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Abstract

53

We are aiming to develop a hydrogen mixed combustion method for a natural gas fueled reciprocating internal combustion

engine to reduce greenhouse gas (GHG) emissions from the marine sector. The main goals for the development of the engine

are to suppress the combustion speed and abnormal combustions of hydrogen. In this study, an actual lean-burn gas engine for

Japanese city gas (13A) was retrofitted by installing hydrogen supply systems. We adopted the following strategy to operate at

a high hydrogen mixing ratio: (a) the pre-chamber fuel supply was shut off, (b) the air intake manifold pressure was increased

for more lean burn, and (c) the ignition timing was adjusted to optimize combustion timing. The retrofitted engine was

successfully operated with an over 90% hydrogen energy mixing ratio under wide load ratio conditions 50-93%. During the

experiments, the cylinder pressure was measured, and the emissions were analyzed. The results verified that stable combustion

could be maintained. Furthermore, we found that the NOx emission rate and unburned fuel emissions were lower and the

thermal efficiency was higher than when fueled with 100% Japanese city gas (13A).
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1. FANE

SEAEGIEZ B E LT, HARBUFCERSEEMERITIEZESR A A (GHG: greenhouse gas) O HABRAT & il
HIEEZED TRV, ENEEL L OEEE» DR SN D GHG OB S RO HNTWD. 20w
J—R 7 ) —BREE (FIFREZ COy Z28EH LW RED TH 2 KFBOMAFIHANEE ShTnb. M EEIiZ 4
WFFERT (BAF, VEEHEEPES) CIIMAc T 2 KBRIRAZRET 5720, AT A2 20 ToORFEF A
DOFFE « BIFZHEE L T 5. KBEO VU FIHAREOR L, WREVEM & T 5 &, 7o T EERICE A
R=ATHDHI L, —HERLZKFERITT 2 MEN & D HMEHENED @O BEAFEEIE ML 38 K OVE e 2 (5 <
X5 L, TOuREMERS & U COKFRIRIESC ANy 7 T o TREI~OUI D B A MTZH 2 &, ElE 2 KR LI T
B DREVE L AR TERMEZRKRBENFIHCTE DL LR 8RB 5. — 7T, KBTI AREL O RIRH A L
B L C, MREAVZERGBTRIZRIZB W TR 2NGE < F/h k= RV B =00 N SWEOB LVRBERIEDSFRE T H
L0, B U TKREDBREA R T B T2DIT,  BREERIEEAT O A PR BT 2 0P8 - BRSSO AR
FRETRD.

INETEEDLIR, KBICHETIA L7 TR0V 7 T4 F = — N R Lo SR ArRE 2o faHE 1 >
T LERELT, RKAD AN LT, KEHNE, KAT AR, WREHRIEO TR AR N AT VU
T OWFSE « BAFE AT > TS Do RHTIE, MHABEED Y — 2 R— AT D AZBWCOKRIREET 5729
(CHERRFAI A (2B L7 KRBIAE L b e 7 4 RV AT AOREN &, TRIAWARFERIZBW URIEERECITV K
FAERFERICBIT 2= U UMREE R E T 5 Y. 7ok, HIET HAFFEREIT 20162022 FE O RHIFHE I
Elifi LImNETHD.

2. KFE#FEL FOT 4y PR TLORFE

F L, WA DY — o = ATV OksE, K2 13FEBRY AT AOWEEZ ZNEIRT. R
TUX, ERFETEN) 400kW, [IESHEE 1800 min OFHERHEZ FFD, BH A TR KL TR EA LT
WD BREHT, REIRAT ATHER DTV A (13A) 2 VT 5. #HH 2O H A& E O EEE I
REINTHTHI AL =7 XX DR— MEF G THY, o Prar ba—7 BNEFHME2REST 5 2
& Tl ESHERF SN D.

KT VAT R DRBIRPEER AT O 20T, KEEL b7 4y MU AT LAEMARIE L. K AT 4
1%, AKFER— MNEH AT 28 LSO ARE HAKFIEAT AT A0 B85 2 DORKBEHHKE R 2 2 TV b.
£, KER— FEFHICHNDA P =27 % (HANA £, H2100Green) 1%, BERROFTH AL ¥ =7 ZAHED
MREE AR 2 AT OB AT T D, KEEFOZ A I 7« HIENE, KEORE FTOME L35
728, WERATRIMMNIZIT D X OICHIf Le. $7-, KFEAEREZE 60 %L ETEIET 25481, KFEA/ TV
7 B DI RKIER BORIRCLE LT ¥ SRR O 7= 012, #m T ABE FAKFREAT AT A B0 L
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7o eB, TUVURIE (EMEIESORPER VT H A 7, B ER L) IITRREAE AN TE LT,
ARBUAG S AT DI F= DT o0 b7 4y RV AT A E R TS, AR DRI E DK
M5, KFBEEHRBERRR OEARRFHA 20 /3 F2E & A

FE O OUERMGEN D, KFUFRRHZ Y T 7 —ANBREHREDNE £ 0, IRFERIC L > T AIREFHICA D
ZEMWIoTND V. F I TRABITKRRIGEERZ i 572018, R P U3y 707 r— A% 221 T
TR DU AT L& BN LTz, KFEIRBEFY, 300NL/min f2E DR %427 707 r—A G52 8T, T
I — A NBREHEEE 2%LL T a2 HERE L T 5.

728, ARFEBRTIIMA L TR, REBRD AT ANOKEFHEE & PR EE 1, KERER ORE
PRIEATIZ BT 2B VTN S 99,

®1 HARTIUCUHEHT

. ATG2OLSE
(YoR—N\D—T4H /0T —H)
i FEMREE | BIEMTES K
D) U RITIE 155 mm/ 180 mm
SR 6
HEH H/EEEE 400 kW / 1800 min-' (60 Hz)
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3. KEERBEREGZIDI D %6

3.1 A&

F 213, TV EERSM A IRT. ARPERIL 50%, 75%, 93%, [AlfmEEE L 1800 min IZRRE L. FEUEL 72D
IKBIRBERY, AUKREHIE-133°ATDC IZREE L, Z850BEIRIL NOx HEHZ 2 IMO @ NOx =Mkl %2 5%
IZ 1 gkWh 2722 XD ITR~=Fh—/V RIENZHREE LTz, KFEEIREFFOBEREERIT, SAMRIIBNTE
ZEI 96%, 97%, 90%IZF%TE LTz, 7235, /KFE 100%EHE % FhE L 7e - 7B, REBEEEofR i<,
Bl EOFFNC E Db DO TH D, KFEOW LWRBEFFE~ORIIEE LT, KEEIRIERREL, THABROREED
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5 TFRL a)—e) DTy VLV iE /N T A —H I LTz, a) KB ORGERIREEC B IRBEO A Z M T D720 A A
YAy MVEERIC U THRREZRIR Y A L. bRBEL E(L D72 DIZRIEIREMILE 245 11, o)RBEE OALE DR
i H A BBEEIL T 5 X 9 ISR A0, = 2 CRRMBEEOIENE, U A NOBREEIC X A B A R
PRIESE THRED 50%I2725 7 T v 7 AEEBEWR L TN D, a)DEEORE T & LT, KB ETRBERF O 28500 =R 1T 2.56,
274, 270 &7 0, KFFERBERFIC LR TRIBIZBIEZORE TEES L T D, b)OEYEIZ LY, KFELEWIR
PR CIER T A PRI BRI A = S PICLERBES T 5 Z ERATRE & 2o 72, o) DEMEDFER, MUK 2-12.1,
-13.3, -11.3 "ATDC (& L7z, KEBRFEFC L C 2 RBREOFHRETH Y, SUKEF OB 72 28 5 CRREEE L
NEOFHENATRETH > 72

TV OMERERHI S BV TR, RPWNEDFHANS K 2 BRBERRER M <CHE T A 53 Hr4&iE (HORIBA 4 MEXA-1600
DEGR) X°H A7 mu~ ~277 7 (Agilent # 490 Micro GC) (2 KX A HEXAHA T 70 K2 320 L7=. £7-, NOx HEH
ORI RO F I MLE L 72 PRI EOHEE X, BFE AT AEESBICEB L

&2 ITUOUEEEH

KEEESR EPthH R E#R) IKEEREEEREE
B L50 L75 L93 L50 L75 L93
C100 C100 C100 H96 H97 H90
HEHN KW 200 300 370 200 300 370
REIAMEN MPa 0.69 1.00 1.26 0.69 1.00 1.26
P oS % 50 75 93 50 75 93
Ho SR = % 0 0 0 %6 o7 20
ELIREIES min-! 1800
‘ NOx HEHZE 1.0 g/kWh (= Z5% Z0v kJL2E
EREE|E -
179 1.88 1.95 2.56 2.74 2.70
QurFsson FEREFEIZEDHES
N B ‘ATDC 133 =
121 133 113
BERRREES % 25 0

3.2 EERER

X2 1%, KFEEIREER & KSR 90-97%IREERFOEINIE ) & BV AERE 2~ 3. FXND, KFBIREERFORNES
TOKRFERBERFIC AR TEWZ L300 5. ZiuL, KBEREBERHIA 2 > MVRBIZ L TWA72DIZ, JEREB A
KDY HNENPHEIMN LT Z ERERTH LS. @AMERIZET 2R KENENOEINL, =2 U REEED
FFRSRE OB SEBENMIETH 503, RFIEBRIZBWO AR 93%|2 81T 2 B K ENE ) OB I &1L 0.5 MPa
FREE & LSRRI CH Y, FIRTE D LMW 5. ki, FXOBRAREND, T XCOAMEITBVTKSE
TR L OKFBEREERHIFREORIEEZ LTS Z EBNbnd. 1o T, KERFEEFHNCEA L7258 3.1 HoOWE
R a)— ol LV, KEEIRFEREIRIC T O IRBEEE 2 /K IR & R IZHIH FRETH D 2 L 23
LN oTo. 7ok, KRBT vF L IRT VA T =y a VIR EORFREEDBAE LT NI ENETH D
N, REBRICBIT D 6 KA ORMNEIFHUFE R X ORBRE 1 L DR HW A 1L, B RBEORAE T
REILTUVNRL,

X3 1%, KBMRBERE & KR 90—97%IRBERF D AR ZRITH 25 NOx PEHIR A2 773, KFRIRBERFO NOx HEH%
I, KEREERBERF LV B LT & RIRIAR Y. RRZAMER 50% Tld, AKFRERLE & e LT 90%LL HET %
R NOX iR A EH L TWD. 22T, WAV UAIEITHFEA NOx ApklE, BB L 5 EiRSEHR T T2
KRFOEZRNEET DV —~ /L NOICLDZ ENMOENTND. o T, KFRLERF O NOx PEHIE, ke
\Z X DREBEEE DR TR, Y—</LNO OAERZIHI L= EZ 5.
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B 413, AR T5%I231T D P TE T A YR & JERUC IR T2 Al B s A 7”9, IO ATBA
AT AYRFEMN S, KB RBERFI L CHa, CoHe 72 & OERTH AT A5y % £C, £ OMIZ CO, Hy 72 & ORRIEF ARk )
NEEND. —F, KERBRERELRHNL, SEAENKETHD. KBIRBEFREFOAFHER AT T AR 1T
850 ppm FEETH V), KFEBEIRBERFD 2500 ppm FREE I3 L CTRIEIZRW. 22T, v U U XN TIRAXTREHA
FEVREIL, KB IRIERFI L 4% TH 503, KFIRFERFIIIKE OPREREEDER T AT A D 3.7 550 1 LR =8 13.8%
ERMEICE L 225, KBIRBERFO TRA KPR DK B IEREERE L0 b @ WIC b b 59, KEIREERFOHE
SRR IR EEAMERN Z &1, KFREBERHIE VRN R L BT 2 2 &2 BEWT 5. it T, M4 oIt
EREDD, PREHONCE BT 5 & KRIRBERFIK B BRI O 2%EH L TWH Z E3bnsd. 2Dk o1, K
FIRBEERRTIE, REERN KBS ET . iU, KEOHERIEENE R ED -0 L &2 5D, ZOmR
BEh RO UCENR D DR EMNRICB LFTHELHETET 5 &, KFRIREERRIIKE BRSEERS 1 0 +1.5 %point f2
JEET D LHEITTE D,

B 51%, ARE 75%I80T 5WPFRATRRZJER LI HBERR 257, R G, KFERFERFO T R PERI T2
OFWNEINIEEMNZ Y7 F LT\ 5. KFEIRBERE - BRERFOWPERITRRIC X VRSN D YA 7 i, Wi
NHKEGEHEY TH Y, BURMEFICBOWTADHEFERTRbLEARICR > TnAH Z E¥bnd. 22T, HEERX
LoV A 7 VERBIIRAET HHEEEZRTD, WERATRROM SN L, KEMERERERNE 160 1, KFERBEFL 111 T
HD. WERITHEORNENCEET 25~ =R —/V RENL, e 7Ly P OERC L TAr v b
NRTENEZRELIERCH S, KFBEERIIBIT 520y MVERBWETIE, E& L TRy MFROES
KTFENRMESD Z & TR~ =hR— LV RIEDREE Y, WRITROBENENI&EES. —7F, HERITRO
ENEANCEET DR~ = —/L REL, a2 — U EDIC L > TEE . 21 v MVEREETIE,
PERMEN T D 2 & Cilfai 2 — B EAN L, ERITRORNENTEES. Zh b0k~ =
R—V RESDO/RT 2 ZADOEAIZ L0, AKFIRGERE CIIHERI TR L 0 S EATRORBNES 525 kA5 Z & T,
WHERATRROEENP I L7 & &2 5. 6o T, KFRIRBERHI/KE IHRBERFIC b TR EERA TRR O DS 30%F2
FWEL-., 2L, WHERITRAAEOLEE ) D RERNRICB LT TEBLHET 5 &, KEIRFEERITIK
FRAEIRGEER 1 0 +0.5 Ypoint FRELET 5 LHEHITE 5.

L EOBBEN R L WPERITRRE Y A 7 NV OSEIZ L - T, KBIRBERE O R BTN LRI KFERLERF T
2.0 Yopoint FEE ) 32 AlREMEN & 5.

--- KEERBE A=1.79 ---KRERHE, \=1.88 --- KEERSE \=1.95
— 7KR96% R 1E, \=2.56 — KKRIT%;RHE, \=2.74 — 7KR90%;RHE, A=2.70
'E! B o L
o
=
.R
H
g
i
S 600
5 500}
S 400}
= 300}
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¥ 100}
o
MR
= -100 :
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954 AE [deg. ATDC] 9524 AE [deg.ATDC] 95249 AE [deg. ATDC]
(a) BFTE50% (b) BRFET75% (c) BTTEI3%
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4. FLH

AW TIE, WML ORTHTH A U — 2 "= AL 2 K U OKRIRSEER 2 BT 5 72012 E

R LT AKBHIAL b7 0 v bV AT AZEINT D E E BT, 50%—93%DIEIE VAR RIZIB O CTKFEHLES
VKB BEIR S 90— 97 % BT D = VU MR A E L7z, KFBERIRFER Ch - Th, RIEREHILE 21511
L, R~=hR— NV RENEZRmO T Y VP HNEREET 22 LI2LD, RIANARETY Y X NRBEIR %
KB IRSERF & [FFICET 2 Z EDBFRETH Y, LEBRBENFEBLITEZ L Z LRI ONIRoT. EBIT, KHE
FEHRBERF Ch o T, AKBEMRGERF & bl L C, NOx HEHHEE L OSRIRREIOHEH MK <, RSz MW £ T

EHREMEA R LT,
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