE, O 25 A 3% EGR W ADMKIR TH -
THEWEEERE LN D X9 RUCEMBEOBFZERR LI AT 7 7 X~ 2B SCE (i
5 BAIR B OAFFETOD L S I T A B OBFFEBIFE RO B D .

-

LHV increase %

10 15 20
Fuel injection ratio

Fig.2.5 Effect of temperature on LHV increase (Pressure: 91.3 kPa.gage)
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— 400 °C  ==eeeee 553 °C (Baseline) ==+ 700 °C
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Enthalpy difference between
equilibrium and initial kJ/s
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Fuel injection ratio

Fig.2.6 Effect of temperature on enthalpy difference between equilibrium and initial
(Pressure: 91.3 kPa.gage)

INETOHRMEREZBEZ T, Z2TIEX 2.7 17T X957 EGR A% —E350 L,
TREN DI NS T OB OWE 2K 5 > AT AEIE UL B S 5T 72, 7ok,
AFE TIZ EGR H A IZEH T 2 RBHED RN 1 L FOFHA X% & Li-.

Injector Reforming line

EGR gas (mg [g/s]) b \ EG}} . N
1\82 CCOS géoem ----- \}V H, CH CO‘[/ \ —)
me"T; MF N, 602 ﬁzoetc /:
m'E'(l_rl') P : -
Exhaust — m
T gide side

Fig.2.7 Schematic illustration of fuel reforming system with divided EGR gas
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EGR # Z\TWEH3 2 BHED R L EGR A D EIS 5T 2 EE D~ v 7 %X
2.8 12T, Fio, WEREF ORI TH D He, CHsy CO, CODENLDHE~
TEK 29T, K291 LT, ZZTIXEGR H A &5 L CE R TAEMR S NLI- %
HRELE WERRITEA S 2 EGR A ABRF AT 25 Z L 2 HE L, AifikOEN3E
ERLTWA. 2B, BRI L UERESITAE TRV ERGE L.

F7, WERICERT 5L, EGR T AZLHL, MENDRVWSEIE T THEEZXD Z &
THRVREIER & TH > THEWHEBERB LT W L3 g0nD . THIEERIC
HMAZIND EGR W ADWEN DL b T, 5FEND O bW TH-HOTHY, b
PR BREHE S & CREUG ) DB S ~DOBATHRARETH D Z L 2R LTS,

LHV increase %

-18 -13 -8 -3 2

0.4

Fuel injection ratio

e
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0
0 02 04 06 08 1.0
EGR dividing ratio

Fig.2.8 LHV increase contour as a function of fuel injection ratio and
EGR dividing ratio (Temperature: 553°C, Pressure: 91.3 kPa.gage)

I, WERERITICOW TR S . WERA~DORREE 2O L, WERIZEAIND
EGR # A D&%z D S5 2 LT CORDEMMR PSS, CO)DARIZ /I REIEG D3
FAETHBIINE L, BREPEH BEORBRRKE NV ENA TN D, e Tilk_72 X 91T soot
OIMIER EORREL 720 552 L0 h, @EWEBSEA 1G5 7o O IC B E d5~ DRAEE 5
AT AL soot DAERKE INEI vTRERSCEAEENKE L H D, EDT), BURT
X EGR 7 AIZHEH T 2B RO 2K LT COODERMEIZ K 72235, /3iiElE

- 46 -



2R RBSCEZ B LR K AT B Y D ARG

BNSSRET D ETRVEELAGL L) RBREPANTHSHEE25. €2 T, EGR
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Fig.2.9 Mole fraction contours as a function of fuel injection ratio and
EGR dividing ratio (Temperature: 553°C, Pressure: 91.3 kPa.gage)
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ZIVE TR AR R R O R S, EGR H A ZFIH L 7 REHEE Tl soot D4
BN & EER O ENEERR A N ERD. FDOFRERFT D720, WHILFRG#E
BrY 7 b0 % FWCREMML B ROG R & i L7z, (5 L7 b ERIGE A F— 0% V. L
Golovitchev 5D 7 ¢ —E /LW 17— K X 51 =X L0362 C(S)D AR & B LG 2 B0 LT
b (MR 74, FBROGKK 325) THH. L, fEMERRIGHEICB O TEASE
T 2 R R R L 72 0 CHa 38 KON C(S)DE Vo3 I MR R ORE F & TR+
D2 VMRS, £, IBENEWSERMEIZE, mE OIS b EmB R L.
Z D78, KRFHHE TIiX CHa 3 LN COITB ST 5 Kt D H1 T & & O WO RS & X GTTE
YL =R F—Z G L, (WP PERTROBREEZHE T2 LI LTnd. 2L T, §HHSE
I R R L AR, RE— B DE ) —E & L, FHEREOIRE & JE NIRRT
—Z &M LTz, 22Tt EGR H A3 2 BHRED IR 0.2, EGR U 2 D43 HEI&
N1 DOEMEEXRIC LT, ERARGY (Hz, CHy, CO, C(S) OFENLSFRICEET 5 HER
ZAbamY B2, FHRBAEZROENELK 2.10 1277, ¥ 2.10 ([ZIXFHRIRBIZ ST
DT DENHELEOE TR Lz, £z, 22 TIHEMHORIEZFRE L TRY, fill
FOGZRM LTe G & FOSRRIT R 2 2 RIS ENLETH S, EGR A ZFIH L7-BE
WHEOMEE LTEF LN COWCHERT D &, sHEMMERIT He<° CHy, CO &L
THRED D72, R ORI > THINT 28703 Rond. DE D, C)DAREN
DTN TS A5 I S5 2 & A HRIUE, soot DAERRIMHENZ SR % Z & %

RIBEL TV,
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Fig.2.10 Mole fraction histories of reformate fuel components
(Temperature: 553°C, Pressure: 91.3 kPa.gage)

I, MWVHEBRZ ST 70D S RICONT, WEKISORNHEETSH. K (2.4)
R T IRAL KSR DR FE RS E SO IR R Td D72, Z DRI ¥ OPEEVEF
MU TR A BT 5 Z EBHIEKD. L LR s, AEKEEICHRWNTAEL S
(2.5) OKMEH AL T NSRBI TH D, D18, %2R R L CKED 2 v
7 B B AU, KERRSCE BRI Ko THIIN U 7= SO R O AR % B B 1 s
HZ e, WBRIIM ET5EEZLND. ks, BEVEHARER TRV, A Z
—E U DOFEY AT LA RICTYE SO B E D TS O & MGt L 7w se 2 il
SNTWD., TAZ—E U DOREL AT LATIEHNEREDO 7 V— 773 % i L7z NEDO
(New Energy and Industrial Technology Development Organization) ® 7’1 ¥ =7
(A5 ) —NVSERIFETE ~— 2V AT LIEGERER | 05001 C RSN D K DI, AR
M UToBRBIE A S BAFZES T 5. BEEBIIL 2 B E 2 FEESUS O3 & #Es L
7AFgE L LT, TS X DME 2Rk e L7285 A OB 2 BE L TR Y, BEKIGTH
DIRMEH AL 7 MO & CHa AT D A 2 % —3 a OS2I L CE T 2912 <
D CO %A LHAEE O] b % AlREIC 2 SO il & B L T 5059,

m
CnHm—FnH20—+nCO—F(E~+n)H2 (2.4)
CO + H,0 =CO0, + H, (2.5)
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Z 2T, EROFEMLFRICE RO R Z W CHE R om FRIREARAE L. ik, [
—5&M (EGR HAEFT 2L EDOHE : 0.2, EGR HADO5HEIG 1 1) x5 Liz
A lFH R OB R L FH LB, T49% Th o7, Z 2 TldmW RO

3 & soot DAERIMNEIZ WSS 5 2 & 2B %, CODEMEND R VEHHBL 20 BEICe
TORIGIHEIE L, ZOBITRBERKE RGO AP HERICHEITT 5 S RE L. AERK
BSOS T SN D RALKFE B L CIEEHEBRMA 20 B ORI CTEREN %V CHy,
C2H2, C2Hs, CoHe, CsHe® 5 il &8 IR L7z, EROMED b & B Lo BEE b7
AT TR DT HEER (74.9%) % KIEIZ EES 90.1% & 7257z,

LLEX Y, EGR A &R LIREHSCE I B0 TS E #e~REHIERE L7214, soot D4
BN D IR DB CRUR AT I S5 & & BITKRIEAT R 7 b EOs Ol Z W REIC T D2
HEE BRI S D Z LT, soot DA & BRI LA WSLT L ATRREN B D .
77, FRBNERSNESEE, SCEBREN O B RESE He & COIZR S, 1 ETIR
N2 X DI He AR & U CIEME KIRBEIZEH L7222 E TIc b 2 <AThh
TWDHH, CO ZBREHZHWZBIZEBIE A 72 <, CO D3RI O JERME B KIRBEC 52 5 58T
I T2V, £ 2T, 5 3 EICB W TIE CO BARFOBRBERMEZ B 52T %, 723, EGR
HANEFT DR O IEEDN 0.2 D&M Z XTI Lz ERROBRREICRE N T, R E
END CO N DRABNWHBEZOI-T VU VAT AR THET HIREO R
BICH L ChHD BT 1.83% Tho7z. 553 #TIL CO DHHREIG ZIBLS ZEL TN
DS, WHEAR~ER T DRI OMEIZ L 5T, CO DBEEREZ LLoRA LY &< T5
ZLITREEHEII S D,
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2.5 WEBRBRT U OURBEIZRIET R

AEITIE EGR A AZFIH LI REIE IS & > TAER S - EN S = O U RBEIC
FETHBELRHFT D720, ZRITET VDU S 2L —Y a v BT T

IZUOIL, WEHRBEIEZBA LT O RBEDO AR EZ I BT 57280, 2.4 HilcE
WTR L7z EGR 4 A D53t & A8E U T2 BREMSCE DAL 2 PR RS SR 2 I C, SUEREL A
WMALEBOT DU REER > S 2 L— g > L, AL EGR B A~ 4 % Rk
DN 0.1 725 0.8 OFiFH, EGR A ZADNHEIAN 0.1 706 1 OfifzExt%e Li-. &
B, RS E LZ®AICE LT, AHRE CHEERZEOIZT VU AT AR
TOLREN -ELRD LI VUMD A A VI EIT EGR B AW U2 EHy
ARWELTEY, Ex oD THBARER MR L 20D 2 L 28T 5720, EGR A~
WEE D REHE D 12 0.8 2 EIRE Lz, 72, 2.4 iR EICE I B % AR o
EREMNTH o272, EGR HADHTEIAED 0.1 LLF ORRESIFICE W T HiHEZ %
ML=, LinLenn, =270 hOPEHT AL VIR L2 EGR U A% & BT/
L CHEBRNEANT D VAT LAEELTEY, WEIEN 0.1 LAT &7 550 ClickE s
NEAT LWMEPIED TR EO XD i@ E ERICHIET 2 2 LIRS E %2, EGR
HADZWHEEIL 0.1 2 FIRE LTe., BEHREEMICE TS S&EEO—EEK 2.4 1577, =
T TITRBISEC K o> TR SN D YEREI T DB L, SEREE =0 P U N~
S DB R R BB S D DI B O B EE BRIV D UFEN~SEA SRS O B
DIFEEYENL ¢ L ER L. YEHOFHIZBWTEE LB R 1T 2.2.1 THT
IRARTHEBR Ny & [FIR, SCERERT O IR > 2 3R LT 5 fED{bff (H2, CO, CHa,
CeHe, C(S)) & L7z, YUE G 0BRHKXEZLUTFORX (2.6) 1T,

_ Zf:zl(vi,th ‘Mie)

nOZ,e

oF: (2.6)
ZIZT, Vigp IJMEEFEFE § 2 1 mol FEERRET DT DICHE L O O¥E & mol, NjelET
VURINA~NSEAS U IXES S AR | OF LR mol/s, No, e ld= 2 ¥ U RINA~EA
SND 02 OFENALE molls, Ky lZ= 2 ¥ AR NA~MEHT 2 BREHS L O BRE 0 "Rk
e LTEELbFEEE (6f) Thb.
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Table 2.4 Equivalence ratio for each condition

No. EGR dividing ratio Fuel injection ratio Equivalence ratio ¢,
1% 0.0 0.0 0.661
2 0.1 0.1 0.660
3 0.1 0.2 0.660
4 0.1 0.5 0.660
5 0.1 0.8 0.661
6 0.2 0.1 0.659
7 0.2 0.2 0.659
8 0.2 0.5 0.659
9 0.2 0.8 0.659
10 0.5 0.1 0.654
11 0.5 0.2 0.655
12 0.5 0.5 0.655
13 0.5 0.8 0.655
14 0.8 0.1 0.650
15 0.8 0.2 0.650
16 0.8 0.5 0.651
17 0.8 0.8 0.651
18 1.0 0.1 0.648
19 1.0 0.2 0.648
20 1.0 0.5 0.648
21 1.0 0.8 0.648
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222 HTHRANIZ LI, AR THUWEHGBEZZDILT Vv AT ARRITHHET 220
BN —ELRDE DTV URNAD A A USRI EGR A ~EH U 72iRkh o3 4 i &
LTCRRE LTz, £7z, T TIIERFEOERENL BN TH D720, A A RS OBE
W ST A= 2 IZB LTI, BT — 4 2B BICIRE LT R 25 IR RT A—H s
TOLRMEICHEA L.

Table 2.5 Fuel injection parameters

Inj. timing deg. ATDC

Inj. quantity mg/(cyc.-cyl.)

Pilot -20 14
Pre -11 1.5
37.1 (ry,= 0 : w/o reforming)
33.1 (r;,= 0.1)
Main -2 29.1 (r;,= 0.2)

17.1 (ry,= 0.5)
5.1 (r;,= 0.8)

* r¢, ¢ Fuel injection ratio

(The ratio of inj. quantity for reforming system to total inj. quantity)

EGR # A~ 2 REHEDO LR L EGR H A D43 iEIAICxd 25 IMEP (Z/'ux) B
FORERO~ v 7 %M 211 1737, 7238, M 2111280V T, EGR HADGIREIGIC
£ 53 EGR HAMEH T HBREHED LIRS 0 & 72 2 FHRERE RICITRBILE 217 > T 7R
WIEHES AR O R A Fidk L7z

4 2.11 £V, EGR AT ZEHE OBy, IMEP (ZRE R TT 22 L
5%, £z, EGR H ADGiEIE ORI L TIE, EGR U A~OWEHENLNEAT
Oy FEEIG 2D S 2B IMEP 28881 L TV 5 28, MBS D 22 VW8V Tk EGR
T ADGREIG 22 SETH IMEP IZKE R2ERITR 62, DF D, IMEP IZxiL
TIIHRTEG LV b EGR W ANEH T HREHEOEEN SN EF 2 5. BERE S IMEP
ERBROBIAZ R L TERY, BEREEZBX 2™ E LN TR, ZOERZ M5
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T OICHINES & B AEROIBIE MR LT, [F— D4 HEIE (0.2) T EGR H A g4
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WE SR C OB A RSN U, BRI EL OV A D AR TN TR D . S AU EIRE D
fEa RS, T2 b b TRAGBEIOMIMIER T2 L E 2 b, EGR A~ 3 5
EHED RN E WG CIIBRERBNE T TR Y, REEEOE OB /i 23 IMEP K
TO—R Lo TWDLZERHRIEND. 2D, @ IMEP OFEBIZITT ¥ RN
R DIREEOWESR 3T A — 2 SRR U Tl E(L T 2 LR D 5.
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Fig.2.11 Predicted IMEP and total efficiency contours as a function of
fuel injection ratio and EGR dividing ratio
(Engine speed: 2250 rpm, IMEP (Baseline, w/o reforming): 1410 kPa)
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—— Baseline(w/o reforming) === Fuel inj. ratio: 0.1
= = Fuel ). ratio: 0.5 == Fuel inj. ratio: 0.8
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Fig.2.12 Predicted cylinder pressure and R.H.R. histories for the case with

fuel reforming (Engine speed: 2250 rpm, IMEP (Baseline, w/o reforming): 1410 kPa,
EGR dividing ratio: 0.2)

ZIT, K213 TR AR E AR L. £, NOx HEHICBAL T, EGR A
AIEER S 2 B D LR AN 8 WO S Tl AR KT Ko TRRBEIRLEE O i W BB 22 R JE & 72
D72, WIMEAZ R L TWD0, INWEITO R W EHE L o TS 2 00D, IR
IZ, soot IZEHT S &, EGR U ANEST 2BREHE DB EY, HEHEOHINA R 5
5. TV URINICEIT D soot DBEREREA T LK 2.14 106, WEH EOENE WL
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Fig.2.13 Predicted exhaust emissions contours as a function of fuel injection ratio
and EGR dividing ratio (Engine speed: 2250 rpm,
IMEP (Baseline, w/o reforming): 1410 kPa, EGR dividing ratio: 0.2)
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Fig.2.14 Predicted in-cylinder soot histories for the case with fuel reforming
(Engine speed: 2250 rpm, IMEP (Baseline, w/o reforming): 1410 kPa,

EGR dividing ratio: 0.2)
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Table 2.6 Fuel injection parameters for high thermal efficiency
(Fuel injection ratio: 0.1, EGR dividing ratio: 0.1)

Inj. timing deg. ATDC

Inj. quantity mg/(cyc.-cyl.)

Pilot -40 1.4
Pre w/o wlo
Main -5.5 34.6
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Fig.2.15 Predicted cylinder pressure and R.H.R. histories for the case with
modified fuel injection parameters
(Engine speed: 2250 rpm, IMEP (Baseline, w/o reforming): 1410 kPa,
Fuel injection ratio: 0.1, EGR dividing ratio: 0.1)
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Fig.2.16 Predicted in-cylinder soot histories for the case with
modified fuel injection parameters
(Engine speed: 2250 rpm, IMEP (Baseline, w/o reforming): 1410 kPa,
Fuel injection ratio: 0.1, EGR dividing ratio: 0.1)
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Baseline(w/o reforming)
B Fuel inj. parameters: baseline(w/ reforming)

Fuel mnj. parameters: modified(w/ reforming)
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Fig.2.17 Predicted IMEP, total efficiency, max. pressure rise rate, and
exhaust emissions for the case with modified fuel injection parameters
(Engine speed: 2250 rpm, IMEP (Baseline, w/o reforming): 1410 kPa,
Fuel injection ratio: 0.1, EGR dividing ratio: 0.1)
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Table 3.1 Engine specifications

Engine type Single cylinder 4-stroke diesel engine
Total displacement L 0.5107
Bore X Stroke mm 85 % 90
Compression ratio 18.5
Swirl ratio 1.86
Number of valves 4 (Intake: 2, Exhaust: 2)

Double over head camshaft

Valve train type
with variable valve mechanism

Fuel injection system Direct injection with common rail
Air intake system Supercharger and intercooler
EGR system Cooled EGR

y =%
== 00
| o | Oil/Water

conditioner

Dynamometer

o o e o e

Fuel cooler

Common-rail

Fuel . Supply pump
consumption
_ meter
[
Mass flow
controller
[
Hydrogen Exhaust Smoke S bareer
analyzer gas analyzer mefer uper charger Intercooler
Bypass line
Gas fuel
cylinder

Fig.3.1 Schematic representation of the experimental setup
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3.2.2 FERFGIER I UERSM
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Fig.3.2 Valve lift curves for various effective compression ratios (€eff)
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Table 3.2 Experimental conditions

Engine speed rpm 1500
Boost pressure kPa.gage 4
Intake temperature °C 32
54713

EGR ratio %

54~39 (CO 0~80%)*2

12.7~13.4 (CO 0~80%)*1

Intake O2 vol.%

12.7~16.8 (CO 0~80%)*2

12.7~14.3 (CO 0~60%)*3

Total input energy J/cycle 450
Light Number of injections 1
gas Injection pressure MPa 85
oil Injection timing™4 deg. ATDC -15
0~80

Input energy ratio of CO %

Oxygen content of fuels mass%

0~54.0 (CO 0~80%)

1.5~1.7 (CO 0~80%)*1

Excess air ratio

1.5~2.2 (CO 0~80%)*2

1.5~1.9 (CO 0~60%)*3

12.5%1.2

Effective compression ratio

12.5~14.5 (CO 0~60%)*3

*1 Engine tests for investigating basic characteristics
*2 Engine tests under constant CA50 (constant effective compression ratio)
*3 Engine tests under constant CA50 (constant EGR ratio)

*4 Indicated value

Table 3.3 CO properties (154

Lower heating value Md/m3 11.579

Specific gravity (25°C, Air=1.0) 0.9666
Wobbe index (25°C) MdJ/m3 11.78
Combustion potential 61.0
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Fig.3.3 Overview of computational grid (5120 cells at TDC, 13824 cells at BDC)
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Table 3.4 Calculation conditions

Engine speed rpm 1500
EGR ratio % 54, 58.5
Total input energy J/cycle 450
Light Number of injections 1
gas Injection pressure MPa 85
oil Injection timing deg. ATDC -12
Input energy ratio of CO % 0, 20
Effective compression ratio 12.5,17.8
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Fig.3.4 Cylinder pressure and R.H.R. histories over a CO ratio sweep
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
EGR ratio: 54%, Effective compression ratio: 12.5)

-71 -



%3 SUEBREIT D CO By 7S TIRA M KIRBEIC KT8

— CO 0% e CO20% == CO 40%
- = CO60% =—- "= CO 80%

1600
M
]
g
] 1200 |
g
8
& 800 |
g
b}
>

400 - - - - -

30 20 -10 0 10 20 30

Crank angle deg. ATDC

Fig.3.5 Mean gas temperature histories over a CO ratio sweep
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
EGR ratio: 54%, Effective compression ratio: 12.5)
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Fig.3.6 R.H.R. histories around TDC over a CO ratio sweep

(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
EGR ratio: 54%, Effective compression ratio: 12.5)
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Fig.3.7 Comparison of R.H.R. histories (calculation results)
(Pressure(constant): 2 MPa, Initial temperature: 600 K)
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Fig.3.8 Comparison of OH mole fraction histories (calculation results)
(Pressure(constant): 2 MPa, Initial temperature: 600 K)
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Fig.3.9 Comparison of CO production rate by CO+OH=CO2+H (calculation results)
(Pressure(constant): 2 MPa, Initial temperature: 600 K)
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Fig.3.10 Engine performance, combustion characteristics, and exhaust emissions
over a CO ratio sweep (Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
EGR ratio: 54%, Effective compression ratio: 12.5)
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Fig.3.11 Unburnt CO loss and indicated thermal efficiency loss by lowering
degree of constant volume (Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
EGR ratio: 54%, Effective compression ratio: 12.5)
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Table 3.5 EGR ratio of various CO ratio under constant CA50
(Effective compression ratio: 12.5)

Input energy ratio of CO % EGR ratio %
0 54
20 50
40 49
60 47
80 39

Table 3.6 Effective compression ratio of various CO ratio
under constant CA50 (EGR ratio: 54%)

Input energy ratio of CO % Effective compression ratio
0 12.5
20 12.8
40 13.1
60 14.5
80

IRBETE LB &2 —EICRB RN D CO DHFREIG 22 H LI- RO KRR, FRE, W
ANZeG i, P 2R A X 8.12 1R, CO OHEHAEIAHIICEE > TRURBVIRITIE T
L, CO HEHITKIBIZHIMT 2 B[R4~ L TEY, FBROFEARRFERER & K& e 2ERITRL
7 BRBEE LB A R —I2 5 2 & C, SR ITRIN OB 0 UGN & R FE O 4
ARLTNDZ Lnd, MRBRRIETOERERBAL CO OLEHHTH D Z L3
5. 22T, A—0 CO MHEEIGIZE AT 2 &, AL Z & D 2 BROKIREGHHR 1L EGR
R LIZBROBRICHART, BUVMEZR LTS, £, R CO OPEH b b2
LTWD I Enh, AREMLEEOTIE ) PIERRBBEIC R > T D b D EHEEIND.
DFEY, K[FREORBIEH ISR L7 BB RIE T OUBEICITHEDEM L E&mD 5 Z &M
BRI TEDO—DThHDEE2 5. LnLEND, FKMEOIRWGIRRE OB AT K I
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Fig.3.12 EGR ratio, effective compression ratio, engine performance,
combustion characteristics, and exhaust emissions under constant CA50
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)

—— CO 0% (EGR 54%, ¢,5 12.5)
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Fig.3.13 Cylinder pressure and R.H.R. histories under constant CA50
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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HIZ BV TIE TR ARG KIRBED RS T H 5180 NOx PEHIFFE A 172 5 = &7 <, R
® CO HEH 2K L s b2 FE S 282 METT 5720, =R VUi I 2
L—a o aEFEN LT,

SUAIRELOARIRPEHNC BT DK 1 & LT, SIMORENES (SRR, WHNET, "t
M), WK (BKUED), WKIRE, Z2¢50REIE, EGR %), [EMEH, REEERIRNZET S
LN, AREHITIEFEERBR TR ONTMAZ S LITAREMILE EGR EOEE 21T -7
Z 2 TiE CO DHHEHEIG D 20% D25 E L, RITITRTRETYIab—va
R LTz, SR L ITBIM OO RERMETH Y, FfF 2 1358644 1 225 CO DEEEIG D
BEEFL, CO % 20%MAE LK THD. £ LT, 3.4 HBOERBE CIIAREM L%
B D TZBRIZARBRD CO HEH R DTN U, KRBGHFRICUER R o722 &b, &
3 1% CO % 20%HAGT 5 & & bICHREMILZ RIGICE ORI L Uiz, fTORRE L
Texm o DRV CRRE FIRE 2R A RERMR L O KIEIX 17.8 TH D Z Lind, &3 TiTA
BIEME A 1T.8 ICRIE LTz, &F 3 DX ) ICAREML ZmO e, AKX REb
R NOx OHIIMZH723 %73, 3.4 HiD FBRAG R TIE CO DUEARIZ LD ZE— 27 M D 7
DIEMERM LY b LI Z L 2B L, &0 3725 EGR &4 N S8 CF kR 4 JE1E
FRCEDEI a4 & LT

Table 3.7 Calculation conditions

Case No. 1 2 3 4

Input energy ratio of CO % 0 20 20 20
Effective compression ratio 12.5 12.5 17.8 17.8
EGR ratio % 54 54 54 58.5
Excess air ratio 1.4 1.6 1.8 1.7
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IZH DTS 4 OFERERY BT 5. &4 4 Tidd EGR LI X o TREEIRE O L5230
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AR FBELEEZOND. 2721, SRIOFEMERIZB T 2 KK O CO JEHIITEKAR L LT
%<, ZFOREAEXND Z &L TERROER LM ERRIAEND. £ 2T, [URREIOARREE
HHCRES DR & U TET T I O REE S, WA, ML, BBEERIRO T, 54

TITRBEETARICE B U CRRIEMRIR O FTREME & T 5.

—— Case 1 (CO 0%, EGR 54%, &7 12.5)
-------- Case 2 (CO 20%, EGR 54%, &4 12.5)
— = Case 3 (CO 20%, EGR 54%, ¢4 17.8)
— - = Case 4 (CO 20%, EGR 58.5%, &,717.8)
8 160
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1 40
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Fig.3.14 Predicted cylinder pressure and R.H.R. histories of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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— Case 1 (CO 0%, EGR 54%, ¢4 12.5)
-------- Case 2 (CO 20%, EGR 54%, ¢, 12.5)
— = Case 3 (CO 20%, EGR 54%, ¢, 17.8)
— = Case 4 (CO 20%, EGR 58.5%, &, 17.8)

1400

Y

g 1200 |

Z 1000

g .

<

3

;800 |

on

g 600

>

400 : : : . :
30 20 -10 0 10 20 30

Crank angle deg ATDC

Fig.3.15 Predicted mean gas temperature histories of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)

—— Case 1 (CO 0%, EGR 54%, ¢4 12.5)
-------- Case 2 (CO 20%, EGR 54%, ¢4 12.5)
— = Case 3 (CO 20%, EGR 54%, ¢,; 17.8)
— = Case 4 (CO 20%, EGR 58.5%, ¢, 17.8)

CO mg/(kJ- fuel)

0 10 20 30 40
Crank angle deg. ATDC

Fig.3.16 Predicted in-cylinder CO histories of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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Case 1 (CO 0%, EGR 54%, ¢, 12.5)
B Case 2 (CO 20%, EGR 54%, ¢, 12.5)
Case 3 (CO 20%, EGR 54%, &4 17.8)
M Case 4 (CO 20%, EGR 58.5%, £,517.8)
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Fig.3.17 Predicted indicated thermal efficiency, max. pressure rise rate,
and exhaust emissions of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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Case 1 Case 2 Case 3 Case 4

Fig.3.18 Comparison between CO as gaseous fuel and CO generated from light gas oil
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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— Case 1 (CO 0%, EGR 54%, ¢, 12.5)
-------- Case 2 (CO 20%, EGR 54%, ¢4 12.5)
— = Case 3 (CO 20%, EGR 54%, ¢, 17.8)
— = Case 4 (CO 20%, EGR 58.5%, ¢, 17.8)
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Fig.3.19 Predicted adhered fuel (n-heptane) ratio histories of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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Fig.3.20 Predicted CO distributions of all conditions
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Fig.3.21 Predicted CO formation and oxidation rate distributions of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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—— Case 1 (CO 0%, EGR 54%, ¢4 12.5)
-------- Case 2 (CO 20%, EGR 54%, ¢, 12.5)
— = Case 3 (CO 20%, EGR 54%, ¢,; 17.8)
— = Case 4 (CO 20%, EGR 58.5%, ¢, 17.8)
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Fig.3.22 Predicted vaporized fuel (n-heptane) ratio histories of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)

—— Case 1 (CO 0%, EGR 54%, ¢4 12.5)
-------- Case 2 (CO 20%, EGR 54%, ¢, 12.5)
— = Case 3 (CO 20%, EGR 54%, ¢, 17.8)
— = Case 4 (CO 20%, EGR 58.5%, ¢, 17.8)
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Fig.3.23 Predicted integrated heat release histories of all conditions
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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Fig.4.1 Flowchart of optimization program for combustion chamber geometry
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C End )

Fig.4.2 Flowchart of GA operator
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Fig.4.3 Parameters of combustion chamber

H>
H

Table 4.1 Optimization parameters

Parameter Range Baseline value
D2/D1 0.7~1.0 0.830
Ho/H1 0.3~1.0 0.327
D1/Hi 2.5~3.1 2.726

D: mm 38.0 ~ 52.0 45.8
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Create input file for a
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Generate computational mesh
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If compression ratio = 18.5

Yes

Fig.4.4 Flowchart of mesh generator
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Table 4.2 Engine specifications

Engine type

Single cylinder 4-stroke diesel engine

Total displacement L 0.5107
Bore X Stroke mm 85 x 90
Compression ratio 18.5
Swirl ratio 1.86
Table 4.3 Calculation conditions
Engine speed rpm 1500
EGR ratio % 54
Total input energy J/cycle 450
Light Number of injections 1
gas Injection pressure MPa 85
oil Injection timing deg. ATDC -12
Input energy ratio of CO % 20
Excess air ratio 1.6
Effective compression ratio 12.5
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Fig.4.5 Minimum fitness value and CO emission histories during optimization
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Fig.4.6 Comparison of combustion chamber shapes

Table 4.4 Comparison of combustion chamber parameters

. Generation | Generation | Generation L
Parameter Baseline Optimized
No.1 No.3 No.33
Di mm 45.8 45.55 45.55 44.56 44.12
D2 mm 38.0 34.94 34.94 31.82 31.51
Himm 16.8 15.70 15.68 17.10 16.66
Ho mm 5.5 13.50 13.56 14.71 15.11
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(c) Relation with diesel spray (Crank angle: -8 deg. ATDC)

Fig.4.7 Comparison of baseline and optimized combustion chamber
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Fig.4.8 Overview of computational grid
(optimized combustion chamber / 5120 cells at TDC, 13824 cells at BDC)

XU I, HERRBEE & Rl bRBEE ORNIES) L BIAERE I L72X 4.9 ITEBT
Bl AR CIEE KB OIES A BB D L & BICRKFENENIETT 5
BRFDHERIER D . F7o, BREERH T3 D B8 AL SR T A EIRBE S (T TV M 2 o~ ]
FREWZ ERg0sd. 22T, K410 IR TERBEOERIBIEZ MR Lz, BRBISN
BRLET 2 FAERGELE ) 5K 10 deg. ATDC £ TOHIRIZINT, FeilkhBE=s CI3 L uEMR I
FIZHAT FEAEZOBIAEREN D7 <, FHAEOBIE AR ITESLNITIEINT D872 A
bid. £ LT, 10deg. ATDC 25 30 deg. ATDC f3r £ COHRN I\ T, FEUERES
TH CHBRAEEN IR T 5 —77, FRE(LIRBER TIXZ DD BFERNTH Y, Stk
PEEE LD L2 OBANRAE T TS, R E LT, 10deg. ATDC 55 30 deg. ATDC ™
HIMIZBIT 2BRARBOBENRYA 7V EERTRHONDBER ERICKEHEL, foi
{LRBE = TITR B A DK 12%H80 L 7-.

-102 -



F 4T RBEETR ORGEAIC & D KRN AR AR

Baseline combustion chamber

* Optimized combustion chamber
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Fig.4.9 Predicted cylinder pressure and R.H.R. histories of each combustion chamber
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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Fig.4.10 Predicted integrated heat release histories of each combustion chamber
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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-------- Baseline combustion chamber

= =+ Optimized combustion chamber
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Fig.4.11 Predicted adhered fuel (n-heptane) ratio histories of each combustion chamber
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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Fig.4.12 Predicted vaporized fuel (n-heptane) ratio histories of
each combustion chamber (Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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Fig.4.13 Predicted temperature distributions of each combustion chamber
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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Visualization area

Fig.4.14 Visualization area for gas velocity and turbulence kinetic energy distributions
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Fig.4.15 Predicted gas velocity and turbulence kinetic energy distributions of
each combustion chamber (Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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Fig.4.16 Predicted CO distributions of each combustion chamber
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)

- 108 -



F 4T RBEETR ORGEAIC & D KRN AR AR

dCO/dt g/s
Il 2 .
-02 -0.1 O 0.1 02
Crank angle Types of combustion chamber
deg. ATDC Baseline Cotmized
. r
. r
o r
15 .
20 .

Fig.4.17 Predicted CO formation and oxidation rate distributions of each
combustion chamber (Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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-------- Baseline combustion chamber

= =+ Optimized combustion chamber
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Fig.4.18 Predicted in-cylinder CO histories of each combustion chamber
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle,
Input energy ratio of CO: 20%)
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Fig.4.19 Predicted indicated thermal efficiency, max. pressure rise rate,
and exhaust emissions of each combustion chamber
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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Fig.4.20 Predicted heat balance
(Engine speed: 1500 rpm, Total input energy: 450 J/cycle)
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