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1- METHOD Or OPERATI NG | NTERNAL COMBUSTI ON ENG NE | NTECTED W TH CRI TI CAL
WATER METHQR26k1$PERATI NG | NTERNAL COVBUSTI ON ENG NE | NJEGEED p 44, ER! Tl CAL
WATER Technical field The present invqnti on relates to a nethod of
operating internal conbustion engines injected with critical water applied

to intern engi nes such as reciprocating polﬂlqﬂ/mwwg’

i ncI udl ng mwm lmmmmm on engl ne and conpression igniti i I m esel
en %9: : kg pphhi ch i quid or «gaggous fuel
such as petroléﬂ group fuel , hygrogen natural gas, alcohol, etc. is

burnedx@?ﬂmi&ﬁmﬁﬁﬂﬁ%§ﬁh@ﬂwﬁ nﬁﬂ@ﬁéw%§ M@hﬁt@@nv&EﬁﬂhﬂéRﬁﬁkﬁkcally a met hod

for realizing [ow enm ssion conbustion y usin super-critical water
(her eafMEFHODE)F ORERABRING IRTERNAL AOMBV$TION abNONEE am)JEcﬁapckgnnandrmL WiTiEROgEN
oxi de (NOx) and carbon nonoxide emtted into air together wth exhaust gas
are generated in high tenperature zones of conbustion. These em ssion
affect the environnent, and it is desirable to mnimze these em ssions. It
is well known that the generation of nitrogen oxide is r reduced by addi ng
wat er i nTelhndetludtiiedsd process of an internal conbustion engine . This is
due to the cooling effect by the added water. Actual I(%/ water injection to

a reci proca?ﬁ“ﬁgpéﬁﬁleﬁé Hé‘é’eﬁ’etér?lho?%l%'?e%méodlaf methad Rk heRRTating. direct
|nject|onﬂg %%bgncgg%g% O FNATPLE . 9k n! L QAUEH O, PL Wat er

into the Conb |on c
applled to internal combusticn engines such as reciprocating

piston engine including spark ignition engine and compression
ignition engine (diesel engine), jet engine, gas turbine, etc.
in which liquid or gasecus fuel such as petroleum group fuel,
hydrogen, natural gas, alcohol, etec. 1is burned and the
combustion gas works as working fluid, specifically a method
for realizing low emission combustion by using sub- or
super-critical water(hereafter may be referred to as critical

water),

Background art

Nitrogen oxide(NOx) and carbon monoxide emitted into air
together with exhaust gas are generated in high temperature
zones of combustion. These emission affect the environment,
and it is desirable to minimize these emissions.

It is well known that the generation of nitrogen oxide is
reduced by adding water in the combustion process of an
internal combustion engine. This is due to the cooling effect
by the added water. Actually, water injection to a
reciprocating engine has been done by two different methods,
i.e. direct injection of water into the combustion chamber,

or introduction of water into the combustion chamber by way



V1' O 02/081882 PCT/J P(12/U3-173 2 of intake air passage. In the case where
water is directly injected into the conbustion chanber) the water injection
i s gener aiby2dome: duri ng conpressi on stroke before actual pequipuséison
process and/or during conmbustion. Thig water injection timng is

advant ageous for reducing the generation of nitrogen oxide, a |large
quantity of water is able to be injected, and nitrogen oxi de can generally
be reduced by about 50-60%In the case where water is introduced into the
conbusti g ghaxey d098idwsaith the intake air, the intake air is
continuously humdified in the upstreamor down stream of the intake air

fl owi ng t hrdnglthehedas belocbae geaftetrhe codpressbdy dn jiehe efdurirochatger, or
the intercooler) or humdified in the intake air chanber and/or intake air
passage, COMBRstECTHICRA®RGE | sthej Wated ARISAHON ntakEe e Falln £ARe atter

case, the, ARUN Bf YIS oP ARADL 6, e BLOG, L ALL PUUGRELL DI 8y e ERERUST i On

chanber togetthe e air depéends on the pressure an

t enper at unel /Qfr tdering akemBuktidhe AMUNtwhseli AintRGtiGnt hedmimg hiwhi ch the
intake air is saturated with water vapor. Generally, the pressure of the

i nt ake aadviah t@gmau) £o3- redhciifg dhe gepetrafgonatdr siktsogens50xider)C in
the case of turbo-charge , inter-cool ed engi nes of sent. da Wth these

d ( S re .
condi 1 oAt AF PRSI Y i HRLEET BAAIR FoRE ol 12 tRA LR FRPER 1o a
evel _of BNt iyl SN T $ioer Dib508°By OXbERDE 1A% . 1t s ot

desirable to | ower e pressure or ralse tenperature of the intake air

because t helsheatigidusofwardugiteaniai Lnithbdulced ayltbondre ¢Smbadtyon
influenced resulting in reduction of engine output. In the case water is
i nt r oduc&fapPegontePeORSTy WHkR dilfy LhEakat &de ai Fheaiparkeofaihels
introduced water is not utili.zed, '4' O ((12/081f 382 PCI/ JP!) 2/ -473 3
because. ORI ARIE HEE ke ThT SRATRIRD By SRdRre TR fdr EPLh t he
i ntake aiih (dwd BY !t BeoRSHGOEnYEREhAL hel PhABECHAYBrANILEXEaNSE¥8bYe open
si mul taneously. On the other hand, an art is discClosed in Japanese Patent
Appl i cat iodn theh ltuxatdadraie r 5-di837A2iS, intembochevat es s chwhi @nf bédcansti c
potash is added to and m xed with diesel engine fuel , pressurized and

heat ed t §hi§i g b45kes e AFRRENFRIMAUT L BERR 2he RRFERGAI PFeY3LPE of
wat er toogo@Qéyatfmefﬁig e&ra#pg {Hglix%gﬁ tggrpaustic pot ash, and the
i“nject ed in e t5 6e"b

mxture IS inje { cylrnder "t urned. However, although
critical watgrthé Us€eeiknNchbe, affie NBRSGLODELSr APQVEr tRBaBliklbEabeVAler is

used for separating
introduced into the combustion chamber together with the
intake air depends on the pressure and temperature of the
intake air. The amount is limited to that with which the intake
air is saturated with water vapor. Generally, the pressure
of the intake air is about 0.15~0.4 MPa and its temperature
is 40~50 C in the case of turbo-charged, inter-cooled engines
of present day. With these conditions, the amount which can
be introduced is actually limited to a level of amount which
can reduce nitrogen oxide by 10~40%. It is not desirable to
lower the pressure or raise the temperature of the intake air
because the charging of combustion air into the cylinder is
badly influenced resulting in reduction of engine output.

In the case water is introduced to continuously humidify

the intake air, a part of the introduced water is not utilized



the sulfur in heavy oil by conbining the sulfur with the caustic potash not
for reducing NOx and CO as in the present invention. The m xing of the

wat er solwbioomsisgt 0 fuel may cause failed self-ignition angdpmedueibpn in
output. Further, a nethod of operating an internal conbustion engi ne having
at | east one conbustion chanber, inlet valve, exhaust valve, and injection
nozzl e fromwhich pressurized and heated m xture of fuel vapor and water
vapor is injected into the conmbustion canber, said m xture being heated by
the exhayglo.gas Of bhed METARL GATRISIIALENOLALouGRANGH CEbEEdabs that
said m xture 1s sustalned at a pressure higher than 350 atmat |east and a
t enper at togehinghewitharhd48tak® Gerrdaig teasperiby wiheg itthentake st eam
inverts to a m xture of organic gases which has chem cal conposition

di f f er entvVallvemanie GH1aH Hlal vabipo’PeRofiBR1IERBEPYSILYunder the pressure and
t enper at ur e of_ .at heric .conditiop,. .ecul ar structure different from
t hat of theo%f?6?2§ﬁ3¥b#€8§rtiSH,aEﬁdl?slaCHfE§§ lﬁa ?PSPFﬁeV%?é?P%e under
at nosphenipg 16 itdrPBub 1 1 ¥Rt 6 b2 081882 FGT/ 8l PYR/ A8 wadwaves 1uagsarding to
the conventional art) the pressurized and heated m xture consisting of fuel
vapor anecfwetzerstiapgrotisssh nverddted nto amd avikxed wigandtegad engioee havi ng
nol ecul ar_ structure different fromthe original structure at a pressure

hi gher t K&$135DT &F AP ARG SCetpeR@aied Rioghbs ! (ifes Siuee 8ng t?'ﬁ%‘ﬁrﬁgér@as

i gher ¢ R 135D+ BEfaRd e | : N
ot tnat "2Vl EHE Gni AT GG 0F VOB FAILAR FRER 10

pressureifi ghes had IEArattAaNdateRer Yodasth ghgs khan d8.fr& as the
present invention in which sub- or super-critical water is injected into

t he conbdgtiiesrtechamiar Hepagntbhgefr bm bhebfirakedand the fuel is injected
into the atposphere i ich particles of water  exist. Therefore, the art

accor di ng t'eYREeHr s@ P'ed scf"&r? t Y4PFET i ¥ ePERE BT QFF.
accordi ng b 1R PTARRA, 'ﬂtveemfpﬁc%ri&@ém&,uéeaewiﬁdsg aPREEALI NG a
e( D esel)-Ran

conpression 1gnition enginef _ nki ne cyc!e reci procating engine
conpri si reatsdlempt DMehewkiyndar. ivy WbowbiflRh thebWulifuld wOEhi Bgesyst em
for intake air and cylinder, and exhaust system associated with said
cyl i nder chas tden®edaistig nexhf0st rgadveinyr ¥ox sk d & lasnder theapreggntnder
conprising_the steps, of: w thdraw heat, from sai d coplng_system and
exhaust IYEETIETondls: Bit OO S MAEHuCT S SA0 T SebanT T eR d
cyli nder ¢ W' §idY 153 &t £ andi SRi Snfuekaabe bt haducagaeparately into
said cylinder and interact in the cylinder after ignition has been
achi eved, iBudikekosad matM@DILE7 WPk raithingt eamimdednial t bembugendnon i s
bel ow 580 C.in tenperature and bel ow 180 bar in_ pressure, where_critical
wat er cafhgdne having at least one combustion chamber, inlet valve,

exhaust valve, and injection nozzle from which pressurized

and heated mixture of fuel vapor and water vapor is injected

into the combustion camber, said mixture being heated by the

exhaust gas of the internal combustion engine, characterized

in that said mixture is sustained at a pressure higher than

350 atmat least and a temperature higher than 448.8 C at least,

by which the fuel steam inverts to a mixture of organic gases,

which has chemical composition different from the original

composition of the fuel under the pressure and temperature

of atmospheric condition, molecular structure different from

that of the original composition, and is at least partially

volatile under atmospheric condition.



exist, and it is injected into the cylinder close to the top dead center so
that the steamand fuel interact effectively 1'4' O 02/ 081882

PCTI JPI >240@3nkdksafter the fuel ignites. It is also cited gdw@ipobhs7iuel is
injected in a separate chanber for preventing steamair m xi ng before
ignition. Fromthese descriptions, it is recognized that the invention ains
to evade the interaction of the fuel wth the steam before the fuel ignites
in the cylinder, and also to prevent the mxing of the steamwth the air
in the cyli ﬂgﬁévg%f,oé@cbﬁ&‘iﬁ?% i SRS Afal Bet! NMENEEEBS G @RI ect i's
to provide a nethod of operafing an internal conbustion engine Injected

W th critarchlhesatest rhyktposs tdored s itrid i Egpetlherapdvapinadg @aak rcrapobeal wat er
for reducing em ssions of nitrogen oxi de(NOx) and CO from i nternal

conbust i drf eddivitesesuchnas reelpEbLari mr eayt fe 9afc| HdtgTSpaPRViLGEi ti on
engi ne, cQ i Wols TN in ' ine ).. { .et_engine_, and gas
furbine TR R ARARD ST Brh F59 8 dunt N et

eni ssi ons pELdLEENSIi@eY BRERNPENI £6mr dacCtimpetAtatti aigRey andnout put,
for increasing efficiency and out put of the engine w thout sacrificing them
for reduciay & ke, emegsitbrsgaThel prnasedts inyeotedniniso a heetbnduetioper ati ng
an internal conbustion engjne injected with critical water, in which liquid

0{ gﬁsFod§“WU§P:§U€H“a§h$e%?%$%ﬁ @r%ﬂbz%ﬁeln?th§5?598ﬁlFiﬁ84uW§F?§as,
al cohol , st %‘erﬂe?:%é[ﬁ‘??r %ﬁe%gﬁr‘i‘ﬁﬂgéhﬁ%(ﬁgéﬂ? rw@@grtgbeacggpgg%gnogas

wor ks as worki ng aracteriz In that the 1njection

super - cr ififid r Watat {derad tafa ey S ife asi §hét i €Rhn Wi ©r'g i gher than
250 ~C and higher than 10 MPa is begun before the injected fuel ignites in
t he conbudid @resetbdnvepdritdrne inamhyichi subheozasuret -griddicplowatetrg pi ston
type f4' 0.02] (1.S18R2 PCT/JPU2/03-473 C internal conbystion _engipe in

Wil oh  hRUOR AR Ghit s 4 SO S0 Y S o R RROSE FetoREOMRF Be

det er m negdAC Al ik 1,81 ANk {058LL 08 PP CEnet BEmBSPhedef EAMhABRSt art
until the end of injection of said critical water 1s 1Tn the crank angle
range froardic BEIOOGL bedoee ¢hestop Tieark £ene er theanart 30cATBChHaf ter t he
top dead center), preferably in the range before 80~ BTDC until O~ (the top
dead cent®dyd , dadRglASHE epr &F efaBidpman kel ¥ aAdd fepemtgof comTd&uneirt bef ore
t he fuelg rgt Shi”téh gonPusgignigggnggrnand the injection ends at 5c
BTDC or jUsS Ibé%&?e. p?e%%n? invenPioﬁ I's to positively utilize the
physi cal angluehgBirmalrelr APRELHEE PEOPd @t iy SBompRE s3YRA t§hikhieal water

As the dielectric constants of sub- and super-critical
engine(Diesel)-Rankine cycle reciprocating engine
comprising at least one cylinder in which fuel is burnt, a
cooling system for intake air and cylinder, and exhaust
system associated with said cylinder for conducting exhaust
gases from said cylinder, said cylinder comprising the steps
of: withdrawing heat from said cooling system and exhaust
gases to generate steam; and introducing said steam into said
cylinder, wherein said steam and said fuel are introduced
separately into said cylinder and interact in the cylinder
after ignition has been achieved, is disclosed in W099/37904.
The steam used in the invention is below 580 C in temperature
and below 180 bar in pressure, where critical water can not
exist, and it is injected into the cylinder close to the top

dead center so that the steam and fuel interact effectively



water is as low as those of organic solvents ( its solubility with

hydr ocarbon group fuel is inproved, and ow ng to active diffussivity of
critical wej@losidshe honogeneous phase of water m xed with gaglpihss; gkt ai ned
easily, which reduces |ocal conbustiony in chanber. Therefore) the
generation of thermal NOx can be reduced. Sub- or super-critical water
fornms a honbgeneous phase with gases such as oxygen, and air, so the
formati on of honbgeneous phase with oxygen is easy and the oxidization of
t he fuel j n fELGChen r.esuldti [ f Lye uct Lop..af and
snDke(Fmoéé%gfafggi%hg%t?ghxéﬁg'tgktﬁ% fﬁé%%éggﬁ% F%ﬁgpgggugﬁg%agggs
simlar effpedted iDUd-seParsitpechambeircibr WatedtentAS petb¥m &if huxivigt y and

| ow viscosity) it diffuses easily and effects on inprovenment of conbustion
ef fi ci endyefaricke i ignihieni nFoempthesPadereuintipnisn ditedsl rengondgedvecause
of a hompgeni zed conbust.i on _at nosphere.and efficient, conbustion, the out put
0 170 0o A AT P0G RS FO ST RRE] ERy)n PG S8 i 15 e Lar o

largely ipprpvwad Widihtosasrd fid Bheal LRl (e 1 nThe L X3k Glhes ofhngub- or
supercritical water increases ion product and the acid/alkali catalytic
action i akcitedbreasit ity imixpimonotf e b gadudttonhef atirerimalthdOx and
CO. Physical property changes |argely near critical point depending on
tenperatdﬂétﬁﬁﬂe%r@%gﬁF%,1§BlFH€nphysicaI property of super- or sub-
critical water can be controlled by controlling the tenperature and
pressure . Therefore , it is possible by this controlling to inject sub- or

super crigidedodetbEropUthabgavkatrliba vari ety of hydrocarbon group fuel and
fuel injection pattern which depends on the engine | oad and rotational

speed of en@heeobAscsupertepraviale wanethhdsof drawpet thd famsiiotecordt ant ,
m xing of the fuel with the water or steamis attained well in the
conbust i GIPTEHATHEPD RGN gt e EnCFFHEEGRL WA 65T BYsBBFHELVEAF0 t he

fuel Del g 11 £ 61Nl OuYaheaqBaIGE Sl dole! yaBhROS APREaGELLICa!

wat er has a prope I ke 'an organi c solvent -, re honogeneous

conbust i mfd el shsandenfierdridn Theifiuehba)r aali o s akaUt ihters@1in

di esel engines. By injecting critical water by a ratio of about 1~4 to the
fuel in msbysybdn enginescpsivchcgls waaiprodating ending ipgludio®ogeneous
conmbustion field can. be obtai ned. Wen the start. of %P%ection of critical

b .
wat er i s SRR el SPAhkCRNGPEPEngEOFPIasRIon y¢iton, BAGIPGHI4ESE Leent er
parti cul %ﬂdiﬁ@&: jet ,?é?ﬁ;{jznétorﬁdjrg%fseﬁ:%@bﬁ.n' 60more ggé_cri@i'c%(i'lyn e drop

in pressure of € Injected critic¢al water due to its instantaneous

expansi oraddi thesmbuss ithe afedidearidrs ofmahle bRdaddenishewpishogeneratlillyl in the
| ater stage of the WO (12/081882 PCT/JP02/03-t73 8 conpression stroke,
so super-A¢roERANLEeS t | EAAUStAPE ofint he i@y crird caputBtibr j §0r

el nt ai neidnc(’j“rne(:jasSJ"_"‘rllc_:(;:I E(\affffen_(é:tiency and output of the engine without

sacrificing them for reducing the emissions.

The present invention is a method of operating an internal
combustion engine injected with critical water, in which
liquid or gaseous fuel such as petroleum group fuel, hydrogen,
natural gas, alcohol, etc. is burned in the combustion
chamber and the combustion gas works as working fluid,
characterized in that the injection of sub- or super-critical
water (hereafter referred to as critical water) higher than
250 C and higher than 10 MPa is begun before the injected fuel
ignites in the combustion chamber.

Particularly, in the case of a reciprocating piston type



according to the invention is attained. ' Further) when the start of
injection of critical water is in the crank angle range of -30 ~ +30 from
the top dgadreenrker, particularly in the conbustion range pefr/pdfosa73+30 (
the tenperature in the conmbustion chagber is high with maxi num | evel of
2000 C and the property of super- or sub-critical state of water is
substantially maintained after the instantaneous expansion of the injected
critical water, so said effect according to the present invention is
attained.; p et i I kLkcal water
above 374 éteallrgilaggéghglh%n m%%)l\?\gvlg]r\?ﬁ%ggr ye \g?%%lgrn e??mgfelgéh%bf ai ned
W t h sub-camitdd ctal omatagra abmmls%&t@o-lwa@eaﬂdtalﬁm\iﬁeHOaNBardSaigdteri tical
water is easily obtained by produci ng sub- or ger-crltlcal wat er through

heat excifaifge WQtR EhadtIbes; ¥Qﬁ E?@Q%&h@ﬁ@@ he seaperuntié shea diese
engi ne or S turbln out her refe nbodi nment
slERe PhJeifiBh, P RAT ety O0RE: et hERRBK BPolaTc

of the pr VR on, S pre er A
critical e h r r e sf{yien the
conbusti g arﬁbr?r""%@f O?EDFhEBF%PSS?’E‘B@ he ‘?%ﬁ%%%“%%ﬁ‘%?%%f%?e with the

fuel , in2dtgrafied, théat opheemat eccerpmzt) cI psefemabayedrbytiidierangbusti on
of the fuel and the water particles of the critical water exist in the

st at e notbefaTs of @d ?ﬁDﬁnHPWFéUQ IQBQﬁst¢R geafusEndie Pr.octRd . mprewas

ascertai ned t hat mhen - or super td e 25 nd.above 10
vraC o R AT O S rAhaR BEknCRY | RAne BhE 1t BREE e BE A 00VD
wat er parilgriltess afn th¥ @o&%(é&lz_&ﬁz cBGWbbEO%%tK& 9ntBetebint kaak water
injected into the combustion chanber interfere with those of the fuel oil,

nmore cond eB@DYE, owhgmsdaibeformie i cal wat er |s injected into the conbustion

h r' h ' [
chanbe Sohg paJ.Ieslént ?.tn%g %rl%sh y.mstt% E)le YLy utlflze L{:%l ﬂ&gg}:gg 'n

and chemical properties peculiar to sub- and super-critical
water. As the dielectric ceonstants of sub- and super-critical
water is as low as those of organic solvents, its solubility
with hydrocarbon group fuel is improved, and owing to active
diffussivity of critical water, the homogeneocus phase of water
mixed with fuel is attained easily, which reduces local
combustion in chamber. Therefore, the generation of thermal
NOx can be reduced.

Sub- or super-critical water forms a homogeneous phase with
gases such as oxygen, and air, so the formation of homogeneous
phase with oxygen 1s easy and the oxidization of the fuel is
done efficiently resulting in effective reduction of CO and
smoke (PM) . Catalytic action due to the increase of ion
product causes similar effect.

Sub- or super-critical water has active diffusivity and
low viscosity, it diffuses easily and effects on improvement
of combustion efficiency and increase in output.
Particularly in diesel engines, because of a homogenized

combustion atmosphere and efficient combustion, the output



t he conbustion chanber, the em ssion of NOx reduces and the engi ne power
i ncreases effectively not necessarily limted by the range of the critical

wat er i njwelb@giski Mng as cited in the invention, as showpdypehl/Gesl ~
FI G 16. Brief Description of the Drawyngs FIG 1 is the representation of a

basic configuration (1) showing the |locations of the fuel injection nozzle
and critical water injection nozzle of a diesel engine injected with
critical water of the enbodi ment according to the present invention. FIG 2

I's the repEeSeNtald N gl dnPasign GI AW AL 'l%.'}r%(eglcyt Sharea dhechggations of

the fuel ‘injection-nozzle and critical water nozzl e of a diesel
engi ne i Rjaeetied dAind) €1théeabneat erhef dshies esosi aentsuax:camlmpéﬁ t he
present invention. FIG 3 is the representation of a basic configuration (3)
showi ng thetll@@d{ i e Bf lﬂﬁéeﬁﬁﬁégﬂ@tﬂeoplf‘@@#ct npaét itdre aneidfatkadl water

i njection é‘ zl.e of a_di eseJ ectegﬁwth critical ~water gf t he

embodi meit ‘43 d n§CEEPhe spré’g(é:ﬁi eq nv5'l?‘|?'il ing dn 4 proliofdig  Ehe

r epr esentald@t i¥n td¥e Systed ofot hengiesel engine injected with critical
water including the case of FIG1 to FIG3. FIGS5 is a diagramshow ng the

val ve tim nghpéiaal- giroglestoy ctbadgesellagrygilne. neay| «@i02/qal81882nt
PCT/ JP02/03~73 10 FIG 6 is a aph showi ng the inprovenent of engine out put
due to sés@encding cap \E@F@@r%%lﬁd PFGSFYLS a gf8pishoRitviglthé

reduction, i eNQ_é R% E'{‘l%e?cxh%%stsu 98‘%19#%&0 g'ﬂB roghl Béc + éfied
|nject|oﬁ’. e ( is a raphs ere ionin ensity of
the exhagst c8a%rdue ing %%@eli:eﬁ\b'eﬁrla@:@h:e“@h@r pkBk8airkan, Tﬁ@@lefore, it
is possible by this controlling to inject sub- or super
critical water suitable to the variety of hydrocarbon group
fuel and fuel injection pattern which depends on the engine
load and rotational speed of engine.

As super-critical water has a large diffusion constant,
mixing of the fuel with the water or steam is attained well
in the combustion chamber. Further, the super-critical water
dissolves into the fuel being different from water particle
in fuel, since super-critical water has a property like an
organic solvent, so more homogeneous combustion field can be
formed.

The fuel/air ratio is about 1 : 30 in diesel engines. By
injecting critical water by a ratio of about 1~4 to the fuel
in mass (fuel : air : critical water = 1 : 30 : 1~4), said
homogeneous combustion field can be obtained.

When the start of injection of critical water is in the
crank angle range of -90° ~ -10° from the top dead center,
particularly -80° ~-20° , more preferably -60° ~-20° to-30° ,
the drop in pressure of the injected critical water due to
its instantaneous expansion in combustion chamber is small

because the piston is still in the later stage of the



{ B) is a graph showing the reduction in COin the exhaust gas due to
super-critical water injection. FIG9 is a graph show ng the inprovenent of

engi ne ouiveud2deendi ng on the timng of super-critical wag@f PGt on.
FIG 10 is a graph show ng the reductigon in NOx in the exhaust gas

depending on the timng of super-critical water injection. FIG 1l is a
graph showi ng the conparison of the inprovenent in NOx reduction and engi ne
output of the case 1 in which the injection period of critical water is

from - 45 dgnsdosS10Mm LBEkap d5adupentenr( wabekliieall ardief ofe drgni ti on),
the case 2 1N which the Injection period of critical water is fromO to 30
(wat er i njegécoadafdeirtigal t waiter and theinaaénked Wméah <aidi edifest er i s
not injected. FIG 12 is a graph showi ng the conparison of the inprovenent
in NOx redeeeF¥éhnantoehBpnénganpdonofil st R t@&HREd: i n which the degree of
interfer encz,uofthcri tical ter, w %ho uel .s%){:aé IS icncr eased, ned t.he case
in which t hé dddide PG Eart 8F8RECHI T RITYTEAT TRt Whedt MeT &5

decr eased; ' I tio4° of Si [ I er and
Fompor at F b A Tr B S re TR Corbast 1 baCchonbar T The e i koLt

wat er i njegttdeulapper ihweheowsrhow in wahrge db st ~iLlbdt or 3arid ,| ey two
rows show ng tenperature distribution in the conbustion chanber at sone
crank angf¥BPeERMRER 1Bothe gopbustiop ghpmbgrsds PEphIPEI 1 TEFATYY F G 14

s a representation,of @ shgulali opresult jof water and Lemperatuy
distributt® n %h% congugf’l o "ERRABEFLY PheSUP
state of water is substantially maintained after the
instantaneous expansion of the injected critical water, so
said effect according to the present invention is attained.

It is preferable that said critical water is super-critical
water above 374 C and above 22 MPa, however, nearly similar
effect is obtained with sub-critical water above 250 C~300 C
and above 10 MPa.

Said critical water is easily obtained by producing sub-
or super-critical water through heat exchange with exhaust
gas, for the exhaust gas temperature of a diesel engine or
gas turbine is about 550 C or higher.

In the preferred embodiment of the present invention, it
is preferable that the injection of said critical water is
done so that the water particles thereof exist in the
combustion chamber before the injected fuel ignites, and
interfere with the fuel, in other word, that the water
particles generated by the combustion of the fuel and the water
particles of the critical water exist in the state not
separated in individual layers in combustion process.

It was ascertained that when sub- or super-critical water
above 250 C and above 10 MPa is injected before the fuel

ignites in the combustion chamber and the water particles of



case 1 in which critical water is injected fromthe center of the
conbustion chanber with injection period from-45~ to -15~ of crank angle
fromthe tapodsag:center. FIG 15 is a representation of a gspwealses result
of water and tenperature distributiond n the conbustion chanber in the case
2 in which critical water is injected fromthe center of the conbustion
chanber with injection period fromO~ to +30~ of crank angle fromthe top
dead center. FIG 15 is a representation of a sinulation result of water and
temper at uige st Buh! Ofa f O t 6 JEHE L 9Ho CRADEL ol Do a%atrdl: Wi Ch
critical water is injected fromthe side part of the conbustion chanber

W th i nj et t onf es iwUthr e sdSof tithe Ihre I0fo idr,amo rmngloh deviiyhe wiheh dead
center. Best node for_ enbodi nent of the Invention A preferred enbodi ment of
t he presefidmhiionl Watenos Ha inttrd ddtm the epaberrde anp chigaber
acconpanyj ng .drawi.ngs.. 1t is intended, however,. th l.ess particularly
speci fi eds,O %%g'itog'g,teﬁée relsalwsl,t%r g?‘&t F%aﬁogfgﬁ%%?%%ug Jsr%fjef'%r‘?#] OF the
const it uepte RASHSLL P bREIRANOEE Tepts Shddide dAtenPrRifatSs did Ysld ative
only not as |limtative of the scope of the present invention. FIG1 ~ FIG 3
show exanphesnefpaoafi ucatasasobffiecedvpilygcabitngeiceiseandllyc drijnustadon

engi ne, specifically a 4-stroke cycle diesel engine, of the enbodi nent
accor di ngPY &t & apass @4t thaveRt FdRa 1 THatebniced fretl ehgh Helng Gohsriteds a
cylinder 10 ingcludi yl Lnd iner a i nder head 12, a piston
14 equi pp%rg J\C/\nﬂ‘%hﬁg@%%ogi’nég %@,"L’)é‘n 0 Fr A B e T o Ipoa) 05- h75 19
connecting rod 15 for transmtting the reciprocating notion of the piston
14 to the load by way of a crank shaft not shown in the drawi ng. A fuel

i nj ecti orBnbef|Rederiptigni pedheadmagimgs conbusti on chanber 20 in the
center part of the C)él i nder head 12 , and at both sides of the nozzle are
provi ded anfifQ-dt 1¥altbe IPPEESTATIRAROfgd RASKE SPPflgudatteeyililnder 10
and an eXRplnyalte 1olorbabl I PHE PASLAGRR L1 oRNSBRS1E Dippesses
of suction, conpression, conbustion and expansion, and exhaust are

per f or redcpetial Qi éOnisn Pict hen ienkbdalit A% iHx@MN enyimeGih jeicted ve
timng diagram As shown in FIG. 5 , the inlet valve opens in the crank
angl e rangethicrifgeal vaserfohiphernbopinent asmrdinghdoctlve @geisenthe range
of +20~ -- +80~.fromthe bottom dead center, and the air taken-in in the
cylinder V¢4t t%hpressed as the piston moves upward. The conpressed air

rises in temesat yserahoyepilae ep@ldtildiNiole anpheMRe L3 nYiGua il 1(3)ect ed
fuel. Wen the fuel is injected fromthe injection nozzl'e 16 near the end
of conpresisowingt thke {atatiank arfgl ehabdiel 5d¢njec2Gonf rmozzhe tam@ dead

center ) , the fuel is heated by the high tenperature of the conpressed air
and i gni t€&1 §ECRbMAteEngEleE tHen ARF PEefude dikceda s RS dryectsd t he

PLSUEN 4L, RS Aoyt LUy §, ek LRI ERR SEILES o 5L ol igsce the
invention.

FIG.3 is the representation of a basic configuration (3)
showing the locations of the integrated fuel injection and
critical water injection nozzle of a diesel engine injected
with critical water of the embodiment according to the present
invention.

FIG.4 a schematic representation of the system of the diesel
engine injected with critical water including the case of
FIG.1 to FIG.3.

FIG.5 is a diagram showing the valve timing of a 4-stroke

cycle diesel engine.



the bottom dead center of conbustion and expansi on stroke(at about -20c ~
-80c fromthe bottom dead center) , the conbustion gas bl ows out of the

cyl i nder i@ obysishe pressure of itself , and then the gas ipgTRwWshHedsput by
the piston 14 as it noves upward. lipl' O U2/ 081882 PCT/JP(12/03~73 13 A

4-stroke cycle engine of the configuration like this is well known. The
driving of the fuel injection nozzle 16 and opening/closing of the inlet
val ve 17 and exhaust vale 18 are done by neans of timng gears driven by

the crankshptg pofg %%ﬂm_s%im@%%ggmpéo@rewnc@bfw@ha&nienbeeEhen nozzl e
or nozzles 21 are provided in the ‘upper part of the conbustion chanber 20

in the odher tai dapafridei tidel vatee iFjapdiexhaust valve 18. It is
suitable to select the timng of critical water injection, the |ocation of
the criticalI@al &S Rrgeerl Ghatead éhgirednating idl HRgt¥r thedeahaeeti on of
the injection hole thereof sp that the inj fuel contacts with the
particl edGF The tcoristlf A (\:/\% te%c%;p‘é%gga lilﬁ%%‘%glgglﬁbusti on chanber, in

other word, r$@.808Y ide gilabhcahow@har thatid et esomiitohcbherf gehsspyay. For
exanple, in FIG 1, the fuel injection nozzle 16 is provided in the center
part of wifetbendxizaush gadmdber t@Gypmmesrinicak wylper ipdetctdfont,hendyl i nder,
and the critical water injection nozzles 21 are grovi ded so that the

i nj ecti o Plofl& BrIfRRRShHEMD N CEAREtded dPrER 1R dWN& §*PRYSCeREr si de
of the cyljnder .sfdrﬂcl)ﬂt_hcijﬁhtcg?%ier&%gefrEhgtgﬁlti\é@lt_er injection nozzles 21 are

provi ded renote m eac ecause~they are | ocated sandw ching the
inlet and exbhaustiyad eyrdahh Ehowsid tthieS impadivies@nithatt £hgingj eatpan

velocity of critical water is so determned that the critical water
i nj ect ed deremding @m tilgaltiming of super-critical water injection.

FIG.10 is a graph showing the reduction in NOx in the exhaust
gas depending on the timing of super-critical water injection.

FIG.1ll is a graph showing the comparison of the improvement
in NOx reduction and engine output of the case 1 in which the
injection period of critical water is from -45° to -15° from
the top dead center (water injection before ignition), the
case 2 in which the injection period of critical water is from
0° to 30° (water injection after ignition), and the case in
which critical water is not injected.

FIG.12 is a graph showing the comparison of the improvement
in NOx reduction and engine output of the case 1 in which the
degree of interference of critical water with fuel spray is
increased, and the case in which the degree of interference
of critical water with fuel is decreased.

FIG.13 is a representation of a simulation result of water
and temperature distribution in the combustion chamber in the
case without water injection, upper two rows showing water
distribution and lower two rows showing temperature

distribution in the combustion chamber at some crank angles

between -30° ~ +90°



water injection nozzle interferes wwth the fuel spray in the conbustion
chanber. Specifically) it is suitable to increase the injection velocity

w th smalwodbasmser of injection hole V4" O 02/1181882 PGHBH @93 173 |
-1 or holes, that is, to increase themiinjection pressure of critical water.
In FIG 2, the critical water injection nozzle 21 and fuel injection nozzle
16 are located in the center part of the conbustion chanber 20 adjacent to
each other, the distance between themis small, so the critical water

injected fromt g £f it LeAkeWRLE L tiRINCEE D1 iMRAZ 8 Al AN BECRater
sufficiently wwth the fuel spray injected into the conbustion chanber 20.
In FI G 3and températdrenectr ouhnbaz i 2Bei sompps t tdnwhaibémntiegthées a
fuel injection nozzle and critical water injection_nozzle in a unit. In the
enbodi mefeset He Io@iickn car Hira L W et idgh Hvlestadofremdtihe eeemtefrom t hat
of critical \ﬁater i.njection holes 210 .in the vertical _dir%ction, tuel being

i nj ect ed °fr &M MR of fE TR BT ahP et HPRaPeRALEr TH8Mng 4Pnj ect ed

from theidppars shdechahgs adle ASdheHl AN betyegpethe | over side hol es
and upper side holes is small, the critical water 1njected fromthe upper

si de hol es PI@. 1 htier aerepreakhiteiténnl gfva tshinmtia fil remuayt bfijeated from
the I ower side holes 150 into the conbustion chanber. The openi ng/cl osing

timng ofChESBPPERERFEVRESTT T BERT I hBEAFYTNGTEECD 1B béNdeter i ned

t oget her _wit.h 5t i al exh \% i i driven
by the cfz\gﬂrslksh_a?t?l g?ll?#\troaﬁli?glb?sa\é%%nl_r% hrigng%%ﬁr,%}{ ﬁ%rbn gﬁgg%%?g%?er 022
(see FI Gof) tdi SonfiRisaGich QRImdld NGy LONdid jO8E1i8HCPedSoliNerBREBSUES and
tenperature in the cylinder and the rotation angle of the crankshaft, etc.
In the ca8é obft bheahknmanglef firom dihiet itval desidkrcemfecti on is controll ed

based t [ | f th ol | 022, it i, itahl e that the start
of ari b1 cal ! Wat B THPCELPBROPELAtYPnGTE oA s B FRFRLoPE MB5E | whon

the tenpanal tifpkPatlife @ d AH85uL Sohliighehe! ﬁ@@ioﬁfcﬁme@f it Rl water
before the fuel " Ignites 1n the corr%ustlon chamber , 1t may be In the crank
angl e rapngseol i®Which cri@icalawtiten! aslinhjactdd frongehef si88-part 20~
more preferably in the range of -60~ ~ -20~ to -30~ fromthe top dead

cent er, afidthige comipustt itdpe dhgdeay oni gt iieckieoncabrhatefrpm edblier than

30~ (30; aftenr the top dead. center}, preferably at O~ (the top dead
cantor) . tRord Septt: FFORK grode. 2somyttfd St e Center . 1O 060

Best mode for embodiment of the Invention

A preferred embodiment of the present invention will now
be detailed with reference to the accompanying drawings. It
is intended, however, that unless particularly specified,
dimensions, materials, relative positions and so forth of the
constituent parts in the embodiments shall be interpreted as
illustrative only not as limitative of the scope of the present
invention.

FIG.1 ~ FIG.3 show examples of configuration of a
reciprocating internal combustion engine, specifically a
4-stroke cycle diesel engine, of the embodiment according to
the present invention. The concerned engine 1 comprises a
cylinder 10 including a cylinder liner 11 and a cylinder head

12, a4 piston 14 equipped with piston rings 13, and a



the fuel ignites in the conbustion chanber. Wien the injection timng of
critical water is set based on the crank angle, the start of critical water

i nj ecti onwipspxARiggs M ned by way of timng gears w thout detgel ipgoihe
tenperature in the cylinder, etc. FIG#4 is an enbodi nent of the systemin

which the engine 1 is equipped with devices for critical water injection.
In the enbodi nent , water 2 to be supplied is pressurized to 10 MPa or
hi gher by a punp 3, preferably 22 MPa or higher) then heated to 250 ~C or

hi gher, prgfy g 368 15 @Erhfggﬁgm9¥t§ngeeﬁe %ggﬁﬂQSEaglﬂgn ¥r@oheat

exchanger an eater 30. Sub-critical water above 250 ~ above 10
MPa, prefodr ahkyp ssipen-It itld cak Laaarbpbaweod’d ckamidhalfay ao22sMPan
generated in the heat exchanger 9 is injected fromthe critical water

i nj ecti oAMBREIGrMILRG t h A RESLi i IRCEHReRMAZTS by Iheawdmped fering2. It is

f bl d d h
Guanti 1y B CPRELEATRarbATRet a8 tRo-Ran T Pt Phck P 1V AFFOPEal wat er

to standala@bsut dd@Ytlootn MNeds olehens %ﬂﬁl@akalmme&% $¥skem shown

in FIG4 w il be explained. Test conditions were as follows: fuel injection
period; fwadme G7~foo int2ddutiopm theakepair I nmtd thi2/cy8 1882 PCTI @2/ 03~73
16 dead center) critical water injection start; changed in_the range of -50

to O fromnt KENEAS td¥ad VeerdBeton Apéaman Ob‘rte§§b|aé‘s6f dasi-ti SBP WAFeF: 35
MPa, and 'ﬂyc%%tée@ﬁﬁégé{%gn()fc sa:lfl o O bu]striéd ] élt?ﬁaﬁg'ﬂm' nj ection

quantity |n mass ows t engl ne out pu |nfect|on

tenper at Wi @hhe@isar _ar-Ehptef@rﬂy%‘depb&ppeﬁﬁﬁhﬁ1bh§_ 6§ttﬂe0éréﬂﬁsﬁafﬂu'f to
the out put when critical water is not injected which is assunmed as 100. The

phase of asatsdrovappmodthess the wabve stpmingi diieglramegi on as the tenperature

rises, and when the . in tion tenperature enters in this region of 250 C
300 C or hi ghethoarity lgaf%a,s', t%‘?z}"éeo"r Y ?ﬁ'ﬁePpePﬁer’b\Fé‘r?eﬁFa?‘H UEPEL i s

attalnabl%tecﬁp shoms S*aﬁhgntﬁénﬁgg%dﬁgﬁké¥.5Hdeé9§H§E gas vs .

|nject|on erature Of mater nprove em sSsi on
the range of +20° ~ +80° from the bottom dead center, and the

air taken-in in the cylinder 12 is compressed as the piston
moves upward.

The compressed air rises 1in temperature above the
self-ignition temperature of the injected fuel. When the fuel
is injected from the injection nozzle 16 near the end of
compression stroke (at crank angle about -5° ~ -20° from the
top dead center), the fuel is heated by the high temperature
of the compressed air and ignites to burn, temperature and
pressure increase rapidly, and the piston 14 is pushed down
toward the bottom dead center after it passes the top dead
center.

The exhaust valve 18 opens before the piston 14 reaches
the bottom dead center of combustion and expansion stroke{at
about -20° ~ -80° from the bottom dead center), the combustion
gas blows out of the cylinder 10 by the pressure of itself,
and then the gas is pushed out by the piston 14 as it moves

upward.



is attainable even below 250 C . However, evaluation together with FIG 6
tells that by injecting sub-critical water above 250 C or super-critical
wat er abowe 3441482, i nprovenments in both output and NOX enpSsimdsoare
attainable. FIGB(A) shows the relatiogn of snoke density of exhaust gas vs.
injection tenperature of water. Inprovenent is attainable in the
sub-critical tenperature region above 250 C and further in the
super-critical tenperature region above 374 C. FIG 8(B) shows the rel ation
of QO densi hy, i8¢ fERBUS)c P8S ¥Find W £GHLRMIMMRIAH N S A1 kBls is

| mprovenent is attainable in the sub-critical tenperature region above 250
C , prefevedhl yknowrd he super-critical tenperature region above 374 C .

Parti cul arl >f i nprovenment is conspicuous in the f1'O (12/t181882

PCT/ JP02/ U3The3 d¥iyiper - ofi titdd  tféifler atMiteCERP onn@bdve 3¥4 ~endwhi ch
means conbustion ficlie 1S |1 l.y.4.mpr.oved, . el.at Lon of

engi ne OL?tppeurflnaq{ lrclzl%n%gfly'Ecy}}%vésigﬁe‘yasjt‘}z;%)tlologgfin‘?gﬁ%‘ll8?\ng?j:%\é%a?gﬁi Il be
expl ai neGiorfd &P VS dhe IiRiRd i apd @notee Byt pHE ¥Sankbherst abk of
water in jection . Tests were perfornmed with sub-critical water of 350 ~C ,
and supershowrt i igal tivatérawinds50 ~C . I nprovenent in engine output is

attai nabl e when the injection is begun near crank angle of -80 ¢ _~_-20~ in

both cases # FIEHPSHERETIHE ¢ &F HET BR8Nk "P&ATSI®Y 2V ST ] RECYLGPE of
vat er 'nhﬁFﬁhﬁ$é1Iﬁﬁ; aW%r?fﬂ%@%ﬁ%ﬁﬁ%*%%&%ns%BEH@JE %%liwakﬁ% ?Eté?o ~C,

and super-cri wat'er o earlier the start o e injection

is than tdimd o tie Dh1éhevhuek in hhe eehbusti emlckanser, the |arger the
reduction in NOx density is in both cases. Therefore, when setting the

timng of tR& dtsarsubfablgetei owlsfctcrihe chimhagerof idritpeahi wates put on
output, it is preferable to set the tim.ng in the crank angle range of -90
2 Pl0% TR AR afhy, 19GATRE PGS 67 iggal wATtep SR HLRBRELS ne
range of Jjat &,54 298 Ok 1aREREES A §iFOKEiORT 8%e e {MfdctSohNhegked. 1T a
premumis put on NOx, the earlier the injection timng is, the larger the
I nprovemytereof Nexthaexaiplieseaft 81 fukatcomt af t s hel th ehenparnientson wil |

be explained by referring to FIG11 -- FIG16. FIG 11 shows the result of
si nul at i &f fhehcrhbiepdivreter expanged ipnthycodys iion ghambgirect iBn peri od
is from-6~ to +24=~ | critical, water. injectipn period.is from:45~ to -15~
(i nj ect iBHBerred 1 O it ?Tg*h‘i"t%’é“jl?égn‘&a?%rthrél‘%‘égsrﬁs, LkB, §|hﬁj ecti on
period i s fd0Mplsyto +24~ , critical water injection period is fromO~to
+30~ (injection after the fuel

For example, in FIG.1l, the fuel injection nozzle 16 is

provided in the center part of the combustion chamber 20 formed
in the upper part of the cylinder, and the critical water
injection nozzles 21 are provided so that the injection hole
or holes thereof incline and direct toward the center side
of the cylinder.

In this case, the critical water injection nozzles 21 are
provided remote from each other because they are located
sandwiching the inlet and exhaust wvale 17, 18, so it is
required that the injection velocity of critical water is so
determined that the critical water injected from the critical
water injection nozzle interferes with the fuel spray in the
combustion chamber. Specifically, it is suitable to increase

the injection velocity with small diameter of injection hole



V1' O 112/ U81882 PCTIJP()2/03-473 18 ignites) . Further, the result of the
case in which critical water is not injected wwth fuel injection period of
from-6 twowiAsissz shown for conparison in FIG 11. The cri tgcgalpoWedef 1S
injected at pressure of 30 MPa, tenpefature of 423 C, and the nmass ratio of
the injection quantity of the critical water to that of the fuel is 1.

Wat er distribution and tenperature distribution in the conbustion chanber
in each case are shown in FIG 13 ~ FIG 15. In the figures, upper two rows
show wat gf gigidd | bu heR thc% Clq{é&':@ééé’”tﬁga%% Al P £L Ak, apgl es
between 30 ~ -- and 'l ower two rows show tenperature distribution in
t he Conbuﬁtnmanhwmeérat sone crank angl es between -30 ~ +90 , in which 0O
indicates the top dead center. Ignition begins at about -5 in all three
cases. In the Ii':%@e?-w‘t%mmdﬂqéﬂeaiaw e‘lfnJlerﬂ’fékﬁq &2 3 il @ﬁdbégﬁhs at

about crank arl%l? %r nd wat er. (il cl es, éﬁstea gener a gd t he
conbust i N IFad Al Irﬁ/ozs @atf i 5 he CEHtS b BharbRF CnP T £ 3 ncer ni ng
t enper at WogtlisttifdiP W Sbe st hﬁdea&g(@cé@glp@sea@ﬁr@tﬁ@ﬁ t@HEe&i‘Et'éﬁcé' ses to
2000 C ~ 3000 C during crank angles of 0 ~ 30 Accordingly NOx density is
hi gh in teitsvezas echaesn sieersnal | Go the dmitheataset@ridnyphactadt iromnj ection

period of the critical water is fromcrank angle of Q to 30 ( injection
after théPeuel CT§hitad ) watiqmi t fBACEEdPRs RO%bbat <23 . PBLERESERFLI cal

water is o af.ter 1 [ u

particl esslu;yfﬁé:ta nt‘ﬁ%k\rth thr eagEl %%’?PYS%?j%‘ggééel%é;ft Gglirgb&\?{:%ﬁl S case
W th wat @hamyeactigpn after |gn|t| on, the tenperature in the conbustion
chanber is lower than that in the case without water injection, however,
there are regibiG. Wher ¢wohd lnddpénaeatdoni sezzie 2006 a@pp2560 eiduri ng
VNO (12/081882 PCT/JP02/03-t73 19 crank angles of Oc ~ 30c . Therefore, NOx
quant ity PEEERIG By EBBLt PHeQPRT MW efey and | F‘rﬁ%&&&&lbywaﬁ'aﬁt 1~
compar ed 14 {6, G5 1 LHOUL yHaker thNERE LBoasnEREN HReMGtddsofonever,
the effect of the critical water injection 1s very smal corrpareé with the

case 1. Iof fhelcasfedticn WMuleds 1he injdacifieeemetiron tHat loe eritical water
is fromcrank angle of -45¢c to 15¢c (injection before the fuel gnltes),
wat er pamaf@II‘esUs:rﬁr@a?ePIsulfl@l@ﬁeﬁﬂ-Pylpn tihige Va4 dirl%%'ﬁi—)‘éﬁi atuehe crank

angl e of .3Qc owi n 0.t ritical wat. [ n_a 45¢c,  before the
fog i onhitdns thide ek bk et Bl not &F eDiafd Sl e URE N F G
14. In ”ﬂ;‘e%n%affﬁ dcWelihe MGt & e Bbﬁ&k'&ﬂié’ﬁ%‘i%% H 961 tion thfeh&&@HH@éat ure in
t he conbusti on c%anber further decreases than in the case 2 to a

t enper at Uree wemae thiehdpw2006 idE€ doliesgandankpamrgbédeoholbes +s36wall,

Accordi ngly, NO( quantity is as low as 20~ of that in the case w thout
wat er i nj& Gtk akeRsirdaatefonrom &b Ué?i?tFIéf‘-ﬂ‘E‘F emedefs24Pso

| mproved ;o Jhque Euf%ﬁ‘é%em Egﬁtté% fh'%‘fi Q{ﬁ:&% f'r%lmexc.{xhon I s

remarkable conp ared is°re hat Wi t he
sanme i nj a¢hiean sqwtncwéé enwrﬂﬁu& eiﬁéESSMbast&bﬁefch%ﬁﬂﬁfr critical water

injection in reducing NOx and inproving efficiency is larger in the case 1
i n which crThécatenvian@fclasing jtdatigy) béf bhe ahid faml wageirt £rj¢ptione t he
Injectlon Ozlﬁyeh%l%ganzig HQe C%ma determined together with the
inlet/exhaust valve timing by way of timing gears driven by
the crankshaft or controlled based on the signal from a
controller 022 (see FIG.4) which detects operating
conditions such as the pressure and temperature in the
cylinder and the rotation angle of the crankshaft, etc.
In the case of the timing of the critical water injection

is controlled based on the signal from the controller 022,

it is suitable that the start of critical water injection is



2 in which critical water is injected after the fuel ignites. Next, the

effect of degree of interference of the critical water wwth the fuel spray
w1l be expliagobggeh by referring to FIG 12. The case 1 showsdhgyseswt when
the interference of water with fuel spray is intensified with the engi ne of
FIG 2 or ~~~0 021(1818!i2 PCT/JPIi2/U3-t73 20 FIG 3 in which critical

wat er and fuel are injected fromthe center part of the conbustion chanber.
The case 3 shows the result when the interference of water with fuel spray

i s weakeed WMthle EBRpAYII Ofi nFhe éyu&n\e{@&chscm%;h%%! tWaheEnhe b ected
fromthe side end part of the combustion chanber. The injection timng of
fuel andtirel trdalicadt eates bdfosanehasual tilmidase ib. thhecembtistabnwat er i s
injected at a pressure of 30 MPa, a tenperature of 423 ~C , and the nass
rati o of chipabeyj.editi 83vglgnint Yhefcraekcangliearange e?f t0?Q hat -d0 t he f uel

is 1, the sane as .n.the . case 1. | e case.3, although_the critical
wat er i njPEct 'l&llﬂsat%'yt smegPFyr%ﬁ)g%roa Etagngre' 5915~ ("W S?eﬁﬁrr?ibgp’e.%ndo not
spread syffd EhﬁBE' ¥f eVgEgP at _xp* '&’\é"e@o_t°h@rb9|n’cﬁé%§)%a®c@%t%%e,nahﬁ FI G 16,

so it can be said that the degree of interference is low. It can also be
seen thathighdu@hﬁ@paiuﬂectéghomfé&kscgitical.water‘is earlier than

+30° (30° after the top dead center}, preferably at 0° (the

top dead center), more specifically, at -5° or just before

the fuel ignites in the combustion chamber.

When the injection timing of critical water is set based
on the crank angle, the start of critical water injection is
determined by way of timing gears without detecting the
temperature in the cylinder, etc.

FIG.4 is an embodiment of the system in which the engine
1 is equipped with devices for critical water injection.

In the embodiment, water 2 to be supplied is pressurized
to 10 MPa or higher by a pump 3, preferably 22 MPa or higher,
then heated to 250 C or higher, preferably 374 C or higher
by a heat exchanger 9 or by a heat exchanger 9 and heater 30.

Sub-critical water above 250 C and above 10 MPa, preferably
super-critical water above 374 C and above 22 MPa generated
in the heat exchanger 9 is injected from the critical water
injection nozzle 21 with the timing determined by the
controller 022. It is preferable to determine the injection
duration so that the injection quantity of critical water
allows the mass ratio of fuel/air/critical water to stand at
about 1/30/1~4.

Next, the result obtained by the system shown in FIG.4 will

be explained. Test conditions were as follows:

fuel injection period; from -6 ° to ~ +24° from the top



wi th 2000C or higher in the region where water particles do not spread
sufficiently during crank angles of 15~ -- 30~ . It can be said that from

FI G 14 t hafo 02i081dshe case 1, the water particles generated gy idagososbusti on
of the fuel and those of the injectedicritical water spread sufficiently
during crank angle of 0~ ~ -60~ . This neans that sufficient water exists
inthe field where fuel is injected, and sufficient interference of fuel
with water occurs before the fuel ignites in the case 1 of FIG 14. On the
contrary, ldegmmunt of water exists in the field where fuel is injected,
and degréiéa' ?%ent erference of fuel with water is | ow before the fuel
ignites in theitasaldwateFl thi6ctAsnasteastil;t chasgeé@enn nhel Gahgde bax
quantity becqnes to W O 02/ 0818R2 PCT/JP02/03-173 21 40~ of the case

wi t hout wdtler tnj ctfopmahideatsp dehidcicend@ri.s i nproved by 20, however, the
degrees of inproyvenents do not reach .t.ho in the case ~.._' .So, it can be
said that wtA®t éoga%eisﬁjugcet iodfﬁ cqrulatn Ci'éfsjge//"%%tfr%]é‘r a?%rlg?%regggre, the effect
of critical ijgtekibRl §ahheR tiyhoFedueitRgaNOsadRe ;i IPHOViRE ehthieCiegRgy is

|l arger in the case 1 with strong interference as shown in FIG 14 than in

t he case i jwdthioveakuamt ety eienwesas shown in FI G 16. Therefore, it can

al so be said that by conparisgn of the case 1 with the case 3 that with the
sane i nj ect ¥ 6f - EofBPFBotMen X&diatiion Qa9 RAM TRt BipelBIGFELBPessur e,

the effegt I j i oV i £l LS e n_the

i nt erferg:r?c eorfa%g\?\?a%%fh %%#’é%’?%%%f%ﬁﬁ%ﬁﬁé ?hgt E|a\te,{i;85 otrjlfecessary
for attaitNenguiphft €bebhel SPEPUENRMN idrrerkic] R NX iGUAB ) jeBtexhaust
gas and increasing efficiency to inject water before the fuel ignites to
make t he whiglh sigr asdumed fag el Of t HThwetphraspreal waherr apprpagheshghe

simul ati on _does not deny the nmethod of. injecti ng water. fromside end parts
of the cAMUL T ?a]a§es9fo‘b%aisnt&f*c§ﬁmp?¥ FUrg kit 9ih138q 8RR ect
water fr si.de, e r 0 L oy, chayb a he water is
i nj ect edQ:rsH(S3 alglelteoé%cﬁgi%e%s%?%%%%t in %érf%} ence gegﬁgﬁméfggsépgay with

the fuel ®r &y befirgndhe Jawetic@nates. 372pPC1 yabhh h¥ri, nimpdusbm¥nds has
been described in the forgoing, according to the present invention ( water
is pressum LWt dpumptabnablevel of sub- or super-critical pressure,

heated to vel of subor super-critigcal tenperature, .and the produced
vaer is i nfEht fooFoes ngvt arroroh oen it I SRRFEF Rl M3 D8S
injection temperature of water. Improvement in NOx emission
is attainable even below 250 C. However, evaluation together
with FIG.6 tells that by injecting sub-critical water above
250 C or super-critical water above 374 , improvements in
both output and NOx emission are attainable.

FIG.8(A) shows the relation of smoke density of exhaust
gas vs. injection temperature of water. Improvement is
attainable in the sub-critical temperature region above 250 C
and further in the super-critical temperature region above
374 C.

FIG.8(B) shows the relation of CO density in exhaust gas
vs. injection temperature of water. Improvement is attainable
in the sub-critical temperature region above 250 T,
preferably in the super-critical temperature region above

374 C. Particularly, improvement is conspicuous in the



~'1'0 02/ (181882 PCT/JPi )2/ 03~73 22 so that the water interferes with the
fuel spray injected into the conbustion chanber. By this, the conbustion in

the conmbugly @Rsfdganber is inproved owi ng to the peculiar ghysiskals;and
chem cal properties of sub- or super-¢ritical water and | ow em ssion

conbustion is attained, nore specifically, in addition to the reduction in
the em ssion of nitrogen oxide and CO, engine efficiency and output can be
i ncreased. VI' O 02/081882 PCT/JPI)2/(13-t173 23 CLAIMS 1. A nethod of
operating_an internqé nbust i on en ige.é i£@§§t997 @?h CBLt'caI water, in
whi ch | i GRRFGOrCTyaEesls TUH S steh &s |cr'%3fr’(‘5leum%rou%lI uel - Ry dr&4en
natural @gaRmbusd A rtieiencysibuinedeilny ihgproo@austi on chanmber and the
conmbusti on gas works as working fluid, wherein the injection of sub or
super-critiBaktwatehre (helebiorrofe¢egirndg eotnutcandi ¥ak dansity Misgher in

temperature th 250. ~C d hi i | t 10 MPa_j ted i
e At 2 SRR B e R A R R S 1R YRR d S ahaes 1
chamber. 4, feﬂsweﬁ & eﬂgghatamp vist €5 83l GIBH S 1} @ﬂgbeeibgl.ect ed

with critical water according to claiml, wherein said engine is

reci procatdsigs plextedbdnfarndd aringl st t 0da Bng ter i ¢t Vi ¢1Ct, hanguct i on,
conpression, conbustion and expansi gn, and exhaust stroke are determ ned
accor di nguperarnkt yoa hviadremagl €30 Gand Imeroeenentfimencidespoutputinti| the

d of inj ' f [ itical i S, h f 90= DC
(bef ore tife A'op R et o i Y Sofhabe e dSe 800G Ohdll 2aadk) o a

met hod of, popeyate ng agobniﬁrgﬂ{hcggpgﬁgi on engine injected with critical
wat er according to claiml1, erein the period fromthe start until the end
of injecti oRIGE 18ashowsi theatelat 2onicf INO® Riersinge fa.omhéd staBEDEfunti| 0~

(the top dead center) in the conpression stroke of the recjiprocating
i nt er nal “WaSHUSRT6RtERGI nESDES MeFiePortarmagdipt By § udr- Fdriftid nya&RTi nt er nal

combust! oy S8 e LAkeEled by S SRl Er A0 IO OIS I
period framithestald iHfddtide £90c0ini PhecigRDLObnS8Edthe fuel in
the combustion chamber, the larger the reduction in NOx
density is in both cases.
Therefore, when setting the timing of the start of injection
of critical water, if a premium is put on output, it is
preferable to set the timing in the crank angle range of -90 °

o

~ -10° , particularly, in the range of -80 ~ -20° which
belongs the range of late stage of compression stroke before
the fuel is injected. If a premium is put on NOx, the earlier
the injection timing is, the larger the improvement is.

Next, examples of simulation of the present invention will
be explained by referring to FIG.1ll ~ FIG.16.

FIG.1l1l shows the result of simulation with the engine of
FIG.2. In the case 1, fuel injection period is from -6° to
+24° , critical water injection period is from -45° to -15°
(injection before the fuel ignites); and in the case 2, fuel

injection period is from -6° to +24° , critical water

injection period is from 0° to +30° (injection after the fuel



\"1'O U2/081882 PCT/JP02/U3-173 2-4 critical water is in the range from 80
~ BTDC until before the fuel ignites in the conbustion chanber and the

i nj ecti onygn@fsasaCrank angle of 5 ~ BTDC or just before. G fiBifH9d of
operating an internal conbustion engipe injected with critical water
according to claim1l1, wherein said critical water is super-critical water
of a tenperature higher than 374 ~C and pressure higher than 22MPa. 6. A
nmet hod of operating an internal conbustion engine injected with critical
wat er acc ' 0 I [ i deCcriti i + 3
super-criﬁlg%?gs te?%@ﬁ%é%%&é‘% gé Eg%ﬁ%?ﬁﬁg}ex gggttl%;asl of the
engi ne. “yateaidhad toin 9petati Mot RNl AR c G pheld in 8R0EPSmI 1§ BCt ed
with critical water according to claiml , wherein said critical water is
i nj ected @ that itsheshpanrt idescofipahéseni LthcalGwdtler exi st in the

mbust i mber. bef the fuel jgnit interf ith the fuel
Cprayed in PHE COMUGT brvehGRudr, B9 TRTnad B GUes 1% AR Pheer nal

conbust i 'qu{g'j 8‘ft293"‘@,*‘.58{&t%}?@'m&‘@&%a@ﬁﬁ%gi 29 el 9nGlRMoh
wherein said critical water is injected so that the water particles

gener at edylyn t hiey cofibtisé i oniofcuhe whttelr awmd tieae: wat etheaftie|l s of t he
critical water exist in the state not separated in individual |layers in the

process of WaksEstdicrtridbuticit ABd SPMEFERdULTy Ghs iRt haPn cdRbddE on
engine injected Wwth critical ter. in which |jqui se f.uel such
as pet rolée%ré:nétbﬁ%h%nfc&eqm?eﬂégr %%Sﬁ (?asn%taurreaIShé)évsn 1ng€]g%hg$ ,%?c‘.l%i's bur ned

in the cobysld engakashesppaf {8 rGWPYRLWORa S IPEKSIBStYORKiMGHl vi d,
wherein sub- or super-critical water higher in tenperature than 250 ~C and

hi gher i ncqmassti en tdhambkd dPadmse icjaakt anlg be dretviden £86!1° | gnid®s ,in the
V1' 01 t121081582 PC ' ClJP!) 2i 03- Q73 2; conbustion chanber, and the

particl e@ LAWEEr MO BPWHatbiovs pFefiRer 2heset e StiP Y He R ohbudticon
chanmber interfere with the rticles of the.sprayed fuel, -XQ. t hod of
operati ngcoa'ﬁml1 'fle?rﬁéitha tobr?’ﬁ:ugt{%i %Onmeér?gfia ek h %ggeb g\)”?%n C-I‘?;IO[ ~. Eé’féﬁt'er
accor di ng; qralct Mo9, 1WALEEEBsSEhE €5 e EaRle . | § dnlitaWiedeigihe t he
conbustion chanber so that it xnterfares wz.th the fuel. injected into the
conbust i ot alfmmber5° in all three cases.
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Accordingly NOx density is high in this case as seen in FIG.1l1.

In the case 2 in which the injection period of the critical
water is from crank angle of 0° to 30° (injection after the
fuel ignites), ignition begins at about -5° . As the critical
water is injected during 0° ~30° after the ignition of fuel,
water particles (steam) rapidly spread until 30° as seen in
FIG.15. In this case with water injection after ignition,
the temperature in the combustion chamber is lower than that
in the case without water injection, however, there are

regions where the temperature rises to 2000 C~ 2500 C during
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temperature in the combustion chamber further decreases than

in the case 2 to a temperature lower than 2000 C during crank

angles of 15° ~ 30° . Accordingly, NOx quantity is as low
as 20% of that in the case without water injection, which means
reduction of 80%, and efficiency is also improved by above
5%, thus the effect of the critical water injection is
remarkable compared with the case 2.

So, it 1is recognized that with the same injection
quantity/temperature/pressure, the effect of critical water
injection in reducing NOx and improving efficiency is larger
in the case 1 in which critical water is injected before the
fuel ignites (before the injection of fuel) than in the case
2 in which critical water is injected after the fuel ignites.

Next, the effect of degree of interference of the critical
water with the fuel spray will be explained by referring to
F1G.12,.

The case 1 shows the result when the interference of water

with fuel spray is intensified with the engine of FIG.2 or
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combustion chamber. The injection timing of fuel and
critical water is the same as in the case 1.
The critical water is injected at a pressure of 30 MPa,
a temperature of 423 C, and the mass ratio of the injection
gquantity of the critical water to that of the fuel is 1, the
same as in the case 1.

In the case 3, although the critical water injection starts
early at crank angle -45° , water particles do not spread
sufficiently even at -5° when the ignition begins as seen in
FIG.16, so it can be said that the degree of interference is
low. It can also be seen that high temperature region exists
with 2000C or higher in the region where water particles do
not spread sufficiently during crank angles of 15° ~ 30°

It can be said that from FIG.14 that, in the case 1, the
water particles generated by the combustion of the fuel and
those of the injected critical water spread sufficiently
during crank angle of 0  ~ -60° . This means that sufficient
water exists in the field where fuel is injected, and
sufficient interference of fuel with water occurs before the
fuel ignites in the case 1 of FIG.1l4.

On the contrary, small amount of water exists in the field
where fuel is injected, and degree of interference of fuel
with water is low before the fuel ignites in the case 3 of
FIG.16.

As a result, as seen in FIG.1l2, Nox quantity becomes to
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in the case 3 with weak interference as shown in FIG.16.

Therefore, it can also be said that by comparison of the
case 1 with the case 3 that with the same injection condition
in critical water quantity /temperature/pressure, the effect
n reducing NOx and improving efficiency is larger when the
interference of the water with fuel spray is high, and that
it is necessary for attaining sufficient improvement in
reducing NOx quantity in exhaust gas and increasing efficiency
to inject water before the fuel ignites to make the fuel spray
interfere with water spray.

The result of the simulation does not deny the method of
injecting water from side end parts of the combustion chamber
as shown in FIG.1. It is acceptable to inject water from side
end parts of the combustion chamber as far as the water is
injected so as to attain sufficient interference of the water

spray with the fuel spray before the fuel ignites.

Applicability in industry

As has been described in the forgoing, according to the
present invention, water is pressurized by a pump to a level
of sub- or super-critical pressure, heated to a level of sub-
or super-critical temperature, and the produced water is

injected in the combustion chamber before the fuel ignites



10gg 10gg 10gg!l 1!10%g& ()-M 1!110%& ()-M {*!10%gg& ()-9'

109%& ()-S! 10%& ()-n**__"} " aBPB4 10gg i 10%& ()-!10%& ()-

109& () - ! WepM/og)ssdf ! 10%& ()-! ! 10%& ()- " ya%bdd”?PB4 PCT/JP02/03473
109g610%&' ()-!!109%&' ()-!109%& ()-!!10%8 ()-!10%& ()- 10%& () - ddle2e3edeVedeeb
@ 10gg! ! 10%b& ()-yl0%é& ()-s! 10%& ()- 10 10 10910%& ()-

s@L10% ()-el fffqgh?haBb@ 10gg! f mLO%& ()- & 10%& ()-Z

| 10%& ()-Ff! 109%& ()-10%& ()-'q ! 10%b& ()-?h{haiiJj Sjja?b@

0% (1 | kR RRKEE 1555y TOMt 3 T 103 ()7 Aok T0im met

10b9! 10%3:&(3( ) e@bi 8V &n ()cteinddl¥D&B) -kt i@ pWepeV\bEEmb ikt KAAYHIE thel! K

§10%b& (c)om%lurslilon chamber is improved owing to the peculiar physical
and chemical properties of sub- or super-critical water and
low-emission combustion is attained, more specifically, in

addition to the reduction in the emission of nitrogen oxide

and CO, engine efficiency and output can be increased.




&10%b& ()-0! K &10%b& ()-0! wK &10%b& ()-0 K

&10%& ()- OpHr I rJrKrorssuuSl!' ! 1094T& ()-z2!" ! 1096T& ()-2z2' ! 10%& ()-2z2! 109

& ()- 10bwolRhbiskdbb! 3K &10%b& () - Ouw=y>y?y@byzRzr S4!  per/gpo2/3473

1 109& ()-S' 10% ()-Y ! 10%&' ()- 10TT 1g5TT

10TT! ' 1 1096T& ()-22!" | 1096 T& ()-z2Rerz' {{X| } L} aBr S4!

| #1 109%& ()-! 109%& () - ZL! 10%& () - & 10%&’ ()-m ! 109%& ()- FL10% ()-L}}}}~EaBr S4!

1 41 109 ()-1cl1 109%& ()-*!10%& ()-(10%&: ()-9' 109 ()-% 10%& ()-' dbCl !

109678 ()-s! 1099°& ()- 10 10 10s9& 10%& () - @10% () - 610% () - dsAEbC

| &y 10907& () - 1090°& ()-L!1090& ()- 1096& ()-,10%& ()-3 10%& () - Tk[ dELC!
CLAIMS

1. A method of operating an internal combustion engine
injected with critical water, in which liquid or gaseous fuel
such as petroleum group fuel, hydrogen, natural gas, alcohol,
etc. 1is burned in the combustion chamber and the combustion
gas works as working fluid, wherein the injection of sub-
or super-critical water (hereafter referred to as critical
water)higherjj1temperaturethan250%3 and higher in pressure
than 10 MPa is started in the compression stroke before
injected fuel ignites in the combustion chamber.

2. A method of operating an internal combustion engine
injected with critical water according to claim 1, wherein
said engine is a reciprocating piston type internal combustion
engine in which the suction, compression, combustion and
expansion, and exhaust stroke are determined according to
crank rotation angles, and the pericd from the start until
the end of injection of said critical water is in the range
from 90° BTDC (before the top dead center) until 30
ATDC(after the top dead center).

3. A method of operating an internal combustion engine
injected with critical water according to claim 1, wherein
the period from the start until the end of injection of said
critical water is in the range from 80 ° BTDC until 0° (the
top dead center) in the compression stroke of the
reciprocating internal combustion engine of claim 2.

4, A method o¢f operating an internal combustion engine
injected with critical water according to claim 1, wherein,
in the reciprocating internal combustion engine of claim 3,

the period from the start until the end of injection of said
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ends at crank angle of 5 BTDC or just before.

5. A method of operating an internal combustion engine
injected with critical water according to claim 1, wherein
said critical water is super-critical water of a temperature
higher than 374 C and pressure higher than 22MPa.

6. A method of operating an internal combustion engine
injected with critical water according to claim 1, wherein
said critical water is sub- or super-critical water produced
by changing heat with the exhaust gas of the engine.

7. A method of operating an internal combustion engine
injected with critical water according to claim 1, wherein
said critical water is injected so that the particles of the
critical water exist in the combustion chamber before the fuel
ignites and interfere with the fuel sprayed in the combustion
chamber.

8. A method of operating an internal combustion engine
injected with critical water according to claim 1, wherein
said critical water is injected so that the water particles
generated by the combustion of the fuel and the water particles
of the critical water exist in the state not separated in
individual layers in the process of combustion.

9. A method of operating an internal combustion engine
injected with critical water, in which liquid or gaseous fuel
such as petroleum group fuel, hydrogen, natural gas, alcohol,
etc. is burned in the combustion chamber and the combustion
gas works as working fluid, wherein sub- or super-critical
water higher in temperature than 250 C and higher in pressure

than 10 MPa is injected before the fuel ignites in the
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