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METHOD ORyGREREEENG | NTERNAL COVBUSTI ON ENG NE | NJECTED Wpph, sR &AL WATER
Technical field The present inventionirelates to a nethod of operating
internal combustion engines injected with critical water applied to

i nt er nal gi nes such as reciprocating plst? uﬁ@ | udi ng

spark |gnmmﬂmmmm E'm@ and conpre55|on ignition engine ﬂwﬂmﬂﬂmﬁne ) L]
tc . bﬁ‘s@ﬂtﬁ?xbhqu'd or gaseous+dsglk such as

petrol eum groul sfuel hydrogen nat ural gas, alcohol, etc. is burned and

the COUPHﬁﬁhQQWE@%TWﬂ&Kﬁn@E(Wﬂ%ﬁbﬂﬂ\fﬁﬁﬁanﬁﬂﬁﬁbﬁhﬁﬁﬁlymauH?EhOd for

realizing | ow em ssion conbustion by using su or super-critical

wat er ( mereeH 8roRFAFTHE [RTERNAR COMBUSTS OX IENGE KR [ INWBE TED) WITBaCKINTONN dVAIER

Ni trogen oxi de(NOx) and carbon nonoxide emtted into air together with
exhaust gas are generated in high tenperature zones of conbustion. These

em ssion affect the environnent, and it is desirable to mnimze these
emssions. It is well known that the generation of nitrogen oxide is
reduced Pgchddicad Weltedd in the conbustion process of an internal combustion
engine. This is due to the cooling effect by the added water. Actually,

wat er i nj ec?l?%nPF%S%nFeéPHPB@éPPngfeelﬁer?e ﬁ%sab@éﬁhﬁéné’fbf'&evﬁ?fd}‘?ﬁ’ er ent
met hods n'te?g %bdﬂ[ eoCrE' QH \gatl /5 rééc"lh th%org%‘isctl'c%'l Ghanper, or

|ntroducg|on nhust’
applied to internal combustlon engines such as reciprocating

piston engine including spark ignition engine and compression
ignition engine (diesel engine), jet engine, gas turbine, etc.
in which liguid or gaseous fuel such as petroleum group fuel,
hydrogen, natural gas, alcohol, etc. is 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 cocling 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



VWHO U2/ (I SIRR2 PCTIJPI12/03-473 2 of intake air passage. In the case where
water is directly injected into the conbustion chanber, the water injection

i s generalby2008e during conpression stroke before actualergemissis on
process and/or during conmbustion. This 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

combusti gg ghanker atiqu;e_gesra {th the intake air, the intake air is

continuously humdified in the upstreamor down streamof the intake air

fl ow ng t hrbughhtheaswr bacdee geatekrhd scajre@ssdy ah jebkeedurinachatiger, or
the intercooler, or humdified in the intake air chanber and/or intake air
passage, COMPRELECTOCRATRRAT i sthej ¥eted LRUSCEAON dtaiengralln €ere| atter
case, the anount of ter capabl.e of ing intrpduced into the conbustion
chanber LBgater TR IO AR e Ha i T HETr s PERGEEE

t enper at yp@ /ofr tdi-idy akémBuktidhe amuntydseti Ahtjedttiont RatmiMd hiwhi ch the
intake air is saturated with water vapor. Generally, the pressure of the

i nt ake ardviagtalgegus0 fo5- réddciRg dhd géserempenabtiireitsodéb0ofede)c in the
case of turbo-charged) inter-cooled engines of present day. Wth these
condi t i ofslaTFREEHiUNTY Wifi FATEEN HabLst FBRR ddJiect&d uary 1 FFP9eR to a

Vel of oTpNL G SO FPOES JAL 08B, O4BHRDYOLRAO% 11 [ nox

desirabl e ["owe suré or raiset erature of the intake air

because t herghaididiEeOwheatbusiie@niai intAbautBa eiktbners ¢Smb@st Yon
i nfluenced resulting in reduction of engine output. In the case water is
i nt r oducedampegortd grihest ywhtihi dilfey imeakeat ade .aithe aipirkeofaithels

i ntroduced wat er not utilized, | ~O (12/081882_PCT/JPlI )2/ 03~73 3
Ibecausg ﬁoﬁéﬁPUSPlsﬁﬁ’ehHEgg:lfbggsb% txfﬁ BE&?’EW ey | R S ﬁ%rt}(}\?t h the

i ntake aijf 1dwll A9 rt PEoRERGOPNKDEEN A he | N AKSCNALYEr aNth &S e Y85 ¥ OPeN
si mul t aneously.

of the turbocharger, or the intercooler, or humidified in

the intake air chamber and/or intake air passage, or water

or steam is injected into the intake air.

In the latter case, the amount of water capable of being
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



On the other hand, an art is disclosed in Japanese Patent Application

Publ i cati on No. & 137218, in which watersolution of caustic potash is added
to and mwed:méikér di esel engine fuel, pressurized and heatped  pey/d3yah
pressure and tenperature above the crptical pressure of water to conbine
the sulfur in the fuel with the caustic potash, and the m xture is injected
into the cylinder to be burned. However, although critical water is used in
the art nentioned above, the critical water is used for separating the

sul fur i i | C il ng i C [ not for
r educi ngBﬁ%%%\aéﬁ%d%COpggti %’Et)h%}k%r ‘é’ég%trs%n%ﬁ%%moﬁﬂréﬁghmﬁgﬁ\g&%?% ePwat er

sol uti ontbakeheuekimyticauae aka hed detfnd ghiet peniaddviiceadadtr Dt ake out put .
Further, a nethod of operating an internal conbustion engi ne having at

| east on¥adyrbasd Gxhéhitmberal el ereyaf ¥BUlERAGAYE YAl ve, and injection
nozzle fro i.ch pressurized and heated.m xture of fuel v nd, wat er
vapor is in I\éwc]"trbed O&r?teg ?‘ﬁgéc:on%ﬂs?{%r%scgr%bsgr ,Ossfagdl cjinm‘f]‘;?l ﬁPSggg%%‘ge 1éat ed by
the exhapghi192%tQfort PELLALEERBL ©€OMIUALION €£NFh R i S ahdekesd ZedibR t hat
said mxture is sustained at a pressure higher than 350 atmat |east and a
t enper at vfechiughedrc plodrasiv8 s Bldeat r)dC aatd Ieizsed ,whyh whiebel henfime st eam
inverts to a mxture of organic gases which has chem cal conposition

di f f er enfuflonPTRESBFLgPAANE ¢ terh o9t PFe sEe andetePPREPFRERUre and

t enper at f . at ri [ t.1.0n, S e, dif ng. from

t hat of g hgvc%r itgiegla&?a?grépaglsh%gén%dlggndp @a:[‘[:é% Zggté%rgt? I|lrlétl Fgé v%'?%ﬁ e under

at nospherinC 1 aNdEhédNwi thVAd e 084ks81882 RGHN POZA{ 181183 mixtioveves,

accordi ngt ot he conventional art) the pressurized and heated m xture

consi st i Ag jef tedelintapdrheamyy Wen@er vapobei Burnedrted into volatile, organic

gas m xture_havi ng - nmolecul ar structure different fromithe origi Fgl
ss

structure a@t°%ehfEss Feiter StHdA <S50 YRhPANd S eHpEfat 1P e thifgh®T tt han 448
8 (erf hEne 1R LR WIAS IR Sal ULELLA L Nifed Neo £ OBbysE b pinghamber

fromthe injection nozzle) not that critical water I's generated by

pressuri zheg saiifieain NRewdieb ilo Wy ptessinenyi gher sihauS56 & nthaad

tenperature higher than 448.8 (err)C as the present invention in which sub-

or super cepistilcapokgsty npd farcce@dcingNORarRdHuUSS o EhanbeessRparatel y

fromthe fuel .and thg, fuel i.s inj ed into th tm)sphe%e LN g/nich
parti cl edPEPEC egpgt mlfﬁélrge#ﬁ%l% ﬁ"ear{aer]i Sa@c%f’d?lﬁgl? Ot%tée i 88¥osure is
fundamentablsy didifiRiete £ O0MBd Dei 66t aRECPEALBY1HA iRe oRt§3RNt | nventi on.
Furthernore) a nethod of operating a conpression ignition
engi ne( D esehytRanki me mgyichad r ofi prpecatt ity eayi nateomal scogbastieast one
cylinder in which fuel is_burnt, a cooli ng_system for intake air and
Cylinderenﬁﬁ@e9?ﬁ3&§9 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
350atmatlﬁastandatemperaturehigherthan448.8T)atleast,
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.



system associated with said cylinder for conducting exhaust gases from said
cylinder, said cylinder conprising the steps of: w thdrawing heat fromsaid

cool i ng syetemsantl exhaust gases to generate steam and i nicguesngs sai d
steaminto 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 W99/37904. The steamused in the
invention is below 580 (err)C in tenperature and bel ow 180 bar in pressure,

where critigalyeVBielab@drddig®d She cotdnittidrnl BLeCtetk pPEOshbe-eM! | nder
close to the top dead center so that the steamand fuel interact

ef fecti veind heADddl 2YiG818% 2 dPGCH/<3ANP /off] Iuea3 valploer ahlklewhtielr vgpbtes. |t

is also cited that the fuel is_injected in a separate chanber for
prevent i AF st8YRr&cd niRERg Betdrtlegni T I LEr IRt hBdSty&ser PRVILBAS, it is

i i i . ai i N} i f .the fuel
R e R S A e e e

prevent therdsdul® didher stieain ¥66 hatheamd rtémpéhet6¥bi Righebetnane
ignition. Disclosure of the Invention The object is to provide a nethod of
oper at i ngt4én 8 K ertiain tbebgss imixteng ne imjected imtd the towhliswaber by

positively utilizing the advantage of crjtical ter for redycing em ssions
B i 1 OGRTREHECTOK) B L £ D (MR EF HG! GORbOREF OREBRGFALSVELER e

reci procald ganehglice® bchrdsRarspanl éﬂ@'ﬁéé’f‘iﬁ%%zﬂ%r mrﬁéékgﬂrbgn' tion
engi ne(di esél engine) ; jet engine, "and gas turbine, nore specifically, in

addi ti on HigHde tHredlcddsoml dde Mt ONsre Wi @le genedal 448 a8 CQnRani es
reduction in efficiency and output, for increasing effici enci and out put of
t he engi d@enpissen ts davientdiafy ithemicdr SReduernguPhE-eRiL§draAswatRE present

inventi _on_si P! nectetboq_n fO per %ti n int ernal conbusfti on.e (I:_1i ne_jnjected
with critical WS 4 \M%B(?h Pf“g%ﬁg or 85?5%&: Faee ?&(?ﬂyag Bglt Fbr"eum
group fuehdr My QRN et W Al i OfSot &4 CONOS , t BE CathSs PHERE; hNwhhen
conmbusti on chanber and the conbustion gas works as working fluid,
particles of water exist. Therefore, the art according to
the disclosure is fundamentally different from the art
according to the present invention.

Furthermore, a method of operating a compression ignition
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



characterized in that the injection of sub- or super-critical water
(hereafter referred to as critical water) higher than 250 ~C and hi gher
than 10 MRa dxmsh@gun before the injected fuel ignites in the, RIHUSEI on
chanber. Particularly, in the case of sa reciprocating piston type V1 O
(12/ 181882 PCT/JPU2/ 03373 (~ internal conbustion engine in which

t hesucti on, conpression, conbustion) and exhaust strokes are determ ned
according to crank rotation angles, the period fromthe start until the end
of inject) f i %! t 58, | I a 1f ram 90~
BTDC ( berare tHE 5 Bt esntor 1 it 11 %50 e (o Ee TRee i ead
center ) injyeifed a.h|a{sielpatrhﬁ:el’aﬁgﬂbbefﬂﬁep&@veBTﬂGgUﬁtéthril(i’nlilﬁlhgp dead
center}, and nore preferably in the range from80 ~ BTDC until before the
fuel ignibedPie itQTEi‘éiﬁFbusﬁ'#‘@'ﬁ ‘élh%l%e@e%mﬁiPhéOﬂﬁj. eéti 6a vAESIRL 254 BTDC or

j ust bef ne.. he prese invent i iS to 05| ti veI utili hysi cal
and chem% lﬁélcﬁllfngr f’ %ﬁ‘% 1ioeerr Tt gflet\%&ft gﬁ XAs t he
di el ectrlﬁ@prﬁ{@@t&ﬂ bRl A Gh S ¥R Cirg'ntl't%%l ifakak b§1§§.dleg»w angat hose of
organic solvents , its solubility with hydrocarbon group fuel is inproved,

and ow nglis® act ipreviirft udss wiitsimaf off ithiec &lt esat erithi hlhehadwgenedue phase
of water mxed with fuel is attained easily, which reduces | ocal conbustion
in chanb&Y 1M eRRrEITre hbIRLh&PRL i on of thermal NOx can be reduced. Sub-
or super-critical water forns a honbgeneous phase with gases such as
oxygen, and air, so the formati on of honbgeneous phase with oxygen is easy

and the gyidhZsduoh &F the tHebntsodone efficiently resulting in effective
reduction of CO and snoke(PM. Catalytic action due to the increase of ion

product cau%be gbmcari@ftfcemrovi@@ba netsoapert @nema:tdlng/vameinhasnaéti ve
di ffusivi t%/ and | ow vi scosity, di ffuses easily and effect

i mprove R3S b GG 1 &PF; &t(?l‘ilcvljéﬁoc’r'hﬁ‘é%%é"qq?’b@typﬂf’ﬂﬁé?’ﬁlé’ul arly

in diesel o] nd

i i ci ont* CaRUET oney rats et sa R PR RS o T2t BAEETAE,
(effici el&r}ﬁ)sﬁtdlfﬁmcﬁﬁl antebgliox exedéangely am@r aued fwomhouhtaaaaifi ci ng
ei ther one. The existence of sub- or supercritical water increases ion
product @enhusrtien ddrgkaes suchl gisi creatsmmcatsim@m@uw@upﬂ-udgngn

pronoting the reduction of thermal NOx and CQ Physical property c anges
ool y AT T bt S Rhe L B e RETHE b i A aFBE bR ELaNES Tao  he

physi cal dHRREYY Rt $RAMe OandtBasCthlbidle Wﬁ\B%E gaacb;@leaﬂtl&ol Eﬁd by
controlling the tenperature and pressure. Therefore, it is posSibie by this

control | ia@itiol omjtecttheulreduc tsivpe o fcthei emli seabes , swhtiabl gehoralieyvari ety

of hydrocarbon group fuel and fuel injection pattern which depends on the
engi ne | GRFURET R At i BRANCEHERD éP efdifi¢ciency and output, for

increasing efficiency 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
liguid 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




As super-critical water has a |large diffusion constant, m xing of the fuel
with the water or steamis attained well in the conmbustion chanber.

Further, Wwhe2suees -critical water dissolves into the fuel dogipg,eish{erent
fromwater particle in fuel, since suger-critical water has a property like
an organi c solvent , so nore honpbgeneous conbustion field can be forned .
The fuel/air ratio is about 1 . 30 in diesel engines. By injecting critical
wat er by a ratio of about 1--4 to the fuel in mass (fuel . air . critical

water = Lotcihar Lombhe 38t HOIRIGREANS A HTRISHERT of, Sl nRDS beo bt al ned.

When the start Injection o crltlc water is in the cr angl e range
of -90C —wontls tfircm tdl eahadead seedikers) apar ieedkaihyd- 88cordiddcto nore
preferably -60c ~ -20c to -30c the drop in pressure of the injected
critical axRndy Hﬂkﬁﬁk?ﬂt%ﬁg¥%ﬁant@%d@ﬁ%i@&p%n@mohhenst@ﬁbuéntéh &hanber is

smal | because _t he ton i er st age

02 RLAGE TIPS PR £ i racdisis Eé PSP s SREriolpi ¢ cal
state of d Hecl 8@ CrirhbCal er¢ £ fgpte
accordlné%ﬁg;the ﬁ%ventlon |g 2¥?glne Furt ?qa%en tﬁe starfﬁgf

i nj ecti oATHIC (¥fitdarcathavatep @sad1¢émt@rhnkpaegéeabagganﬁthéOrang80 from
the top dead centeg, gDrtlcuIarIy in the conbustion range of -10 ~ +30 ,
the tenp&efionee 8¢ tBEDEoHBUSLI ¢h dHdrtbekoR sARAGh ofinitie Iaxi#rdn Mevel of

ggggtg;?E%]t ﬁ@hﬁfert§8ggrgﬁ e{ﬁﬁopngyan?%k§%caké§p§ﬁ§°5ﬁ ggteﬁgeinjected
Crlth&'ﬂyﬂﬂﬁés 5@ %ﬁbdcﬁﬁbﬁg&l%&P@hﬁhﬁﬁrt@nﬁhEhBrQﬁg@bthﬁﬁeahﬂgnats
attai ned. is preferable that said critical water I's super-critical water
above 374 CBde alboves22 beBarehowever, nearly simlar effect is obtained
w th sub- C)ltlcal wat er above 250 C300 C and above 10 MPa
The present invention is to positively utilize the physical

and chemical properties peculiar to sub- and super-critical

water. As the dielectric constants 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 homogeneous 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 is 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



Said critical water is easily obtained by produci ng subor super-critical
wat er through heat exchange wi th exhaust gas, for the exhaust gas

t enper at uk:g 09hs@sdi esel engine or gas turbine is about 55Q&,@h4H890er. In
the preferred enbodi nent 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 conbustion chanber before the injected fuel ignites,
and interfere with the fuel, in other word, that the water particles
generat eq o @MU AR 01 LR ek AR 1% S ShpPBLEC) 281 8h ! e
critical water exist in the state not separated in i1ndividual layers in
conbust i gacpriddesisg ldiviasr asaer.t arhed exhiatt evhed sBbsubr- supesuperti cal

wat er above 250 C and above 10 MPa is injected before the fuel ignites in
t he conbgdiitdgadhare?T ahBCTRESRAL dopREPEIes and thep agidsatlkali
PCT/JPliz/U3-473 9 the.critical water. injected into the conhusti chanber
interferé& aﬁﬁtﬂﬁbsécg%oPhgi?ugfc&iF? Hﬁéﬁu%gﬁgﬁengy?rﬁﬁg lggidgﬂ?itical
wat er i S Hoiuestied g8 e LoMet 40N €hanber ' so that it interferes with
the spray of the fuel injected in the conbustion chanber, the em ssion of
NOx reducesPlapslitht engpee tpowehanges edseyedfyf entaveloyindicalecessati |y
limted by the range of the critical water injection tinmng as cited in the
i nvent i ofEPEE RGO n tEFBEFR turer) @01q g PIBSISET €pescF P ptien Y $heabr awi ngs
FIG1is I e Lon_of basj i i ( i e
ocati ond SPFRY Fuof PR ecProfChorsr ot Sn oPeE Pk aPanate, ST ER % 0z
of a di esgl cengirbe 1injeehedtvibbratutecahavpiessatet herrabedbpent jaccordi ng
to the present invention. FIG 2 is the representation of a basic

conf i gur dtsi apq2Bbshokivng htilke ¢ortr¢bhingf tcheifirtt i ajrbet iagn sapere and
critical water injection nozzle of a diesel engine injected with critical

vat er of “EHéLEModRTER: SHEEGPdien GOt B EhEAhHBEENP T i RNERRFOROOR| SFQUPs t he
repr esentdnongl rAchashqeeRUbhONLRLEAR L) cANALLBAALNEN! PRRTLANE,Of the
e ue na cr J e o

i ntegrat injection a tical water injection nozz a di esel
engi ne i njoadt ethdvridtatidigil syedé@robfetipenenbodi ment according to the

present invention. FIG 4 a schematic representation of the systemof the
di esel engi®® swpertediiichlcwatiedahagatterl angd i i3 en caersbAnNFIG 1 to

FIG3. 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
homogenecous 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



FIG5 is a diagramshow ng the valve timng of a 4-stroke cycle diesel
engi ne. V1' O 02/1181882 PCT/JPU2/113-Q73 10 FIG 6 is a graph show ng the

i mpr ovemewp @fus&Pi ne out put due to super-critical water igyephdenszFIG7
is a graph showing the reduction in Ng in the exhaust gas due to

super-critical water injection. FIG 8(A) is a graph show ng the reduction
in color density of the exhaust gas due to super-critical water injection,
and ( B) is a graph showi ng the reduction in COin the exhaust gas due to

Super-criéanﬁ@ﬁ%{@ﬁ -8t i 0B, §ﬁ9e9-iférasgsaebiiﬁe\éhpgtta% Eprpeement  of

engi ne outp ending on the timng of super-critical water injection.
FIG 10 immpe@tadh shiamawl t kateadudsi anaintiiNedn dbe edialisefgast
depending on the timng of super-critical water injection. FIG 1l is a

gr aph shagerRFrihes chapbresdhventipe isprdédd®d i n NOx reduction and engi ne
out put of tlg% %%rsée 1 'bn Wp%ch éheticg\' el.(.:rgiont gri od of. .cri t]ibcal wat.er is
from-45 to “f Fom't*he S Tedl " c@ terJ?%\/a g 9 jcerclﬁlo%a &eked ilgj"ni tion),
the case 2, i j LN ' iQd, 9h° cFid ' 0 to 30
(wat er in%elgﬁfe\(l)&r?ﬁk %gglkﬁﬁé%g?%d tﬁgi)cg@e&r? %ﬁ\l?\hl C E%raptsﬁéclg water is
not i nj eqgi@ttidhlmALyi $natpgeapondhe it thengonpar i-30i of +8Bbé i, Mhevenent

in NOx reduction and engi ne output of the case 1 in which the degree of
i nterferciREPHF2ENTE | ol ERRU PR ERIPOeFNEPPSY 8§ PAGPeyddd maXd™IHe case

in which the de +nterference of critical water with fuel .is

decr easedl.e‘f'—er_ %_e%eosd)(; ¢e_ﬁ?gsgh?a??:8365 Y2081 fPSEoR r YR FLEF 1 %8er and
t enper at U ea € Stdd bulat@t | A st hgusermttiiaan  hadhertdihddie sagase Wrhiout
wat er injection, upper two rows showi ng water distribution and | ower two
rows showimgtawhpeeetsirexpassipbucfobhpninhectedbastitdwadhantber .atsosone

crank angl es_between -30 -- +90 ) ) ) )
sald 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



V1' O (12/U81852 PCT/JPU2/U3-473 11 FIG 14 is a representation of a
sinmulation result of water and tenperature distribution in the conbustion
chanmber iwghasese 1 in which critical water is injected gd@psbhg-gent er
of the combustion chanber with injectivon period from-45~ to -15~ of crank
angle fromthe top dead center. FIG 15 is a representation of a sinulation
result of water and tenperature distribution in the conbustion chanber in
the case 2 in which critical water is injected fromthe center of the

combust i %&hggﬁﬂgﬁc%t /A LCEHhqR-RRY Ofh 4 OFLA~ é(ﬂnﬁll‘?’%fi&f)_ chambeanal e
fromthe top dead center. FIG 16 is a representation of a sinulation result
of wat er ikt ospenal th ectth s rd hutheoFuel bhe ,caphis tohe reltanlger whent he case
1 in which critical water is injected fromthe side part of the conbustion
chanber viaid igyjigcidah Wi d & Agmedsd iy tol Theoopbrsik iomgliambem t he t op

dead center. .Best node far enbodi of the |lpvention A.preferred

enbodi mert® FPAind tpr BEERE PRt on CPI PRt Bb HEt i e 1% dPence to
t he acconpanyidihb i @M dshambdr | Stidtanded o N YEYRIx HtRicdiN @3S the
particularly specified, dinmensions , materials ( relative positions and so
forth of dnEimensivdérieiicpaasssi affdetewbddi nent seshakhridy atierped ed as

illustrative only not as |[imtative of the scope of the present invention.
FIG 1 ~ MGHResRgRIsxafplee oF1Ebmt iR BT It BIcE R G RAds§iiteder nal

conbust i of}, engi n& v&?ff&{li cal! ¥nau4- $hr ke qucle Hiesgd engine, of the
enbodi nerit accord‘llng 0 the présent invention. The concerned engine 1
conprises a cylinder 10 including a cylinder liner 11 and a cylinder head
12, a piston 14 equipped with piston rings 13, and a 1' ~~0 02/ 081882

PCT/ JP( 1B103efl Me4ription of the Drawings

FIG.1 is the representation cof 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 embodiment according to the present
invention.

FIG.2 is the representation of a basic configuration (2)
showing the locations of the fuel injection nozzle and
critical water injection nozzle of a diesel engine injected
with critical water of the embodiment according to the present
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 systemof 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.



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 draw ng. A fuel
injectionyp@zas®sil6 i s equi pped facing the conbustion champlgypgdyish t he
center part of the cylinder head 12 ,jgand at both sides of the nozzle are
provided an inlet valve 17 for introducing intake air into the cylinder 10
and an exhaust valve 18 for letting out exhaust gas. The basic processes of
suction, conpression, conbustion and expansi on, and exhaust are perfornmed
per 2 rot attﬁessoist$gfggﬁn@mmnga§n%h9mﬂo@eﬁe%oef enghv@ bhepae
diagram As shown in G. 5, the inlet valve opens in the crank angle
range of audbto supkh~drom¢he vapedeadjeentien.and cl oses in the range of
+20~ - +80~_fromthe bottom dead center, and the air taken-in in the
cyl i nder 12FIS.¢drpregserh £haHa ditbeoredpobionpaNEx Thdheonphayséd air
rises in enperature above thg.seLfﬁg?nitLon t ggerature of the injected

t he 4°F 1 oftd ti

fuel . W& YT el T et He rRYEction

. n'nozzle 15 near the end
of conpressrt)@.ﬁm?kfs (Rlyrapdnknaiehg BROWediet Ton 40 cbnem §BRstiep dead
center ) , the fuel is heated by the high tenperature of the conpressed air
and i gni todsthe dxiranst gy dacute sy prestuieal nateasénjapgitdlop,, and t he

pi ston 14 is pushed down toward the hottom dead center after it passes the

top dead (Entéra FHRPRERAEINY dNFeTEEUGTERE BB OF 1t K& SHPENGHST49R8aches
t he bott om dead ﬁﬁﬂg T I sion stroke(at about -20~ ~
- 80~ fro%ﬁfhg%bot oﬁ?d%g%t%%%¥g§§£?Pt%gqggﬁgggfion gas bl ows out of the
cylinder 10rbyg.bhes i epspie s¥foviliieithe iapdovieanithergasaglisepogbpdtout by
the piston 14 as it noves upward. VWO 02/ U81882 PCT/ JPU2/03J73 13 A

4- st r oke dgpengligrggiare tdfe tthanioonfafyrundornerikecehivaterwehljekhden. The

driving of the fuel injectiop ngzzle 16 and apening/cl osing of the inlet
Tl ve 37 b G bl oM I BhaMardohe By MG T Ho% DB Tk FENGRETen by

the Cra“@%&g@%iﬁ Wt.}cieiénﬂﬁhﬁ 8!9‘élﬂp%rPcﬂf‘;i%ﬁf‘ba%&e{n}jé'i:@ﬁhh‘?“ nozzl e

or nozzl re provide € upper part o e conbustion chanber 20
in the outeriside i at feaphlsHowial y ehk7campaexbansif valkvempBovéhehs
suitable to select the timng of critical water injection, the |ocation of
the critii@aNOxa¥edurhjient aof eite 2EPWH@Lt KBedraset bl igy €Bi on of
the injection hole thereof so that the injected fuel ntacts.w.th the
par ti ol e PGP PR faPEl taxfantBaSFnif Hor BB it6h dRanbEP™ i1

ot her Worghe ch,g hlad herid st | Gt &Rt Bl jd E £6h eh&BoMb tDghhei bl speay. For
exanple, in FIG 1, the fuel injection nozzle 16 is provided in the center
part of tdameconirushiiam thanbeie0idnmprediad ottherippealpaatenfis ieomyl i nder,
and the critical jwater injection nozzles 21 are provided so that the

inj ecti of h&Pe38r (oresrthriestipnchfheranandtiesd .t 8fdr §heheagenter side

which critical water is not injected.

FFIG.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° .



of the cylinder. In this case, the critical water injection nozzles 21 are
provi ded renote from each ot her because they are | ocated sandw ching the

inl et andyvexbesssg: vale 17, 18, so it is required that thepchje6did;00
velocity of critical water is so detenm ned that the critical water
injected fromthe critical water injection nozzle interferes with the fuel
spray in the conbustion chanber. Specifically, it is suitable to increase
the injection velocity with small dianeter of injection hole W-O

02/ 081852 R4 JPYA/ D3- £Z§réseht8h'8ﬁ' §8.a KNatuliahidiP reRe18a8e do€ed N ection
pressure of critical water. In 2, the critical water injection nozzle

21 and faeld tempzerabureahzéterﬂlﬁrai@n lioc ahedzomb fiei gentheymipar tinothé he

conmbusti on chanber 20 adjacent to each other, the distance between themis
smal |, s&3fKe lcift WoAChwErdrt liGfilestdd®H AdmiHEe e d | Eaom \/\h‘l’%rcﬁ“h]:%’étl on

nozzl e 21.interfer uf ficientl the. fu cted Lo t he
combust i 8A (’fh&nﬁé’f“% 1R Iﬂr@"?eyra "H/Q’f]rrm%cfﬁ]) Pi%?‘io gff’@ 25 is applied
whi ch intggrakesya Eie'ghk' Hﬁg(ﬂe' @R oNOZHL I fddd icahtymt er injection
nozzle in a unit. In the enbodi nent, the | ocation of fuel injection holes

150 is dif fEF@ntS firom rhareaéntarcupoadnfwatsemulmteo:tn geshditesf 240tém t he
vertical direction, fuel bein ected fromthe | ower side holes 150 and

critical 28t BYMBEFAGLF fjbict Wt B & EBﬁe‘f'O‘E‘?‘ﬂ%tHBP@aZTIFr AZ the
di stance bepwgen pt Qﬁlcg"‘?h%'l%%lhwaec%xa&% ‘i@ﬁﬁ{céé ech?nll és cSMBLE
critical water I njecte romthe upper side nterferes

suf fici egkl ¥nw Hnbhe thvel et et eﬂqé@mme éﬁwsa si-dm 0oles 150
into the conbustion chanber. The opening/closing timng of the critical

wat er i njfd6fioh avarkeahgles 2o rtély: iFopdetegrdhigrt ¢oget her with the

i nl et/ exha ve timn t ars driven he crankshaft
or control :E]E]G bg"lée’tf 8nr?ﬂge§¥8£ﬂ¥lf’?o?r¥ gﬂ“?‘ﬁ(ﬁ’ltllecin Effu(lgég%ll‘fﬁ‘?ﬁ whi ch
detects gRErBthPErseRLLd QNS SHCH; & i EnBIGSA £ POH RIALALW Ehdn Lhe
cylinder and the rotation angle of the crankshaft, etc. In the case of the

timng otaskelcin twhtialh watietcal] eateonis sircist ted Imdanbaaedsmdetﬂsmrm gnal

fromthe controller 022, it is suitable that the start of critical water

i nj ecti opfi ghe VHTOUG /IO S AR/ PUXUBLIORSC Y Bonhearing €eaperdbure in the
cylinder gher than that ~of .the critical r before the fuel ignites
in the cBﬁbuglf’l £cﬁ5ﬂB§ranﬁlen’5§ B1eq'1 Ne HoP c#\%hci 1f%rrange of -90 -- -10
, particularly in the range of -80 -- -20 , nore preferably in the range of

-60 ~ -20 to -30 fromthe top dead center, and
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, a piston 14 equipped with piston rings 13, and a



the end of the injection of the critical water is earlier than +30 (30
after the top dead center), preferably at O (the top dead center}) nore

speci fi caloyn2/08issa5 or just before the fuel ignites in theEoifysiion
chanmber. Wen the injection timng oferitical water is set based on the
crank angle, the start of critical water injection is determ ned by way of
timng gears wthout detecting the tenperature in the cylinder, etc. FIG 4
is an enbodi nent of the systemin which the engine 1 is equipped with

devi ces fQhfJdtilfplrotBtier ¢bBj €65HhORL thRnyNen8MPOLL PEOL At MRlCHo €1 bR DE
supplied is pressurized to 10 MPa or highér by a punp 3 , preferably 22 MPa

or hi gheroft hap heaten 14 t2b@heCloadhgheary, ofir eferaiit \shaifd Goar shogher by a

heat exchanger 9 or by a heat exchanger 9 and heater 30. Sub-critical water
above 250 "CtAAdRAYBVYY 10 AvPaelpkbies Bhoy nagsdie &Pt eqnipees fageneg 374 C

and above,2 MERASIBLALed B DEAtSXGIANET, 84 54 Dhecked fhom the

. .pa
critical Wwateér injection nozzle i'm°ng det'erm né y

control | @222, | tan® aRf gbehall®: 4 erdehemINa d Heei gt BELdOD {HULALELN SO
that the injection quantity of critical water allows the nass rati o of

fuel / ai r vexlivel 48l fomt bntrodecand artabeurin/Boyd-the chdindent hé ardul t
obt ai ned by the system shqown in be explained. Test conditions

FIG. 4 wil
vwere as P EFRgustygRLvs & £or petitdas yPGnﬁxéauﬁﬁ 92824 ’F}r‘ﬁrﬁ’fﬁéct op
~4~0 02/,UR15882 RCTLIRLE! LBy | T3, 6804 0Bl dd 53 488K o1 phect 1 on

e
start; cﬁ)ange e range of ~ frorn the top de center,
i nj ecti oand exhdis tohrer beirgahrmad pexr 35rdPatriand bhfj eRéi OPafuenhEty of
critical water; 1~5 times the fuel injection quantity in mass. FIG 6 shows
t he rel at@isoshewrendi del @ut pek valvenfewoihgndiagram.

As shown in FIG.5, the inlet valve opens in the crank angle
range of -45° ~ -15° from the top dead center and closes in
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 in 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 pisten 14 as it moves

upward.



tenperature of water. The ordinate represents the ratio of the output to
the output when critical water is not injected which is assuned as 100. The
phase of wat®fsaRproaches the sub-/supr-critical region asl;({cﬂﬁ)og,@jrpgarature
rises, and when the injection tenperaiure enters in this region of 250 C
300 C or higher, particularly 374 C or higher, inprovenent in output is
attainable. FIG. 7 shows the relation of NOx density in exhaust gas vs .
injection tenperature of water. Inprovenent in NOx em ssion is attainable
even bel ow 250_& o kQWEYE[ e &Y, ﬁ@tdprfhteoa%ﬁ uhely I @lfiet ehlig fhat by
injecting sub-critical water above C or super critical water above 374
C , i npresdierdsowm. bot h out put and NO( em ssion are attainable. FIG B{A)
shows the relation of snoke density of exhaust gas vs. injection

tenper at ur eTBf waArevingnpPéverkdiet ifd1edt t AimkAftlelem thez3®- cifti eapn

tenperature r.e aboe C an urt-her |nt e er:crifi

terrperatlﬁ) enll%/)crh. above © ?gh& lng‘?g\@a(lése Y?O\a/lvrs1 t 78 $‘éf5t\f%lhe @% P densi ty
in exhausxtor@%wsneaﬂu et I&miwﬁyr&meﬂm?rthé NPFONRERRE 1 Sot
attainable in the sub-critical tenperature region above 250 C, preferably

in the swpercrin ide dsperasure region above 374 C . Parti cuI arly,
i nprovenent is conspicuous in the 1'L'O (12/U81882 PCT/ JPU2/ 03~73 17
super-cri tléélrjtte‘r%]r YEGPE Il Ol AbBPE 23 P ENC AfHieh2 hdditsPERYBES i on
efficien [ Iy rQye e ot senqi o] and NOx
density \Cli)sﬁ k e%?%%rrt OTriCEI ﬁ}éeg Fyﬁé{}} \%\gtgg?l \l?mﬁ%ltn%%g fé)? gl Eg 8‘&?%‘: 9 shows
the rel atglcare ff effH nen DAt PRE1vs. 17 henat akhaGk t\Wathdk el rllaectl on. Tests were
performed with sub-critical water of 350 C ( and super-critical water of
450 C . | npEbvasemuitralelgyi he seflpgt itheattinbadl efwwarittieal nvateron i s
begun near crank ang|e of -80 both _cases .. FIG, 10 shows the
rel ati on*6f el%&%ngilfiyl‘\f‘satl‘?Wst'iréﬁ' Fritigaterat ol dodieGtiofeRP ez dkr e
per f or med Wit u r t d r I er of
450 C . %hle e%?lflg?gt H%hgggf?ﬂgﬁ{dt ﬁ&el]?%jgte%?oﬁﬁl st%tépg'nn eﬂl'%ﬁl ltlég\%% of the
fuel in therewbesttivat diarherected fasyatod hecteduail ehel paikclessity is
in both cases. Therefore, when setting the timng of the start of injection
of critiedl thateritieal “ﬁ’r’f@(ﬁ grPiRs degt l%rf-ftﬂ,utcﬁmbuﬁtthnscbla@pér‘fabl &nt o set
thetlmn nthe r ank r ange. .of art cul in the
range of oM At e et or TR EREER M Ehobhp eosi on
stroke bgfu%rlestﬂlea;uel is injected. If a premumis put on NOx, the earlier
the injection timng is, the larger the inprovenent is. Next, exarrpl es of
si mul ati on Bbrt baapnpésenun Rightl onthe | fubd éxpglegitien mozzterté ngsto
FIG11 -- FIG16. FIG 11 shows the result of sinulation wth the engi ne of
FIG 2. | HrtOWe'L‘f’c%Jsénlt)hef GePteRjRALT 84 fdb‘%FBEIbP§tflPGnﬁ’h%m'P%r#éthl"E?ﬁt| cal
wat er inj.ec f t el
ani tes 1 R0 Dbty SETnA S unhan), ECASLLROLE WRLES, )
critical iwalerytilcl aokizaBspelI iftk pFoffidmdl k6 tiddt (Hhy Qﬁtjle@mlahtmlé he fuel
V4' O 02/1181882 PCT/JP02/03~73 18 ignites ) . Further, the result of the
case i n w &oles tthegteofatigrcinagnd igmed vwward udhei ggeteronigeri od of
from-6 t% 4 is sho for conparison in FIG 11. The critical water is
i nj ected® ttg"reescé’dﬁa"l T30 MPa, tenperature of 423 C, and the mass ratio of
the injectipg guantddde OfeddieiidAal kel oligciah fbztAies ye!aks 1.
Water distribution and tenperature distributidn in

provided remote from each other because they are Jlocated

sandwiching the inlet and exhaust vale 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



conbustion chanber in each case are shown in FIG 13 -- FIG 15. In the
figures , upper two rows show water distribution in the conbustion chanber

at some oyankoarel es between -30 -- +90 , and |ower two WS PEHIOMY;3
tenperature distribution in the conbusiion chanber at sonme crank angles
between -30 -- +90 , in which O indicates the top dead center. Ignition

begins at about -5 in all three cases. In the case without critical water
injection) ignition begins at about crank angle of -5, and water particles
{steam n t e;co Sta u Y s i-n LANDUSET on
chanber %(ri;t ﬁoai?i%d bé&énge%%i' %“Bt eln%%%e@%%stl??%%??gr% E%Iﬂ%re ar eééegi ons
wher e t hertienpenatiatenr.i ses to 2000 C ~ 3000 C during crank angles of 0 -
30 Accordingly NOx density is high in this case as seen in FIG 11 . In
the case 2 Tm EdF ch. ttHe i93jiddiqash widigod nare ot e piczizddl 2wafef fdedrom

crank angle of .0 to 30 (injection.after the fyel ignites ignption
begins a .néﬁSth—nS n.oz)&sl% hrﬂef’ecﬁrte’! clé’lc%aetdterlq stti}%j%c I d d‘ﬂ%f%gog J.-C}‘%O af ter
the igni tiogMueft ifteloniesr RRrdd fd & stealck apislhy, sph&agi #phibe 30 as
seen in FIG15. In this case with water injection after ignition, the

t enper at be¢wernt éemonisustniadnl c aoiidre i tovesrl tvetre t hion jeat¢dhef case

w thout water injection, however, there are regions where the tenperature
rises totPeo0 €x1vbedlc didtialy 1Werd2rog1g8X e/ JRd/ UREFBEBeEr ank

angl es of . -, Jhere ' L S+ rsedyc b . 25~ and
effici en(?;lllgi%slGll%%lﬁ:cg‘\ye‘gtﬂgg1 %*8%3%‘6 ~ gﬁg;grrlé %\#%% th‘hq'leb gggeg%m%ﬁ%%%géwat er

i nj ecti oghampeeenrog.n FIG 11, however, the effect of the critical water
injection is very small conpared with the case 1. In the case 1 in which
the injectibm {dg¥.ibd aotwoh&loiidt ighechararndzzie da disankpamnghiewlvich45¢ to
15c (injection before the fuel jgnites}, water particles, spread

suf fici editPITRtEfe Bonbdeti oM GRS A°ZKE ARk ﬁﬁ@FécgfL IRt ng to
the critiGaletaLEl oY A6l s9Nadkn2pOULy- de LRbOAEMLAE TRl 188hEES, and
enough wat &r particles exist even at 60~ as seen Iin FIG 14 . 1n this case

1 with watrefuéDjiecid ot dehene s guo tisairfbeenenpeomatili«t b ¢het Leabusti on
chanmber further decreases than in the case 2 to a tenperature |ower than
2000 ~C #artiery ieviasktiayikeles 15¢ in3ghe. vAsddrdilnglyreqdomuabiety is as
| ow as 20~ .of that jn.the case wthout ter injpection, .which neans
Feduct oRedPoste Cah gt aR APt St e Nt bIad B rovd sl WEREE ¢ he
effect ohelihg £hjbieak f@é@&h‘e%%ﬁéf%’ldéhbi@%riﬁ@l e Prparefs vhhbet he case
2. So, it isrecognized that with the sane injection

guant i t y begemeenat-tiec/lpwessside hhaesf Aadt uppecr sideahobhateisismattion in

reduci ng NOx and inproving efficiency is larger in the case 1 in_which
critical th&t &FitdGad StteRl bR $¢et eRefroB| thgnuPee vekds 945 i Af@ction of

) oL AR R A Bt Bl S LSRR LB e e [
W th theibuelr spGRy ndilds bies @xit @ nee byomehet i bAgchamble&.12.
The opening/closing timing of the critical water injection
nozzle holes 210 may be 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



The case 1 shows the result when the interference of water with fuel spray
isintensified wwth the engine of FIG 2 or ~'1~0 02/ 081882

PCT/ JPO2AOG ot/dds8®0 FIG 3 in which critical water and fuel paggpinizest ed from
the center part of the conmbustion chagber. The case 3 shows the result when
the interference of water with fuel spray is weakened with the engi ne of
FIG 1 in which critical water is injected fromthe side end part of the
conmbusti on chanber. The injection timng of fuel and critical water is the
sane as Wﬂehh?hgaﬁgm%er Rererihi ¢ab ¥RiShak® iBi RE4REratnanPERSEUSL Of 30
MPa, a tenperature of 423 ~C, and the mass ratio Oof the injection quantity
of the ctheicaitiattrwivethsdf ofe ttiee fuell ignitest he sheveashuntide case 1.
In the case 3) although the critical water injection starts early at crank
angl e - 45hambgat.ef tpARYi BE ek deh @t r Ipk it baifFangeml y %ven al0-5~ when

the ignition.beging.as seen.in FIG n be_said that. the, degree of
qlagjv %?E?BEVng‘i‘ on

6, .80 It
injterferigﬁt]f(gll{’é1 ¥ i 4% | §88n fh'a?té}ﬁi’gﬂofgn%]é? .
exi sts wihl 2QRQE & -Riggher_ 3 the -egi pRoMNERE A BkaRaEEhELES 4lpg not
spread sufficiently during crank angles of 15~ -- 30~ . It can be said that
from FI Gth4 ¢hatof thethejeabeon off fbewsretipaltwates igenaratied btyan he
conbustion of the fuel and those of the injected critical water spread

£ J
sufficiefBPy H3Pi Rf @@l adqre dsprdcentegy~  PTRESTAPANS ath8t 6tHE i ci ent
wat er exi.sts.in.the field e fuel.ds injected, and sufficie
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t he ef f ecempkrartiutriecdln wateercy njradds oretd. r educi ng NOx and i nprovi ng

efficiency is larger in the case 1 with strong interference as shown in
FI G 14 tharF 1. 4 heS cis P te e okt i Hierd et ert el s ienthe) MEns.
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far as the water is injected so as to attain sufficient interference of the
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tenperaturé, and the produced water is injected in the conbustion chanber
bef ore t benftwell liegndD@s 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
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conpressi on, _conbusti on and expansi on, and exhaust stroke are determ ned

accor di ng. t BLEr &nRhPYEatthen r&ﬁ-g"ltéé’n &fd THEL R rT PR F ofif t héndeardionntil the
d of i ectl DC
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wat er according to claim1, erein the period fromthe start until the end
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wherein) in the Teciprocating |n erna sti'on ‘enyl he
period fr3pm fChQnStrﬁlréhéJLF\,t igadteceng- of 3714 &t bpM PEhERl dimprovement
in output is attainable.

FIG.7 shows the relation of NOx density in exhaust gas vs.
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 T, 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
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of critical water, if a premium is put on output, it is
preferable to set the timing in the crank angle range ¢of -90 °
~ -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.1l1l ~ FIG.1l6.

FIG.11 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
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(steam) generated by the combustion gradually spread in the

combustion chamber until 30 ° . Concerning temperature
distribution, there are regions where the temperature rises
to 2000 C~ 3000 C during crank angles of 0° =~ 30°
Accordingly NOx density is high in this case as seen in FIG.11.
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. 1In 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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In the case 1 in which the injection period of the critical
water is from crank angle of -45° to 15° (injection before the
fuel ignites), water particles spread sufficiently in the
combustion chamber at the crank angle of 30° owing to the
critical water injection at about -45° before the fuel ignites,
and enough water particles exist even at 60° as seen in FIG.14.
In this case 1 with water injection before ignition, the
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 is 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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critical 'water is’the same 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
guantity 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 alsc be seen that high temperature region exists
with 2000°C or higher in the region where water particles do

Q

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.14.

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.12, Nox quantity becomes to
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injection in reducing NOx and improving efficiency is larger
in the case 1 with strong interference as shown in FIG.14 than
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
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the combustlon chamber. By this, the combustion in the

combustion 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.
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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, alcchol,
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) higher in temperature than 250 C 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 c¢laim 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 period 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 of 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 l1iquid 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 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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combustion chamber, and the particles of the critical water
sprayed into the into the combustion chamber interfere with
the particles of the sprayed fuel.

10. A method of operating an internal combustion engine
injected with critical water according to claim 9, wherein
said critical water is injected into the combustion chamber
so that it interferes with the fuel injected into the

combustion chamber.



