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of fuel injection increased and maximum combustion

temperature suppressed to a conventional level.

PRIOR ART

Medium/large reciprocating internal combustion engines
are widely introduced to the market for the propulsion of ships,
general industry, business use, etc. owing to their high cost
effectiveness. However, demands of wusers for cost
effectiveness and eco-friendliness have become increasingly
severe, and further reduction in cost per unit output power,
fuel consumption, and harmful emissions are desired. The
cost down by increasing the power of an internal combustion
engine (compact and high power) has become a social demand from
the view point of LCA(Life Cycle Assessment).

There has been a method of increasing the efficiency and
output of an internal combustion engine by combining the
internal combustion engine with a steam turbine to allow the
steam turbines to operate under bottoming cycle, so-called

series—-combined system. Mainly the system using a gas



efficiency is inproved, however a steamturbine is needed in addition to
the internal conbustion engine resulting in not-conpactness, which does
not always realize the reduction in weight, space, and cost per unit

out put power. An exanple of said series-conbined systemusing a

reci procating internal conbustion engine is shown in FIG 11, in which the
exhaust gas fromthe exhaust turbine 104 of the exhaust turbocharger 103
of a turbo-charged reciprocating internal conbustion engine 101 is
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super - headathisd €M iPoth8rger 103 of a turbo-charged reciprocating
internal combustion engine 101 is introduced to a heat
exchanger 106. The air compressed by the compressor 105 of
said exhaust turbocharger 103 is supplied to the cylinder of
the engine 101 by way of an air cooler 107. Said heat exchanger
is supplied with water through a water pump P, and the water
is heated by the exhaust gas from said turbine in the heat
exchanger to be made into super heated steam and the steam
is sent to the steam turbine 115. The super heated steam
expands in the steam turbine 115 which drives an electric
generator 115. The wet steam lowered in temperature is cooled
in a condenser 117 to be condensed to liquid water which is

again sent to the heat exchanger through the pump P.
So-called Cheng cycle was disclosed in U.S.Patent 3978661
or Japanese Patent 54-34865 as Parallel-Compound Dual-Fluid
Heat Engine, in which the steam generated in the exhaust gas
boiler is injected into the combustor of a gas turbine for
increasing output and improving thermal efficiency. This
cycle aims to increase output and thermal efficiency by

injecting into the combustor of the gas turbine the steam



conmbusti on chanber, the mxed fluid of the conbustion gas with the steam
is supplied as a working fluid to the gas turbine or expander. The heat
energy of the.working fluid is carried on mainly by the super-heated steam
and the part of heat energy carried on by the conbustion gas is snaller
than that of the super-heated steam That is, the energy of the fuel is
utilized mainly to produce the super-heated steam so said conbustor is a
ki nd of boiler which produces super-heated steam by direct contact of the
conbust i ogeygesawedh thireugthe hima tAexainkingsd witds ¢heRarxkiaus tcgelseof the

reci procating engine is disclosed in W99/37904, in which the steam of
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steam by direct contact of the combustion gas with the steam.

A combined Diesel-Rankine cycle reciprocating engine is
disclosed in W099/37904, in which the steam of temperature
of preferably 580 C or lower and pressure of 18 MPa or lower
generated by heating the cooling water of the engine and
combustion air through heat-exchanging with the exhaust gas,
is injected into the cylinder before the fuel injected into
the cylinder ignites so that the steam does not interfere with
the injected fuel.

An art is disclosed in Japanese Patent Application
Publication No. 6-137218, in which water solution of caustic
potash is added to and mixed with diesel engine fuel,
pressurized and heated to high pressure and temperature above
the critical pressure of water to combine the sulfur in the
fuel with the caustic potash, and the mixture is injected into
the cylinder to be burned. However, although the property
of critical water is used in the art mentioned above, the

critical water is used for separating the sulfur in heavy oil

by combining the sulfur with the caustic potash not for



strongly desired to reduce NOx to the last extremty for the sake of
reduci ng the cost for denitration, and to largely inprove thernal
efficiency for reducing C02' SUMVARY OF THE | NVENTI ON The present invention
intends to increase output concurrent wth the inprovenent in therma
efficiency and reduction in emssion by injecting sub- or super-critical
water into the cylinder of an reciprocating internal conbustion engine.
The object of the present invention is to increase output and output
wi t hout thedwoingi 5a@ki andi @0 mai The ompoiheatst ofhe eateecspletaonngntat er nal
combusti on eng%ne and wi t hqut thiﬁ_necessit roviding a steam turbi ne,
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emission by injecting sub- or super-critical water into the
cylinder of an reciprocating internal combustion engine. The
object of the present invention is to increase output and
output without the modification in main components of the
reciprocating internal combustion engine and without the
necessity of providing a steam turbine, etc. as is the case
with said series-combined system.

To attain the object mentiéned above, according to the
present invention, an internal combustion engine in which
liquid or gaseous fuel such as petroleum group fuel, hydrogen,
natural gas, alcohol, etc. is burned and the combustion gas
works as working fluid, is operated in a method in which
increased mass of fuel is injected, and sub-critical water
of pressure of between 18MPa and 22.1 MPa (critical pressure)
and temperature of between 250 C and 580 °C . or super-critical
water (hereafter referred to as sub- or super-critical water)
is injected into the cylinder in the range of between 90 °
before the top dead center and 30 ° after the top dead center
so that the air excess ratio at the maximum output is 1 ~ 2.5.

It is well known that NOx can be reduced by lowering the



state, there is no difference between the liquid phase and vapor phase and
nmol ecules in the critical state behave |like in the vapor phase though the
density thereof is the sane as that of the liquid state. The physical and
chem cal properties wdely change near the critical point. The present
invention positively utilizes the properties of sub- or super-critical
water. That is, the mutual solubility of sub- or super-critical water with
carbon- hydride group fuel increases as the permttivity of sub- or
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formation of honbgeneous phase of water mixed with fuel is easy due to

i ncr easedtRR F¥UER R TOhRIRR onICKLINAYF af)Feragiinyacat kg emtevrok di ngl vy,
t he nuMm%oégu oggts ar. regiop,of |ocal h%gh coqﬁus%ion te r§ture

decr easesCPRRETEHTRY SR Sfrct i GRS roNO-GRhePRHiTon. CEuMHet: Hallp- 19y

super - Cri3y£al Waliek efpeQ althr® aAdNPFDIMELUS phassuryl.t N1gases: sueh as
oxygen, so the fuel is efficiently oxidized, which is effective in
reduci ng ¥ bed theke densdtgibfeckncemblecweetl dde tlhieywdd freame ayfd sub- or

super-critical ter ipcreases ion product and the acid/alkali catalytic
action  |PRET Greet AR MAIRFF BT Bhoti h T Hel FRHURE A th RAD NG SHEE. 00

Super - ot 44 e W: EhaHROCHCH I €ARCBRLUIE AR REGTe UECenaboNR 4 1 a

poi nt, however, critical wat’er 1s not clear ef i ne critical
water is tledt egdthe Ltikghidpeeatst, THY PHyYOItaS aHAQ MehbcRI gadper tife Het ween
18Kpa and 5 22. 1MPa (critical pressure) and tenperature of between 250 9C
and 580 'vG.de¥yhchangei peatatheg cpiidticral ypintit ernal conbusti on engi ne

I n-whi ch th%h%u%&%%ghtcgn 85 %B%degi fggf;Nhtfy¥£é2dgﬂgﬁbroperties

of sub- or super-critical water. That is, the mutual
solubility of sub- or super-critical water with carbon-
hydride group fuel increases as the permittivity of sub- dr
super-critical water becomes as low as that of an organic
solvent, and the formation of homogeneous phase of water
mixed with fuel is easy due to increased diffusion constant
of sub- or super-critical water. Accordingly, the number of
points or region of local high combustion temperature
decreases resulting in reduction in NOx generation. Further,
sub- or super-critical water also forms a homogeneous phase
with gases such as oxygen, so the fuel isefficiently oxidized,
which is effective in reducing CO and smoke density(black
smoke) . Also, the existence of sub- or super-critical water
increases ion product and the acid/alkali catalytic action
is effected resulting in promoting the reduction of NOx and
Co.

Super-critical water is H,0 with temperature and pressure
above critical point, however, sub-critical water is not
clearly defined. Sub-critical water is defined in the

present invention as H,0 with pressure of between 18Kpa and



stroke is determ ned according to crank rotation angles, the period from
the start until the end of injection of said sub- or super-critical water
is in the range from90' BTC (before the top dead center) until 3 0 0 ATC

(after the top dead center) , preferably in the range from 800 BTC until
00 (the top dead <center) , and nore preferably in the range from80 0 BTC
until before the fuel ignites in the conbustion chanber and the injection

ends at 50 BTC or just before. However, if the start of injection of
critical @@téMPiadcrintitdeel paregswfe) 20 d tempkdatiuramotfthbetepetiead 0ceNt er
particularly -80* - -20* , nore preferably -600 - -200 to - 300 , the drop
in pressuﬁgdéﬁ“lﬁ%-injected critical water due to its instantaneous
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before the fuel ignites in the combustion chamber and the
injection ends at 5° BTC or just before.

However, if the start of injection of critical water is
in the 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 is small because the piston
is in the later part of the compression stroke, so super- or
sub-critical state of the injected critical water is
maintained and said effect according to the invention is
effectively attained.

The pressure and temperature in the cylinder varies with
the position of piston, that is, with crank angle, on the other
hand, it takes some time to inject sub- or critical water into
the cylinder. Therefore, sub- or super-critical water must
be injected into the cylinder with the pressure higher than
that in the cylinder.

If said sub- or super-critical water is injected when the
pressure in the cylinder is relatively low before fuel is

injected, the sub- or super-critical water is reduced to the



the cylinder is high near the time of fuel injection start or during
conbustion, the sub- or super-critical water penetrate the air in the
cylinder to cone into collision with the spray of fuel, thereby it m xes
with the fuel spray and activates conbustion even though it |owers the
tenperature of the conbustion flanme. Therefore, the start of injection of
sub- or super-critical water is preferable to be the sane as that of fuel
or in the conpression stroke before the fuel injection. Wen wet water
vapor is stgactodidpriessocel andncempenatese rideer fiharse da the dyliamdebhgeat of

the liquid water, in the wet vapor is |l arge, and the conbustion _is
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pressure i s about 509C, an mum conbusti on tenperature Treaches
1600 ' C -tRO0prdy iof duetedithdtetsgeitsupeteshaigedhe iMieY -gned wngi ne of
present day. The excess air ratio is 7 as |large as about 2.5 to keep the
maxi mum GSHbE R comppstienr event Ehaugbod t-Cowery tthe itemmartagmrg sub-

or super-critical watet in_the cylinder according to the present
inventicnﬁékﬁ&Fc%%%%%?lﬁﬂniﬁ PW@'cylinder Is activated, and
Therefore, the start of injection of sub- or super-critical

water is preferable to be the same as that of fuel or in the
compression stroke before the fuel injection.

When wet water vapor is injected, it cools and quenches
the flame as the latent heat of the liquid water in the wet
vapor is large, and the combustion is inhibited. But, as
sub-critical water near the critical point contains only very
small quantity of liquid water, its latent heat is not large
and the combustion is less affected. Therefore, if sub-
critical water is injected near the start of fuel injection,
it is preferable that its temperature is not far lower than
the critical temperature. The injected sub- or super-
critical water rises in temperature as the combustion proceeds
and mixes homogeneously with the fuel and air to promote
combustion as mentioned before, and the generation of NOx,
CO, etc. is suppressed.

Generally, the intake air pressure is about 0.4 MPa, its
pressure is about 50C, and the maximum combustion temperature
reaches 1600 C ~ 2000 € in an medium/large super-charged,

inter-cooled engine of present day. The excess air ratio is



the quantity of working fluid and its specific heat increases. so the heat
absorption capacity increases. Therefore, even if the fuel injection
quantity is increased so that the excess air ratio is smaller than 2.5,

t he maxi num conbusti on tenperature can be kept to be | ower than 2000 'C.
The output can be increased by the increased fuel input. Here is proposed
in‘claim6 a systemof a reciprocating internal conbustion engine in which
| iquid or gaseous fuel such as petroleumgroup fuel, hydrogen, natural
gas, alcolsl,lasje. dss hvowed 206 the «wdpisthen gagimoamkscasbustkong
fluid, \/\herel n the systemconprises: a neans for producing sub-critical
wat er of bﬁ@?@ﬁﬂéuéﬁ Wit lween298APX andBg2.thevPhnjeetipoalofpreageur ey and
tenmperature super-critical ter%fi eafter
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or super-critical water is an exhaust gas/H20 heat exchanger provided
downst r eabemherakbaescanubbi kepof tohiee t Lowec hahger20 @0 CheTkapeutphar ged
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Here is proposed in claim 6 a system of a reciprocating
internal combustion engine in which liquid or gaseous fuel
such as petroleum group fuel, hydrogen, natural gas, alcohol,
etc. is burned and the combustion gas works as working fluid,
wherein the system comprises:

a means for producing sub-critical water of pressure of
between 18MPa and 22.1 MPa(critical pressure) and temperature
of between 250 °C and 580°C or super-critical water ( hereafter
referred to as sub- or super-critical water),

a means for injecting sub- or super-critical water into
the cylinder in the range of between 90° before the top dead
center and 30 ° after the top dead center, and

a means for controlling the fuel injection quantity so that
a drop in temperature of the combustion gas due to the
existence of sub- or super-critical water in the atmosphere
where the air is mixed with sub- or super-critical water is
prevented by increased.fuel injection quantity and the excess
air ratio at the maximum output is 1 ~ 2.5 with the maximum
combustion temperature of 1600 ~ 2000 C.

Here, it is preferable that said means for producing sub-



Further, it is preferable that a control nmeans is provided to adjust the
flow rate of exhaust gas and the pressure of H20 supplied to the heat
exchanger for.producing the sub- or super-critical water of said range of
tenperature and pressure. It is preferable that a nmeans for allow ng the
variable expansion ratio in the turbine of the exhaust turbocharger 1is
installed as a neans for controlling the tenperature of said sub- or
super-critical water by controlling the quantity of exhaust gas supplied
to sai d heatsexehangetichll wataksDs el £: tdmd/mobypasseRarsAger

equi pped with a bypass adjusting neans is provided for supplying to the
heat exchinyéfed garnssrepRetBghaxbaugistvebine pf theectyrbpehasghzust
turbi ne of _.t he exhaust 't rbochg&gfr .in order to, contr&l t he tenEerature
of said sUb- OFSs BT TRITArdueh ey LPRoRRETRg) (iREBENBY SGPEPUEFFbRcal
wat er cangfginRe obtained during the period of |ow exhaust gas
tenperature; it is preferable that a second neans for producing said sub-
or super - CrEUnted r weilted si profoyabed thadddiddrrd 0 meaind exhaustidgas/ H20
heat exchanger for injecting the sub- or super- critical water generated by
sai d secohfl AHaHSt| khE £hev &ptien@dr egthaurt igaerand ehebpsesenrengfne at
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generated by said nmeans for generating sub- or super-critical water is
returned poeshuvrexhaust side of the engine and correct quantity of sub- or

super-critical water _is-injected into the cylinder. Further, it is
preferabl e thifat*§ Rreferahhp Fatte mrans for allowing the variable

expansion ratio in the turbine of the exhaust turbocharger
is installed as a means for controlling the temperature of
said sub- or super-critical water by controlling the quantity
of exhaust gas supplied to said heat exchanger.

It is also preferable that a bypass passage equipped with
a bypass adjusting means is provided for supplying to the heat
exchanger a part of the exhaust gas before it enters the
exhaust turbine of the exhaust turbocharger, in order to
control the temperature of said sub- or super-critical water.

Since said sub- or super-critical water can not be obtained
during the period of low exhaust gas temperature, it is
preferable that a second means for producing said sub- or
super-critical water is provided in addition to said exhaust
gas/ H,0 heat exchanger for injecting the sub- or super-
critical water generated by said second means into the
cylinder of the internal combustion engine at the start of
operation of engine.

It is preferable that, when excessive sub- or super-
critical water is generated by said means for generating sub-

or super-critical water, a part of the sub- or super-critical



exhaust pipe of the engine | ocated upstreamsaid neans for produci ng sub-
or,super-critical water to be burned in the exhaust pipe, nore preferably
that fuel and.a part of the air conpressed in the conpressor of the
exhaust turbo charger are supplied to the exhaust pipe of the engine

| ocat ed upstream said neans for producing sub- or super-critical water to
burn the fuel in the exhaust pipe. FIG 12 is a schematic representation
conparing the shift of heat quantity in the feedback-conpound system of
the invewmateon ayshératée wyverdidnaleasiyst Eod Nngwheehtihg heab- eper gy
recovered through heat exchange with the exhaust gas is utilized as steam
or hot we$ePerrarikécadnvakeronsl repyrasdotortite eghanpt, sddeunfnghehe heat

supplied to the engine by fuel as .1, shaft output is a, ,cooling ]oss
carried away by co icnogr]\y/%?terquaaﬁ%%]ffﬁé Cﬂiﬁflb_r% i%‘f%%lrﬁjéh'r'fﬁﬁis‘g‘?'f‘aﬁe of
the engi ngsi snHectafdihiie heat cafifadwust gas is 0 . A part of the exhaust
heat y O is the recovered heat "energy recovered through heat exchange of

t he water (H2O)tsupplitdisoptrbdtelradil eexdimingtuel th shepdilkalisio ghs and

carried by the steamor hot water generated in the heat exchanger, and O
(1- -y ) ¢%heesbaRenei AfothReccRPABSpROCA sk unft eamsRidareans for system

f th i ' f 2.8 th t H20 ligd to th
neat  oxcrinoare B RRE T afoe BhE-GF it el B e e a0

t hrough heghad&t exighen g v ?o&e&vémﬂy heatt Suedndndni @RlradoienchBe; £yl i nder.
In this case, the heat supplied to the engine by fuel 'is increased by K'Y
0 . conpatempyessedhien chsecoOmprhresoconfctite exdlausistembbockappky dbhe heat
of 1+K'y B_This,K jncrease of fuel,suQB%y is done sq that the nmaxi num
i GFPPP 1ed to the exhaust pipe the engine located upstream
conmbust i
said means for producing sub- or super-critical water to burn
the fuel in the exhaust pipe.
FIG.12 is a schematic representation comparing the shift
of heat quantity in the feedback-compound system of the
invention and in the conventional system in which the heat
energy recovered through heat exchange with the exhaust gas
is utilized as steam or hot water.
In the conventional system of FIG.12(A), assuming the heat
supplied to the engine by fuel as 1, shaft output is «a,
cooling loss carried away by cooling water and the heat
radiated from the surface of the engine is §, and the heat
of exhaust gas is . A part of the exhaust heat y 8 is the
recovered heat energy recovered through heat exchange of the
water (H,0) supplied to the heat exchanger with the exhaust
gas and carried by the steam or hot water generated in the
heat exchanger, and 8 (l-vy) is released into the atmosphere
as end exhaust gas.
In the system of the present invention of FIG.12(B), the

water (H,0) supplied to the heat exchanger is made into sub-

or critical water having heat energy ¥ B - through heat
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tenperature is about the same as that in the case with the conventional
system , That is, the mass of the working fluid in the cylinder is

i ncreased by the injection of the sub- or critical water into the
cylinder, .and the specific heat of the working fluid is increased as the
specific heat of the sub- or critical water is larger than that of the air
or ‘conbustion gas in the cylinder. So, if the anount of fuel supply is the
sanme as that in the case with the conventional system the naxi num

conmbust i ogxchenperaitheeknhlist K8h€ g DCrerBengbclitedl iaUPREYCy SidQae .t o

keep the maxi mum conbustion tenperature to about the sane as that of the

case wi t hIphEhd&nwafg ontlre sheasmsuppl iedany? ethe aengdoe by obweCisAs a

result, the shaft .output is increased tocfl 00"f1je ooling/radi ation | oss al so
ot

i ncreases F8T83SCd, kY ¢ e Kel ~ 1 SIS t F%ph&ASS s18 -tle -y )
Ther ef 0&gnvERE1SRAAL o RidMLd NERFBEGS tg@( Fd IRy Angg Lhe helmal

efficiency of the engine i1Increases times the <conventional

case. A resateasé chlfudlasupplefis ldene eparhiaoihef maRineRSSombusdLbpUt and

thermal efficiency relative to the ratio of the injection quantity of sub-

or super-tPTPEEALUREL éF @ROUS the Safje@s dihajudh ithe @ase wieh theer the

condition ?Méngigﬁg&? s ie m conbustion tenperature, is shown in FIG 13.
ing

In the sy% em accor to the present invention, fuel 11 supply is

i ncreased agHdte iig)j edld Mas@uadt thy Abriihy Qlluiaui?ﬁrtlfiéié%l?ﬁhdé@t g5 is
i ncreased so that the maxi num conbustion tenperature is the sane as that

of the coiweneasad by St dmjess isiromf the Hub43r out.picadndather imto
erficlencine | O FR36E, W adu ' ORE SRR A2 120 oF ch SO HRAS cLhgacpnai tion
increased as the specific heat of the sub- or critical water
is larger than that of the air or combustion gas in the cylinder.
So, if the amount of fuel supply is the same as that in the
case with the conventional system, the maximum combustion
temperature falls. Said increase of fuel supply is done to
keep the maximum combustion temperature to about the same as
that of the case with the conventional system, for example,
at 1600 ~ 2000 C.

As a result, the shaft output is increased to a o,
cooling/radiation loss also increases to 8. , and the heat
released to the atmosphere is § .(1l-vy). Therefore, the shaft
output increases to e¢./o times, and the thermal efficiency
of the engine increases toa ./ a (1+ x v B ») times the
conventional case.

A result of calculation of the proportion of increase in
output and thermal efficiency relative to the ratio of the
injection quantity of sub- or super-critical water G, to the
injection quantity G, of fuel under the condition of the same
maximum combustion temperature, is shown in FIG.13.

In the system according to the present invention, fuel
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of the same maxi mum conbustion tenperature with a conventional engine. The
value of G,/d is limted depending on the perm ssible maxi num conbustion
pressure, because the quantity of working fluid in the cylinder increases
with ingreased injection of sub- or super-critical water and accordingly
t he maxi num conbusti on pressure increases. Therefore, the injection
quantity of sub- or super-critical water is limted as to what extent the
maxi num conmbustion pressure is permtted. In the present invention, sub-
or supersyplycab dalcttedsed ndectrd iimjidut rongguait beyween sk~ oMBTC and
ATC 30.0 so that the excess air ratio at the maxinmum output is 1 - 2.5

wi th i ncresRee-¢ubtisappiwaten tie dpsreassd ¢ B i khaktibhe MAxXHEEm of K
which is_x.ti rrgs t he heat tof -/, 8t recovere ﬁromft e exhaust .heatl of 0.
Cis fed PHROTIORS IRATAIYTR ARG AATS 28 2 b P T KRR &GOS St hat er
and addi tdpnalmf UgL LRCRE GREFEA 3,0 0@ SOAPAHAC teRSmIICAR ENC s the
specific heat of the injected sub- or super-critical water is about 2

ti mes hi girerrédsead twiath dihcrea ssahirastiicoaf Gaso(Ghendext thie afndileiair with
the burned fuel in the cylinder) , the conbustion heat is effectively
absor bed ®f thReS 2N eXiaymsgPrbye t s 0pdrere ¥ bare Wdttdy 2 cadtensiondle

tenperature rise i ei yes.t e er | S i out
hal f or sen%q*%?'tm%t h%?{l% g?f(ra %‘/t&goﬁbus%%#ags,de%sgo&?{lﬁ g&pgﬁlf/l&can be
i ncr easehbathi €sKBERI NGakhRusO MDY ilh t eppesahives t pddmssamcievel as

that of the conventional system The injected sub- or super-critical water
expands iquameityybifndorkiggetheridi ih tthe ceybirdepnigaseasesushitdown t he
pi ston t%ﬁé¥£§§§ g%%%gffgntgg %%ijm%r super-critical water and
accordingly the maximum combustion pressure 1increases.
Therefore, the injection quantity of sub- or super-critical
water is limited as to what extent the maximum combustion
pressure is permitted. In the present invention, sub- or
super-critical water is injected in the range of between 90°
BTC and ATC 30 ° so that the excess air ratio at the maximum
output is 1 ~ 2.5 with increased fuel supply.

In the system of the invention, the heat of kv 8. , which
is x times the heat of ¥ B. recovered from the exhaust heat
of B~ , is fed back to the engine in the form of sub- or
super-critical water and additional fuel to be operated in
a compound gas-steam cycle.

As the specific heat of the injected sub- or super-critical
water is about 2 times higher than that of the combustion
gas (the mixture of the air with the burned fuel in the
cylinder), the combustion heat is effectively absorbed by the
injected sub- or super-critical water. That is, the
temperature rise when it receives the same heat per unit mass

is about half or smaller than that of air or combustion gas,

so fuel supply can be increased while keeping the combustion

12



The injected sub- or super-critical water operates in the reciprocating
cycle of high maxi numtenperature and high maxi num pressure, so the cycle
efficiency is.higher than that of the steamturbine of the conventi onal
system Conpared to Rankine cycle realized in a steamturbine in which the
steam tenperature is generally 600 *C or lower and pressure is several Ma
to-ten and several MPa at nobst, the sub- or super-critical water injected
into the cylinder of the reciprocating internal conbustion engi ne operates

in the cyehperatubechot hdemmenBINdévePesat Uhati SE160Q 'Gifedt Dbea1 and
maxi mum pressure is 20 - 25 MPa in the case with said |atest-type high

out put endyfeSmso t he cycle efficiency of the sub- or super-critical water
part of the rkln i s hi Slﬁl|af 1o oper | e eff|C|ency
of the re0|3$o&£t|%fq 31 T SRR T Tt R waé%\ ?%%g%u%%u? js

i ncr easedc%f\li@dé?%@?&%ﬁeﬁ:uﬁhtﬁuﬁlﬁ@’ R UG HAIRL télfr;maéh &bk C&ﬁ@cy The
t her mal iciency of an internal conbustion endgine 1ncreases wt

i ncreasi ELsoomusdi Dncreaper audpet mf tHerengiselimtation in point of
view of thermal |qQad to the constituent conponent of the engine and of NO
gener at i on, Th§blPﬂeF§eﬂe&HPre@rt%uRﬁépCFhelééﬁbwétﬁénOP@ﬁﬁeﬁﬁthﬁet%% | ow

o0 PoSo! gy JALEL L DROCLTLAA \APTRLAR (S COINALDSE, LD, LIS, SPTST) o0
about 8% x ih€m N sﬂﬁﬁh\é’f@ﬁci@%fﬂiﬂlé§cpl¥snﬁ;dlghWrt fnhhegiet i cal
air/fuel ratio. nerally, the excess air ratio of thé |atest-type high
out put engfn@h¢ssa©@mtt2rb5natoftm@ennqnnﬁntnmmna sgotéhe excess air ratio
is about 3.2% at the maxi qum out put . |ncrea5|ng t he mass and specific
heat ocmpared to Rankine chi allzed in steam turbine in

which the steam temperature is generally 600 C or lower and

pressure is several MPa to ten and several MPa at most, the

sub- or super-critical water injected into the cylinder of

the reciprocating internal combustion engine operates in the

cycle in which the maximum temperature is 1600 C or higher

and maximum pressure is 20 ~ 25 MPa in the case with said

latest-type high output engine, so the cycle efficiency of

the sub- or super-critical water part of the working fluid

is high similar to the proper cycle efficiency of the

reciprocating internal combustion engine. Thus, the output

is increased with increased fuel supply and increased thermal

efficiency.

The thermal efficiency of an internal combustion engine

increases with increasing combustion temperature, but there

is limitation in point of view of thermal load to the

constituent component of the engine and of NOxXx generation,

so it is required to keep the combustion temperature as low

as possible.

Water generated from the fuel is contained in the combustion

gas in a state of high temperature and high pressure, and its
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of the working fluid through injecting sub- or super-critical water into
the cylinder, nore fuel can be burned and nore output can be drawn from an
engi ne of the.sane size and weight as that of a conventional engine. The
out put of .a conpression ignition internal conbustion engine has been

i ncreased year by year. For exanple, the maxi mumcylinder pressure of a
medi um type di esel engine of cylinder bore of 300 - 450 nm and rotation
speed of 400 - 500 rpmreaches 20 MPa, and further engines of 25 MPa

nmaxi num  epbundet s pbessis @ off €hkaidhnns t ieén gal ehéarcropaederabuefed
General |y, the maxi num conbustion tenperature increases wth increasing
HBX|nun1pWé§§uF§ePﬁe$H§aéyB#mwﬁuﬁﬁuimﬂhﬁo Nernergdigas éde RECESS 8al

t th h b d nd
by Gotti ndCEHE BRchAEqRaTCS LR VRS Biel PUFE WnBrar 1 6PPY 20562 Eopi ng

With i nceaaSﬁakhﬁhmuhea@ dyg tRe et &8s ek B fRUN GO BN 25 at
tenperature includes nore difficalt probl ens. According to the present

i nvent i ontheheaxdmumon tpnbus tBoi nceraeriatgic el maskezp’td Ts@etdiéthaas t hat
of the conventlonal engine which is 1600 - 2000 'C and the outE S
i ncr eased®fAhe wordkiing £i41d:RrarIh k) e@hi PIEIRINEY SYRRr-aRité6at per

unit outp n t u r ritical ter is

i njected #%’F%‘}t ﬁgl%% Oﬁ}eﬁdgfp% négﬁea]h vvgil‘le'fihrough e‘t (k:lbeurc%%(%raé% Sﬁrgt r oke
center obudbpuer céhebé @&a@@ﬁ@r@ﬁiné@rendﬁ’ﬁé OHOEK e COMBY MG, & %n@ﬁ@ﬁ.%ﬁ% 14 the
sub- or super-critical water than when water or steamis injected in the

i nt ake pi pe (:Wﬁénosfalad oszmerdrlmmleremmecal water is injected in the
conpressi on stroke hgﬁfressure in , the cy]inpder,increases to increase

conpr essi on ?IP“QRH & GOnRReRE o FEQR HRESERRL | SOBRRFE&PN han

when wategngfine has been increased year by year. For example, the
maximum cylinder pressure of a medium type diesel engine of
cylinder bore of 300 ~ 450 mm and rotation speed of 400 ~ 500
rpm reaches 20 MPa, and further engines of 25 MPa maximum
cylinder pressure are laid on the table for consideration.
Generally, the maximum combustion temperature increases
with increasing maximum pressure in the cylinder and also NOx
increases. Mechanical strength has been increased against
increasing maximum cylinder pressure by getting the technique
such as structure analysis into full use. Coping with
increase thermal load due to increased maximum combustion
temperature includes more difficult problems. According to
the present invention, the maximum combustion temperature is
kept to the same as that of the conventional engine which is
1600 ~ 2000 C and the output is increased. As a result, an
engine with small weight, size, and cost per unit output can
be obtained.
As said sub- or super-critical water is injected into the
cylinder in the halfway through the compression stroke center

or after the top dead center, less work consumed to compress
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steamis injected in the intake pipe). The specific heat of super-heated
steamis larger than that of air and conbustion gas, therefore, the
specific heat .ratio, 1i.e. adiabatic coefficient of super-heated steamis
smaller than that of air and conbustion gas. The smaller the specific
heat ratio of the working fluid, the larger the expansion work exerted on
the piston per unit nass of the working fluid, so the higher the thernal
ef ficiency. Here super-heated steam neans the steam higher in tenperature
t han sat uthteslulbt eamsupgdwet et bt £cal wat8f echa®iwhdn idreOlorsepeancikt i cal
water has also an effect of increasing thernal efficiency by increasing

t he speci inderégd tathke dmtake wime (hen giadd sHE-soBaFHpRESEbi Bicalbe

gener at ed he_heat of the haust as .of the conventional _internal
conbust i o‘ﬁg}eéﬁgg:i he Jrrgj?%%ve%nln gc)rileer gy Fénergy & éfloq(oef’ ?lga%rFs&ur&t ifity

use) , anghbtSy RISt indraid & PnkPedski dERpEH8siphardod, beel tARss. The
f eedback- conpound system of the present invention nakes it possible to

gener at e suobreasesofiecomprietsisdain wadsy iy dneel hentthaf when ewhbest ogas,

since the anmount and specific heat of the exhaust gas is increased due to
the inj ecBEBAMof Ssdpiegted doertherirteke RAPE} -and the heat rel eased in

the heat  exshangeiies d ALORTo PLAIC SAIE. | SRS Urie Jal L cpTlie, gyptem 1

particul arl ve W 0- charged reci procatl

conmbust i opfedigt BEd dSibhs E1iv¥RIdd N0 thewied dre,i HREeAsA Dc healtUrdei6har gi ng.
It is suitable that an independent turbine is provided in addition, the
turbine i&-euppiiiedatichcotéféghanst ofasupertbassedf sbgamhéscymahtier of the

engi ne 1 oufh YAk 8351 2100 oOhnte 3B GRRCC e T URE' S EpECt e
heat ratio of the working fluid, the larger the expansion work
exerted on the piston per unit mass of the working fluid, so
the higher the thermal efficiency. Here super-heated steam
means the steam higher in temperature than saturated steam.
Therefore, the injection of sub- or super-critical water has
also an effect of increasing thermal efficiency by increasing
the specific heat ratio of the working fluid.

The steam possible to be generated by the heat of the exhaust
gas of the conventional internal combustion engine is low in
energy (energy level of steam for utility use), and its amount
is about 2.5 to 3 times the injected fuel mass. The
feedback-compound system of the present invention makes it
possible to generate sub- or super- critical water by the heat
of the exhaust gas, since the amount and specific heat of
the exhaust gas is increased due to the injection of sub- or
super- critical water and the heat released in the heat
exchanger is larger per the same temperature fall. The system
is particularly
effective with a turbo-charged reciprocating internal

combustion engine, for its working fluid is increased by
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the turbine is introduced to said heat exchanger. Wth this system the
exhaust gas energy is large, so it is suitable to absorb the excessive
exhaust energy by said i ndependent turbine when the exhaust energy is

| arger than necessary for driving the turbocharger to supply air to the
engi ne. BRI EF DESCRI PTION OF THE DRAWNGS FIG I (A) is the representation of
a basic configuration (1) showing the locations of the fuel injection
nozzl e and sub- or super-critical water injection nozzle of a diesel
engi ne i npechedchbtfinagh- or super-critical water of the enbodinent
according to the present invention. FIG1(B) is the representation of a
basi ¢ confi g&r 46i 8Hiteb)leshbaitngnt hedépendeohstorbihe faeprowjideti dbn nozzl e

and sub- .super-critical water,injectiqn pozz of, a diesel engine

i nj ect ed $§$h€§§ l_ﬁ?“%uggfpéfﬁtfﬁﬁls%@?éﬂ Vﬁgﬁ éﬂﬁ%q?ﬁgﬁPs§cc% ding to
the presend;divedts din tHScq1iihad SEREMRE idhd AR @3LAALE0R Mlndhg gyst em of
the diesel engine injected ™ wth sub- or super-critical water. FIG3 is a
di agram sémovaaen et wieedi 0o Nnchoftwrilise f oked helexidhesel gasaginem FI G 4

is a schematic representation of a first enbodinment of the f eedback-
conpound BB {EHRRARRF dgtredureptessaid hagenexehanges. sWikhathisenatic

representgi%ggﬂoftﬁesggﬁggs%ngﬁgiggg&g&gﬁpfl%@e fe%gpa k;&gelgggggf%stem

. . . e .
accordi ng 't presen inv i on. S dchema tion of

a third etboadbsert tRé &ReeboedbacknaaBROWAS ey s RMAGP it d¥bd adhe
present invention. FIG7 is a schematic representation of a fourth
enbodi nerfturbine when the exhaust energy is larger than necessary for

driving the turbocharger to supply air to the engine.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1(A) is the representation of a basic configuration
(1) showing the locations of the fuel injection nozzle and
sub- or super-critical water injection nozzle of a diesel
engine injected with sub- or super-critical water of the
embodiment according to the present invention.

FIG.1(B) is the representation of a basic configuration
(2) showing the locations of the fuel injection nozzle and
sub- or super-critical water injection nozzle of a diesel
engine injected with sub- or super-critical water of the
embodiment according to the present invention.

FIG.2 is a schematic representation of the system of the
diesel engine injected with sub- or super-critical water.

FIG.3 is a diagram showing the valve timing of a 4-stroke
cycle diesel engine.

FIG.4 is a schematic representation of a first embodiment
of the feedback-compound system according to the present
invention.

FIG.5 is a schematic representation of a second embodiment
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of the feedback-conmpound system according to the present invention. FIG 8
is a schematic representation of a fifth enbodi ment of the

f eedback- conmpound system according to the present invention. FIG9 is a
schematic.representation of a sixth enbodi nent of the feedback-conpound
system according to the present invention. FIG 10 is a schematic
representation of a seventh enbodi nent of the feedback-conpound system
according to the present invention. FIG 11l is a schematic representation

of an exaspl ehef ferIBtK+Oh@bosRlli 8T sEMDI @b BYShEMeoFlthel ptSsént
schematic representation to explain the shift of heat quantity in the
convent i ohA¥eByseBm and in the feedback-conpound system of the invention.
FIG 13 is aﬁgﬁgﬁ?.shomjnﬂ the.progortion of increase ip _output, and thernal
efficiency V€ BoStRBMALEFor BPTERENTALION Pon qtRhE R tSRAALESAE or
super-criggc WHLRY, 1 I Nj i LN & of +f 14 is a
p-v di agréair% g?edi esé]}b%ccyli:lébrﬁ%?uéq;s?gtae%r- s di a%ir%?nc?gr t?)?r)%]f%%:éngt di esel
cycle andintéetiyole that the sub- or super-critical water injected into
the cylinder operates in the cylinder. 17 FIG 16 is a graph showi ng the

i mpr ovenent BLF-outguid sqhampolemanresenimat e of Ai Eperth)erhrdineriub- or

super- crifi t injection relatiye to the injectio tenperature
t her eof . ﬁeﬁﬂ%\&%se%g)agéruap%om %W%gsyﬁ\éepec?u%??%%lél% %il8><r%’|tlrﬁ3 tHe® Thhust
gas due tpneelkti®k.super-critical water injection relative

FIG.8 is a schematic representation of a fifth embodiment
of the feedback-compound system according to the present
invention.

FIG.9 is a schematic representation of a sixth embodiment
of the feedback-compound system according to the present
invention.

FIG.10 is a schematic representation of a seventh
embodiment of the feedback-compound system according to the
present invention.

FIG.11] is a schematic representation of an example of
conventional series-combined system.

FIG.12 is a schematic representation to explain the shift
of heat quantity in the conventional system and in the
feedback~compound system of the invention.

FIG.13 is a graph showing the proportion of increase in
output and thermal efficiency relative to the ratio of the
injection quantity of sub- or super-critical water G, to the
injection quantity G, of fuel.

FIG.14 is a p-v diagram of diesel cycle.

FIG.1l5 is a T-s diagram for explaining diesel cycle and
the cycle that the sub- or super-critical water injected into

the cylinder operates in the cylinder.
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to the injection tenperature thereof. FIG 18 is a graph show ng the
reduction in color density of the exhaust gas due to sub- or
super-critical water injection relative to the injection tenperature
thereof. FIG 19 is a graph showi ng the reduction in COin the exhaust gas
due to sub- or super-critical water injection relative to the injection
tenperature thereof. FIG 20 is a graph showi ng the inprovenent in output

(i mprovenent in thernmal efficiency) due to sub- or super- critical water
injection ré@.iMe tis tdne guypdct sbhowting nghet hHerpaafverddrd 2h | suipgtaph
showi ng the reduction in Nox in the exhaust gas due to sub- or

super - cri {1BBFOVaMeRnti difedthoima k| af fyeiengy) hduenjtectSuhr t9%i HBPERar eof .

. PE - J f ) ; f
the proseRr TRVEM i GGG | HoRrChaoHot 2T S W For orditce (hIehacon ™ °

acconpanyt&gpdfavuigs thlelredss, i ntended, however, that unless particularly
specified, dinensions, materials, relative positions and so forth of the
constituent K441’ im a peaphboliewing S hehaedubsiont ior POt ol the exhaustrati ve
only not as Iinitgtive of the scope af , present, jnvention. FlG 1(A),

f .th
(B) show €X&np¥est8f SBBhf P_§uFHPF6rTC§_rl&_&r?&St MU oMt ThadberSof a
reci procg%b?ﬁ%én%ﬁgggltigplglt@gn Oer%pgl ngﬁ}é '&?élfé(of‘. 4-stroke cycl e diesel

engi ne, e iment ac to e present invention. The engine 1
conprises #FIgylligdey al@rapH whowiey cyhé needudt e id elon dyhspeder head
12, a piston 14 equipped with piston rings 13, and a connecting rod 15 for
transm tt?hgthige e¥lRanpbcAtashgdner @ 8PPrhepi 8UBAri4risichd |wateby way

of a crank_shaft not
lnj ectlion r

eiQ%W%e to the injection temperature thereof.

FIG.19 is a graph showing the reduction in CO in the exhaust
gas due to sub- or super-critical water injection relative
to the injection temperature thereof.

FIG.20 is a graph showing the improvement in output
(improvement in thermal efficiency) due to sub- or super-
critical water injection relative to the injection timing
thereof.

FIG.21 is a graph showing the reduction in NOx in the exhaust

gas due to sub- or super-critical water injection relative

to the injection timing thereof.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

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(A), (B) show examples of configuration around the
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in the drawing. A fuel injection nozzle 16 is equipped in the center part
of .,the ¢cylinder head 12, and 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 perforned
per 2 rotations of the crankshaft as shown in FIG 3 of valve timng
diagram As shown in FIG 3, the inlet valve opens in the range of -5 - -40
fromthe topbdeadomentkambad CoPSes kBclibeocardag Ointd@nal+8Oning),the
bottom dead center, and the air taken-in 1in the cylinder 12 is conpressed
as the pispeAifdead lypndretrtke epapeatisat hiengineesof ithecemeodimertt o a

int ab t f-pgnition t ture of the injected fuel . Wen th
Pucl i5 i FFEOERRD: b EHE PRESEDFoRTHE2EFENTG hBSr=FACSEnY CORPELABRossi on

stroke (ah @peyhde? 10 ggﬁg%@?r@% QR drad CEMLr): dhg L%‘%iﬁd@?at ed by

the high tenperature of conpressed alir and ignites to bu

t enper at uheadnti2pr esspit #tonntd eegeipppddivythapdstba pisagen134 i anguahed
down toward the  bottom dead center after it passes the top dead center.
The exhauSPPREFy&ngsrofehs Befoltd ansdititdmeh the marirgocahbngof 9 bAR dead

oo oB RS SN0 ELPRRS PR, OF o MO, SHLer B0 LRRRL TS
the pressunethé Htselihg. apdrhiBenihhecdasn hdushed Ouis yqhspRisign 14 as
It nmoves wupward. -A 4-stroke cycle engine of the configuration like this
is well khewpenThe pakti of thet bplinderi hpedt 1dn nazdl &t lBoahdsides
openi ng/ Cc'::‘?sti_l?g nogzzt ee airneI Ei\atro\<rai|dveed ]é; ?g(]j.eixgglf\srg \1/%” feo%8ir?{§oducing
intake air into the cylinder 10 and an exhaust valve 18 for
letting out exhaust gas. The basic processes of suction,
compression, combustion and expansion, and exhaust are
performed per 2 rotations of the crankshaft as shown in FIG.3
of valve timing diagram,
As shown in FIG.3, the inlet valve opens in the range of
-5° ~ -40° 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 to a point 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 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
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done by neans of timng gears and cans driven by the rotation of the
crankshaft not shown in the drawi ngs. A sub- or super-critical water

i njection nozzle or nozzles 21 are provided in the upper part of the
conmbusti on chanmber 20. The opening/closing of the nozzle or nozzles 21 may
be done by neans of timng gears and cans driven by the rotation of the
crankshaft as is the case with the inlet/exhaust valve or nmay be done by
the nedium of a controller 22(see FIG 2) which control the injection
ti m ng bygdetlketbwagotiheopressucelinddrt t0peyatheepraststeecyfti ntdeelapd t he
rotation angle of the crankshaft. It is suitable to select the timng of
sub- or s&pertherj theagadaierruppedt PBkR, byheheorhsten &f 8RelErmeveal water
injectionuno%%le 21, and the diameter and direction of the injection hole
t hereof soPt ag‘the injected fuel contacts with the particles of the

critical watzen-gHandetydld RAGHDGH L8R c6h2AB8ratiibOthRke MREY, 180 that
the critical water interferes wth the fuel spray. For exanple, in
FIGI|(A) ,wehtd koekWni.njection nozzle 16 is provided in the center part of

t he conbustign chnber 20 formed in the upper part of the cylinder, and

t he sub- orfﬁﬁber;r%Y}?gca?fmaPE? i hP&dt i dRIFCEADs P ZFEL prboi deddso t hat

the sub- or Sifpersr ¥t Bt . boi deads
contor &1 dEo oL BRE TS PRaRE TR Tk RASYe Fr oMb iRlel M8 5e 0

provi ded denetisy rfeamnogachmdhbege hesaase dhey carierdrobgt eHeSedead chhng t he
inlet and exhaust vale 17, 18, so it is required that the injection
vel ocity of the- copnkgpaftcmal cdiowmtin thkesdraeingamined that the sub- or

super-critical ter in'ected.fronlthe i njection nozzles 21 inteffere with
t he fuel sp%ﬁ?u n PR ?ﬁﬁﬁﬁ+%ﬁpa water‘injection nozzle or nozzles

21 are provided in the upper part of the combustion chamber
20. The opening/closing of the nozzle or nozzles 21 may be
done by means of timing gears and cams driven by the rotation
of the crankshaft as is the case with the inlet/exhaust valve
or may be done by the medium of a controller 22 (see FIG.2)
which control the injection timing by detecting the pressure
and temperature in the cylinder and the rotation angle of the
crankshaft.

It is suitable to select the timing of sub- or super-
critical water injection, the location of the critical water
injection nozzle 21, and the diameter and direction of the
injéction hole thereof so that the injected fuel contacts with
the particles of the critical water expanded in the combustion
chamber, in other word, so that the critical water interferes
with the fuel spray.

For example, in FIG.1(A), 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 sub- or super-
critical water injection nozzles 21 are provided so that the

injection hole or holes thereof incline and direct toward the
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chanmber. Specifically, it is suitable to increase the injection velocity
wth snall dianmeter of injection hole or holes, that is, to increase the

i njection pressure of critical water. In FIG 1(B), the critical water
injection.nozzle 21 and fuel injection nozzle 16 are located in the center
part of the conmbustion chanber 20 adjacent to each other, the distance
between themis small, so the sub- or super-critical water injected from
the injection nozzle 21 interferes sufficiently wth the fuel spray

i nj ected tcahoetrheidenbust ithe eladbeler20. FIG 2 is an enbodi nent of the
systemin which the engine 1 is equipped with devices for injecting
critical watlt thisncege ekbadipiettionimezzles Peaggpprpuddesd pemetari zed
to 18 MPa hi gher . .pref er abl 2 MPa oy higher, then heat to,250 'C or
i gner . pF PRIy iR -GhEERRRE e 57 <ol o a8 sandifuitE Thekrft

heat er 30ah8 d¥wyhseddie addi 180N.5d ti t $s W& A @ HaE PhesSh é&eibhe water
to 35 MPa or lower, for pressurizing to unnecessarily high pressure causes
i ncrease wélpowty dDsUbress EupE M mit Bral Water §senbddicrentineidchehaeat er 30
i n which hggh tenperature steamflows is provided in the heat exchanger 9

pr, cal .
to heat thBS FRerck Sy@Stec M tifaheadbatadsd egieds ferm hiae ehigyi pet 3on

rovever, n$helekng i Bhestrad AUAl hedle i s Ola P URLTERL | ddiRl VBEST 21
| ncreases, the eat enerqgy o t he exhaust gas 1 n eases, erefore sub- or
super - cri thambevat espsByfheageneraied fy shAaabie the WahgkegBLY biet he

exhaust gas. .Said controller 22 controls the injection quantity of fuel,
sub- or sipgectipni valowdter wishdswadlidjeoeten oFnimjeotiohehodaberor
qu)erzj gr ! ﬁ(la.lc.gls,w:aﬁae{ isse Egaitnc:[rheeaseexgﬁgsir?jjéct[_férll %r%ss&rheeogagéfyﬂggft put s
water.
In FIG.1(B), the critical water injection nozzle 21 and
fuel injection nozzle 16 are located in the center part of
the combustion chamber 20 adjacent to each other, the distance
between them is small, so the sub- or super-critical water
injected from the injection nozzle 21 interferes sufficiently
with the fuel spray injected into the combustion chamber 20.
FIG.2 is an embodiment of the system in which the engine
1 is equipped with devices for injecting critical water.
In the embodiment, water 2 to be supplied is pressurized
to 18 MPa or higher, preferably 22 MPa or higher, then heated
to 250 C or higher, preferably 374 C or higher by a heat
exchanger 9 in which a heater 30 is provided in addition.
It is preferable to pressurize the water to 35 MPa or lower,
for pressurizing to unnecessarily high pressure causes
increase of power for pressurizing water.
In this embodiment, the heater 30 in which high temperature
steam flows is provided in the heat exchanger 9 to heat the

water together with the exhaust gas 4 of the engine 1. However,

when the injection quantity of sub- or super-critical water
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FIG 4 shows a schematic configuration of a f irst enbodi nent of the
system (f eedback-conpound system according to the present invention. In
FIG 4, the exhaust gas f lowing out f rom an exhaust collector 102 of a
reciprocating internal conbustion engine 101 is introduced to the turbine
104 of a turbocharger 103. The exhaust gas f |lowing out fromthe turbine
104 is then introduced to a heat exchanger 106. The water pressurized to
18 MPa or higher by the water punp Pis fed to the heat exchanger 106, and
t he pressincredsweatertlies hbeat edetrlgyough tieat erkahangeyad t intheasybaust gas
fromthe turbine 104 to be nmade into sub- or super-critical water to be

i nj ect ed FResefrREecypubrder SURSHe Gdiiralonatanenayrbpreesarated by t he

conpr esso onnected with . the turbine 104.is cool ed by passing through
an air coé é}%n%ojf%éana'% ' Sdlice anbet‘ﬁ’éhﬁk}fs‘ﬁngé‘rs'of t he engi ne 101.

Reference niggfdlkoht@danrat 25 cABedl 1@ nk0i Rl ¥anyPynt hey angiae, 101

such as generator, propeller, etc. The end exhaust gas after heat exchange
with the saberor mupss teadit ecaharger, 306 theril paseiton a ininqiofospbere. In

t he end exhﬁust gas is contained the water supplied by the punp P in the
state of SPRe QAMMRhDEFhtlfelafdtpr 3@ e thitthe efCasifd adxhaasiogas. The

controlle 2 )3 S ut: ety ar f turbine nozzles (not shown in the
E?gt F;QQlH%EL r?téﬁ%daj: ifh ?g

drawi ng) o e turbi to adju 2 the expansion ratio in the turbine

and the presEls o eholizea sediatsiuppbhed gu altiohedta exekanamod Dhent
control li ng the tenperature and pressure of said sub- or super-critical
wat er t oofh&heargstem ebeedback-campadnd @ystenheatonctiog eéxpl bheed

with reference to, FIG 2, Her eration of f eedbac k- conpound cycle
accor di ngpr?ﬁef‘??e”b‘fee%reﬁ?ni nsre‘hwgn%p' e srhaynaeaed L e d 2udhbhema

an exhaust collector 102 of a reciprocating internal
combustion engine 101 is introduced to the turbine 104 of a
turbocharger 103. The exhaust gas flowing out from the
turbine 104 is then introduced to a heat exchanger 106. The
water pressurized to 18 MPa orlhigher by the water pump P is
fed to the heat exchanger 106, and the pressurized water is
heated through heat exchange with the exhaust gas from the
turbine 104 to be made into sub- or super-critical water to
be injected into the cylinder of the engine 101.

The air pressurized by the compressor 105 connected with
the turbine 104 is cooled by passing through an air cooler
107 and introduced into the cylinder of the engine 101.
Reference numeral 110 denotes a machine to be driven by the
engine 101 such as generator, propeller, etc. The end exhaust
gas after heat exchange with the water in the heat exchanger
106 is released to the atmosphere. In the end exhaust gas is
contained the water supplied by the pump P in the state of
the same temperature and pressure with the end exhaust gas.

The controller 22 adjusts the outlet area of turbine

nozzles (not shown in the drawing) of the turbine 104 to adjust
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p-v di agram of diesel engine, FIG 15 shows a T-s diagramfor expl aining

t he feegdbac k- conpound cycle. Both diagrans show idealized cycle diagrans
for the convenience of explanation. In FIG 14, the pressure of the air in
the cylinder rises fromA to B by adiabatic conpression, expands to C
under constant pressure while receiving the conbustion heat Q of

injected fuel, the pressure falls fromC to D by adiabatic expansion, and
t he conbustion gas is exhausted out of the cylinder to rel ease the exhaust
heat 2, thel éxpshsabn rratibntimodheed ulbimg dhd e phessxhaust ené
suction stroke is aqmtted in the drawi ng. Area B1BCDAALB, is the expansion
work the WRFRFng§uPPdii@d xekhedhert: rrx raRgRr APBa RINEARIHLNSG the

Che i1 SrINgES e T p i T e cht B oHE DL E S € 15, Che

t he dlffere u%meen ofﬁ area

cycl e of fcb@h@réﬁgé@iﬁt&%ﬁﬁé?@r’emﬁa&ﬁtl@rﬁgfbadﬂe ﬁﬁﬁlﬁt‘f‘on%x&laﬁé@ bot h
di agrams corresponds with that of FIG 14 respectively. I'n FI'G 15, area

EABCDEF mltherefecenaedtbea‘rlm area EADFE is the rel eased heat 2, and
area ABCD is the indicated output expressed in thermal unit. For

conveni ence Hefig, thife OBFaE ifbh @ Thyf aedb ag iy CUIP QU ICYF 1€ i 3FOr kRS
i nj ected tehég,grggghed%vsn@l% MAIE b LG RS M L4 Shads 6P Ot o

in the right si separately in I epr €se

cycl e done-wydidwgramrdd g dsdlicthgiews,! dicna 3 kbocsiba BrsSdPLGrani tdeal
water. As a matter of course, the sub- or super-critical water perforns
the cycl eebe@b{lhég the thEh@O@ﬁ:k apdppuad ascd;grxpolﬁmdhm&qlr@nﬂsmcm after

is inje | i nder . only for the s expedi ency to

expl ai n L FRAG Yoo BlediAts S kherCetveRiancs,&f exnlandi Gonpound

cycle that thergyche dene lf%:etéﬂé‘?nsém)f the air in the cylinder rises
from A to B by adiabatic compression, expands to C under
constant pressure while receiving the combustion heat Q, of
injected fuel, the pressure falls from C to D by adiabatic
expansion, and the combustion gas is exhausted out of the
cylinder to release the exhaust heat Q,, and fresh air is
introduced during D to A. The exhaust and suction stroke is
omitted in the drawing.

Area B,BCDAAB, is the expansion work the working fluid
exerted on the piston, area B1BAAl1Bl is the compression work
the piston exerted on the working fluid, and area ABCDA, the
difference between both areas, is the indicated output.

In FIG.15, the cycle of FIG.1l4 is represented in a T-s
diagram, mark A, B, C, D in both diagrams corresponds with
that of FIG.14 respectively. In FIG.15, area EABCDEF is the
received heat Q,, area EADFE is the released heat Q,, and area
ABCD is the indicated output expressed in thermal unit. For
convenience sake, the cycle done by the sub- or super-critical
water injected into the cylinder and contained in the working

fluid is depicted in the right side separately in FIG.15, and
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or super-critical water is depicted separately. In the lower right in

FIG 15 |s depicted the saturated liquid line and saturated vapor |ine of
water, the scale of the abscissa indicating specific entropy of water is
arbitrarily determined and irrelevant to that for the cycle ABCD. Mark K
indicate critical point, nanely 373. 19C and 22.1 MPa. In the case of the
series conbi ned system of a reciprocating internal conbustion engi ne of
FIG 11, a part of the heat @ released fromthe cylinder is utilized in
t he turbi AeBtC4Dof rephesentboctles geycle3, damel e tkeriwdinghpatianer gy of
the exhaust gas fromthe turbine 104 is used to generate super-heated

st eam R4 PXEMUSHANG & SR 2o R SUREKT L Ehedlighat®e . ahd ®R3mather of

-h R4 n_ the turbi fall .int t to R51
Then condsagzs rn PResEhnaanearbek el iga L ek Brefier soRns"TRE Eyfie °

R, - R2- R3- BdgeRheRlwi shach&anki ardpid asT. S[}S‘@ﬁkd%ﬁl AN ildgrturbine is
area R RZR3R4R5R,. The tenperature at R4 'Slower than that at D which is

t he tenpei&t useinjechedciyhtadehe esxhbhimdegas]t bisx audey tfloer thenseakat ofe at R4
is the tenperature of the steamreached by heat exchange with the exhaust
gas from PRBeEIFRCYetAfKRIAR therehterk afekpersithr erotuReE-exhhiselgas

f th ' L.gly | hap _th t f th
cylinder Skatet "o gaconaREr ey o s 8 Ehek, She) CFadF HEDR B SRh PER-and

burned torraupertiot ity afdter of s tdep steam geparatadyi.n the heat
exchanger, but the inlet steamtenperature of a steamturbine is-generally
limted to adbuth@2bowest riigdtiestn TIGthe &asdepfictties ftheedpatkratedpound

gencrat cct ByotAohBe 2B PRESERkeHINRPRENARE BEMBFSFor bhAcscals of™ T 1T

the abscissa indicating specific entropy of water is
arbitrarily determined and irrelevant to that for the cycle
ABCD. Mark K indicate critical point, namely 373.1°C and 22.1
MPa.

In the case of the series combined system of a reciprocating
internal combustion engine of FIG.1ll, a part of the heat Q,
released from the cylinder is utilized in the turbine 104 of
the turbocharger 103, and the remaining heat energy of the
exhaust gas from the turbine 104 is used to generate
super-heated steam R, from saturated water R, passing through
R, and R;, the super-heated steam R, expands in the turbine
to fall in temperature toR,, then condensed in the condenser
117 to be returned to R,. The cycle R,~R,-R,-R,~ R,-R, is a
Rankine cycle. The work obtained by the turbine is area
R;R,R;RR,R,. The temperature at R, is lower than that at Dwhich
is the temperature of the cylinder exhaust gas, because the
temperature at R, is the temperature of the steam reached by
heat exchange with the exhaust gas from the turbine and lower
than the temperature of the exhaust gas from the turbine and

accordingly lower than the temperature of the cylinder exhaust
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exhaust gas and injected into the cylinder. The sub- or super-critical
water mxes with the working fluid in the cylinder and participates in the
di esel cycle. .For exanple, if critical water is injected into the
cylinder, .its state changes from point K passing through point H of which
the tenperature is the sane as that of point ¢, and point J of which the
tenperature is the sanme as that of point DD From point J, it is exhausted
out of the cylinder and passes through the exhaust corrector, turbocharger
in the cagesof Thebefocharagadienghat, faal mweabeexshppddred anbebuehedsed to
the atnosphere. In the cycle, the water supplied to the heat exchanger
recei ves heaF2iffi EhecteBhesprEHrR, REMPBNRECaRdICREEBLSEs iReihe| REREat ed by

area N, R h e, . h of the critical water ipjected into
the cyli n%%#hlgl{' PF}ﬁg%SE%hee%ég t% tvv(si}e’%g?o?erﬁﬁgr%%blf et d S&SQm&éﬁ%MeThese
areas i ndisagenkha1hgat ipArddito MBSSut agwlo reahth@dlgndst obt ai ned by

mul tiplying the mass of working fluid. (as the scale of entropy is not the
sane i n bot HErcddes afsaiaf fukel fepdbasclambmpoundasysbémracygokrding £6G 15,
t hose areg can not be conpar.ed sigBIy as the heat per, unit mass.) The heat

energy thBScRITRRA® exXRYGI 14y | S§UPRe JumSEPSH & BADFE. a@ t o RERLINNL.
Exhaust 038n024kBA DO end%Rla Olaf RHY BYRGNRRY! oxfblR BaRAOE Lhrhiths heat

IS consu I n the exhaust turbine S supplie 0 e heat exchanger.
The di strekhauen efast liisd ingeessadioyd ntes exbavakrheatrHed ddie- exhaust
turbine and heat exchanger is determi ned by design specification

accor di ngsuperherisésads wakenynivas vitbarthse werkirad Bpidrelansther

dj usting_the t t t.the exit of the exh f th
CUl bochar GEr ST TL A GHUEE B REe i eBecnBrRbdeYodPem PR FPEELR o

if critical water is injected into the cylinder, its state
changes from point K passing through point H of which the
temperature is the same as that of point ¢, and point J of
which the temperature is the same as that of point D. From
point J, it is exhausted out of the cylinder and passes through
the exhaust corrector, turbocharger in the case of turbo-
charged engine, and heat exchanger to be released to the
atmosphere. In the cycle, the water supplied to the heat
exchanger receives heat indicated by area N,R,MKHJNN, and
releases heat indicated by area N,RMLJNN,. Therefore, the
heat of the critical water injected into the cylinder utilized
to exert work for the engine is area MKHJLM.

These areas indicate the heat per unit mass, and real heat
is obtained by multiplying the mass of working fluid. (as the
scale of entropy is not the same in both cases of air/fuel
cycle and critical water cycle in FIG.15, those area can not
be compared simply as the heat per unit mass.) The heat energy
the cylinder exhaust has is the sum of area EADFE and
N,R,MLJNN,. Exhaust gas having this heat or remaining heat

after a part of this heat is consumed in the exhaust turbine
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at point R4 is far |lower than that of the maxinum pressure C, or Hin the
cyl.inder and the tenperature is |ower than that of the turbine exhaust gas
as nentioned before; and even if the turbi ne exhaust gas reheated by

burning additional fuel, the inlet steamtenperature of the steam turbine
can not be raised as high as that in the cylinder of the diesel engine in
poirnt of view of heat resistance of turbine blade material; so the work

obt ai ned from Ranki ne cycle of the steamturbine is snaller than that
obt ai ned iscmpkiedjtectthe hebt ekchanpelr-.cr Thiecalswati Butapar akitgisn the

di esel cycle together wth air and fuel as can be recognized in FIG 15. As
the spectPFEeReaf FYLLBABE skbamsits hepdl It&r thaaeahritsbftegmnetand gas,

the steamip,.th ing flyid he ef fect of _.i i ng. ¢ her mal
oi 11 ol oncy oF (RCRyep8? Y GolRRsh el B, ot | GRATHAFHI 3 second

enbodi rerdc@brébigf teedhacukescorpeuBd suHed] G UL Mk I fl e PrEFeENt
i nvention. The different point from FI is that a part of” the cyllnder

exhaust gegan$ feimgdiustongt blee dxdmpestatwod ladctbe €02t tof bheiewhanghiced to
t he exhaust tuyurbine 104, is bypassed to the heat exchanger 106 by way of a
bypass piJR° 150 eHlPppBEPRFPRTISHypass control val ve 120a. The

t enper at ur e 7of e SUhs elzeriti r r at b t he heat
exchanger 1&% (1::211% be conﬁ oﬁ%}bgdé%{:/{%%j %@P%ﬁgghg%%%%g‘ypg@se éyn%eusn%u’f%rough
t he bypasst pppenfl2R, hys nansl ®fet hehagsodheel ber tA2. mAlxifeughp ddiasuird vi ng
power of the exhaust turbine is influenced by the bypass anount, the
control | i%vg°% § baddierElhpdad andi the tienpeqatision s ApWeri phanhdathaust

turbine b i.ng..t ur b | . Th |ler 22 in FIG5 adjust
Lhe bypadit Stebaiannd REREYREAaP BRninel aeobheRazRe ofnd BYPASE control

val ve the turbine exhaust gas reheated by burning additional fuel,
the inlet steam temperature of the steam turbine can not be
raised as high as that in the cylinder of the diesel engine
in point of view of heat resistance of turbine blade material;
so the work obtained from Rankine cycle of the steam turbine
is smaller than that obtained from the injected sub- or
super-critical water operating in the diesel cycle together
with air and fuel as can be recognized in FIG.15. As the
specific heat ratio of steamis smaller than that of combustion
gas, the steam in the working fluid has the effect of
increasing thermal efficiency of the cycle.

FIG.5 shows a schematic configuration of a second
embodiment of the feedback-compound system according to the
present invention. The different point from FIG.4 is that
a part of the cylinder exhaust gas flowing out of the exhaust
collector 102 to be introduced to the exhaust turbine 104,
is bypassed to the heat exchanger 106 by way of a bypass pipe
120 equipped with a bypass control valve 120a. The
temperature of the sub- or super-critical water generated by

the heat exchanger 106 can be controlled by adjusting the
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120a attached to the bypass pipe 120 to control the tenperature and
pressurg of said sub- or super-critical water to the range cited before in
addition to the function explained before wth reference to FIG2. FIG 6
shows a schematic conf iguration of a third enbodi nent of the system

(f eedback- conpound system according to the present invention. The
different point fromFIGA is that a part of the cylinder exhaust gas
flow ng out of the exhaust <collector 102 to be introduced to the exhaust

t ur bi ne 1®4pasiss amurod uclero igh anhiengpandepigairit Meot0deahs whi ¢hea
generator 111 is connected, and the bypass anmount is controlled by

control | i REPHFO IGatdon Jpdrwght hhe drdepasdanvenref neheoszhaust hi s

system cyl.i r hayst i th high energy_is bt aj ned nd.the amount
of the ené&ﬁ?gﬁﬁyqéegﬁggggg%F%%%y ﬁ§§e8¥8?§gt8ﬁaPP3e ?hg 88HSF8§;6Pgbf t he
t ur bochar ger pokBiblbabycaggust ipdy thef e&gan%&ildnn%rti% haushed@8Rhhist _
introduced to the independent turbine 104a to which the generator 111, s
connect ed tugbdsobly tdh@rexdoes st eneiny. nFhelexbaest. gas fromthe

i ndependent turbine is ;gtrg%uqed to the heat exchanger 106 for generating
sub- or supetBerfeREEPlharer? t8gdiifer AT EXhhEPagasanpERtt RE

exhaust t i e charger . El Ge7_S mati ¢
configura??gneggggd%gu??hgkgﬁbggfngﬁim%%nfhgks?sggﬁgf% §§E§58 -Vgéxﬁound
systen) ateomditigached thetheesgiiss pypati o tolbentidi emrnterpbphtiizam FI GA

is that a part of the sub- or super-critical water generated in the heat
exchanger aRdeRresswye £fs 64 idosehe ax huper -conilsiimal weser| o tthe sgagem it

s a fundarpatal, el noi ple ba;keen (NG U £QTONSL] o0, LTREEALU e the
with reference to FIG.2.

FIG.6 shows a schematic configuration of a third embodiment
of the system(feedback-compound system) according to the
present invention. The different point from FIG.4 is that
a part of the cylinder exhaust gas flowing out of the exhaust
collector 102 to be introduced to the exhaust turbine 104,
is introduced to an independent turbine 104a to which a
generator 111 is connected, and the bypass amount is
controlled by controlling the rotation speed of the
independent turbine 104a.

In this system, cylinder exhaust gas with high energy is
obtained, and the amount of the energy may be larger than
necessary to drive the compressor of the turbocharger. 1In
that case, a part of the cylinder exhaust gas is introduced
to the independent turbine 104a to which the generator 111,
is connected to absorb the excess energy. The exhaust gas
from the independent turbine is introduced to the heat
exchanger 106 for generating sub- or super-critical water
together with the exhaust gas from the exhaust turbine of the

turbocharger.
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conventional engine, and al so the maxi mnum conbusti on pressure mnust be
limted,to a certain value in accordance with the type or use of the

engi ne. Therefore, there is proper anount of sub- or super-critical water
to be injected depending on engines. The larger the injection anmount of
sub- or super-critical water, the larger the decrease in conbustion
tenperature. So, the additional fuel to keep the sane conbustion
tenperature as that of the conventional engine increases, which increases
t he maxi mum prEGsUr eshde maxisuhemgyiesswonfisyutatied tof a aerfbairthval ue

I n accordance with engines, so thereis alimt to the injection anmount of

sub- or sGpErImMantaf WRe ¥ sictifsaiPack ermpernd sy strms pecemdiag i nder

exhaust g | ' n s .obtaine nd suyb- or, super-critjcal water
may be ge%z)r gb%gpp%%gpgefﬁgé{]{:é%hang%? %%P%?%Et%%hnﬁeﬂé’g%ﬂ E?Itrﬁ‘* fiecti ng
into thetpultd Adpart! OEtERE AP 01 sRPlly R it SUlra tir &R ratdd tiincal

wat er i s bypassed to the exhaust turbine 104 by way of bypass pipe 121
equi pped Wwhieh hgaly passhagwr ol 0val ve HPdassedntor ehai egdaasbuntirbd nienj ect ed
into the ﬁ Iindgr. hn this case, jf it_is necessary to adjust the increase
of the ou ﬁdt‘ P LRE SYRAEEY tifr bihe dundaremea nPF bBGEPILEN tor kere
bypassed b- | P ol 44 & adj us t _LS si bl

adj usti ngtt%%emea%[)lanm %O%%ﬂol%&/ %aﬁélr%%gfﬁrg#ﬁegg}égz g 5’?’%2 038%'?%%
control | ecodeint ildaVeagtiheg! $nd R4 sapenk ngh i mih e onPyiRasSiorr pRbkalrwal ve
121a attached to the bygass pipe 121 to control the rotation speed of the
exhaust t BpSitnke ot terd doneregr Eabn tvaips anurecandapeessiitle tdfe sxpd sub-

-critical, yater to th i ted _pefore in addition to th
Function BEpPAFnGd WehCPFRFench COCEPER, ENG: oo enBrers senaNat: f

configurakugn fr ashpétbceiPPEhTeRfater to be injected depending on
engines. The larger the injection amount of sub- or
super-critical water, the larger the decrease in combustion
temperature. So, the additional fuel to keep the same
combustion temperature as that of the conventional engine
increases, which increases the maximum pressure. The maximum
pressure is limited to a certain value in accordance with
engines, so there is a limit to the injection amount of sub-
or super-critical water according to engines.

In the system, cylinder exhaust gas with high energy is
obtained, and sub- or super-critical water may be generated
in the heat exchanger 106 more than needed for injecting into
the cylinder. 1In that case, a part of the sub- or super-
critical water is bypassed to the exhaust turbine 104 by way
of bypass pipe 121 equipped with a bypass control valve 121a,
and required amount is injected into the cylinder. In this
case, if it is necessary to adjust the increase of the output
of the exhaust turbine due to the introduction of the bypassed
sub- or super-critical water, the adjustment is possible by

adjusting the expansion ratio by changing turbine nozzle area.
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of the system (f eedbac k- conmpound system according to the present
invention. This enbodinment is different fromthat of FIG 6 in a point
that a part of the sub- or super-critical water generated in the heat
exchanger .106, is bypassed to the to the exhaust collector 102 by way of a
bypass pipe 123 equipped with a control valve 123a and then introduced to
t he exhaust turbine 104. The reason to introduce a part of the sub- or
super-critical water to the exhaust turbine is the sane as that in FIG 7,
and expl anatlten ¢enorvlled. 2Zhdn @&I@ s dl ¢ent2815ntheGopatnnig b6 the
openi ng of the bypass control valve 123a attached to the bypass pipe 123
to controPYPRFE FoRhEPénvapeedl dta tHetasdredsto ttheby@apspigecdhirod t he

ci 100 bel By ECPRLGHE: F et FhenEht: pBn CHADRARNT C WiTETef chBhcelBo o

cited before rn addition

FIG 6. Fl&nBrshowshd sedipedtacusonfdour @i ofe a 0¥ Xthignbgdboeng, of the
system (f eedbac k- conpound system according to the present invention.
In this eswpdinenttigademartsirotd [the irsngsommidmddd o tdel exdaddist ionr bi ne

103 in FIG 7,, and to the exhaust col]ector 102 are supplied fuel and a
part of th@ tESngP8§§é8naPﬁHMﬁ%ﬂ?qw¥¥ﬁﬂqﬁ%§%%%“Fﬁ Fﬂegggnﬂressor 105 to

be supplied t i Y Pl P 26, ipped..wth a
bypass cont rE:)]fb .VQ;FES%%GQ&%%%‘%&%% §5§¥’83§§ﬁ%ﬁ‘ ?ﬁjea gbggghegﬁ% dlcﬁ(()%l]l;ltector
102 cont aphsthel aFPeaw(téadbatkatbmpolindC it Ee) f aecbbaiagnustiwg in the

cylinder, additional fuel injected into the exhaust collector 102 can be
burnt t hePeepentAsngepgdont. t Bbisenpbraimeatofis 106 fberant feemftivakng into
|2 i ner oathd o vl PROGeHRPEr Do 4% b6 EPT &% YRS ToHpiebor 105,
Supply ofy@cPardedrd f€d GAHMRH@SAEIt exchanger 106, is bypassed to the

to the exhaust collector 102 by way of a bypass pipe 123

equipped with a control valve 123a and then introduced to

the exhaust turbine 104. The reason to introduce a part of

the sub- or super-critical water to the exhaust turbine is

the same as that in FIG.7, and explanation is omitted. The

controller 22 in FIG.8 controls the opening of the bypass

control valve 123a attached to the bypass pipe 123 to control

the rotation speed of the exhaust turbine 104 to control the

temperature and pressure of said sub- or super—-critical water

to the range cited before in addition to the function explained

with reference to FIG.6.

FIG.9 shows a schematic configuration of a sixth embodiment

of the system(feedback-compound system) according to the

present invention. In this embodiment, a generator 1llla is

connected to the exhaust turbine 103 in FIG.7, and to the

exhaust collector 102 are supplied fuel and a part of the

compressed air which is compressed in the compressor 105 to

be supplied to the engine by way of a bypass pipe 126 equipped

with a bypass control vale 126a. As the exhaust gas in the
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air is done as necessary, the flowrate of which is controlled by the
bypass control valve 126a. In the case of this enbodinent, the energy of

t he exhaust gas fromthe turbine 104 is increased due to said additional
burni ng and increased amount of sub- or super-critical water nmay be
generated in the heat exchanger 106, so a part thereof is introduced to

t he exhaust collector to allow the correct anmpbunt of sub- or

super-critical water to be injected into the cylinder. The <controller 22
in FIG9 cofiawss thiélepepirnd 0@f ddrediiywpnss lapgér pbridbwe ol23a mtieched to
t he bypass pi pe 123 and the bypass control vale 126a to control the

rotati on SHERFdtiRr thengeEPUSkHiwIMén1bae 1@y Lbpde bt 3l thopet aiurk and

pressure %;m S [ Lefyd Q th range it ed before
in addition 3[&?11[%1 nocglﬁlgngg% %%n%%ffé?ﬁ@ eéreC Ce ‘I‘—"%Gtctél

shows a saertdes o it i sy S u Pe &V @i e)ﬁmrﬁg fafov ey 5M§t§&m (f
eedba ¢ k- conpound system) according to the present invention. In the
case of trﬁfse dridui e nk 04 &rp Mrmi:eﬁr%ﬂﬁibntaqqmtﬁmlﬁ@@mmm’emmttﬁea

ener at or ovi ded and t ener at 11l1a connected to th exhaust
Porb ne 1ddinie QNS BefPaseda S dar ?hsng%?gamrtwela % ho

it 10 e oy, B 19058 R

exhaust gas bypassed fromthe exha y way O ypass
pi pe 122. dir tilbed8fie cos @ctfe sararyydepentboy daudiofewhibR s eetapdafldesi gn
I ncreases and rather cost down is achieved. Not only diesel engines but
al so gas &yi ks, bfYé’tﬁfS(ﬂ eaptred vwleveapplpeabl eln otbhe qasseaf ithdent i on,

vt BB VLY g8, SheSehad1d 08 e ol Bl 01y

injection104 is increased due to said additional burning and increased
amount of sub- or super-critical water may be generated in
the heat exchanger 106, so a part thereof is introduced to
the exhaust collector to allow the correct amount of sub- or
super-critical water to be injected into the cylinder. The
controller 22 in FIG.9 controls the opening of the bypass
control valve 123a attached to the bypass pipe 123 and the
bypass control vale 126a to control the rotation speed of the
exhaust turbine 104 to control the temperature and pressure
of said sub- or super-critical water to the range cited before
in addition to the function explained with reference to FIG.6.
FIG.10 shows a schematic configuration of a seventh
embodiment of the system(feedback-compound system) according
to the present invention. In the case of this embodiment, an
independent turbine 104a connected with a generator 111 is
provided and the generator l1lla connected to the exhaust
turbine 104 in FIG.9 is eliminated. Other than this is the
same to the case with FIG.9. The independent turbine is
supplied with the cylinder exhaust gas bypassed from the
exhaust collector 102 by way of a bypass pipe 122. 1In the
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timng of sub- or super-critical water are shown in FIG 16 - FIG 21. These
are the test result performed with a diesel engine of cylinder bore of 170
nm stroke of 180 mm rotation speed of 1500 rpm and configured as shown
in FIG 2. The influences are shown as the ratio when sub- or
super-critical water is injected to when not injected. FIG 16 shows the
output, FIG 17 shows the NOx density in the exhaust gas, FIG 18 shows the
snoke density in the exhaust gas, and FI G 19 shows the CO density in the
exhaust geaser esfpeeni vehgepehdente twrhheet ertjfer atfueedsim t b€ sddsigm
super-critical water injected into the cylinder, FIG 20 shows the out put,
and FI G 21nShedgefhanNoragbsrd ©Psh A bk reeRieYae - respectivel y rel ative

and Fi G 24"SHEAEEhe"! : EXifeit *has r espect ati ve
Broken |1 neslonhLCl S Tpa8 e s hur dIRe das Hrind® BRerBireldtdd ler

is not inpeetedpgliddi3el6 sBowitiHe r ebakisentbet Wgeaneiibayt ashdéyd£ction
tenmperature of sub- or super-critical water, inprovenment in output is
recogni zeRrhicuhpelst umediungd azigeve dise®d. land sgag - @ngines tanperat ure

range the ingre in qutput reaches 5 % or over. In FIG 17, NOx density
i's redycé%?%f?rggggrapﬁee?§§F§_W? PR range. It is thought that the
reduction i e i Bh@CHhEYSRnRUNG £ OrhBe &infiita Ofird OLHRL | 1Y et A

honobgeneous phase with super-critical water I'n tenperature range near 400
*C, and tthinhinyeofesdubti on shpartheiitdjcadt wated erpeerdtawre irs FIoy B6 about

250 'Cis due to the cooling effect of. |ocal high tenperature points or
T egi ons. - ERASP RFT e Hesledigguls maxfonmed gybtihey digrel

1
LeheCC orend SRS AN er® Wi b 1PF i) stitile BE 2o’ dn PRS0 P
speed of 1500 rpm, and configured as shown in FIG.2. The
influences are shown as the ratio when sub- or super-critical
water is injected to when not injected.

FIG.16 shows the output, FIG.17 shows the NOx density in
the exhaust gas, FIG.18 shows the smoke density in the exhaust
gas, and FIG.19 shows the CO density in the exhaust gas
respectively relative to the temperature of the sub- or
super-critical water injected into the cylinder.

FIG.20 shows the output, and FIG.21 shows the NOx density
in the exhaust gas respectively relative to the injection
timing of sub- or super-critical water into the cylinder.
Broken 1lines in these figures indicate when sub- or
super-critical water is not injected.

In FIG.16 showing relation between output and injection
temperature of sub- or super-critical water, improvement in
output is recognized in temperature range above 250 C. 1In
super-critical temperature range the increase in output
reaches 5 % or over. In FIG.1l7, NOx density is reduced all
over the tested temperature range. It is thought that the

reduction in NOx is achieved owing to the effect of formation
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In FIG 18, inprovenent in snoke density is also seen in tenperature range
above 250 - 300 OC . In FIG 19, also inprovenent is realized in
tenperature range above 250 9C. Particularly, CO density is reduced to

bel ow 20% of that when sub- or super-critical water is not injected, so it
I's recognized that conbustion efficiency is largely inproved. Up to this
poirnt relations of output and em ssions relative to the injection
tenperature of sub- or super-critical water have been shown, and only NOx
i s i nmproved bhbhogeneoukephiase e th superaturic ircarigea bér iD temp@@ a'tGre

I njection of sub- or super-critical water of above 250 9Cis required to
attain i miGFeReRT AR 00 pudndddatidie msdiiciprmbery thisownigctien

rel ation Qf t el.at | to hohestion, timng of sub- or

super-cri %eglgﬁlér\%;ﬁuer% ltghieg‘lsnacsr 3%Ié§t %sbxtﬁtdules tﬁa%?nfrﬂ%%é}g EiéeStart of
injectiono® BobalOorhighipeemplirbitiile WabehtisS 90 re 3 Pef opgwiha t op dead
center. In FIG 21, the faster the start of injection of sub- or

super - cri goegidgatiarg the yeeulbr of h& IiGwpridy enege ther NOkhes injeetéboor e,
concerning the start of.  injection of sub: or _super-critical ter, it is
pref er abl & SRS AT S P4 Fu%f' PhS VRS et + bhcpd "é\%)t%ﬁ R g Pr!?af@r\l%’rlc?r &% he top
dead cent gl 25part i Gul Nept 60" - 30" before the top dead center, that is
before fuel is injecte n the conpression stroke, when 32 placing a

prem um on ol pBIG. VAgnipptrbivegen tpriemdndlon dMXsitiyt issapesef eeabl ent hat
the start of the injection is as earlier before the top dead center as
possi bl e itRMPREatayse EapgE e, 2BPFECTS00F GFHE | RWENTIGON Theapsesent

invention.isiry)lenq_'nt.e as has been lained in the fore

effectivelggrgeaﬁ%quf%nf% 1Zed "1In égpera%ure range éﬂbégnigb‘é?d 'S
Particularly, CO density is reduced to below 20% of that when
sub- or super-critical water is not injected, so it is
recognized that combustion efficiency is largely improved.

Up to this point relations of output and emissions relative
to the injection temperature of sub- or super-critical water
have been shown, and only NOx is improved all over the tested
temperature range of 100 ~ 400 C. 1Injection of sub- or
super-critical water of above 250 C is required to attain
improvement in output, CO, and smoke.

In FIG.20 showing the relation of output relative to the
injection timing of sub- or super-critical water, the increase
of output is maximum when the start of injection of sub- or
super-critical water is 60° ~ 30° before the top dead center.
In FIG.21, the faster the start of injection of sub- or
super-critical water, the greater the improvement in NOx is.

Therefore, concerning the start of injection of sub- or
super-critical water, it is preferable that the start of the
injection is at 90° ~ 5° before the top dead center,
particularly at 60° ~ 30° before the top dead center, that is

before fuel is injected in the compression stroke, when
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following: By injecting into the cylinder sub-critical water of pressure
of ,between 18MPa and 22. 1 MPa (critical pressure) and tenperature of

bet ween 250 'C and 580 'C or super-critical water in the range of 90 *
before the top dead center and 30 * after the top dead center so that the
air excess ratio at the maximumoutput is 1 - 2.5 with increased fuel
injection, the fuel supply is allowed to be increased while keeping the
maxi mum combusti on tenperature at a conventional level (1600 - 2000 *C
resul ti ngelacimgragssdniom prt carguther iblen efuftitdinenayp rEmi asi onsSNGxgh as
NOx, snoke, etc. can be reduced due to the active reaction of the sub- or

super - cri tt d& PhafErabilgy BRatdthaisFate ofythaddriednipmy scafprat hiea
f eedback- i i b- -critical t i
Goner at ot HeEsofnEY EbETUEA AN EN S as Ohop SIBTE Thy e ratfs h€edr wni cn

the mass apelvspecific heat are increased owwng to the injection of the

sub- or super-critical water, |ight weight, conpact, and hi gh out put
conpound system can be conposed wi thout providing a steam turbine as is

t he case nyeng.i.an .es- conmbi ned system 33 CLAIMS 1. A net hod
of oper at %'Fge%fp{rgga?%g&ﬁt% nal conmbustion engine in which liquid or
gaseous fuelrhgugbedankel AOLAEALAT PHR mf UGle n tWE Q08 'Alp 15y | cohol,
etc. is burned gng tﬁe conbusti on gerlmsEI vvorins a(g a\%\gralsn%%#w (P echZi n

i ncreasedin mabe dfofempbing, | RreCt £d, effbctibrer bbi QRlsowilesd ofinprigssure  of

bet ween 18MPa and 22.1 MPa(critical pressure) and tenperature of between
250 ' C anfPbBeWirgsr super-criti cal

By injecting into the cylinder sub-critical water of
pressure of between 18MPa and 22.1 MPa(critical pressure) and
temperature of between 250 C and 580 C or super-critical
water in the range of 90° before the top dead center and 30°
after the top dead center so that the air excess ratio at the
maximum output is 1 ~ 2.5 with increased fuel injection, the
fuel supply is allowed to be increased while keeping the
maximum combustion temperature at a conventional level (1600
~ 2000 C ) resulting in increased output and thermal
efficiency;

Emissions such as NOx, smoke, etc. can be reduced due to
the active reaction of the sub- or super-critical water
injected into the cylinder; and

By composing a feedback-compound system in which sub- or
super-critical water is generated through the heat exchange
of water with the exhaust gas of which the mass and specific
heat are increased owing to the injection of the sub- or
super-critical water, 1light weight, compact, and high output
compound system can be composed without providing a steam
turbine as is the case with conventional series-combined

system.
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wat er (hereafter referred to as sub- or super-critical water) 1is injected
into the cylinder in the range of between 90' before the top dead center
and 30 0 after the top dead center so that the air excess ratio at the
maxi mumoutput is 1 - 2.5. 2. A nmethod of operating a reciprocating

i nternal conbustion engine according to claim1, wherein the start of the
infjection of said sub- or super-critical water is at the sane tinme of the
fuel injection or before in the conpression stroke. 3. A nethod of
operating a reciprocating internal GQLAIMSion engine injected with sub- or
super-critical water according to claim1l1, wherein said sub- or
super-critical water is generated by heating water through heat exchange

ith th ' - ' '
Nl or ocatf R HETndR S bpklS AN B0 edipfolBLIRY She ORRRY! cOfibfstion

super - cri éhgaheViir @hiddC0iguid ot GaBeduB SueW@ieh B d Pe thelRemgHb6epand
pressure of said sub- or super-critical water is adjusted by contro?llng
the tenpéualurkydfogrhausatyaslagasurdiceheki tetnf. tise bexnagsand the

turbocharger, and.the pressure of the ter supplied. to the ,apparatus for
pr oduci ngggﬂBg_sgrwé‘u;%’s- c"f‘?’?lf%a?sv\)df’é? g fjt_‘ﬁ%é’hod“htﬁr_%rla‘?ggﬁaﬁed

reci procahhgg 6f‘tﬁ£é‘ﬁ|i§‘i’ﬁ§!é%tﬂe‘2ﬂ AR L8ELE i R eGSR a Ml $UPre QL ure
super-critical water according to claim3, wherein the tenperature and
pressure of seétwsah- D8MBapesndri22chl Med ecrisiadluspedsburepntand! i ng

the flow rate of the exhaust gas bépassed fromthe upstreamside of the
exhaust tteBPREabarer ©f badimesn 5@ Furpidn88Po'the cquppinee-cxbtihal

he vt orva EEpRh8EeRs s s R B B8 S SR Che b <P EL PRI BERFRL ©

internal £ompy§ELeBJCRARBEthR cYliflidy AW €nQ BARRPEY Tl wedit o @S

petrol eum group fuel,
before the top dead center and 30 ° after the top dead center
so that the air excess ratio at the maximum output is 1 ~ 2.5.
2. A method of operating a reciprocating internal combustion
engine according toclaim1l, wherein the start of the injection
of said sub- or super-critical water is at the same time of
the fuel injection or before in the compression stroke.
3. A method of operating a reciprocating internal combustion
engine injected with sub- or super-critical water according
to claim 1, wherein said sub- or super-critical water is
generated by heating water through heat exchange with the
exhaust gas of the engine.
4. A method of operating a reciprocating internal combustion
engine injected with sub- or super-critical water according
to claim 3, wherein the temperature and pressure of said sub-
or super-critical water 1is adjusted by controlling the
temperature of exhaust gas at turbine exit of the exhaust
turbocharger and the pressure of the water supplied to the
apparatus for producing sub- or super-critical water.

5. A method of operating a reciprocating internal combustion
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hydr ogen, natural gas, alcohol, etc. is burned and the conbustion gas

wor ks as working fluid, wherein the system conprises:. a neans for
produci ng sub-critical water of pressure between 18MPa and 22. 1 MPa
(critical pressure) and tenperature between 250 C and 580 C or
super-critical water( hereafter referred to as sub- or super-critical
water), a neans for injecting sub- or super-critical water into the
cylinder in the range of between 90 before the top dead center and 30
after theehgpneécadjeetteer withdsabreansstpereaontitdlchilngatikee duebridijnecti on
gquantity so that .a drop in tenperature of the conbustion gas due to the
exi st encet8iCLIH® Jor HHFELIYy FRe LSRR RFUF A AHEPEESSSHFePE SakiB8brhe air

is mxed w.t - an r-chiticgal L. d [ . i,RCr ed fuel

| hi ect onSLSnBERS 2SI Wil 98 aM3EdeP pPPRNEI i (AR BRRE] | U
2.5 With rheemwf WY U] iQ: UBMes Al er6h €R80upsBRRAm Gidé ok system
of a reciprocating internal conbustion engine according to claim®,

wher ei n t kbeiegkawsbriugtbide defabe ok enseper the ivinddinerbpdre syppilaeded at

t he sanme ti with the fuel injegtion or before in the ¢onpression stroke.
35 8 A 50t ERFORPRAFEENS: 50k PHOOPREBEnAPDRonEUSEPSh CRgTAEA abEaRd ng 1o

claim®6, r ek i JiBan r LN = 0f LSU - Cy At ter is
an exhaus?hgaS?EZgﬂﬁgzt exc %ﬁg@? @%ggtigggﬂgéﬁﬁggﬁégﬁ$ﬁ%gh%§%§h§¥@turbine
of the exBauatsystehachar gek ipholdad irer iiprt@aaid INg ombiuartiadn eevyiusd Han
engine. 9. A systemof a reciprocating internal conmbustion engine

accor di ngvhachl diigudd wHegdseii drite bl stelanas i ReproleurdIreuradpgdty t he

flow rat ehg]:ir%)éré%lfStng@ﬁrgTd g}ahse, p5 %%H%?L,Ofeyg(.) is burned and the
combustion gas works as working fluid, wherein the system
comprises:

a means for producing sub-critical water of pressure
between 18MPa and 22.1 MPa (critical pressure) and temperature
between 250 C and 580 C or super-critical water( hereafter
referred to as sub- or super-critical water),

a means for injecting sub- or super-critical water into
the cylinder in the range of between 90° before the top dead
center and 30 ° after the top dead center, and

a means for controlling the fuel injection quantity so that
a drop in temperature of the combustion gas due to the
existence of sub- or super-critical water in the atmosphere
where the air is mixed with sub- or super-critical water is
prevented by increased fuel injection quantity and the excess
air ratio at the maximum output is 1 ~ 2.5 with the maximum
combustion temperature of 1600 ~ 2000 C.

7. A system of a reciprocating internal combustion engine
according to claim 6, wherein the injection of said sub- or
super-critical water is started at the same time with the fuel

injection or before in the compression stroke.
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supplied to the heat exchanger for producing the sub- or super-critical
water of said range of tenperature and pressure. 10. A systemof a

reci procating internal conbustion engine according to claim®6, wherein a
means for changing the exhaust gas tenperature at the exit of the turbine
of the exhaust turbocharger is installed instead of the nmeans to adj ust
the flowrate of exhaust gas cited in claim9. 11. A systemof a

reci procating internal conbustion engine according to claim38, wherein a
bypass pa&sayesgquepped & trhecipiypaistnadinséirng Lmeambust iprove iginé or
supplying to the heat exchanger a part of the exhaust gas before it enters
the exhaREOFEERINECFLlEB exHiRTCIMrPOERAIRRS APr DY edae by ofula-

reci procating inte : i on. i ccor di claim wherein a
econd mshe st ErERtLFRT WEteE e SnaBE by Ao f e

addi tion gpovaidd diatstiramn/ thie0 8RALuS¥ChANASIné Olbfi NEREL id¥hd ey sub- or
super-critical water generated by said second neans into the cylinder of

t he i nt ertatbeohdugeronoéngthe atrethprorattingf iogerratalon asmbergfiven 13. A
system of a reciprocating internal conbustion engine 36 according to claim
6, whereifP&Part of the sub- or super-critical water generated by said

means forsprﬂdggkﬁgm B0 Ge S éﬁiﬁ%C%FMBS& lombaisied 4y ide
exhaust side of-the engine. 14. A systemof a reciprocating internal
conbust i cicedgi heg tascralinn® ,t whaneiona obnekailnnéahz, i wherevidédetoi s
supplied to the exhaust pipe of the engine |ocated upstream said neans
for prodwdigstubheofleupeaterefienhanategasoand bhenegepgurehefefAust

pi pe. supplied to the heat exchanger for producing the sub- or
super-critical water of said range of temperature and
pressure.

10. A system of a reciprocating internal combustion engine
according to claim 6, wherein a means for changing the exhaust
gas temperature at the exit of the turbine of the exhaust
turbocharger is installed instead of the means to adjust the
flow rate of exhaust gas cited in claim 9.

11. A system of a reciprocating internal combustion engine
according to claim 8, wherein a bypass passage equipped with
a bypass adjusting means is provided for supplying to the heat
exchanger a part of the exhaust gas before it enters the
exhaust turbine of the exhaust turbocharger.

12. A system of a reciprocating internal combustion engine
according to claim 8, wherein a second means for producing
sub- or super-critical water is provided in addition to said
exhaust gas/ H,0 heat exchanger for injecting the sub- or
super-critical water generated by said second means into the
cylinder of the internal combustion engine at the start of
operation of engine.

13. A system of a reciprocating internal combustion engine
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15. A systemof a reciprocating internal conbustion engine according to
claim14, wherein fuel and a part of the air conpressed in the conpressor
of the exhaust turbo charger are supplied to the exhaust pipe of the

engi ne | ocated upstream said nmeans for producing sub- or super-critical
water to burn the fuel in the exhaust pipe. 37

according to claim 6, wherein a part of the sub- or
super-critical water generated by said means for producing
sub- or super-critical water is returned to the exhaust side
of ' the engine.

14. A system of a reciprocating internal combustion engine
according to any one of claim 6-12, wherein fuel is supplied
to the exhaust pipe of the engine located upstream said means
for producing sub- or super-critical water to be burned in
the exhaust pipe.

15. A system of a reciprocating internal combustion engine
according to claim 14, wherein fuel and a part of the air
compressed in the compressor of the exhaust turbo charger are
supplied to the exhaust pipe of the engine located upstream
said means for producing sub- or super-critical water to burn

the fuel in the exhaust pipe.
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