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HOMVOGENI ZI NG FUEL ENHANCEMENT SYSTEM 5 RELATED APPLI CATI ONS: [0001] This
appl i cat iwo 20ismmspriority and is entitled to the filiprgrast@oosiisr S.
provi si onal application Ser. No. 61/247,831 filed Cctober 1, 2009, and
entitled "Multi-Fuel Systemi and to U.S. non-provisional application Ser.
No. 12/702,252 filed February 8, 2010, afld entitled 10 "Honogeni zi ng Fuel
Enhancenent System "™ The contents of the aforenentioned applications are
i ncorporated herein by reference. | RNEIRRIBAIONN BY REFERENCE: 15[ 0002]
Applicant(s) hereby incorporate herein by reference any and all U S.
patents and U. S. patent applications cited or referred to in this

appl i cation. Specifi caHOMOBBPIZING F{HL. hEHAWCENMENTPSYSTEMEr ei n by
reference the entire contents of International patent application Ser. No.
PCT/ US2006/ 045399 fil ed on Novenber 24, 2006, and entitled "A Miulti Fuel Co
I nj ectio y | | Conmbustion and Turbi ne Engines,"” U S.

provi tgi o%ﬁ%ﬁ@ﬁ%&%ﬁggﬁﬁms Ser. 20 No. 61/055,965 filed on May 23,
2008, and Ser. No. 61/057,199 filed on May 29, 2008, both entitled

"Mul ti-Fuel Co-lnjection System and Method of Use,"” and U. S. provisional
pat ent apP0GldatThik amalicating clagmp pegrispand js| awitled tedhy {jHpgy date %8@@,- Pagdsional
entitled " i.Zi F y dj id. ]S
ander st odBPTALE 355 OF ST dnbann s SRR Bt PP g ine 4RGP CMABL Y uct Syl 6
i ncor por at.ed nappldveabnad ngpplicationeSer. ewpli VATERNE ftsd bebraayss, 20K chnblogntidled

10  “Homogenizing Fuel Enhancement System.” The contents of the aforementioned applications

are incorporated herein by reference.

INCORPORATION BY REFERENCE:

15 [0002] Applicant(s) hereby incorporate herein by reference any and all U.S. patents and U.S.
patent applications cited or referred to in this application. Specifically, Applicant(s) hereby
incorporate herein by reference the entire contents of International patent application Ser. No.
PCT/US2006/045399 filed on November 24, 2006, and entitled “A Multi Fuel Co Injection
System for Internal Combustion and Turbine Engines,” U.S. provisional patent applications Ser.

20  No. 61/055,965 filed on May 23, 2008, and Ser. No. 61/057,199 filed on May 29, 2008, both
entitled “Multi-Fuel Co-Injection System and Method of Use,” and U.S. provisional patent
application Ser. No. 61/150,704 filed on February 6, 2009, and entitled “Homogenizing Fuel
Enhancement System.” Accordingly, it is to be understood that any of the embodiments or
features disclosed in the incorporated applications or their equivalents may be substituted for or

25  employed in connection with those exemplary embodiments disclosed in the present application,

in whole or in part, without departing from the spirit or scope of the invention.

TECHNICAL FIELD:

30 [0003] Aspects of this invention relate generally to fuel systems, and more particularly to

enhanced fuel systems operating with multi-fuel mixtures.



25enpl oyed in connection with those exenplary enbodi nents di sclosed in the
present application, in whole or in part, wthout departing fromthe spirit
or scope wd 20h@4imegenti on. TECHNI CAL FI ELD: WO PCT/US2010/051167

2011/ 041705PCT/ US2010/ 051167 2 BACKGROUND ART: [0004] The followi ng art
defines the present state of this field: 5[ 0005] By way of background,
efforts over the past several decades abdund directed to various neans by
whi ch the efficiency of internal conbustion engines may be inproved or the
em ssi onBAFKERGUNDWURES reduced. Sone of these efforts have focused on

t he actual engine design, and particularly the fuel delivery, injection,
and conbustion systens and processes whil e other efforts have been

direCted&@3%J|on gﬁngwﬁ% %&Es&% §m£t§ﬂ§%¥H§§ﬁ%8 sonmehow 10 i ncrease

their co ifcienc duniformty with which they
burn and hence the power derived therefron1and/or the reduced em ssions
resultingofron1a ‘cl eaner” conbustion process. The present application is

pri mafi | YO ceBnexnynpt hagkpsoungs pisfiorts aveldhe past sayprab\dsaadss sibopnd iregtge| to

system i tvﬁﬁlm %L]%rb %ﬁwﬂ%&%ﬁﬁ%ﬁeﬂ%}ggf NRLGh %%bu‘ét’f%eén Ofes Ty B %ﬁ@é&ﬁﬁéﬂe
hoanen|2|ng SYysS n1conpone ene ts which wl |

be 15r ea(éhh%lc&tslit&rsﬁﬁlﬁ engines reduced. Some of these efforts have focused on the actual engine

design, and particularly the fuel delivery, injection, and combustion systems and processes,

while other efforts have been directed to improvements to the fuels themselves to somehow

10  increase their combustion effect or the efficiency and uniformity with which they burn and

hence the power derived therefrom and/or the reduced emissions resulting from a “cleaner”

combustion process. The present application is primarily concerned with the former category of

improvements to the fuel system itself, there being presented herein a number of new and

improved homogenizing fuel systems and system components, the benefits of which will be

15  readily apparent.

[0006] As to the prior art, in sum, all known efforts to increase the efficiency of internal
combustion engines have to date led to only marginal success at best. Most such
“improvements” have resulted in only a slight increase in actual efficiency and/or were achieved
20  using approaches that are technologically or practically not workable, as either involving fuels
that are not readily available or safely used or systems and hardware that add tremendous cost
and complexity to the engine. As an example, currently much work is being done in the art in
connection with homogeneous charge compression ignition (“HCCI”). In ideal “laboratory-
type” usage, efficiency gains on the order of thirty percent (30%) are being seen in gasoline
25  internal combustion engines using HCCI. However, due to the sensitive nature of this approach
to combustion and its requirement of precise temperature and pressure conditions (compression
ratios) in the combustion chambers for the automatic combustion reaction to be set off, under
actual road testing where an engine is subjected to various loading demands, the HCCI process
breaks down, leading not only to little to no efficiency gains but in some cases to engine failures

30  (predetonation).



[0006] As to the prior art, in sum all known efforts to increase the
efficiency of internal conbustion engines have to date |led to only narginal
success awvohesito41iest such "i nprovements” have resul t edpcm/usedig/osiis? i ght
increase in actual efficiency and/or were achi eved 20 using approaches
that are technologically or practically not workable, as either involving
fuels that are not readily available or-8afely used or systens and hardware
that add trenendous cost and conplexity to the engine. As an exanpl e,
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ef fi ci encymyustied epginchdavs wetuded fuch iﬁiat:t}orpeg @editivesonge airdntke, mghlgleéwsmn t
gasol i ne 1nt%15 Qvgtﬁrtﬁg tﬁhe(i %rﬁ?l t I 9% %e% 9 I‘dI;I sﬂgrﬁ 'E'ﬁ:%abengH@ ¥&hat f(ljlgle ac{d?tlees or

sensitive nature to CO ts requirene

precise tfelmmﬁatainlsrlﬁtraMe@rlﬁﬁasmeecmm@u@n @HﬁnlﬁéiQﬂpsroﬁ’feSfa@ﬂlohathhtOﬁ)} d Ratidt@ of
conbusti on chanbers for the automati c conbustion reaction to be set off,

under SacteasPny yadelabely legs oliretize gives iy pratiqarsypracar applegropttion methashdi ng
demands, the HCClI process breaks down, |leading not only to little to no
efficiency gains but in sonme cases to engine failures 30(predetonation).

WO 2011/ G830 5 HGist, U210 10¢ @bidd arf fuel3fractio@@ AppfdabRr gebtadlyPh Suinbet bPredsendede
efficiency and/ or veduce em ssions of internal combustian engi nes have
i ncl uded $agBIonfhoaed fracfiangne. g6 asRAFAEE J et Figo Heht angtheriey dighlleths. tfRuexageme.tor

I nteract etngg ancilﬂgllung g%f{éél %F@%‘mﬁeﬁg d!: ntd!]%cegtﬁll? ldgﬁlhl?ﬁ['& O%hﬂ%l?é]{le %Hg‘l as at

actual fde itrves o rul ations | nto
chanher |smreqnee1%1a§1ldia){?er‘sdsahgﬁ RrPMi’svlalgh @k Yow flodl eaSwmsnedll’ @petkiah.i \UeS .yPalteﬁs
effective glven the particul ar stem or inplenentation method. [0008

First, adVaSo2¢/R&SpY r%l?maﬁﬂtanﬁ?e%  FRceithHPhg oRpRAR atsiengd Aad dating toghg,

of ef er %‘a%ﬁ%ystems wherein a liquid residual fuel and a liquid distillate fuel are proportionately mixed

and delivered through mechanical metering to the engine. In terms of mixing the fuel fractions,
Hilton teaches an “orifice mixer 32,” which is generally defined in the art as an “arrangement in
15  which two or more liquids are pumped through an orifice constriction to cause turbulence and
consequent mixing action,” while Pinotti teaches passage of the fuel fractions through a
proportioning valve 5 and then on to the closed loop injection circulating system where the
mixture is maintained “in an agitated or turbulent condition through header 23 against the back
pressure of relief valve 25.” Both Pinotti and Hilton further involve residual and/or distillate
20  fuel heaters to adjust through heat the viscosity of one or more of the fuel fractions to facilitate

processing of the fuel mixtures, particularly during cold starting.

[0009] More recently, U.S. Patent No. 6,067,969 to Kemmler et al. teaches a fuel supply
system for an internal combustion engine with a fuel tank for liquid fuel, from which a fuel
25  supply line leads to a fuel injection device, and an evaporating and condensing device for low-
boiling fuel components also connected to the fuel tank. Also provided is an intermediary
condensate tank connected downstream from the evaporating and condensing device, from
which tank a condensate line leads to a control valve that regulates supply to the injection
device. A residual fuel line for the high-boiling fuel produced in the evaporating and
30  condensing device ends in an additional tank, from which a residual fuel supply line runs to a

reversing valve mounted in the fuel supply line. The reversing valve is controlled so that the



teach on-board fractioning, or separating a fuel into |ight and heavy
distillates, for exanple, or otherw se conditioning a fuel for varied use
dependi ngworrotimai@enmands of the engi ne, such as at 10 gtandszmp/ovyaesus idle
versus high RPM s, high or Iow load, or "warnmed" operation. U S. Patent

Nos. 2,758,579 to Pinotti and 2,865,345 to H lton, comonly assigned and
dating to the 1950's, teach systens wherdi-n a |iquid residual fuel and a
liquid distillate fuel are proportionately m xed and delivered through
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runs to a reversing . valve nounted in the fuel su pHy | ine. The reversing
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15 combustion engine by the fuel supply system as a function of demand, with the accumulator
being a pressure accumulator and including a pressure-generating means for pressurizing the
fuel fraction in the pressure accumulator up to the injection pressure. In a further embodiment,
the fuel and the fractions are mixed in a mixing chamber according to a performance graph
stored in a control unit depending on the operating state of the engine and the mixture is then

20  supplied to the engine in a controlled manner. Holder states in the ‘664 patent that “[a]s far as
the inventive concept is concerned it is unimportant whether the fuel fractions are present in
gaseous or liquid form,” yet it is also stated that “the fuel mixture [is injected] into the
individual combustion chambers of the internal combustion engine in the conventional manner,”
such that Holder effectively does not teach or enable injection of a liquid-gaseous fuel mixture.

25  Rather, Holder discloses a fuel system that splits a liquid fuel into at least two fractions on
board, such as a relatively high and relatively low boiling point fraction as through vacuum
evaporation, which fractions are then mixed in a manner or ratio that “is optimal for the
momentary engine operating state,” such that a dynamic or continuously variable fuel mix is
required in the invention, much like Kemmler in this respect. Holder’s primary objective

30  appears to be emissions control.



- 4 - high-boiling fuel is supplied fromthe residual fuel supply line into
the fuel supply line going to an injection device of the engine. Kemier
stat es t hao 20{wusiong shuttle valve 3 and reversing val vecéustdi0osnebe
ensured that the engine is supplied with the best possible fuel conponents
for optimum operation by selectively feeding it with fuel, i.e., original
fuel, lowboiling fuel from 5condensate-Bi-ne 15, or hi gh-octane resi dual
fuel fromresidual fuel line 22." [0010] Simlarly, U S. Patent Nos.
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taught only liquid fuel or fuel fraction co-mixtures that are then introduced to the engine’s fuel
20  injection system typically in a controlled, variable manner to adjust to the demands of the
engine while still reducing emissions, such as when cold starting and the like, without any
teaching or suggestion that a circulation loop and/or volumetric expansion device would exist
outside the fuel injection system as part of the overall fuel delivery system of the engine
wherein co-mixtures of liquid and gaseous fuels would be sufficiently mixed and maintained in
25  such a substantially homogeneous state of mixture until being delivered to the engine’s fuel

injection system for better atomization of the fuel mixture upon injection and thus more efficient

combustion.

[0013] Turning to the introduction of a fuel additive such as propane or hydrogen through the
30  air intake rather than in the fuel stream, there are known in the art a number of approaches

whereby such an additive enters the combustion chamber as part of the air flow. For example,



WO 2011/ 041705PCT/ US2010/ 051167 - 5 - [0011]] And even nore recently in
connection with fuel fractioning systens, U S. Patent Nos. 7,028,672 and

7, 055, 51iwoeoGlammset al. teach a fuel supply system forcanuscobesnal
conbusti on engi ne having two separate storage containers for liquid fuels,
both connected to a first controllable valve that is connected, via a
connecting line including a fuel punp, té-an inlet of a 5 second
control |l able val ve having two outlets in conmunication by separate fuel
l'ines wi tthsapiwial Né.Nj,@0%6ntonazk eachibs bieenhd) h@iitals 2608 HBpahiued: SM@nRetingash
of the two separate fuel lines including a fuel pressure regulator, one
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engine's fuel 20 injection systemtypically in a controlled, variable
manner t s Bp2ISMP¥tédhe demands of the engine while still reducing

em ssions, such as when cold starting and the |Iike, w thout any teaching or
suggestion that a circulation |oop and/or volumetric expansi on device woul d
exi st out[80idé¢ tlneKbreah HargneCtpphibatkysPebticadopa¥d. IR 2004/009&16, | Bdiwehches that
delivery system of the engine wherein co-m xtures of |iquid and gaseous
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introduction of a fuel additive such as prapane or-h¥drogen t hr ough t he
so as to mix the fuels supplied from the supply pipes, wherein the gas and liquid fuel mixing
pipe 15 has outlet holes and a fuel filter 17 is spaced from the mixing pipe 15 to filter off large
particles from the mixed fuel, which then passes through a mixed fuel supply pipe 19 to the

20  engine.

[0015] Clearly, in any such case where a fuel additive is introduced into the combustion
chamber by way of the air intake, or even by being injected separately from the primary liquid
fuel, more about which is said below in connection with further prior art examples, there is
25  provided no means by which the primary and secondary fuels, or liquid and gaseous fuels, are

able to sufficiently mix together prior to the injection and combustion events.

[0016] Turning now to the introduction of a fuel additive such as propane or hydrogen in the
fuel stream, specifically, U.S. Patent No. 6,845,608 to Klenk et al. teaches a method for
30  operating an internal combustion engine in which at least two different fuels are simultaneously

supplied to at least one combustion chamber of the internal combustion engine. More



30 air intake rather than in the fuel stream there are known in the art a
nunber of approaches whereby such an additive enters the conbustion chanber
as part olotbeym@iTosfl ow. For exanple, WO 2011/ 041705PCTPUBARIO0OSMED7 - 6 -
U.S. Patent No. 7,019,626 to Funk teaches systens, nethods and apparat uses
of converting an engine into a nulti-fuel engine in which sone of the
conmbust ed gasoline or diesel fuel is repllaced in the conbustion chanber by
the presence of a second fuel such as natural gas, propane, or hydrogen
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means for sufficiently mixing the additive and the base fuel prior to injection.

15 [0017] Other approaches in the art of bringing together multiple fuels as a common stream
even ahead of injection yet involve further disadvantageous features and still without providing
a desirable means to substantially homogeneously mix particularly liquid and gaseous fuels and
maintain such homogeneity prior to injection. For example, U.S. Patent No. 6,513,505 to
Watanabe et al. teaches injectors 2 that are connected to a common rail 4 via respective
20  dispensing conduits 3 and a mixture of a liquid fuel fed from a liquid fuel tank 2 and an
additional fluid fed from an additional fluid tank 9 that is then fed to the common rail 4. The
additional fluid contained in the mixture is turned to its supercritical state, and the mixture is
injected from the injectors 2 to the engine. The inlets of the dispensing conduits 3 are
positioned, with respect to the common rail 4, to open out into a liquid fuel layer which will be
25  formed in the common rail 4 when a separation of the mixture occurs. Thus, while teaching that
the fuel components, such as diesel or light oil and an additive such as water, carbon dioxide,
hydrogen, and hydrocarbon such as alcohol, methane and ethane, can even be mixed upstream
of the fuel injection system, here in a choke 12 in line ahead of the injection pump 6, Watanabe
further discloses only that the additional fluid be at all times kept in its supercritical state, which
30 is generally defined as being at a temperature and pressure above its thermodynamic critical

point, or having characteristics of both a liquid and a gas. To maintain such a supercritical state



chanber by way of the air intake, or even by being injected separately from
the primary liquid fuel, nore about which is said belowin connection with
further pwoaoiiamt7osxanpl es, there is 25 provi ded no neamrsThys20viostisét he
primary and secondary fuels, or liquid and gaseous fuels, are able to
sufficiently mx together prior to the injection and conbustion events.
[0016] Turning now to the introduction e-a fuel additive such as propane
or hydrogen in the fuel stream specifically, U S Patent No. 6,845,608 to

Kl enk et oflthe treactiasiva, veithe f0ichd9 oneiitainiidd thantepbRural “1G0erbMsH it cangilne
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"fuel fractioning” prior art discussed above. Simlarly, U S. Patent No.

6, 427 3660V t@napgriysteda Mercosere siapragyizonddgaling withithgse rfmaly adarisad phpica dgglne
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via a first valve 54. Aliquid fuel line 64 is provided for delivering
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brought into the combustion chanber 10 bz t he conpressed conmbusti bl e gas
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sufficiently m xing a I'trve an ase prior to I nj ect
“finally the two layers in the common rail 4 would disappear.” Therefore, it is clear that

Watanabe introduces relatively costly and complex features in its “fuel feeding device” in an
15  effort to maintain the additional fluid in a supercritical or liquid state, which Watanabe indicates
is necessary to achieve sufficient mixing with the primary fuel, even expressly teaching that “if
the additional fluid vaporizes before it is mixed with the liquid fuel, or before it is turned to its
supercritical state even after it is mixed with the liquid fuel, the liquid fuel and the additional
fluid cannot mix with each other uniformly.” Watanabe goes on to say that “[i]f the additional
20  fluid vaporizes, the volume thereof increases. Therefore, it is difficult to feed the additional
fluid sufficiently.” Thus, Watanabe clearly teaches that the fuel constituents must be kept in a
liquid or supercritical state essentially throughout the system while in operation using

temperature and pressure in order to adequately mix and later inject the liquid fuel mixture.

25 [0018] Similarly, and in yet another category of prior art multi-fuel systems, there is taught a
reverse approach where the gaseous fuel component such as propane becomes the primary
combustible fuel and the liquid fuel such as diesel is a secondary ignition or combustion
catalyst. For example, International Publication No. WO 2008/141390 to Martin discloses an
injection system for a high vapor pressure liquid fuel such as liquefied petroleum gas (i.e., LPG

30  or propane) that “keeps the fuel liquid at all expected operating temperatures” by use of a high

pressure pump capable of at least 2.5 MPa pressures. The fuel can be injected directly into the



15[ 0017] Ot her approaches in the art of bringing together nultiple fuels as
a common stream even ahead of injection yet involve further disadvantageous
f eat ur es wodosivashtoswi t hout provi ding a desirabl e neans tPoTasbemastical |y
honogeneously m x particularly |liquid and gaseous fuels and mai ntain such
honobgeneity prior to injection. For exanple, U S Patent No. 6,513,505 to
Wat anabe et al. teaches injectors 2 that%are connected to a conmmon rail 4
via respective 20 dispensing conduits 3 and a m xture of a liquid fuel fed
froma | icglih&’:rfo!dﬁ{to t@nikle? ndRFoRnbfagdinginenad adihibirdotiem feedmj@toradad hiseBahld
fluid tank 9 that is then fed to the common rail 4. The additional fluid
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di scloses only that the additional fluid be at all times kept inits

super cr i tiJeetlonst at e, whi ch 30is generally defined as being at a tenperature
and pressure above its thernodynamc critical point, or having
characteristics of both a liquid and a gas. To mai ntai n such a
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15 effort to maintain the additional In a supercritical 1 quid
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with the prinmary fuel, even_expressly teachin hat "jf the additional
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fuel, the [iquid fuel "and the additional fluid cannot mx wth each other

uni f dﬁ m yhe' fordt efhspeeifigaldys eqgindepedsydrowlat injectdrs ist $18]l patdid it@mabire that the liquid-
gaseous fuel mixture is adequately injected (that is, that excess vapor formation that could lead

to vapor lock is mitigated). Also like Klenk, Holder and others, Bysveen’s primary aim is again

emissions reduction rather than improved fuel efficiency.

30 [0020] Referring briefly to one further PCT patent application, analogous to Bysveen,
International Publication No. WO 2008/036999 to Fisher teaches a dual fuel system and



20 fluid vaporizes, the volunme thereof increases. Therefore, it is
difficult to feed the additional fluid sufficiently."” Thus, Witanabe
clearly twechassitvat the fuel constituents nust be kept pcms20t0@sile7 or
supercritical state essentially throughout the systemwhile in operation
using tenperature and pressure in order to adequately m x and | ater inject
the liquid fuel m xture. 25[0018] Sinmlatdy, and in yet another category of
prior art multi-fuel systens, there is taught a reverse approach where the
gaseous fa@@lmtgpwm@ﬂaqmﬁucsupd} 288 dsEIN2d fi RRACHIARSe aanpﬁﬂetraz[ayth@ esiatRhirkil & fheel
and the liquid fuel such as diesel is a secondary ignition or conbustion
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times as liquids to facilitate m xing and ot her proceSS|n of the fuel,
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The fuel and nethod &Fratlng t he englne can be enployed in a range of
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Bysveen teac at t as fuel s pressurize
I [ quef i egradess mthmdhmﬂitsbiogetdlmlaﬂ'fm gystdmieAhd "as hetheotiadr§, -Hisier d oafd dppearangpaie
or vehicle, and then "[t]he pre-m xed fuel 3 is fed into a storage vessel 4
whi ch na@ﬁ@ﬁbﬁ%”?ﬁ@e4ﬁ@heﬁH“ﬁ“ﬁF@§§UP?zed or liquid state.” In an
alternative enbodi mrent of Bysveen, "the injector 206 is arranged to receive
the two fuel conponents and to introduce them sinultaneously into the
conbust i ¢do0Lhariters, the Heioe artmychmmakieedhlpnle, indlodesevaatopt eystérhs bynevhich primarily

20  diesel engines can be converted to operate in a “dual-fuel” or “multi-fuel” mode by fractioning
the liquid fuel (Hilton, Pinotti, Kemmler, Holder, and Glenz), by adding another fuel constituent
to the fuel stream (Klenk, Yang and Watanabe) or the air intake (Funk and Bai), or by
effectively reversing the fuels and injecting a small amount of diesel into the combustion
chamber as a catalyst or, in the words of Bysveen, an “ignition initiator,” sometimes known as a

25  “pilot injection,” which ignites or combusts an alternative fuel such as natural gas, propane or
hydrogen that was introduced into the combustion chamber through the air intake or directly
into the chamber separately from or mixed under pressure with the diesel (Martin, Bysveen and
Fisher). Certainly, in any such manner, a percentage of the diesel is replaced by such alternative
fuels in the combustion event, resulting in lower exhaust emissions, especially particulate

30 matter. This may also reduce fuel costs if the alternative fuels are cheaper than diesel, though

not necessarily reducing overall fuel consumption or actually improving fuel efficiency. Some



20 two conponents are mxed in the injector imediately before injection
into [the] conbustion chanber ensuring a uniformdispersion of ignition

i nitiatorwonottmaipsessuri zed or |iquefied gas." Accordi rgis2éoesasi S no
fuel re-pressurization in Bysveen, Klenk and other such systens, whereby
only common rail rather than direct or nmechanical injection may be

enpl oyed, otherwi se there may be punp calitations, and, in the case of
Bysveen, additional hardware in 25 the form of specifically-engineered
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fuel mxture remains in a liquid state.” It follows that just as for,
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wi t hi n t kquitlibsiamosedatditagiba fwielin slis tigid Artl batorev thd natltidud , mEiteh egasvas utodthe
appear tqQ again be only concerned with em ssions reduction. [0021] Thus,
the pri ofVErHoNsyS€Mmrari zed above includes various systems by which
primarily 20 diesel engines can be converted to operate in a "dual -fuel”
or "multi-fuel"” node by fractioning the liquid fuel (Hlton, Pinotti,

Kemml er, [6kil2derRelainct @ Bmthpr ebhymaddi exgbadiokehwroff thelmdarfatl tysent of ohd peséntel
stream (Kl enk, Yang d Wat anabe) or the air intake (Funk and Bai), .or by
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"ignition initrator,"” sonet s Known as a 2 i njection,"”

i gnites diquchgastssnarn-fattmeixnati ve fuel such as natural gas, propane or
hydrogen that was introduced into the conbustion chanber through the air
intake or directly into the chanber separately fromor m xed under pressure
with the [g(bﬁ?elFifsMiﬁ 13 'Rnoﬁ}f ¥ &rE aﬁntg eshgb en, q;%fntgaéﬂq bért %a{l, a8 &iGthtion or,
manner, a percentage of the diesel Is replaced by~ such alternative fuels in
t he @onmbusmbosticaviehibjtor eghintd fugl systemoweer examales in Brf. $Pateando. €6p469&Ed yusko
particulgﬁe 30matter. This may also reduce fuel costs if the alternﬁtive
fuels ar e&ﬁé%ﬁ&ghtt ansapP g]éqo’gel% Hb%ltb ﬁppropnate proportion relative to oxygen in the space

above the liquid fuel in an aircraft or other vehicle fuel tank so as to “not support combustion in
the event of an ignition source or intrusion of another potentially explosive occurrence within
[the] tank.” Susko discloses that the nitrogen would be sourced from a pressurized tank 13 in
30  valved communication with the liquid fuel tank 11 and metered into the tank based on oxygen

content in the tank as detected by a probe of some kind. Thus, in such contexts, it is clear that



not necessarily reducing overall fuel consunption or actually inproving
fuel efficiency. Some WO 2011/ 041705PCT/ US2010/ 051167 of the nore recent
appr oachesot2o1mulitos- f uel i nj ection as hi ghlighted aboverprdougeowosfiar as to
suggest that such alternative fuels be mxed with the diesel fuel at sone
poi nt upstream prior to the injection event, but these other references
teach that diesel remains a secondary fuEl-or "ignition initiator" in a
smal| proportion relative to the alternative fuel and/or that specific 5
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20 “nitrogen-containing compound,” not nitrogen gas, selected and proportioned for its
effectiveness in preventing or removing fouling of the injectors, particularly the injector

nozzles, not for any combustion effect.

[0025] U.S. Patent No. 6,343,462 to Drnevich et al. teaches a gas turbine system in which
25  “[plower output is enhanced and NOx emissions are lowered while heat rate penalties are
minimized by adding nitrogen or a mixture of nitrogen and water vapor to the gas turbine in
conjunction with the use of low pressure steam.” Drnevich does disclose that the stationery
nitrogen source could be achieved through any air separation technology such as cryogenic
distillation, pressure swing adsorption, vacuum pressure swing adsorption, or membrane
30  technology and that the nitrogen could be high purity (less than 10 ppm oxygen) or lower purity

(less than 5% oxygen). But Drnevich emphasizes that the nitrogen is moistened by steam at a



- 12 - nitrogen is enployed in a fuel systemas a conbustion inhibitor for
safety rather than any kind of conbustion enhancer, thereby teaching away
from t he weeonfo4miosr ogen as an actual fuel additive. SeecahseoildoSiiePat ent
Application Publication No. US 2007/0151454 to Marwitz et al. entitled
"Mobile Nitrogen Ceneration Device," paragraph 0005. Marwitz generally
teaches a 5systemto separate nitrogen ftbm at nospheric air for the purpose
of injecting the inert nitrogen into a borehole to prevent ignition and

corrosi onpréldiieNgnghg Iftdn 90 GRRI @t thegs tlBMéAielTdaniety prasduly and Resupevteared to
nitrogen in any form has been incorporated into a liquid fuel itself rather
t han exi $VPFosépwptaedg¢rsinam@ist pittogen sgheremiisdwath the pricary el sishianapiuralg
agent, it _10-has.Dbe t ht a. chem . nd in.th thon.. .
ol rof"buriacis (e PAPRNAP BalnTOF RPle SRR Ral kel CHEREE MR 1 g

i nto the neétbrd that8hclamoispiized nitidged Be Migeb wiNg thd iathdaBgasHata@ibst Ngual portions
5,139,534 to Tomassen et al. and assigned to Shell Q| Cbnpanéf there is
taugh? " d3Aewiiral gps| 3hadi nifrogerr, apd thedprdansg wasen yapgr 8¥ the gxemplars empodimesg|

engi nes {St1lng.of I tyAaD f [ jon.of a .

i r ogen ROy e oL BTy OF SRR A FEREE A RLPR B eemaigyod fp
wher ei n Robkngdeffectloh @BdoMbustionGddcticl, wHikd thepdbyarettiodhs Lhe féiaerien fof akidn of
additive in a diesel fuel conprising a major proportion of a diesel oil."

Tomassen NiEREERe S stsHel thapirogen wdhe ers/ariparplisation efdaaeyish sefvesgssersially apa

t he dies I .he f 3 Al | i
(o) - Stestiaipot gl ORIABafY, ok, 62 a3t banP Bledthia bl nd Bl dthurpose
por tiion. "othdr ttharbé @hlyustido BRAGRMz&DRI oF 08 lfyelditteimgs@stchdaterttand Hucuaidgd biny e
woul d be a specific_ 20 "nitrogen-containing conpound,”™ not nitrogen gas,
sel ect ed 3PN SpROlNSNA-Teagt Vet caPiFecht takddy Pieyraverh PigolohitiPEsfoll #7§

conbusti o PLEF it ARFH 3SR RGE BBl gl BRI B AR AT ee Bba) Afler
t eaches ar @ias nikedivith tisyfatkethmi in thehicombasted.[ pl ower out put is enhanced and

NOx emi ssions are |lowered while heat rate penalties are m nimzed by addi ng
nitrogen or a mxture of nitrogen and water vapor to the gas turbine in

15 [0026] Finally, referring now to a more recent invention for use expressly in conjunction with
internal combustion engines operating on diesel or gasoline fuel, International Patent
Application No. PCT/EP2007/058668 to Bert et al., published as International Publication No.
WO 2009/024185, is directed to “on-board continuous hydrogen production via ammonia
electrolysis.” Bert discloses that the particular electrolyzer “allows on-board generation of a

20  hydrogen:nitrogen mixture to be used as [a] combustion promoter in an internal combustion
engine where the primary fuel is either ammonia or any other fossil fuel, such as methane,
gasoline and diesel.” Therefore, Bert teaches a specific hydrogen:nitrogen mixture (preferably
in the ratio of 3:1) produced on-board, such that nitrogen as an inert gas is once again not taught
as a stand-alone fuel additive, and in fact only as a byproduct of the hydrogen generation

25  process and so produced here only in conjunction with hydrogen that is known to have potential
energy and hence a combustive effect and also in connection with only adding such a

hydrogen:nitrogen mixture in the air intake, not to a liquid fuel pre-injection.

[0027] Other prior art generally relating to the field of efficiency and/or emissions

30  improvement in internal combustion engines includes the following:



conjunction wth the use of | ow pressure steam" Drnevich does discl ose
that the stationery nitrogen source could be achieved through any air

separ at i omotzeciaoioegy such as cryogenic distillation, preFasc@ossilny
adsorption, vacuum pressure swi ng adsorption, or nenbrane 30 technol ogy and
that the nitrogen could be high purity (less than 10 ppm oxygen) or | ower
purity (less than 5% oxygen). But Drnevi th- enphasi zes that the nitrogen is
noi stened by steamat a WD 2011/041705PCT/ US2010/ 051167 - 13 - pressure

rangi ng floerg] 30U 8s PatehONb N3 TRST W WieRh tédeBEs 8 alethodrandRipp&ats Fotitdizise both
super heated to avoid condensation before the noist nitrogen is then m xed
wi t h t he aphiquddyelf ans a Lgedeuadueiavith 4 myusunTelange 90 o sfandged paiptnpk apabusyias

ur 1, SHRRLCS51 0,0 80, PLATH 5055, ATERLORHE L shbf JRCBRTRL ok

por ti ons bingdD¥roRddiindles@dSe ta3endifie Ivatl s0FN at 3fgné e balyanceousatdris ¥agdiedi n
the exenplary enbodinent) in order to achieve the desired NOx reduction,

t he nPtr @gersopkusted by dhe pnpiae ngd dioh eyeaus and figaidciyslsi g seprlisd tandreonppasted
conmbust i react i . Whi h r - the formati on of oxides of
nitrogengafgq@%%kﬁ&%%ggﬁgp?%gg%gg%mfﬁg&ggg&turbine application of Drnevich
serves essentially as a water vapor carrier. Once again, then, the nitrogen
is being used in a manner and for a purpose 10 other than conbustion or

at oni zat ilBR98f WikePrigas No 4935 kgfoivas deal cidreeachana devise fjubg intgjligrat geptrol
avail ed of AvaRAINR ¢ Bilie[drafilie ¥f 4 BAGLS Yuel he ed Lﬂ% e L gY6il)
use of nitrogen in‘gas turbines 1s own, Wﬁét er |ﬁ edt ed sepdrately 't o

t he conpresalyvalvesiaig ge swhidh ipedontuisiod bf Me ehiins bupuk el meghlatihg vilvelin thbat
is then conbusted, 15[0026] Finally, referring now to a nore recent
i nvent i orgas s¥Pplg glpé)pﬁ vgeed| the Presesn jrw&tplbq;pdvﬁhf: yenturi, this valve being coupled to the

main throttle valve. By adjusting this mechanical system for providing a too rich air-fuel-
mixture under all conditions, only mirror adjustments of the mixture are necessary to provide
the engine with the correct mixture required for each load/speed condition. These requirements

15 are stored in a processor, and the latter controls the necessary corrections of the mixture by
diluting the gas flow to the main venturi with some air. To this end a small venturi is placed in
the gas pipe, the gas flow sucking the diluting air through a mixing air regulating valve, which
valve is controlled by the processor in a continuous, analogic intelligent way. Optionally an O,-
sensor placed in the exhaust gases may send feed-back signals to the processor.

20
[0030] U.S. Patent No. 5,207,204 to Kawachi et al. teaches an engine having a combustion
chamber and a fuel injection valve for directly injecting a fuel into the combustion chamber. An
assist air supplying apparatus supplies assist air to atomize the fuel injected by the fuel injection
valve. Assist air supply pressure is controlled so that a given pressure difference is secured

25  between the assist air supply pressure and pressure in the combustion chamber. The assist air,
therefore, is supplied under proper pressure for an entire period of fuel injection, to adequately

micronize the injected fuel and improve combustion efficiency.

[0031] U.S. Patent No. 5,291,869 to Bennett teaches a fuel supply system for providing
30  liquified petroleum gas (“LPG”) fuel in a liquid state to the intake manifold of an internal

combustion engine, including a fuel supply assembly and a fuel injecting mechanism. The fuel



i nternal conbustion engi nes operating on diesel or gasoline fuel,

I nternational Patent Application No. PCT/EP2007/058668 to Bert et al.,

publ i shedwe=olwtseTosat i onal Publicati on No. WO 2009/ 02418671/Uss0diosaét ed to
"on-board continuous hydrogen production via amonia electrolysis.” Bert

di scl oses that the particular electrolyzer "allows on-board generation of a
20 hydrogen:nitrogen mxture to be used Hs-[a] conbustion pronoter in an

i nternal conbustion engine where the primary fuel is either amonia or any
ot her fosgapply fabinblys iefudas a Tedl hain 8ssedBOtdnieniap bodh @@Ely. and TBRIe tiin@els Baht
teaches a specific hydrogen:nitrogen mxture (preferably in the ratio of
3:1) produdddiceimnpagehpnissyshntthad commupigerionyithrihe nenply ged ratarnaheenchyef the
not taught qa d- al-one l. il . in . . ugt
o the. y s ST SHALF R BTGB sk BftindRidh, By AP B4
conj unct ir@in a8édntbliny@d OgRRint Mhat fuk ikje@wa mecthaken. PR &Mh Alel eReodY tandudanie
a conbustive effect and also in connection with only adding such a o
hydr o§en:aajenthdyyand e tuel iaiepting mechanisny istusedto Apctivydy gool; theipeppiy el to a liquid
pre-injegtion. 20171/ PCT/ L - 14 - [0028] U.S. Patent
No. 4,37%%1%@ﬁ?3¥§%%§ %fgééﬁggnégﬁ%$ﬁ%%9§%§%ég%%?atus for utilizing both a
liquid fuel and a gaseous fuel with a m nimum change in a standard internal
conbusti on engi ne. The gaseous and liquid fuels are fed from separate fuel

suppl i es [0F32 tWS- Prswr Dp- $.080-32h8 Wsldogital orrcdigs pysteddenstering hangling angdad
so t hat I i I P N and . d he
ongi o and"BOPhE dhie e o FARSRNS, P o e o Bk APTRNEL G otleds

t he apngi ndaptsd apehalimiiganétokty oh ®ath £HqEd tticnad a[ ARk fhél SThPatkwhtioNprovides
4,953,516 to van der Wi de teaches a device for the intelligent control  of
a vent ur i-3oppel varpubtiae adloat comrollsd galsaeiddor griuring Heat ddionySEnprueBLeiedry
regul at org, & g&h&re"dot t&%%gl &, VEhY fiyk i&hﬁseé'the %é&?s%fs%dp{b% Ry otﬁ%@téx?éﬁn f

t he eng|ﬁé out put and a regu ating valve in the gas supply %|pe etween the
pressur e eiceguhiatfoel asltvetyheystaentafrthe devics tv atjuet bei agowo willegid éud kielivaly o
throttle valve. By adjusting this nmechanical systemfor providing a toqQ
rich ai r SPEH@PME (o dheiAperntael 2aserit fupbidection yIhei iIR¥ENtQA| RISYiAEHE Lagous fieel

m Xt uce e raQvi ge: i E i i

Fequi Ped PR ERATE  QuliaH ARice RS ARl diloRBREE Shy ek btteratyy, |
a pr ocesswindeandfuehélll @anhedtiondiot el gasthe fuet eThalinyeansn elsd ippexddafa htiezontal

m xture by diluting the gas flowto the main venturi with sone air. To this
end a smah§! GERYQUF Fomgrliigaﬁ,fef‘aldi iptefgpangcied prighel qamduigaand: PP ROk infgidendwo
diluting i e ' td V &V S rmifai Is -
controll esgé%?/&t Og&i%?t ggeg?s%édqignﬁﬂ ggscl:%eﬁ? ‘f’ﬂn‘:ﬁoéggfg ma?flarl egrl C i %Pe ex?é ?Jlls\g{](gnntﬁ\?va%/ .rehef
Opt i onal lcpmpart®2at denson phacedompartrhentex htustlsoggeesidomyhsendtal ee beatical

signals to the processor
g 20 interchang%able reservoirs with expansion properties filled by weight.

[0033] U.S. Patent No. 6,213,104 to Ishikiriyama teaches that the state of a liquid fuel such as
diesel fuel is made a supercritical state by raising the pressure and the temperature of the fuel
above the critical pressure and temperature. Then, the fuel is injected from the fuel injection
25  valve into the combustion chamber of the engine in the supercritical state. When the fuel in the
supercritical state is injected into the combustion chamber of the engine, it forms an extremely
fine uniform mist in the entire combustion chamber. Therefore, the combustion in the engine is

largely improved.

30 [0034] U.S. Patent No. 6,235,067 to Ahern et al. teaches a scheme for combusting a

hydrocarbon fuel to generate and extract enhanced translational energy. In the scheme,



20 [0030] U.S. Patent No. 5,207,204 to Kawachi et al. teaches an engi ne
havi ng a conbustion chanber and a fuel injection valve for directly

i nj ecti ngwe 2041708t 0 t he conbusti on chanmber. An assi st pairrussappbmisng
apparatus supplies assist air to atom ze the fuel injected by the fuel
injection valve. Assist air supply pressure is controlled so that a given
pressure difference is secured 25 betweehbthe assist air supply pressure
and pressure in the conmbustion chanber. The assist air, therefore, is

suppl i ed hyagRhrbbh TREN s PafSSi@ofe@lin@n BBkt ARI kdiomf eabh@hvind) £efamefer 1459
adequately mcronize the injected fuel and inprove conbustion efficiency.

[0031] utEn phewni.ONd. angstpans:seYl cish@ehpieta of eaftehethe anangprtisapipey they Seednis
for pr OVIiﬂ'r&Qlcg’c? 1 Itg]glcf ﬁl%gstf%%tcﬁlg}n%%fllm 43Re g: &ﬁ%ﬁ%n cha?Albérna gifolcggxlz‘lzivg e§<{;i%§teonto?
the intake manitold 6P an internar combusti on engine, including a uel

suppl y ass&ai aboansD,a0d pglant Ryigcid O itaRehAR st of N8s i@l ab¥W@ 100 nanoseconds is
2011/ 041705PCT/ US2010/ 051167 - 15 - supply assenbly includes a fuel rai

assendl y apBligdainihegiusbt M Jugippaytiienedr B seche Aaliomatiac qupdumyeqnfingment fogipns
hani Ceoin flui ! Con with I ¢
mechani S%‘n!ﬂﬁfg 0 ua#%ﬁﬂy&gﬁl%ﬂ%%f g%ﬂcﬁtg%l%n whgcrlllettra?n%Pa%gXﬁll?éq}lg{%/eﬁ?%ugﬂﬁl@%L:lsarg

the fuel rail asse I'S "'mal nt al ne
refri ger ahipificd o herabyoihg dvbRgé dadrey af kheas@shibbyalasndrgwi thédenlet¢le i higher than it

i njecting nmechanism Return fuel in both the fuel rail 5assenbly and the
fuel inj&Qulth§efeeRanrgmsizedusrrirtitiongd riaels | Gambustingl oft sich sy ppnapartiioned duel
liquid s ri .0} : | I )F[ L atg,e n'og f gb Yol
[0032] urG bl bRfongl BhgFhoBD Auplsd, GNEh YP IR Rl & ol son
storiing, beedidé oAy, thaneinglatéiadkhérgg nidie dedomb@syoroprodu@aappasiablyedontributes to
i nternal conbustion engi ne powered devi ces o ) ) )
momentum exchange with the piston. The shock wave excitation provided by the invention, as
applied to combustion of any fuel, and preferably to a nanopartitioned fuel, enhances
translational energy extraction and exchange during combustion by enhancing translational
energy mode amplification in the fuel and by enhancing transfer of an appreciable amount of
15 energy from that translational mode to the piston before the combusted fuel re-equilibrates the

translational energy into other energy modes.

[0035] U.S. Patent No. 6,584,780 to Hibino et al. teaches a system that stores densely
dissolved methane-base gas and supplies gas of a predetermined composition. A container 10
20  stores methane-base gas dissolved in hydrocarbon solvent and supplies it to means for adjusting
the composition, through which an object of regulated contents is obtained. Preferably, the
means for adjusting the composition is means for maintaining the tank in a supercritical state, or
piping 48 for extracting substances at a predetermined ratio from the gas phase 12 and liquid
phase 16 in the container.
25
[0036] U.S. Patent No. 6,761,325 to Baker et al. teaches a dual fuel injection valve that
separately and independently injects two different fuels into a combustion chamber of an
internal combustion engine. A first fuel is delivered to the injection valve at injection pressure
and a second fuel is either raised to injection pressure by an intensifier provided within the
30 injection valve, or delivered to the injection valve at injection pressure. Electronically

controlled valves control hydraulic pressure in control chambers disposed within the injection



10 adapted to run sinultaneously on both a liquid fuel and a gaseous fuel.
The invention provides a control systemhaving a float controll ed sol enoid
for ensurwogotimai7oa consi stent supply of dry gas is del ipcensdomostibe

engi ne. The invention uses the sensors and conputer of the existing

el ectronic fuel delivery systemof the device to adjust the anmount of
liquid fuel delivery to conpensate for tHe- anbunt of gaseous fuel
injection. The invention provides a gaseous fuel 15 control systemfor a
dual fuelvadeVi cEheWBiegburk Sofi e Gk dita@lc aMdd CRMREE ,contid]l \WhhgbeRr Bf enpllyd to
includes a fuel fill connection for the gaseous fuel. The invention al so
provi des iedaperdendpit atuate e hpldesr quigrr necshep thaseepngolse iy iHewiotophdea éigst fuel.
paral | el ﬁgl{‘o%'# %%thﬂ{‘tﬂe o]B{e?Lgerd’f‘éjis%P.ih&% YIRS (a0 R satﬁlé‘ﬁﬁjecﬁ%%po%rtﬁe”&@&t?d f”h@ﬁ a
pressure teller systemTor permtting expansionh I'nto a relief conpartnen
froma nmahe GeaPakiRBNbses lagaiabiSo sqit aviodRgedn@ith ZRNIMéctidAd/aker Bddsadnd the inner
20i nt erchangeabl e reservoirs with expansion properties filled by weight.

[ 0033 Unsedlpglosestagmiist scat assegated avithsthe Ritter -teaches that the state of
a liquid fuel such as diesel fuel is nmade a supercritical state by raising
the pressure and the tenperature of the fuel above the critical pressure
and tenpgo@r eJ.STiketent Abplidatieh Publitdtjoa@dy$ LOOT/0 heo7H0ed HorhigCdtiabnteachds a
val ve into the conbustion chanber of the engine in the supercritical state.
When t he frelapjeption pwstesy peir wjqctipe £f fueldnte ans tepalceipbysten cngiae derbodpdasmt
chanber e it .faf i:ne..uni ' '

antire corsia BRPlmesdnd HIPABLRHRIHAL ylilFi b A B B of Raleife fucl

| ar gaby iifjpetor ed. sedehL AkLAB4INOSRGE WP2OADEhiLh 7s codifected hy dicoswEle i PNE Hed]
i's nanopartitioned into nanonmetric fuel regions each having a dianeter |ess
t han aboudfieatonpig 28 iydvidyphcorgiRondingaicepef ore or after the
nanopartitioning, the fuel is introduced into a conbustion chanber. In the
conmbusti on chanber, a shock wave excitation of at |east about 50,000 psi
and wi t h [60B83xclUSaPateit ApEizatiorButdicati@sNot 8r2068/002906600 Fatasgmerdsl. teaches
applied to the fuel. A fuel partitioned into such nanonetric quantum

conf i neméniel BigceH< L iapn dyeRalcRARHPPSEEIAR WAFCHoHYINtGBIRdiale Ghiymbgr control

translati I |, ar 4 B ver
s R
for a mc2dH-enaedingunparpdsitioanadtchingltypcObindeusty o4lvet8)ud lan dntaanalkae thamemed
fuel provides enhanced trans| ational energy extraction by way of, e.g.,. a
reci procAfPngf PibPER" Ryt Wetldis VBN (ha Fiel PresHur 4 tBh £omEsy Gyl (Rode B high
conmbust i eci ghl tr i put (o] t -\

i ston.  TRaUROUE TuBaREGE, B, Yokt MR (P e e R ERARRaI LhiE
conbust i enntodl vatwe R0 Iwhilencheprtbé éred plegsiro imtha@nopamt tatli(dniedn & lel preanhrasicles
transl ati onal energy extractjon and exchange during conbusti on by enhanci ng
transPat if¥ ng@HthGWH%@na‘?Fp‘gF POEYET BAOPH 17 héd HaRIedt thag, Hé?maeﬁ&%#amber

transfer gf,@an.ARALELT abl e amount of

[0039] Thus, the prior art as summarized above includes various systems by which primarily
diesel engines can be converted to operate in a “dual-fuel” or “multi-fuel” mode by fractioning
25  the liquid fuel, by adding another fuel constituent to the fuel stream or the air intake, or by
effectively reversing the fuels and injecting a small amount of diesel into the combustion
chamber as a catalyst. There is also taught the use of nitrogen in various capacities in
conjunction with other primary fuels, but due to its inert nature either as a safety inerting agent,
as a non-gaseous compound additive for anti-corrosive effects, or in combination with “fuels”

30  other than nitrogen that provide mass or energy to the combustion event, such as water or



15energy fromthat translational node to the piston before the conbusted
fuel re-equilibrates the translational energy into other energy nodes.

[ 0035] U8o 2PaveintosNo. 6,584, 780 to Hi bino et al. teachestassysosmst hat
stores densely dissol ved net hane-base gas and supplies gas of a
predeterm ned conposition. A container 10 20 stores nethane-base gas

di ssol ved in hydrocarbon solvent and supf8ies it to nmeans for adjusting the
conposition, through which an object of regulated contents is obtained.

Pref er ablhydrdebe, pPRadBailpmeddl] sshi fighd-N8n€ TN OZIditi@N fdrScaBAREvE @ffect, whether
mai ntaining the tank in a supercritical state, or piping 48 for extracting
subst anc@soducedoppeardoe priphied fioat & prepyusied Hakgas phase 12 and |iqui d phase
16 in the container. 25 [0036] U. S. Patent No. 6,761,325 to Baker et al.
teaches a dual fuel injection valve that separately and independently

injects toeodi fwasent stiilugdeded Ahe has GRED Usletd@breCARBIRIDIOTS ARelatiN@y Rahple and
conbustion engine. A first fuel is delivered to the injection valve at

i nj ecfi ofoprastivye cagige fueleebapcemppat sysfers; thiarhy whish dmpsovedj décicagiepcas $ar e
by an int fie rovi de it hi h 0j.nj [ .yal r [ 0
Phe iy ocETEkd, aip8 sty bl MotBins Hebh BRG A KimePlelfiEy aliPLERA RS o
control higshribell belopr essure in control chanbers di sposed within the
injection WO 2011/041705PCT/ US2010/ 051167 - 17 -
DISCLOSURE OF INVENTION:
10

[0041] Aspects of the present invention teach certain benefits in construction and use which

give rise to the exemplary advantages described below.

[0042] By way of overview, aspects of the invention relate to a homogenizing fuel
15 enhancement system involving at least one circulation loop existing outside of the injection
system for continuously circulating and maintaining the homogeneity of a multi-fuel mixture
apart from any demands by or delivery to the engine’s injection system (whether mechanical
injection or a common rail), and at least one infusion tube configured within the at least one
circulation loop for providing a volumetric expansion wherein the fuel mixture is able to slow
20  and more sufficiently infuse and absorb, and thereby become relatively more homogeneous.
Other variations on the configuration and quantity of these two components are possible without
departing from the spirit and scope of the present invention. Further aspects of the present
invention relate to a control system for controlling, among other things, the on-board metering,
mixing and delivery of mixed fuel to the engine. Moreover, additional components may be
25  interchangeably incorporated in any such homogenizing fuel enhancement system for added or
ancillary functionality, such as an accumulator to account for pressure surges, and a fuel cooling

means.

[0043] Other features and advantages of aspects of the present invention will become apparent
30 from the following more detailed description, taken in conjunction with the accompanying

drawings, which illustrate, by way of example, the principles of aspects of the invention.



val ve. The pressure of the hydraulic fluid in these control chanbers is
enpl oyed to i ndependently actuate a holl ow outer needle that controls the
i nj ecti onwofottmaifosr st fuel. Disposed within the outer mreediseotio®san7i nner
needl e that controls the injection of the second fuel. The outer needle

cl oses against a seat associated with the injection valve body and the

i nner 5needl e cl oses agai nst a seat assotated with the outer needle.
[0037] U.S. Patent Application Publication No. US 2007/0169749 to Hoenig et
al . teaclBREIE® DESCRIPTION OPMBABIARGSE or i njection of fuel into an internal
conbustion engine that includes at |east one fuel injector and a first

fuel -distributor line which is connected to the at | east one fuel

10i nj ect cond. f -distributor |ine i rovide ich is.connect

to the: ad0plse A EDHbT i by bR b b S DT i chet
[ 0038] U.dmwiRas:ent Application Publication No. US 2008/0029066 to

Fut onagane et al. teaches a fuel injector (1) in an internal conbustion
engi né, wherein an internediate chanber control 15 valve (26) operated by
t he fuel suke jn. n. I ai i n i f fl ow passage
(25 condBbBTng G dd® sSOTRls Tab eiditnig SHLAREE L hdoletilon’ (8 Bna an

i nternedi ate chanber (20) of a booster piston (17). Wen the fuel pressure
in the conmmon rail (2) is in a high pressure side fuel region, the booster
pi st on (19946ls Bparatisd sehematicof jap plieirpidyeaxemplanpapodisien of the veatigne) |
whil e when the fuel pressure in the common rail (2) is in a |low pressure
side 20fuel region, the operation of the booster piston (17) is stopped by
t hi s 1ont ¢o0ardi afigureBarsher ertaped olde walhenatic2)an exemplary homogenizing fuel apparatus

according to aspects of the invention;
[0048] Figure 4 is a top schematic thereof;

15 [0049] Figure S is a bottom schematic thereof;
[0050] Figure 6 is a side schematic thereof in use;

[0051] Figure 7 is a schematic of a further alternative exemplary embodiment of the

20  invention;

[0052] Figure 8 is a schematic of a further alternative exemplary embodiment of the

invention;

25 [0053] Figure 9 is a schematic of a further alternative exemplary embodiment of the

invention;

[0054] Figure 10 is a schematic of a still further alternative exemplary embodiment of the
invention;

30



[0039] Thus, the prior art as summarized above includes various systens by
which primarily diesel engines can be converted to operate in a "dual -fuel™
or "mul tiwbuelr/osmmde by fractioning 25 the liquid fuel pclysaaidiosgséanot her
fuel constituent to the fuel streamor the air intake, or by effectively
reversing the fuels and injecting a snmall anmount of diesel into the
conbusti on chanber as a catal yst. There 2%- al so taught the use of nitrogen
in various capacities in conjunction with other prinmary fuels, but due to

i ts ineroosH] UrEggiet hiels asciRnBat alf)a bIEfirtHed ade@ative afendpl AGNrIBSEMABS: of the
conpound additive for anti-corrosive effects, or in conmbination with
"fuel s" 3oveptipRr t han nitrogen that provide nass or energy to the
conmbusti on event, such as water or WO 2011/041705PCT/ US2010/ 051167 - 18 -
hydrogen, but clearly never as a stand-alone fuel additive for conbustive

effect, ybeld)erripiiedicBda @cheAREE hfar stHl pittice Altthativa edngsisyr ¢rdBsliinamkof the
[ 0040] What is still needed and has been heretofore unavailable is a

rel at Pvelljvedfigiyl e and 5 cost-effective engi ne fuel enhancement system

t hrough which i nproved efficiencies can be achieved. The present invention
neets this need and provides further rel ated advantages as descri bed bel ow.
DI SCLOSURBDIF | INMENTIB@Nan dflarged side schematic of an alternative exemplary homogenizing fuel

apparatus according to aspects of the invention;

10  [0058] Figure 14 is a schematic of a still further alternative exemplary embodiment of the

invention;

[0059] Figure 15 is a schematic of a still further alternative exemplary embodiment of the
invention;

15
[0060] Figure 16 is an enlarged side schematic of a further alternative exemplary

homogenizing fuel apparatus according to aspects of the invention;

[0061] Figure 17 is a flow schematic of three of the homogenizing fuel apparatuses of Figure

20 16 installed in series;

[0062] Figure 18 is an enlarged perspective view of an exemplary flow control apparatus

according to aspects of the invention;

25 [0063] Figure 19 is a cross-sectional view of the flow control apparatus of Figure 18 taken

along line 19-19;

[0064] Figure 20 is a schematic of a still further alternative exemplary embodiment of the
invention;

30



[ 0041] Aspects of the present invention teach certain benefits in
construction and use which give rise to the exenplary advant ages descri bed
bel ow. [ 0942p11Bu1way of overview, aspects of the inventipomuseddosisd a
honogeni zi ng fuel 15 enhancenent systeminvol ving at | east one circulation
| oop exi sting outside of the injection systemfor continuously circul ating
and mai ntai ning the honogeneity of a md2i-fuel mxture apart from any
dermands by or delivery to the engine's injection system (whet her nechani cal

i nj ectiogo@ss]a meaReoN [sad kdhendifid Ata biaBSirtRnaltbmbticd exeriplhe GARddigKESE the
within the at |east one circulation |loop for providing a volunetric

expansi onhvgEpeiandt he fuel mixture is able to slow 20 and nore sufficiently
i nfuse and absorb, and thereby becone relatively nore honbgeneous. O her
variations on the configuration and quantity of these two conponents are

possi bl e [ddd)oUkigalepa? tit ng EdlFed hedes Rihehfatiandt &€ @REmPlaryt REpiNAGSBREd device
i nvention. Further aspects of the present invention relate to a control
syst ef f 6MPERITEEFAring to atRSA obtienvamiongs, the on-board metering, mixing
and delivery of mxed fuel to the engine. Mreover, additional conponents
may be 25 interchangeably incorporated in any such honogeni zi ng fuel

enhancenmaiODEFHERFARR e DT TMEINVBRYIONNCt i onal ity, such as an
accurul ator to account for pressure surges, and a fuel cooling neans.
[ 0043] O her features and advantages of aspects of the present invention

wi | b?cgﬂﬁﬁgp@\ﬁ{e %%5&1"3@& h&%vingiLg% CARES %Nﬂ‘?‘%ﬁb% Fhl%us HEoh RA | Pf%ast o%%e”

in conjunc t € acconpanyi W Nngs, rate,

exanpbe, ofi8 @eniptirpl @sbadimagpewhizh afspédie aienfigther ddfinedMA detail in the followmg
2011/ 041705PCT/ US2010/ 051167 - 19 - BRI EF DESCRI PTI ON OF DRAW NGS: [0044]
The accord§sfiptiAl drawi ngs illustrate aspects of the present invention. In
such drawi ngs: 5

[0068] The subject of this patent application is generally an improved fuel enhancement
system in various embodiments for use in connection with internal combustion engines or the
15  like that builds on the disclosures of the above-referenced applications. Thus, while the further
exemplary embodiments shown and described herein are focused on specific aspects of
particularly the fuel enhancement system components relating to the mixing, circulation, and
delivery of the multi-fuel mixture, here specifically in the context of common rail or mechanical
injection diesel engines, it will be appreciated by those skilled in the art that the present
20  invention is applicable to and may work in conjunction with a variety of engines, engine fuel
systems, and fuels now known or later developed or discovered and so is not limited to the
particular embodiments shown and described. Furthermore, it is to be understood that the word
“fuel” as used throughout the present application and the referenced prior applications
encompasses any combustible substance or any substance that aids in, enhances or otherwise
25  affects combustion in some way. Moreover, a “gaseous fuel” is to be understood as any such
“fuel” substance that is in a gaseous state at atmospheric conditions, or at atmospheric pressure
and zero degrees Celsius, such as air or propane, irrespective of the phases or states such a
gaseous fuel may move through or be in at any particular point in an engine’s fuel delivery
system, injector, or combustion chamber, generally, or in the instant improved homogenizing
30  fuel enhancement system, as will be appreciated from the more detailed explanation of aspects

of the present invention set forth further below.



[0045] Figure 1 is a schematic of an exenplary enbodi nent of the invention;
[0046] Figure 2 is a schematic of an alternative exenplary enbodi nent of

t he i nvenwdani1/ik®fo8047] Figure 3 is an enlarged side scirematseeronsiian

exenpl ary honogeni zi ng fuel apparatus according to aspects of the

I nvention; [0048] Figure 4 is a top schematic thereof; 15[0049] Figure 5 is
a bottom schematic thereof; [0050] Figuw®6 is a side schematic thereof in
use; [0051] Figure 7 is a schematic of a further alternative exenplary

enbodi menooesf t@@e?ﬁlyn\/a@ngédt@@f thO Poekknt-h@tabgerBzihg faels y3aimtinolof ad 1844k tdher
alternative exenpl ar di ment of the invention; 25[0053] Figure 9 is a
schemat | @H@lﬂlaaon dpeth @Klsang crutade w6 the dnisciery sespvdforesantisnoushe cirayleting cnd

[0054] n?a%tg n% t'h% H3nid %hﬁeqptdfca Rln2eRt hlideufe bR or GOk Sy EX TR 8l Yoo

enbodi men nven
the engine’s injection system (whether mechanical injection or a common rail or other such

5  system now known or later developed), and at least one infusion tube configured within the at
least one circulation loop for providing a volumetric expansion wherein the fuel mixture is able
to more sufficiently infuse and absorb and thereby become relatively more homogeneous. Other
variations on these two components are possible without departing from the spirit and scope of
the present invention. Further aspects of the homogenizing fuel enhancement system relate to a

10 control system for controlling, among other things, the on-board metering, mixing and delivery
of mixed fuel to the engine. Moreover, additional components may be interchangeably
incorporated in any such homogenizing fuel system for added or ancillary functionality, such as

an accumulator to account for pressure surges and a fuel cooling means.

15 [0070] Referring first to Figures 1 and 2, there are shown schematics of exemplary
embodiments of a homogenizing fuel enhancement system 20 according to aspects of the
present invention for use in conjunction with a “common rail” diesel engine, the respective
embodiments differing primarily in the fuel system control means — electrical versus mechanical
— more about which will be said below. As a threshold matter, it is noted that while a number of

20  engine components are shown as part of the figures generally throughout, such as the common
rail or fuel gallery, the injectors, the fuel filter, the diesel tank and lift pump, and related fuel
lines and the like, all such components or any variations thereof or substitutions therefor may be
employed, whether factory-installed or after-market, in conjunction with the present invention
without departing from its spirit and scope. Thus, while such components are shown in the

25  various figures as part of the overall fuel system, it is to be understood that the invention is
expressly not limited thereto and that no claim is made to such standard components of an
engine, which are provided herein simply as context for the homogenizing fuel enhancement
system of the present invention. Moreover, again, while the exemplary embodiments are
specifically shown and described in connection with a diesel internal combustion engine, a

30  variety of other engines now known or later developed may be employed, including but not

limited to gasoline direct injection engines.



WO 2011/ 041705PCT/ US2010/ 051167 - 20 - [0055] Figure 11 is a schematic of a
still further alternative exenplary enbodi nent of the invention; [ 0056]
Fi gure 12wo=0sy/mchenatic of a still further alternativeprexraspdianyiiecr

enbodi ment of the 5invention; [0057] Figure 13 is an enl arged side
schematic of an alternative exenplary honogeni zi ng fuel apparatus according
to aspects of the invention; 10[0058] Fgure 14 is a schematic of a stil
further alternative exenplary enbodi mrent of the invention; [0059] Figure 15

i s a scheomti]c @fthé figdtiekémplryt B@bodkerl SralfiouR pxnéfphﬁgnwampdmﬁmfuemfsymg
i nvention; 15 [0060] Figure 16 is an enlarged side schematic of a further

al t er nat |2\9@e@szréﬂpll@919dlhg) frotesal tank g Of wiih aéﬁbawrap de aad @oprassuezedopraspiectask ¢f
the i nve%t t Oﬂ',]bdm 1nto[a c1§cu1at ngﬂiI %fghgrz{llg/ c%a%gg d%g%ﬂq%éludlgé a%%f%glog ul;ehﬂ),

honngen|2|ng aratuses ofr ur nst
one or more of Wthh defining a homogenizing fuel enhancement apparatus, the c1rcu1at10n loop

5 50 being in fluid communication with the engine’s injection system common rail 90 and
injectors 91, here by way of the fuel filter 99. In more detail, the diesel tank 30 supplies diesel
fuel through a fuel line 31 by way of the lift pump 32 at about 5 psi, all of which are factory-
installed equipment that could be self-contained within the tank 30 or separately configured as
shown for convenience in Figure 1. The diesel fuel then passes via fuel line 33 to a further

10 circulation loop delivery pump 34 that takes the diesel fuel up to approximately 15-20 psi in the
exemplary embodiment. It will be appreciated that the circulation loop delivery pump 34 may
be any fluid pump now known or later developed and configured for appropriate pressures and
power draw and to accommodate diesel and other such light oil fuels, including but not limited
to turbine-style, gear, rotary vane, or roller vane pumps as manufactured by Robert Bosch LL.C

15 in Farmington Hills, Michigan, or proprietary positive displacement pumps configured to
accommodate liquid-gaseous fuel mixtures as manufactured or licensed by US Airflow in Vista,
California, which pump technology is the subject of U.S. Patent No. 7,721,641 issued on May
25, 2010, and numerous co-pending patent applications, including but not limited to PCT App.
No. US2005/018142, filed May 23, 2005, and PCT App. No. US2008/012533, filed November

20 6, 2008, and any national stage cases derived therefrom. In alternative embodiments, one or
more such delivery pumps may be multi-stage or may be ganged or placed in series to achieve
the necessary throughput and pressurization. Any or all such delivery pumps as well as other
circulation pumps, high pressure positive displacement pumps or the like that are employed
within the system may be powered and controlled using any appropriate means now known or

25 later developed, including but not limited to a pulse-width modulator (not shown). Back to the
fuel enhancement system 20, in the first exemplary embodiment, there is provided a flow sensor
43 in-line between the diesel tank 30 and the circulation loop 50, there being a fuel line 35
connecting the circulation loop delivery pump 34 and the flow sensor 43 and a further fuel line
41 from the flow sensor 43 to the fuel line 51 of the circulation loop 50. Additionally, the

30  propane tank 40 supplies propane through fuel line 37 to a flow control valve 44 that then

supplies propane through fuel line 38 to the fuel line 41 carrying the diesel fuel as metered by



[0062] Figure 18 is an enlarged perspective view of an exenplary fl ow
control apparatus according to aspects of the invention; 25[0063] Figure 19
i s a croswoerctdsomal view of the flow control apparat uspofi/USe@uns11d8 t aken
along line 19-19; [0064] Figure 20 is a schematic of a still further
alternative exenplary enbodi rent of the invention; WD

2011/ 041705PCT/ US2010/ 051167 - 21 - [006%} - Figure 21 is a schematic of a
still further alternative exenplary enbodi mrent of the invention; and

[0066] FitgrifiewZnics 430 Piefeastg§dhe hbpases RARBII ig r@%ulﬁed @X @ Minah Ym Geshiteadtyat
bl eed devi ce 5enpl oyed according to aspects of the invention. S FOR
CARRY! NG l@strappepximstgbnTg om: great¢robay the piessag gy éhediasthinedldingr whichghe pipnpresis

1 ust ratfgecf%?g? 8 tRe %;erﬁplgryl Qr\lllggl&lhl%ﬁt, io'ﬁcéa tmolrg,a(% t#"8rder of 15-20 psi, such that the
propane is in-fed at approximately 25-30 psi. The flow control valve 44 is controlled by a

5  microprocessor control 45 or the like, which control 45 may be any such device now known or
later developed for electrically controlling valves or other such flow control devices and may

act on data received from a variety of inputs including but not limited to the flow sensor 43 of

the exemplary embodiment, a throttle sensor, or another such monitoring device in a manner
known in the art. Accordingly, those skilled in the art will appreciate that while an exemplary

10  electronic metering control is shown and described in connection with the first exemplary fuel
enhancement system 20 of Figure 1, the invention is not so limited, but may instead involve any

such components in a variety of combinations and configurations without departing from its
spirit and scope. In the exemplary embodiment, the ratio of fuels within the fuel mixture is
more than ninety percent (90%) diesel and less than ten percent (10%) propane by volume at the

15  point of mixing, assuming the mixing pressure is at a nominal 80 psi. Generally, the higher the
mix pressure the higher the ratio of gaseous fuel and the higher the efficiency gain, to a point,

such that it will be appreciated that higher pressures within the system at or after the point of
mixing may be employed without departing from the spirit and scope of the invention. It will be
further appreciated by those skilled in the art that while two particular fuel constituents are

20  described as comprising the fuel mixture, namely liquid diesel fuel and gaseous propane, and
within a specific proportion range, the invention is not so limited and a variety of other fuels as

that term is used herein may be employed in various combinations and proportions in
conjunction with a homogenizing fuel enhancement system according to aspects of the present
invention without departing from its spirit and scope, as further evidenced by the alternative

25  exemplary embodiments of Figures 9-12 discussed below. In whatever proportion the fuel
constituents are mixed, it will be appreciated that with that ratio set and dictated by the
microprocessor control 45 based on data it receives from the flow sensor 43 in the diesel fuel

line and the resulting control it has of the propane delivered to the diesel fuel through the flow
control valve 44, there is thus little to no variation in the actual proportion or ratio of the

30  constituents within the fuel mixture, which remains substantially constant in operation. And

though the flow control valve could be “always on” and the flow therethrough of propane



10of its exenplary enbodi nents, which aspects are further defined in detai
in the follow ng description. [0068] The subject of this patent application
i s gener avbyoam4iopr oved fuel enhancenment systemin var ipowarsesoosiieent s f or
use in connection with internal conbustion engines or the 15 |ike that

buil ds on the disclosures of the above-referenced applications. Thus, while
the further exenplary enbodi mrents show2md descri bed herein are focused on
specific aspects of particularly the fuel enhancenment system conponents
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[0072] With continued reference to Figure 1, the exemplary diesel-propane fuel mixture is
passed through fuel line 41 to the circulation loop 50, specifically, where the fuel line 41 tees
into a fuel line 51 returning excess fuel from the injection pump 95 for recirculation. Fuel line
51 is in fluid communication with the inlet leg 61 of an optional heat exchanger 60 having one
25  or more switchback legs 62 before passing through an outlet leg 63 of the heat exchanger 60 and
into a further fuel line 52 of the circulation loop 50. In the exemplary embodiment wherein the
circulation loop 50 includes such a heat exchanger 60, it will be appreciated that the additional
flow passages and the resulting increased surface area has a cooling effect on the fuel mixture as
it passes therethrough. In the present invention, this is desirable not only in that generally to

30  maintain lower fuel temperatures relative to the vehicle’s under hood temperature is known to

contribute to a more stable and more complete downstream combustion (i.e., reducing inlet fuel



10 control systemfor controlling, anong other things, the on-board
nmetering, mxing and delivery of m xed fuel to the engi ne. Moreover,

addi ti onavoconpamat s may be i nterchangeably incorporat edTius2@0ps86T h
honogeni zi ng fuel systemfor added or ancillary functionality, such as an
accunul ator to account for pressure surges and a fuel cooling neans.

15[ 0070] Referring first to Figures 1 an2b2, there are shown schematics of
exenpl ary enbodi nents of a honpgeni zing fuel enhancement system 20
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liquid-gaseous fuel mixture becomes substantially homogeneous as the gaseous fuel component
is effectively infused within or dispersed throughout the liquid fuel component as caused at least
30 in part by the geometry of the infusion tube 50 and the resulting fluid dynamic effects on the

fuel mixture. The substantially homogeneous and relatively cool fuel mixture exiting the



20 6, 2008, and any national stage cases derived therefrom In alternative
enbodi nents, one or nore such delivery punps may be nulti-stage or nay be
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fuel WO %94}4&4};%9?[@%{19%%0&%@}Jo@iow on pressure), the system 20 will simply revert to

running on only diesel fuel, such that the engine or vehicle will continue in an uninterrupted or
seamless operation as it transitions back to its original “diesel only” fuel system, with the only
downside being the factory fuel mileage rather than the enhanced mileage achieved through
25 implementation of the present invention. This effect is again appreciated in view of the fact that
the fuel enhancement system 20 of the present invention operates essentially outside and
independent of the factory fuel system equipment, which easily and conveniently lends itself to
such a “fail-safe” fuel bypass. It will be further appreciated that while a particular arrangement
of the fuel system components and their connectivity through a number of fuel line segments is
30  shown and described in connection with the exemplary embodiment of Figure 1, the present

invention is not so limited. Rather, such components and the means by which they are
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30  skilled in the art will appreciate that the operation of the metering pump 36 as it relates to the

total volume of fuel mixture delivered to the circulation loop 50 may be tied to one of a number
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appreciated that, as schematics, Figures 3-6 are not necessarily drawn to scale and so are not to
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fuel system wth the only downside beingl the factory fuel mleage rather
than the enhanced m | eage achi eved through 25 inpl enentation of the present
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seal. As such, the accumulator mechanism 84, and the piston 85 particularly, defines an upper
space or infusion volume 88 within the infusion tube 70 above the piston 85 between the piston
30 85 and the upper wall 72, bounded laterally by a portion of the tube wall 71. It will be

appreciated that the infusion volume 88 will fluctuate depending on the pressure in the



30skilled in the art will appreciate that the operation of the netering
punp 36 as it relates to the total volunme of fuel mxture delivered to the
circul atiwo 201 nmay be tied to one of a nunber WO PCT/US2010/051167

2011/ 041705PCT/ US2010/ 051167 - 30 - of control or neasurenent devices now
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a flowneter, a throttle sensor, or a m & oprocessor electronic control
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will be ang 7-10, such that the exemplary structure is to be appreciated as being merely illustrative. As
a further aspect of the inlet and outlet of the infusion tube 70 in the exemplary embodiment, a

relatively shorter inlet tube 75 is shown as being installed within the first upper passage 73 and

a relatively longer outlet down-tube 76 is shown as being installed within the second upper

25  passage 74, once again, more about which will be said below. In sum, though, the fluid flow

path into and out of the infusion volume 88 of the infusion tube 70 then involves in the

exemplary embodiment flow through the inlet tube 75 and down through the infusion volume 88

against the slight pressure resistance of the accumulator mechanism 84 until reaching the outlet

tube bottom or interior end 78 so as to travel up the outlet tube 76 and back into the circulation

30  loop 50. As will be more fully appreciated from the below discussion in connection with Figure

6, this flow path as dictated, in part, by the longer outlet tube 76 relative to the inlet tube 75, and



appreci ated that, as schematics, Figures 3-6 are not necessarily drawn to
scale and so are not to WO 2011/ 041705PCT/ US2010/ 051167 - 31 - be taken as
exact repwveent@iioons particularly as to how the infusi eoTiusb@omsubd be

di mensi oned or proportioned (e.g., length, width, wall thicknesses, etc.).
Rat her, these schematics, again, are representative of the overal

structure and principles of operation of3i3he novel infusion tube 70 that is
part of the fuel enhancenment system 20 of the present invention, and

parti cul aehde thbephail positiah oo thel iaRP 1. boltdR/&Id Fi stsdve thdlolticg iR botloheeR! 78
shown an enl arged schematic cross-sectional view of the infusion tube 70.
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20  of roughly one and half inch (1-1/2”). The spring 86 is a nominal one inch (1”) coil spring
having an at rest length of roughly four inches (4”). The spring 86 may be held in place
substantially centered on the piston 85 and/or lower wall 80 by a center stud (not shown). The
piston ring 87 positioned on the piston 85 is a nominal three eighths (3/8”) thick u-cup piston
seal made of Buna-N. Based on the foregoing illustrative dimensions, it will be appreciated that

25  the nominal or at-rest length of the space defining the infusion volume 88 within the infusion
tube 70 is about eleven and half inches (11-1/2”). Extending into this volume lengthwise is the
outlet tube 76 having a nominal length from the base of the upper wall 72 of about eleven inches
(117), such that there is approximately a half inch (1/2”) clearance between the lower end 78 of
the outlet tube 76 and the accumulator piston 85. The outlet down-tube 72 is a nominal half

30 inch (1/2”) outside diameter (O.D.) and seven sixteenths inch (7/16”) inside diameter (I.D.) steel

tube. It follows that the approximate nominal or at-rest infusion volume 88 of the exemplary



3085 and the upper wall 72, bounded |aterally by a portion of the tube wall
71. It will be appreciated that the infusion volune 88 wll fluctuate
dependi ngworrotimaisessure in the WO 2011/ 041705PCT/ US2020rAstdi6/05t1632 -
circulation | oop 50 generally and in the infusion tube 70 specifically,
with the spring 86 taking up those variances and serving to apply through

t he accunul ator piston 85 the appropriaié4pressure on whatever fuel m xture
is in the upper volune 88 at any given tinme, nore about which will be said
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75, and WO 2011/ 041705P(6T %2010/ 051167,
enhancement system 2 e present invention as it relates to the infusion tube 70 particularly
are not in any way limited to the specific exemplary geometry and construction shown and

25  described, which is to be understood as being merely illustrative, but instead may take a number

of other configurations without departing from the spirit and scope of the invention, which will
be further appreciated from the below discussion related to alternative infusion tube
configurations in connection with Figures 11 and following. Relatedly, as another way of
expressing the geometry of the exemplary infusion tube 70, it will be appreciated that the

30 length-to-diameter ratio of the infusion volume 88 is on the order of five to one (5:1)

(approximately a ten inch length versus approximately a two inch diameter). While again a
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25  such a fuel mixture including a light oil fuel like diesel will have a lubricating effect for the

moving parts of the infusion tube 70, namely the piston 85 as it travels up and down within the

tube 70 as bounded by the tube wall 71.

[0077] Referring now to Figure 6, there is shown a schematic cross-sectional view of the
30  infusion tube 70 illustrating the flow and fluid dynamics of the fuel mixture as it moves through

the infusion tube 70 as part of the circulation loop 50 (Figs. 1 and 2). As the fuel mixture
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expect ed)bubl!ﬂ'@s ?J‘Mre%ﬁ‘% art W& cb%%ﬂﬁ&ﬂ"y% FlgaERI LI BibblOsize.” Phd %de&ur?&ﬂé’int ﬂﬁge

range” in the exenplary enb nt woul d be fromabout two to one (2:1)

t o about 1mﬂuslbhyulieo7(bwe1s¢ 8@ ﬂl)ld thcok'k agpanst itoelf, tdneltmgdteturtmrﬂerﬂt rmlmngacmme 7[515 1)
bei ng pref erabl e exe fuel ance stem 20.

Briefly @6He hsg&r e rarﬂétenszr b e Rrﬁ%rlteg S TR ABeH @sﬁuén@mm

bot t om Vi;eWshe top of the infusion tube 70, which provides an environment where the bubbles attempt

25  to rise against the downward flow of the liquid-gas fuel stream. The result is a relatively
controlled, repeatable process to divide and decrease the bubble size to the desired level and
thoroughly mix the gaseous bubbles into the fuel stream, or disperse them within the liquid
component of the fuel mixture, to provide the desirable result of massive atomization upon
injection of the liquid fuel from within the fuel itself, instead of trying to influence the fuel from

30  the outside as has been attempted in prior art designs. It will be appreciated by those skilled in

the art that the infusion tube 70 thus has a number of beneficial physical effects on the fuel



10 respectively, of the infusion tube 70. In Figure 4, view ng the infusion
tube 70 fromthe top it can be seen that the inlet tube 75 is in the
exenpl ar ywerthndismwet substantially centered in the uppercwalskoé®swst h t he
outl et down-tube 76 then being substantially parallel to and offset from
the inlet tube 75. The fluid flow effects of this particular positioning of
the inlet and outlet tubes 75, 76 will -oBite again be best understood wth
reference to Figure 6, discussed further 15 below. The bottom view of

Fi gure 5 nhiaked 22 As @QpdisieR GhdretrobighalFe @U@y &awa by the evorhivtrouitd &nfaration
installed in a radially offset location in the bottomwall 80 of the

i nfusi on of diveinfgsion whagh- iAgau.14s the fughpriskia2axithte inlsk tubrdStinfoobatiniypionf

t he bl ow e [ trar S i

et s o BBk TIPS AN ety B’ R e
mechani smigéure DL, vmﬁd albfe Bhlddubiples ARPIEGIGAE phcas MUPhRciRdIIR0AY @eridBney of the
connection with Figure 1 20 that the purpose of the blowby outlet 82 is to
al | owSanyzasqesr funl gpmpenank i cHiscts ebpeescnyed ﬁ@vm t§e gawawardhn owhe fyplsm@qﬁure
ring 87 f I e [efur o P

50. in t %2 g%(oe}e%ﬁ s the t%;%deﬁg %ﬁ {tﬂeoggsﬁgubﬁi}g S:[O hg&g hér 1n%1t%%1 gi!;lcﬁ ([}H% ur a Ffféc%)
and the lOﬂcetm@rb dt(hls(lfon'ﬂhaldél Jfebcehdipg fhﬂﬁﬁlxdﬁb ia @& ascen@mg baBbleI. fend® RNEQisé an
with the fuel m xture passing by the piston 85 of the accunul ator nechani sm
84, thoséchlientingdcasendinge clfeet thaf furties gnizpp e drtates theafuchgnixyiee in ¥ gatrolled

m xture i [

ot feot 1 SmopHEl e ohdks el RlniiBe Ahe ofncctbly REXRrbaki G0 s
as i tiot r aelescredingndsutborantialyt lviogdeneodsubipid Qaafieb mintded Tbust fh@sé SleedNﬁi the

71. [0077] Referrlng?nowto FI?UI‘E 6, there is shown a sch

cr oss- sedft BiaIPPygese drat thfepinmicak Rt aprargenant pf fghattan eng ?7n@f Ihrsdwehﬂwe
fluid dy I

L B3 Bk BT OB UL TRy ) S e RARAD D
2011/ 041 466WC1¢sUSREN 060 pAthGand-thSfesultigg nﬁkmgleﬁedes itgmidit techpp e centddethst Whide the
i nfusi on volume 88 of the infusion tube 70 throu?h the inlet tube 75, the

mi xture 2upign; b B igx R 2 pwai EHentally yufierlgades esicrakeny alone, gieiny
di es I I t r
el% PlcmbiaBBA Wth &Berg%e%%%% ofthé ﬁﬁﬁ'srl(?n 7083 1@3{] n‘gjong@ts ‘mcutla{}H/sthe

wel | bel ow the pressure propane un goes a tra ornatlon
f rom gas itilet dridyaiittkt atbea7APHR e pessibdpeiatouneintain (teppladixe paznabrys df2he psitgm

As such, the I|gU|d gaseous fuel m xture continues to have at | east one

const i t uREs Th 7 S ebiaen Prasw et filosadaaenics el nade oxh dlt Wil fe further
intr Oducgg e@itafédt%?th'ogg H%ll@cpmt H‘lﬁeargt@la ﬁlged%&idlﬁlg’éo%ﬁecﬂ_ﬂﬁgrﬁfﬁr&m «?rﬁte§% the
c P y In Figure R e

schemat i e fue mxture 22 enters the | t tube 75,
it incIu@d&rﬁaﬁmﬁtvﬁ&&1ﬂhmgeuhubh]msnﬂﬁmne@nssemtpkmumenf&kﬁmﬂgmsemu22asﬁ

propane. But the fuel mxture | ows downward within the infusion
vol urf8 88“%1@5 &t}HIhEé{l °By OEI“I“‘oéé IZ%a‘?CH”I‘—’?"é?F SSEARNG {21 {AKE (APrREFSUIST SUERSS
I's caused,asnd fge FOF bt ‘I:Hé' Hrcgl'la?tﬁﬁrﬁgﬁ stih Y Rahie ﬂno%' i @Lr ?cad'Yhus bPz

present wthin the infuston volume 88. In addition, such descending Tiquid
fluid fl docatiegi tht sacchautaerdmechanoin t8de withbb Itles 1@8sibo tubs €70 Wblb:dﬁeﬁ‘(st faonthe

t he buhbl 23 to, b til the t h
eaches. CHEBEE BP0 HHEO LS buicEEnaR i b ot NY! ralfdatiE aiagnay,
the out | ef,qRWayit glﬁpgogn@cﬁ&gwﬁﬁthoﬁlfo &&%uél?fnﬂﬂr%'lhé Hféﬁmlgtére?ﬁ 1staps% a@hﬁgpécﬁﬁllas

general ly designated 24 are now re atlve bei ng representative of
t he aﬁopavieleteﬂnatmdrta@ theeeedstof f sepaerie hgcumuypelrm@qmﬁm&ﬂomeMereohlme |thef systent. o

forma s nt| eneous |jqui d- ase u m xture 2

Lol 11 oS iRty Bt sPOBR IS BROER, Wi i g JRH e ilesre Fombingd infhgpe tube-
detail, the,hubpk QBuddre BR &ﬁ%ﬁﬁa@éé Vz@chﬁlf th%hﬁepéﬁf&%'&n&{t s9§t@1%r 203 %l%lﬁrefséI{?t'
within the fuel mxture break apart upon entry into the infusion tube 7

ef f ect i vehyentoe oh @ number of levels.

30 [0078] More generally, it will be appreciated that the volumetric expansion and resulting eddy

current and mixing effects provided by the infusion tube enables sufficient or substantially



20 the shear forces in the liquid that overcone the surface tension of the
bubbl es, causing the bubbles to break apart and consequently a reduction in
bubbl e siwe.2ofima1mddy currents in the infusion tube 70 eewas2dtoesfibuid to
wor k against itself, creating a turbulent m xing action. This action is
deliberately intensified in the present design by the introduction of the
fuel mxture into the top of the infusioB8tube 70, which provides an

envi ronnment where the bubbles attenpt 25 to rise against the dowward fl ow
of the | ihgHiodeass fMBlinStdteAfuid Thel rRsdtub fusl aohfploabity evithaRniheoktRdse and
repeat abl e process to divide and decrease the bubble size to the desired

| evel andomplaxytighirynmigk at highgjapiesysespgir dempera@resHe majatainspreeaiimogsy of the

di sperse . he i thin.the |iqui.d;c e of t fuel m re, rovi.d
the dest fA0rOHobEh? 1B A b BHYE SRIRRD S sl yfeei HiRueli A hbR o o Pt
fuel frorouipbhdn ikibe Hqued sthfesRbdre, duttigead adfr hidih®@ithahé Nfhideneleotpdnéntels
from 30t he outside as has been attenpted in prior art designs. It wll be
appr eéi atiedviggly ttaeshé 18 KKhe |peigr japt aheffegtivebyhtie eHe waf tespeficicoe Mg tushsfuplss

a nunber neficial Si | e cts.on e f.uel . . .

D011/ 0410k Bld Gt BbaBibfelsiln Shldil BRedd)S THEL pWien inveption dnyatues o
al | essentddifid¢ayiodite tiat gkchiyn bterg @it ihjecens spedific gyl ad exghaindd hhe] afdisi 9N
tube 70. Again, as the fuel mxture 22 exits the inlet tube 75 into the

i nf usi on W #edrsmPEry embadisicgbbsralnobel et dedethshdeqsdrt affeat agshisless frgecsiopw
, 0 . . ! > .

b ocess dndemllifpCind LB t: Eanell of 28RS LAIES of BEMBLE - Bhment.
cont riact .thAghdesir bdgshredisee that heudd ewhmiesibyt dyktemd dagoddigd toriispdoty & tBS pkan

resists the tendency of the gas bubbles to rise, both by inertial and .
frictionabveafipe&iay Ashbeemployed ahp fageif ingaletionoinstgad ek phgrmadket pddipryria
and ascendi: ol i i ) i )
Further i aecRY YR p SRS b8 CRURTE SREL A AfkerbESHAGh Mhoi BehirklRr
process, strh@nkipd arcoidinigty, whietimplametessasis yldoagithio thepsplidsindi scone thy ptesages
10 mhile,creatin& a substantially honpgeneous |iqujd-gas fuel mxture,

Thus, thdBengRn| [pany gasehancer fuchiay quigrgretiehmixtprrals stHE GRS aceqsdingp
arrange f 7 : i o) d
75" oot neess otigpiabi AR AR, shalhe SRR L e bRed BRI N 1P AR
above- desitspeised wittony tihaliquidnfiiel bempesut tas ngovd-désagbef thecig. thet opstrdtionbef the
appreci ated that while the infusion tube 70 is il]Justrated as bein

g
subst ant iIHUsPN\EPE i78a10d BRHEHNGSE PE At AoNSSEANMGNY BRMesEneesc BB ISat T StEhwibe h
ot her ge ol e, i : : i1s: (We
Che 1 ni ot OB e Feyio i, LB 7 Bl P oS e AUS TR DI SoncPa I LEHLAY
r el ati ve cposntionalsnafnet héthednelamixeud sestifting/iBoartbe el lehhambément sykbtenmr Zsof theng
fluid fl ow dynam cs expl ai ned above. |t w Il be further appreciate y
t hoseskiPI§s6lt IHeRiE ﬁwuahh%ny m@g%{ce{; HFhesr Imdc Hahiagingbe &%ﬁ‘é‘?fégégatvﬁhfh
the ot heroal&ak Whfipofns bithih ALHIA Mkt wifl it TRI Dbl RS SIL e AT 1S
inthe fuel mxture 22 as 1t 20 noves through the 1 nfusion volune 83, the
accunul atcompahsw. SFbatisngpdnoinfeakion,upe fued ssixtues ill gederamadn ihmedliateepresslute drop
t hroughoyt the circulation |oop.50 in a manner in the art. Thus,. b
| ocat i ng 19 RS &1 BCOREURAANERE RS %) PR R 196 0P80 o Tougey 360 prgvieih
benefits Ol oBEstfn’ Ein¥er ONThRORsWR #Nd RM%ﬁa%BbBH%kpﬁﬁﬂﬁnG@Hﬁﬁg?§%§§?ﬁﬂzo
are still realized while additional functionality 1 n connection th
honogéneaasipynant xamigbdachesefitigd substantialey BAMpgenad sty avkidevedispabdd @Bhinhthé duel

elimnating the need fo separat e accunul at or. conponent sonmewher e el.se in
the syst éﬁl&?t%éb%%%ﬁ@}s {uﬁﬁg@l e B AP TR B (90 RenppreRnaratEHate e
ef fecti ve,qanRiuprshtitd HshORtbYRRaAGGYBL) 3EtarShllY Ghifh:en DAS cAH¥RRI @Bfstion.
wi thin the fuel “enhancenent system 20 of the preSent i1nvention on a nunber

of | evel sAgain, this effect is achieved in the present invention without the need for maintaining high
circulation pressures or supercritical states as is taught in the art. Beyond this physical
30 atomization effect, other chemical or catalytic effects of one fuel component on the other may

also be playing a role in the improved performance being seen. The end result is that more



WO 2011/ 041705PCT/ US2010/ 051167 - 38 - honpbgeneous m xing of liquid and
gaseous fuel conponents w thout the expense and conplexity of running at

hi gher prweurigai1asd/ or tenperatures to maintain one or powrs2@b/05h167 f uel
conmponents in a supercritical state or otherw se force through pressure the
gaseous fuel conponent into a liquid state before, during and after m xing
with the liquid fuel conponent as 5 is-$tdely taught in the prior art as
effectively the only way to sufficiently m x such fuels together into a
common Stgo@RMPEAtRAEtel FrdmileCtueD ix thRed R Sebh cbmemdnca%hmwr&@swﬂ@mg more
nodi fication to the injection systemor the injectors, specifically,

expl ai nedffapieopermtign 96 thesenging Wétheg@mwlaﬂv atyoefi thisht to] Qmelmﬂwl Rergst (3Qm
design t }1%50/ g ¥m r%tbeal‘ltl & 12&1Y .}(% I Wnecc{dlt%}l %X&I gfﬂcw&ﬁ frfs 1%”151j way
el ectronic M ror's or & ac ory- | A or “em Ssions’ U|pneﬁ%, 10
t hough i tneg\dtidelybﬁnpdwreﬁﬁts&irﬁd wihiat 1sathE Llﬁhaleﬂli\:wﬂ@ﬂﬁﬁﬁrﬁnoﬁ yost 8fprogehes, dhagndre
aspects of the present invention may also be enployed as a factory

i nst afl atccPeplathseabigption %@%We@ﬂw&@pa@@&béwd liqviduhied ey R iptiperunkypseet s
of the oV, I I r n LOR SYRE i
streanIlng%%écgéﬁgiﬁgﬁ'&¥g %nﬁ gné é%%%t% {1 on |s lﬁﬁ& %ﬁ%ﬁ?ﬁl ggghﬁ¥?tm%nd

scope of stb@aria8lg@ndreasad eiftdtQil, oﬂ’ﬁ:r anyaaRdemisdics sudhhisanitroabgidgasiOxyeind
m xture is sufficiently m xed accordin 15 aspects of the present

i nvent i osarbaAdliepide (@@@aﬁfﬁ ylsgrieducef or g gsf‘ééfulsl the GRSIEEHP SAHBAHN 4t Soeapfabielevels
di sperse t I u 8
oper at i ot Vi die frbiteiete BIReT 20k 5 BROLE SETR MRS B

honogeneansalhitishsiieddsbifiadoterdinee vea bettOiUaniSsioh s ekl atwitbut ooRpMhitingeffexdmt s
outside of the injection system upon injection in the conventional manner
of the f§an B4 xaliped masal e ngptice sietngelst designsAndAekhelt PEPSiPlem 2o thsr Prepent
20 presenf éhpﬁﬁntlon t hrough any nunber of injectors 91, it will again be

appreci ate at the gaseous conponent within the fuel mxture will have an
atom zing effect on the liquid fuel conponent. That is, upon injection, the
fuel mxture will undergo an i mediate pressure drop fron1 in the case of a

common r P97 éngT‘HBmngPVf e Figugrsr 7-49. Bsrepp speyn tV6r19‘b%©1Fﬂ“9/atQGCFHﬂ%3Id1WQtﬁPf\a
the cgnb ﬁél'e?lﬂ%@@&%?@{ tebd 150 5%%{)8 td LpBetl BE R ré/éeﬁ fﬁ%rrtfi%p%%kx%eb feal {?ﬁ

gaseous nent use t is substanti onopgerieous
m xed or nhchpecded dm&thnjecﬁdsredlfestelengmxt i eychtah®ngas dowsl Bmelbpre@mtpdﬂeammhﬁlhen
atom zes the liquid fuel or rapidly scatters the liquid fuel throughout the

corrbustl dreldingrderircriarion lqpoRie s s ANy, b pfanoiranahigd &)@frﬁﬁ?tefyeméf@m&ql System
Agai n, gﬁlgﬁiehegltat %ﬁfe?scﬁ'b Vgith aalufrnaempaneaseahm'oﬂmﬂ&ﬁ eltﬁl‘PﬂﬁEr LABodiBehs

for maint [ circulation pressures or supercr tlc states as 1s
taught i rard Ishaoxam tand Beyaitetdt ineslyp lny Sihcsalate30ntvoay afiekanplef dthat waypd ket the fuel

chem cal catal ytic effects of one fuel conpo ent n the other my al so
be plHyi ﬁaf@CFeP%t %yr%teehé2§ hriBY SEESHRY PR B & Pi S B T ] 5
that nor an%@, %Q%&%HQ@E{GEA US203Y QR 18dod as3Rot being limited to any one particular

embodiment or engine application, but is instead more broadly and generally directed to a
homogenizing fuel enhancement system 120 that may be employed in connection with a variety
of engines now known or later developed. By way of further overview, it will be appreciated
25  that Figures 7 and 9 are directed to alternative multi-fuel embodiments in the direct injection
context wherein the fuel components are metered and mixed according to electronic controls
and a circulation loop 150 that exists outside of the engine’s injection system akin to the first
exemplary embodiment of Figure 1 and that Figures 8 and 10 illustrate embodiments wherein
the fuel components are metered and mixed mechanically in a manner analogous to the
30 exemplary embodiment of Figure 2 in the common rail context. Figures 7 and § in the

alternative electrical or mechanical control contexts, respectively, are similar in that, as in the



power is extracted fromthe fuel m xture during each conmbustion event,

t hereby causing nore efficient operation of the engine, with gains on the
order of wbizntiy4i®sone hundred percent (30- 100% or noreThskng/osaali zed in
sone cases. In addition, such efficiency gains in no way negatively inpact
em ssions, which is the usual trade-off in prior art approaches, the nore

5 conpl ete conbustion of the typically Hdrocarbon-based liquid fuel
resulting in | ess unburned carbon bei ng exhausted, and since conbustion and

exhaust g@amotiRhgey at Bip@fesal end12} a StabRt lafifid &ldl ¥ud&d eRs@ndid siddle eglahe,ou@tfmr
unwant ed em ssions such as nitrous oxide (NOx) and carbon d|0X|degéCI2 are

al so r edyedtasopropane aéammﬂwtqfﬁ@né@fgﬁ@baméumeﬁﬁmhteb/t dediveesgtta heefupbgallesy 49Gng
with the I en

A tor - marde TiBgF St 10 YRR Bss R SR his LG t dboepesiiely
eni ssi onsird eistllal Sn Whdth@ultiplopaReONd fleNGo@bbichtLNEY Hapropne dglioged anhen ibe
entire engine is designed around the principles of the present invention.

[ 0079F T@lﬁﬁ%@ltﬁcﬂ/\ﬁmﬁe Hiagis Bisl gomponeph againghiesek othe eramplaiscabedmesat i Tiose
embodi n‘e@kﬁkﬁfln 4 lié Hle!)nc%n %%C?éﬁ%&%t%%ﬁét n}u%ezgal%% BF g!) gmtaﬁ &ngeﬁ(élfld%]}ld

t he present Tnven ion" as- Now ed 1o a nmec |ca |rec Inje

di esel engidas fhel suﬁbor&nfsoweeﬁmstritt:d wihe! fube eamfcemelat gdtetnhaltzomﬂ kie bresdnt
line or circulation | oop pressures nay be seen or enabl ed by

f act or y- iIWENEPR d§ 10G SP 1@5@%&%@%@%@ teHaeti Y Peramplpyid suepnnegliohiret aon

mer oty 10 1 d RS o e U5 RTRRLERAL S B0 B AR, RRORER 50

enhangenment system 120 of the present |nvent|on may be |nplenented
Accordingpégaonce nore, the present invention is tqQ be understood as not

being i arrwlgoﬁ%Wpt&r 1907 o BRSOt FMRAND dr sKEIHe PPl Ploati Yirmasive
t LI
enhancement Cyot an a0 ERarc AR BEe shn U Sk Arreha AeEPPRRR LMBUR touis,

engi nes nowe kilabwfred)lto hathlettt ﬁi@cebmpﬁgine Byvingy el falleihep0 ondr mdidual plusigeds
be appre0|ated 25 th Fi gures and 9 are directed to alternative

mul ti - fudP? etﬁb@fdwﬁbﬁl%f's ﬁi% Hihding %Qécfo the) Bdividynl dBiseext [dhdpes hengeshoya, for
CO”pq e“tsﬁn &gﬁg P%HMQQ tRE QRN dtﬁk%&e? eRhECEMOR @s&ﬁ{‘ﬁé@'ﬁ ik re@ent

circu atlo at exists outside of the engine's Injection system
akin to tilmentibn dichelce mﬁ]loafr senerilddiimging bedvebn gierdiest] ankl 18haiid fheguceatiéh Bog
10 |IIustrate enbodi nents wherein the fuel conponents are netered and m xed

mechani cdPPytheis beigahthiet lias AP vgamecting e &ireyadxbionp SFvarBomPrett2ne thelgur e
2 in the s& 03 a%ﬁl GRREPKlel lﬁfegﬂﬁeﬁrogl fﬁ@q‘l&xz s@ns()pq4§llt(r) %@%él \{ﬁleellSqC(Sfr fhgal

or ITEChaI’II cal control contexts, respectl vel y, are sim lar 1 n
the WD ZQﬁiﬂlﬁﬁWﬁﬁlﬁaﬁwSAﬁdﬂﬂbﬁﬂﬂylﬁﬂe profane takbidi wppliss prbpﬁeglny e&y :bfaanﬂoxﬂ

a single liquid fue uch as diesel and a single gaseaqus f such
propafe &PBUPH %ok %Jé* Perthet PG e SRS @TamRET %&éﬁ%ﬂ@ﬁ@iﬁé 8 thrdierlel
gal lery 199, as\’\ﬁ'eils%réa E%thﬁé RwARsdO 1115] t(b‘lﬁ:eallnBFcr rf)%fbﬁé@lye{h% I%]I{)Fﬁﬁl taflk 140 is

mechani cal control contexts, respectively, are simlar - int mul tiple
gaseous ﬁqgﬂme@npmmmnnmnsmemua&ﬂpnmﬁanqmnhgdmmgeﬂ)@n@n&ﬁﬂﬂamahépnmmednmmbh
a single |i

fuel nent, n..di es in the exe | ar odi men
Those skifF¢! ’di‘e lina “éﬁ“{ﬂo PFOR3AG g“afjﬁﬁfg% 13 aéfer%flge PHAL ﬁ%l@ogb ¢t De
conbi nat iefns o?f40—|5'035§i BhsBRdn YRSEOS thw el ﬁﬂﬁ?@ﬁ‘f&kﬁag@h@ gfe'sédfé td Q&o%@' 10 Eﬁ%nd
t s n i

fuel enhancenen tem 120 of the prese nvent i not so limted, but
i nst @ad clamerefideelclt pyimp ypr bEctdm;dndyepi delivecppumep tl B4 mkivig the aressure uplppgrokimfadtely t e
variety %];10‘5 gre |48 I?'srlld— ftllljuesI the )i)trggagg tgnwlliBOlvr\ln thcf):r alte?rtlzsurvedgn\{t?oldo Bgr?t' is preferably
regulated to about 60-100 psi. Again, those skilled in the art will appreciate that the pumps and
pressures described above are merely for illustration, with the lift pumps 132, 134 both being
factory-installed equipment. The flow control valve 144 is again itself controlled by a
30  microprocessor control 145 or the like, which control 145 may be any such device now known

or later developed for electrically controlling valves or other such flow control devices and may



10 [0080] Referring nowto Figure 7, there is shown a schematic view of an
alternative exenpl ary enbodi nent el ectronic-type control systemfor a

di esel - prwpansy/dsums m xture that is to be delivered to acaiuseem/osngecti on
engi ne having a fuel gallery 190 with individual plungers 192 to deliver
the fuel via line 206 to the individual injectors 191 (one being shown for
15 sinplicity) in a manner known in the-4kt. The fuel enhancenent system
120 of the present invention includes a flow sensor 143 in-line between the
di esel tapKonld4la aadived&rodh h Gaki@l icPmpueopclidbhy Budabelilrbd® @e ol schidre 4333
connecting the circulation | oop delivery punp 134 and the flow sensor 143
and a furthherenipial anhediment. fAcspmidingy.fthew s the 3rttvolltapgrecisgd that wéilg 30
of the cir i gn - Addi ti. | | t ne t 1 uppl.i es

or opane 5 HRGR AP RO BT SR DRM L Ao RERERG 2R A YRR e
gaseous pudpamendethehheydteitl 1201 SEFikhile ¢atheyinRentidneisdh@s®l lihited, s mBasistad
by the flow sensor 143. Once nore, preferably the propane tank 140 is
regul at edntdveaany sichGamperessuing wricht of] eoadhinaiiops @%{) sanfiguiatipps péthogfrdeaprsing

t han the jpr e | he fuel line 141 into which the propane is feeding,
in the aF‘Eﬁﬁgﬁ?§%&2¥%ﬁﬁiary enbodi nent, on the order of 40-50 psi based on
the diesel tank lift punp 132 taking the pressure to about 10 psi and 25
the engine lift punp or circulation | oop delivery punp 134 taking the

pr essur e (P8 1dppWVaki Geatiensd wefaenasr togggpisi 7.- the ggemplape dissd punrane sugl mipgusenis
the alter ' ' ti 4 - . t = b
o o RS SGAPEES TR 3o RREFR LA SN S P RN, SR Tfe R i
pressr ed4desey ihed axdvimeat®l werted Yirftocirduldtioat foapi 30, Wuelhlihdrd 5l i ik tin pluips
132, 134 both being factory-installed equipnment. The flow control valve 144
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l'ine 134 and any back pressure in the system. The fuel mixture leaves the first circulation pump 193
20  through fuel line 194, which either feeds a high-pressure positive displacement pump 200 that
pressurizes the mixture to a pressure on the order of 250-500 psi depending on the context and

in turn feeds a second circulation loop 250, and the engine’s fuel gallery 190, specifically, based

on the demands of the engine. In the exemplary embodiment, a proprietary positive
displacement pump 200 configured to accommodate such liquid-gaseous fuel mixtures is

25 employed as manufactured or licensed by US Airflow in Vista, California. The “on/off”
operation of the positive displacement pump 200 is in the exemplary embodiment controlled by

a pressure switch 204 positioned downstream of the pump 200 in fuel line 202, which switch

204 may also be a current limit switch or any other such switch now known or later developed.

Unneeded fuel mixture not called for by the positive displacement pump 200 simply tees off of

30  fuel line 194 to fuel line 151 for continual circulation within the first circulation loop 150. Once

again, it will be appreciated that the continuous circulation and mixing of the fuel mixture, and



10 141 tees into a fuel line 151 of the first circulation |oop 150. Fuel
line 151 is in fluid comuni cation with an optional heat exchanger 160 as
above- deswoizbaidh4iosconnection with Figures 1 and 2 and trherusaotbwstiber fuel
line 152 of the circulation | oop 150 that delivers the fuel mxture to an

i nfusi on tube 170, again, as described previously, such infusion tube 170
including a built-in accunul ator nmechani4in 184 to cooperate in handling
pressure surges within 15 the first circulation | oop 150. Here, the fuel

m xture lpaaitn@ytikeasaibshrongt theenthdion iRvEIDS malitanghelllipld-bdsBousliad] Hixnt
part of the first circulation |loop 150 to a first circulation punp 193 that
si nply cilit @uhsterfialyhompeengrug tstatecYdir Gifetnt ttikang thespressurasuh dhe gm)l lo8phigisw,

s di ot a0 By RS PR el Biiset 1 BRRAR RORTEHEE Bt IRaR S Ehufdoi

The fuel AAXhigHi€ theaussScitdigationr ®bp CliSOCAKiAS cOMpRWIP oll&e26F tharaigate’ Ugdctiohne
194, which either feeds a high-pressure positive displacenent punp 200 that
pressiri zEgemhwhighbag aauphernoinidyaatgees aspreHeusdy describgd. 280 tspgheyshandethe deglng

on the c I n.fe a. s i rcyl at. |

R R T s e R L
engi ne. IpaniphE e enphal Jinedbbeh Medtiond irpileEsd gimp Y OPasit thevefeeldsshé fg FRIMdry
punp 200 configured to acconnodate such |iquid-gaseous fuel mxtures is 25
enpl oyed 189 virakvgk Bea LG avhere it iscias slginyelygyggted ngJ‘?CﬁOI‘WQﬂ # a gEnperdingpa. in
The "on/ 't .0 i 1L yeedi | 8+1.n:th
et ar SO 5B b RuSELA e 3RS BIL U 00 BTGy
downsihr eaalledy t0goptenpe BPPadsimgfalidlg dpilnpoR Bisl 1inBiloN ssuh tcdssdzhllpdymah Secong a
current limt switch or any other such sw tch now known or | ater devel oped.
Unneeded “f'Gelptiog Jaopr@Onwphicadt wilibs appresiatefids pedilatingehesfush MUEEHeHtPIEHRIRISS 200
sinply t f f L A i ; . i .

ot rout at 15 et oo ety ol by Rrebtfpschicuhve S G8RL B 200, pile
appr eci atvadsddhat bibWwebyctuet friotoths iadivtiuhbtnjeanorandl iy Xédbachf eskdngiaflyéhtonth fiuwste,
and WO 2011/ 041705PCT/ US2010/ 051167 - 42 - particularly its passage_through
t he i nfusitewatighéoop70 algnasailheort feel |lingul 98- ipadehes reeisrulationt Yrdeusen lige 198

S UbSt@“t 'tﬁéi%in@@ §iAEQUS aﬁ%&t‘i’e Y 6F thi &i@&?ho%b@g iR BIRARI TGS of Bk Nfe

| oop 150 hi gher than the phase é%ange pressure for the gaseous conponent of
t he fuel pmbpahersty peine Arfopaneovéinfdaagasfithe pleserftiinghtion acitlrelhico o theapfuivd

exists conpletely outside of the engine's |n1ection 5 system. which has a
nunber offUR§alAhis Agaia ths Isiusiangisieln efediciccylatehmeghanisinkid Hataclugene plodt-
m xture t IS I i i f. 1

osi 11 ve A sal SUAnEAE e SO B RE ARl e el B O QB B TEPBaTRLl s,
punp 195 tidkalift tphep FRedsl thheirtuletiogidopele)ivdi§umm 134 elr fhetowy-ihX6lledvdrerige 1ift
is then ultimtely injected by injectors 191 in manner  known in the art.
Unuséd orpumpg?%{vrtharepr%?%mgt hepifely- gdpt rwéfgb?ﬁiagﬂ? of (BB RHBUPRIIBE
si de of thgalQcghey lxeilehggﬁirﬁrzsﬂ RS R4RITPARS BEtRbORE B ddo ROd dillarohne

. d
197 so as to essenti al orma second circulation | oop Ichit w

be appr edogtsetb(, 250i toctakabungreshiee fsules i xhaisecoatl gicebsion dsopASH he aomdewer of
400 psi as dictated by the hjigh-pressure posjtive displacenment 200

whi | e gn@gaﬁéﬁvf ﬁmw%ghef% H_i?ffeo OFp PRI YR RekS igelig intp L e dadk

essent | a'f&éﬁs'rBﬁ;&l& heo 'silri%El, Eﬁ;&&ﬂé'diﬂio' WIS UFP%FG%K%—%% @k %&nﬁgﬁhﬂohfsﬁ?ée’s filfl %l%luiﬂ 48e

198 for further recirculation and use, 15 teeing into fue I ne
141 dSwnsibsebed by thehgistdh &86lasfHiayed mptverdly 83 spmine £ Hie rwiltle funy sceprgeathiegets past

propane entry ipt. A further novel feature of .the esent [nventi it
el atos {6 PRiGhISP R PYiRd tertr PR acslmmi oSl o Huiehilteldmeas that
acouml atgs, fRCHAYBENLB4F LR ELHES: Todh) O3k DYRESKUGN be BptBRicd ol B
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i ft punprésS@eahtietehealcor dathasidenof éwpsedehnd werwympatnp pisBh, 2&F — roughly 400 psi

Factory- Ia'tq)g\tfeagrllc{a gO %%gtl)erfgw,l fI:rIarbles the accumulator to perform as designed while still capturing

30 and reusing any fuel that seeps by the piston 285 during operation. Finally, the exemplary

embodiment of Figure 7 also again includes a bypass fuel line 165 teeing from the fuel line 135



20 punp, for further processing. Simlarly, a further novel feature of the
present invention is a second accunul ator mechani sm 284 | ocated effectively
bet ween twe 2biwmi7oand second circul ati on | oops 150, 250 prw/usake/osus7
pressure surges in the second circulation [ oop 250 in a manner generally
known in the art. Here, though, specifically, a fuel line 252 teeing into
fuel line 197 feeds roughly 400 psi fuel4dixture into the upper side of the
accurul ator, surges in which are 25 absorbed by the piston 285 as bi ased
upwar di'y beyv R the\@rc@BionWbddaiv¥rySReRagR! itdahe 8tvkeRa$t148 BRd Pbrietin2dfectly
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circul ation |OQ§6150 or other such issue, the system 120 wll sinply revert
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is shown a schematic view of a’further alternate enbodi nent ue
enhancementplsjedt mm iz@cwhgeaion eomee hahéreade siatiherto tiigmeel.ectiedecab diwnssed|
'S 20  previously in connection with Figure 2 in the context of the common rail system, the metering
pump 136 mechanically meters the diesel and propane fuel in the exemplary embodiment. As a
slight variation on the system of Figure 2, the metering pump 136 as shown in Figure 8 not only
meters but internally mixes the two fuel constituents such that a single fuel line 141 exits the
metering pump 136 and delivers such fuel mixture to fuel line 151 of the first circulating loop
25 150. In such an embodiment, the metering pump 136 may integrally include the appropriate
pressure switch or the like in at least the line associated with the liquid fuel constituent for

mechanical control of the metering and mixing process as described above.

[0083] Referring now to Figures 9 and 10, there are shown schematics of still further
30 exemplary embodiments of a fuel enhancement system 120 according to aspects of the present

invention wherein multiple gaseous fuel components are introduced or infused into the diesel



enployed in a direct injection context otherwise simlar to Figure 7. Here,
as di scussed 20 previously in connection with Figure 2 in the context of
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di esel and propane fuel in the exenplary enbodinent. As a slight variation
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ambient air, again, as metered by the flow control valves 244, 344, respectively. Accordingly,
while three tanks 140, 240, and 340 are shown in the schematic of Figure 9, it will be
appreciated that the invention is not so limited, but may instead involve a variety of other
gaseous fuel component storage and/or generation devices now known or later developed, and
25  in any number, without departing from the spirit and scope of the invention. Turning briefly to
Figure 10, there is shown a schematic of yet another alternative embodiment of the fuel
enhancement system 120 of the present invention wherein a mechanical metering pump 136 is
employed rather than an electrical control system in metering and mixing liquid diesel propane
130 with gaseous propane, hydrogen, and air from sources 140, 240, and 340. The types of
30  fuels that are mixed to form the liquid-gaseous fuel mixture, the proportions in which and

pressures at which they are mixed, and the particular configurations of the one or more



20 the case of air, sinply a filtered inlet open to the environnent for the
purpose of drawing in anbient air, again, as netered by the flow control

val ves 2440 287ido41108specti vel y. Accordi ngly, while threeptans301048116240, and
340 are shown in the schematic of Figure 9, it will be appreciated that the
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control system for essentially metering the gaseous fuel into the liquid fuel, whether mechanical

25  or electrical, and, in an “open loop” configuration, a return line to the liquid fuel tank where the

gaseous fuel additive can vent or out-gas, more about which is said below.

[0085] In the exemplary embodiment of Figure 11, there is shown an overall fuel system 420
generally including a diesel tank 430 with a lift pump 432 and a pressurized nitrogen tank 440
30  both feeding into a circulation loop generally designated 450 and including a pair of infusion

tubes 470, the circulation loop 450 being in fluid communication with the engine’s injection



250r electrical, and, in an "open |oop" configuration, a return line to the
liquid fuel tank where the gaseous fuel additive can vent or out-gas, nore
about whiwb 20si/@&iod bel ow. [0085] In the exenpl ary enbodicmarstolofosfbgure 11
there is shown an overall fuel system 420 generally including a diesel tank
430 with a lift punp 432 and a pressurized nitrogen tank 440 30both feeding
into a circulation | oop generally design#ied 450 and including a pair of

i nfusi on tubes 470, the circulation |oop 450 being in fluid conmmunication
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pl aced i puamsia@Inamfinged by Robert Bosch LLC in Farmington Hills, Michigan, or proprietary
positive displacement pumps configured to accommodate liquid-gaseous fuel mixtures as
manufactured or licensed by US Airflow in Vista, California. In alternative embodiments, one

or more such delivery pumps may be multi-stage or may be ganged or placed in series as shown

20  to achieve the necessary throughput and pressurization. Any or all such delivery pumps as well

as other circulation pumps, high pressure positive displacement pumps or the like that are

employed within the system may be powered and controlled using any appropriate means now

known or later developed, including but not limited to a pulse-width modulated drive (not

shown). Back to the fuel enhancement system 420, in this exemplary embodiment, there is

25  provided a flow sensor 443 in-line between the diesel tank 430 and the circulation loop 450,
whether upstream or downstream of the one more delivery pumps 434, here shown as being

upstream of the pumps 434 within fuel line 433. A further fuel line 435 connects the circulation

loop delivery pumps 434 to the fuel line 451 of the circulation loop 450. Additionally, the

exemplary nitrogen tank 440 supplies nitrogen through fuel line 437 to a flow control valve 444

30  and then through fuel line 438 to the fuel line 441 carrying the diesel fuel as metered by the

flow sensor 443. Preferably the nitrogen tank 440 is regulated to a minimum pressure of at least



20 to achieve the necessary throughput and pressurization. Any or all such
delivery punps as well as other circulation punps, high pressure positive
di spl acenmotopumpmsor the like that are enpl oyed wi t hi npclraissysiemsmay be
powered and control |l ed using any appropriate nmeans now known or | ater

devel oped, including but not limted to a pul se-wi dth nodul ated drive (not
shown). Back to the fuel enhancenent sys4®m 420, in this exenplary

enbodi ment, there is 25 provided a flow sensor 443 in-line between the
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descri be rd.si - f ' : I LOH d el -
gaseous TR RiqecbpfirhGhe B BRI et W E Eomb bR
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be enpl oyed. in_various conbinations and proportions in conjunction with a
homog@ni 2PHi 2R¢i&f°PEnhancement syst em according to aspects of the present
invention wi thout departing fromits 20spirit and scope. [0086] Wth
continued reference to Figure 11, the exenplary diesel-nitrogen fuel
m xt ure i[8086] With continued reference to Figure 11, the exemplary diesel-nitrogen fuel mixture is

passed through fuel line 435 to the circulation loop 450, specifically, where the fuel line 435
tees into a fuel line 451 returning excess fuel from the injection pump 495 for recirculation. The
25  fuel mixture then passes through a series of infusion tubes 470, two in the exemplary
embodiment, the structure and advantages of which are explained both in the prior applications
incorporated by reference herein and in connection with the bank of infusion tubes employed in
the alternative embodiment of Figure 12 discussed further below. In sum, it is in the one or
more infusion tubes 470, each of which is a specifically configured volumetric expansion within
30  the circulation loop 450, that the liquid-gaseous fuel mixture slows and becomes substantially

homogeneous as the gaseous fuel component is effectively infused within or dispersed



passed t hrough fuel line 435 to the circulation | oop 450, specifically,
where the fuel line 435 tees into a fuel line 451 returning excess fuel
from t he woj2ectisomspunp 495 for recirculation. The 25 fagluspomwiosrier t hen
passes through a series of infusion tubes 470, two in the exenplary

enbodi nent, the structure and advantages of which are explained both in the
prior applications incorporated by referéhece herein and in connection with
t he bank of infusion tubes enployed in the alternative enbodi nent of Figure
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Once again, then, the fuel enhancenment system 420 of the present jnvention
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t he gaseous fuel conponent within the li'quid fue onen such that the
r esul t i ngnat ricfukiah adbessdiliisisadd¢scabddy atrorogdnactes belatvline bis nedit eletalvelyesseen

by the r ee%ftect(l)\]:ely mix and infuse the gaseous fuel component within the liquid fuel component, such
that the resulting circulated, substantially homogeneous mixture is effectively seen by the rest of
25  the system, and the delivery and injection pumps, specifically, as a liquid, with the related
operation and advantages of the circulation loop again being realized in the further alternate
embodiment. Finally, the exemplary embodiment of Figure 11 also includes a bypass fuel line
465 teeing from the fuel line 433 between the lift pump 432 and the flow meter 443 and
connecting directly to the filter 499, thereby bypassing the flow meter 443, the one or more
30  delivery pumps 434, and the fuel additive source 440 and the entire circulation loop 450 and

thus providing a “fail-safe.” It will be further appreciated that while a particular arrangement of



25 the system and the delivery and injection punps, specifically, as a
liquid, with the related operation and advantages of the circulation | oop
agai n beiwg waal4imed in the further alternate enbodi nentcTRisp@bloyiiet he
exenpl ary enbodi ment of Figure 11 also includes a bypass fuel Iine 465
teeing fromthe fuel [ine 433 between the lift punp 432 and the flow neter
443 and connecting directly to the filte49499, thereby bypassing the flow
nmeter 443, the one or nore 30 delivery punps 434, and the fuel additive
source 44R: ard sydiem &dhipoRerit bod kil @hnbadpy4houaRc hlSerputaviediingsements is
"fail-safe.” It wll be further appreciated that while a particul ar
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a schenattiBrestly & ¢aime Wehind@siphéar y enbodi ment nul ti-fuel system 520
according to aspects of the present invention for use again in 15
conjunction with a "common rail" diesel engine. In this illustrated

enbodi merf00dMe Refeeigi oow StysSFignrel m2] thdes is ech@noiadschemadt tbfsi YhehdiEdemplary
(Hydraulic Electroni¢c Unit Injector)-style injectors 591 or any other . .
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enbodi nent. of the honngenizinﬁ fuel enhancenment systemis illustrated in
the cont eXt ¥ 2-UONEANTISHE Koe felpgivelyi HaSEyRf PgRieaton2nd REtCRENt hask

700, SR oy (oS e, FRLPAOE. T, SHL I AOR 0yl
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syst ezr(;B itlrllist a g:rr?ar‘crit\)fgdfizxrfr:%l?)tl;ry Of]:cm‘tl):oi H%:I%S ofl -I}el 'holrntogier%zifngr %urflzle ren gr}cggler?tn (s:ff‘stem is
illustrated in the context of such an “open loop” fuel line configuration, the invention is not so
limited, but again may be employed in conjunction with a variety of engines, injectors, and
attendant fuel line configurations without departing from its spirit and scope, such as the
nominally “closed loop” systems in the embodiments of Figures 1-11. It is further noted once
25  more that while a number of engine components are shown as part of the figures generally
throughout, such as the common rail 590, the fuel filter 599, the primary diesel tank 530 and lift
pump 532, and related fuel lines and the like, all such components or any variations thereof or
substitutions therefor may be employed, whether factory-installed or after-market, in
conjunction with the present invention without departing from its spirit and scope. Thus, while

30  such components are shown in the figures as part of the overall fuel system, it is to be

understood that the invention is expressly not limited thereto and that no claim is made to such



25 nore that while a nunber of engine conponents are shown as part of the
figures generally throughout, such as the common rail 590, the fuel filter
599, the woizomrosr@sesel tank 530 and |ift punp 532, andpcehmb@dofue? |ines
and the like, all such conponents or any variations thereof or
substitutions therefor nmay be enpl oyed, whether factory-installed or
after-market, in conjunction with the pr&sent invention w thout departing
fromits spirit and scope. Thus, while 30such conponents are shown in the
figures asmnpat cdafipohbﬁs Q)\thlhaéﬂglrer Vhidy sile€pfovided hdreid sﬁi@l%d RdebateROtbrithatudihe
invention is eq?ressl not limted thereto and that no claimis nmade to
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the pr es‘g’ﬁéfc%‘ca% Hwn srﬁggrﬁgsgglégd i %oﬁﬁ%c%{ o JyiftH diékel gﬁ& b 80155;%&183 e%%{%@ gf
speci fi caJlahytySd’foatﬁeraé@uﬁgww kﬁ@lwn l’(br Q&tBﬂ’lﬂ&tell@édVﬂlzi}hba eﬁipﬁg/eh imehwipabut not
conbustion engine, a variety of other engines now known or |ater devel oped
may bé eﬁﬁ@ﬁ@éa£a$ﬁ@PéﬁPﬁgnﬁﬁWﬂh%%HEFinlted to gasoline direct injection
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a di esel [0688] 530 walytdl cwvehviidw, ipUIP abdRat@rdex@nipliry @@ddingik cb4kuetiD, herdisng
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enboélnent. gai n be appr
passes via fuel line 535 through a fuel filter 599 and then through a fuel line 537 to a flow meter

re

543, more about which will be said below. From the flow meter 543, the diesel fuel passes
through another fuel line 538 to a delivery pump 539 that takes the diesel fuel up to
approximately 60-100 psi in the exemplary embodiment. It will again be appreciated that the
20  delivery pump 539 may be any fluid pump now known or later developed and configured for
appropriate pressures and power draw and to accommodate diesel and other such light oil fuels.
In alternative embodiments, as in Figure 11, multiple delivery pumps may be employed in a
ganged or series arrangement to achieve the necessary throughput and pressurization. Back to
the fuel enhancement system 520, in this further alternative exemplary embodiment, there is
25  again provided a flow sensor 543 in-line between the diesel tank 530 and the infusion tubes 570
that is electrically connected to a control 545 for the purpose of monitoring the flow of diesel
fuel and regulating the release of nitrogen accordingly. Specifically, the nitrogen tank 540
supplies nitrogen through fuel line 541 to a flow control valve 544 that then supplies nitrogen
through fuel line 546 to the diesel fuel delivered by the delivery pump 539 as monitored by the
30  flow sensor 543. Once more, the flow control valve 544 within the nitrogen supply line is

controlled by a microprocessor control 545 or the like, which control 545 may be any such



20 delivery punp 539 may be any fluid punp now known or | ater devel oped and
configured for appropriate pressures and power draw and to accommbdat e
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enbodi nent of Figure 11 or other nulti-fuel systens such™as those descri bed
above i n toroeett durthert dxefriptuy esied -of Ovidelp end ishgwio rant hiesadtretdet thef pridrhgatent
exenpl ary ones. of. which %{e sh?yn nd described in the prior patent

appl i cat *BRLCHIRRBINGRPILA h%ﬁ@iﬁrﬂ§“W§?erence. 25[ 0089] W th conti nued

reference to Figure 12, the exenplary diesel-nitrogen fuel mxture is

25 [0089] With continued reference to Figure 12, the exemplary diesel-nitrogen fuel mixture is
passed through fuel line 547 to the infusion tubes 570. Here, there are shown four infusion
tubes 570 in series, but once again, any number and size and shape of infusion tubes may be
employed without departing from the spirit and scope of the invention. It is in the one or more
infusion tubes 570, which are again essentially a volumetric expansion within the fuel line or

30  fuel delivery system, that the liquid-gaseous fuel mixture becomes substantially homogeneous

as the gaseous fuel component is effectively infused within or uniformly dispersed throughout



passed through fuel line 547 to the infusion tubes 570. Here, there are
shown four infusion tubes 570 in series, but once again, any nunber and
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spirit and scope of the invention. It is in the one or nore infusion tubes
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fuel. In the exe open p* system shown'in , the unuse
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sense necessitated where back pressure-se ive injectors such as In
certai n ohdusisgl duadinomnhe avhmoarreil S9Plisykds ifed bdok torthe ddjeaivnsysipe 95 dlong,
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inert gas l1ke nitrogen as the gaseo fu additive in a nulti-fuel system

accor di ngohfiguagfiecis iof tenee peeseardted mberdt back pielssunelsénsireveaimjacens atetd at hat
the nitrogen venting into the tank 530 and thereby at |ea rtial
111 ing EHENETaOHDEUBTORaa f SrAIEE Holtdnig o SiYRTes Y. by retuming the
ant | - det QALbAN1RE5ST Yo Bicf &Rl af RuchReanRBGisst. ARRRRS: 501 BRAGARSely
al one or other gas that
25 affected. As an added benefit, by using a widely available, and hence relatively inexpensive,
and inert gas like nitrogen as the gaseous fuel additive in a multi-fuel system according to
aspects of the present invention, it will be appreciated that the nitrogen venting into the tank 530
and thereby at least partially filling the space above the liquid fuel actually provides an anti-

detonation safety effect for the vehicle as compared to having air alone or other gas that

30  promotes combustion along with liquid fuel vapors occupying the dead space in the tank. And



30 pronotes conbustion along with |iquid fuel vapors occupying the dead
space in the tank. And WO 2011/041705PCT/ US2010/ 051167 - 53 - since

ni trogen we 28ni/ieadi |y avail able and rel atively i nexpengcrase@opsnduce on
board, its added function as an inerting agent within the tank 530 cones at
arelatively lowcost. [0090] It wll be further appreciated that while a
particul ar arrangenent of the fuel systeM5 conponents and their
connectivity through a nunber of fuel |ine segnents is shown and descri bed
i n connegircomittbdeh it b@r@hﬂyeraﬂaldblleearwl%mlvalrymn@fﬁmgiivér&nﬁroaﬁcd:wUdsaad,lizs addeg
present invention is again not so |imted. Rather, such conponents and the
means by fuldtion as pejneaiing ssahwithiadhaiak P30 demesatianekfivepdewsPy. may take a
vari ety of configurations w thout departing fromthe spirit and scope of
the invention. Specifically, though not shown in Figure 12, it will 10 be
appr eci atfegb(] hak wihite @kther Beiredifes ehat Uphileay pattizolal AGhbigenant loflithe Afe® shyt@ass
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illustrative of the principles and 15 features of the honmopgeni zing fuel.
enhancemEftnesiesk aeh ispderpd igereerapable mayrekon vanely stfdionfRyratiprewitheptdepiting n
of vario e t] : VkRg.: t I Y} .S 3f’ cti
st hose [T T HsciRTRORE HenRety SRS, BRbREMYrbUs AR L5k il
expr ass! petappeemedrhthibis hlteSnabepet ug 093] ifdagiardiaiigaft e padsfliigi o mllowbds
470, 570 shown in Figures 11 qu 12, and now with reference to Figure 13,
it can beYHeBnot Mstateadissed ity A tesdsH. sk likgethat shawn Heheves w7d apdr/-11.
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partlcular%y the -tube or ladcuntil atof - 84 as in the prior e errp?ary
enbodi ment tief plekent iimfergomthé wdativeOsisdzamd shipdsi uhe saBos. cofiipdherits areasotits be
evident fromthe system schematics of Figures 11 and_ 12 and now 25 with

r ef er encdaked stidlye %%@stg@h%rﬁdﬂ 8F vadetead rt beingwessly mlyiadve of the peineipdgs and
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t hrough a second passage_ 474 forned in a second end wall 480 and a second
connect orthpshowp and dascrihed EobRsribicein; the ESEH IBYRIECR 280 1S srAIFRSIYER RpICaNFhIn
enbodineq&sca&ge agai n each end wal |

20 [0091] Regarding the infusion tubes 470, 570 shown in Figures 11 and 12, and now with
reference to Figure 13, it can be seen that each such infusion tube, generally denoted 470 for
simplicity, is of a straight through-flow configuration, not having particularly the down-tube 76
or accumulator 84 as in the prior exemplary embodiment of the infusion tube 70 shown in
Figures 3-6. That is, as is evident from the system schematics of Figures 11 and 12 and now

25  with reference to the cross-sectional schematic view of Figure 13, the fuel mixture flow path is
essentially such that the fuel enters at one end of the infusion tube 470 through a first passage
473 formed in a first connector 475 and a first end wall 472, down through the tube 470 and out
through a second passage 474 formed in a second end wall 480 and a second connector 476. To
form the complete infusion tube 470, in the exemplary embodiment, once again each end wall

30 472, 480 is secured in place within the tube wall 471 using an interference fit and o-ring 483

seal with a mechanical retaining ring 479. It will be appreciated that any other functionally



30472, 480 is secured in place within the tube wall 471 using an
interference fit and o-ring 483 seal with a nechanical retaining ring 479.
It will bwoappreacioat ed that any other functionally WO PCT/US2010/051167

2011/ 041705PCT/ US2010/ 051167 - 54 - equival ent structure now known or |ater
devel oped may be substituted w thout departing fromthe spirit and scope of
the invention. Relatedly, the conponents5df the infusion tube 470 can be
formed fromany suitable material now known or | ater devel oped, though it
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sl owi ng and m X1 ng m xt ure s expl al above in conn on wth
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strai ght 30 through-ffow set-up there 1s not then the sane enphasi’s on
havi ng t hie infhedn albev47(Q, hed obd rtisiam drobintcehfBaspeciftdlyi, goby threughi amkxpansion
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expansion and the subsequent length over which the fuel mixture then travels through the

25  infusion volume 488 before exiting through the outlet or second flow passage 474 has the effect

of greatly slowing and mixing the fuel mixture, as explained above in connection with Figure 6.

Only here, in the alternative embodiment of Figure 13, the fuel continues on its path through the

infusion tube 470 and out the opposite end rather than reversing direction to go up and out the

top again through the outlet tube 76 (Figs. 3-6). It will be appreciated that with such a straight

30  through-flow set-up there is not then the same emphasis on having the inlet above the outlet and

attendant relatively vertical orientation to achieve the eddying effects, as enhanced in part by



- 55 - gravity as in the above discussion in connection with Figure 6
relating to the bubbles attenpting to rise against the dowwardly flow ng
fuel ; ratwenpimisitessuch a straight through-flow i nfusi orctruwseoiidiiet he
design is nore vel ocity-dependent than orientation-dependent, thus able to
perform substantially the same whether horizontal or vertical. It will also
be appreciated that 5 where multiple infusion tubes 470, 570 are enpl oyed
in series, not only is the total infusion volune increased accordingly,
totaling g@@ﬁfyfb)shﬁ&ieﬂib)évé BRI @ Bortndefidy withli &b b Gelufieh@Sthé Bebblédwdeniplinghe
t wo-i nfusion tube system 420 of Figure 11 and about four hundred forty-four
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breaks apart t urrd fue ysical atom zatio
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may al so be playing a role. int nproved performance being seen. The end
resul® i L2904t %%r@%w@m iSO e PR R FSHTE ARG SPUTRITKbXRETEe Ghd Upfusing the

2011/ 041 99RGIEHPAALH Br 11@1@111 fuel5 fhe red Ifn'dﬁ fleP mitHREM i ?cpf)]y the rest

combusti 6n event, thereby causing nore efficient operation of the engine,
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inert gas such as nitrogen, which the prior art essentially teaches away from as a combustive
25  fuel additive, this atomization effect is still achieved as the dispersed gas affects the fuel from
the inside out, even if the gaseous fuel itself, here nitrogen, essentially has no fuel value of its
own. But again, what a gaseous fuel even such as nitrogen does have and hence acts as within
the liquid fuel is a potential energy spring that is released upon injection and mechanically
breaks apart the liquid fuel. Beyond this physical atomization effect, other chemical or catalytic
30 effects of one fuel component on the other may also be playing a role in the improved

performance being seen. The end result is that more power is extracted from the fuel mixture or



shown an overall fuel enhancenment system 620 installed in a
direct-injection engine context and generally including a diesel tank 630
with a | iwD2punp1®32 and a pressurized hydrogen tank 64@chaishoewsnsual |y
feeding into a first circulation |oop generally designated 650 and

i ncluding an at | east one straight through-flow infusion tube 670 as
generally shown in Figure 13, the 10 ci+&ul ation | oop 650 being in fluid
comuni cation with a second common rail circulation |oop generally
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20 a second tiner setting a delay to block the first timer and thus prevent
over-saturation; for exanple, no nore than two seconds of gas rel ease every
twenty sewondsyo4tmgardl ess of the diesel flow (the di esecTdsrmodsdeby t he
engine), which 2:20 ratio (time on to time off) would be an exenpl ary gas
pul se setting at a nom nal system pressure on the order of 100-150 psi. By
way of further exanple, in sone contextsdSit may be preferable to have the
gas in-feed set to smaller, 25 nore frequent bursts; for exanple a one
second bukgtis e¥eratuhemonene n§Sct¥n pu dp1|6f95 S@aanRcluipil peS Ind forfs SREOMUSe
Moreover, in other enbodi nents, based on data froma digital diesel flow
net er 635ecqnéﬂpm<élrar1@srcmllabw irep&B06BBO t saneling k2l istedhydsnganatas drons ek
can nove %Belagl%?e ééﬂ ?hslfs Pﬁsnﬁleld%n%%joffj & Vl\gmnﬁ] V;«Illvg %%f aﬁ)({ or%v(%r}nor%%?{ec& Valves

scal e depen i'ng on te so onger an

frequent agas Hgdlexes ﬂl@aﬁlﬁéteDM(e ngk Bechdl e dhe donrol of the ffrﬁh@n@lﬁlefal:@| flow meter
30consunption). It wll be appreciated that the benefit is arelatively

finely t$AERIPReei-combinstion Ml dathpmdhe rpairinydseean fiRy sipsr &bt thasolnesigs
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i nventi ono tHeprREl fineCed 1l darryp dieep&id] Yis pupgiied biyald gk t6Be ag@a@p agl beﬁag returned

conponent relative to the liquid, as again by the frequency and duration of

the gas i e gy epging e nce HBOTgoRITELARIA NG BiYPEozaR dankh b4 i regptaged: fo, & |nginimum
"di gest™

orocessi A oHSeLr R R AR iyl ROV FERIEL AEH R UGR h%he T P8 ito wiich

i nf usipon theibgsogefOis fEadiﬁﬂg*l and cegaaintg ftlélehnel d3ushé¢ratondhe order of 10Gmpdnaich tadt

the fuel enhancenent system 620 of Fi gure 14, the first vari abl e area flow

met er 636hfi bydigestpisea-fif ehapniexigratehyldOial ipskf The solseeid dloay samtrol gighviechg4 is
t
o mger <oRERTbs 4 RSt 5ol M bl 6 A% AL SFLLRL 0% REBLL00 Blord e

t he net enhiGgg thiebat sriaoteGepdors U eff tive |ﬁ1eﬂ vaﬁhbla areatfrow MHaes €36,ebhipb cortsol e

identified as 10 relating to |l evels of diesel fuel flow.in response to
engi ne dégaAdAt bswwbcHch s viga sewUhop ¥ilalgr devedenst don ¢legirisyln sratiolingnei ves
val ves644,.anfl. PLRASSRP o émws%rﬁem%yraﬁ?% OfhtP're \fedfi%mt{:%aﬂé{&pﬁsﬁ Qtfs
bal ancing the ratio or ‘Concentration of” the Hy rogen gas wthin't di 8se

at any giiv@mdihg et ndtdimieedatophe firsavarighla afeh dlowreicer 606. Byf\fmco“eﬁmrrthbleﬂgh’rple
there could be up to thirty-two sensors or set points, which is typically

t he nunbé® CORURGHENWidhYPH P&%é}mlaal?lﬁéogaﬁ C%.ntrﬁUer) qrythg like, pfimping circhif gpuld bt
t aper ed (Y l.o C

o use nerErany qout ARt godRon? BHICRRL Fulk R M (TEh Shurb iR PESEERYE
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br ef €P abiic A% 1dia SSuine doRciaY ¢ e M oer Bepbras 1By Hera @enstiErgpryfor
The Seco%ﬁlaﬁﬁ fel ﬁcphl%re%ﬁﬁt% W NEE & a@%&eas&% é}’é/*%%n isEdbnQg, rb%‘a?&l%?sdof%e bifagel
digital flow neter 635, may 20 pro |de further co firmatory flow data

and/ or eﬂwc(thwdiegeladmanldecgbﬁm ériney) wheh 2:2(5 peiot (|t1me af ta Mepé@svmjd bt und.
If the optlonal ?enflowrreter 646 is include i ne_ 641

g}e th bl
downst r e &AFGP! af3h% S TG A AAOTERY Syt REtsEre QhBE erdH OEHQ AnB Bk way
hydrogen Jpgi g, eﬁ‘érﬁﬁg Uﬁles@niergoﬂtekﬂ‘%t fﬂd? lbe?réf@ﬁme' 5 Hhbe {hel%%%i ?ée@ setfai s‘ﬁﬁll@@t a

can be provided to the controller 645 and used even as a safety over-rid
of the fimst fregnérdbluestgrfeacidnpie renhese@RE, butdierelyyten eéqundg ot @ ha]fsecmmshhumt

t hat not too ; ch as i.s introduced before it can be properly "digested" by
t he fuel eé?ﬂé( %‘tdss PEME28" ARt WB%‘{%WF%% YasthPR ete é‘s‘lé%lt%lgi’éffse]t go‘ffhe
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of the engine, and other such probl éns. Once nore, while a partic
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30  consumption). It will be appreciated that the benefit is a relatively finely tuned liquid-gaseous

fuel monitoring and metering system that helps improve combustion efficiency in combination



30not so limted. Accordingly, those skilled in the art will appreciate
that while an exenplary electronic netering control is shown and descri bed
i n connecwoanivdsitest he exenpl ary fuel WO 2011/ 041705PCTPUBARIO0OSMEB7 - 59
- enhancenment system 620 of Figure 14, the invention may instead involve
any such conponents in a variety of conbinations and configurations w thout
departing fromits spirit and scope. |In 3%he exenplary enbodi nent, the ratio
of fuels within the fuel mxture is nore than ninety percent (90% diesel
and | ess wifiathet &heP@ipeedtof (thO PresbBidinog@iondYy S}déﬂiﬁ%@ly@bytﬂ?%%@@i PilopBitiofiingl fhg,
5 assum ng the mxing pressure is at a nom nal 125 psi. ner al Fy, t he
hi gher t Igasasiux fysl esmperent Fdathiegh dhe tigiad graesinly e dsanensy andduetian @f Hergas
efficien [ 0 0l nt c hat i j be a [ hi r
pressur egg'\fm&t%hé]u%se%h%l%sdés‘ﬁnétﬁ? A Bgr?lp %’:na ]E% earbl% hogééé‘%)ﬁuﬁglyo%%ﬁgﬁi tﬁ% %?rsa%/&gléorgﬁp %}?ed
Wit hout gepsifidedgniixtofe fére et | froéitingC ap@ey! HotogeRividd @M. the tond bl Mere
further appreciated 'b¥ those skilled in the art that while two particul ar
fuel éonstreladen doopriafusigiciubped’Gs Fughaorprdsignye ihestmted) copfret hardwareaplethy
l'iquid diesel r n it hin cl por t |
range. t R RS fLRAE RS MEhO 8 el ihbicth® BRI’ o B FRALS
termis usgdohebeimorgByalbefferpicdyad 642, vaficad usneod)Utraat kwilcheaNdorpthe pliket fodns
in conjunction with a hogog}%gi zi ng fuel enhancenent Sést em according to
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aspects @ftectieg gredositionio f ehunget.tallt orgdpdike) wighinrtberslighslysprared ongiepped
1 0 " i i . N
scope h?)g[fe Qfg élL I}{!tf:p%%g {Eﬁ;{tﬂr‘ée[g p&g—ﬁgt'éﬁﬁﬁﬁd L4 gff(l)'n?cy.r q‘h?zs% sek %glil?g(glgqh téfied as

di esel - rogen fue ure i s passe rou uel Tine to a first
hi gh-1pr esslutigy puUEPelS R dichdAtfudl dkoasirt leepdpke &BeHgeneodentidned afiwkidhr tBe ighdebli@philyindp
to about 400-500 psi. The fuel mxture then passes via fuel |line 694 either

to the rémaPhdliedohy thsesoleaeihwmlve ftrbAnd Rrocessor Odp shryd bedspedam <4 ff fofethe
AL _ Nt . _ .

| oo R of SEAREE Al BY ERRUERATT: BT oAl 6L i IRl
| oop 650 gwenwaye. Oforfest@inplel nlen®a Zloandetei oLuffitientriempiph&sd doullibesip, to thieptwbor

all of the liquid-gaseous fuel m xture not yet required be; the engine, it
will be SpprECYatceHoMFatvhidhcs tYRigallyethe apmbehel FOr@pu¥pyend o1t en| 6501

t hrough f ' i her.e, &[N ' b
ant i 170udHRR B SAREAI el PO BRE; VIR e B Gitonlt RYFRAN use
exenpl ar yheenhodideoe fiir, highe | raghilngpnatand agdingen €lost sgirgfetablenoughbdll @aad tof husikeon
tube 670 apnd.a return line 654, though again it will be appreciated that

any type SHAIFISHGABEHONSE SYTHICESIEnoR Ul hapPabinseHPICRrBdchdBo PHINSE" 8 EeR s
of the pr ?@sﬁﬂ%g'p‘i’é@@ﬁ%le@rﬂa%‘ a%uffa&ea@%%ﬂ@?v& L& ﬁs%sorﬁﬁét%e §en§’iﬂgit§.cq¥‘lg sedohd
e IS a odl nent e t

wll be furt appreciated that 1nt ternate e t Irs
i nf usi on vhatillde cir¢ac fibat inoter 1680 ptogber svithf brentsicuelof nhed digitnh@dwatne®0G350hapsi

D3V Ve e L L SRl .30 BT 992, L e, culat on pure
such rel ahiyel Yiu INernCidpBbhat hRRodRORRT BERHTERS fUithAtd SRNABCRL NRe 641
downstream of the solenoid valve 644, a further check on the amount of hydrogen being
introduced into the fuel stream is then possible, which data can be provided to the controller 645
and used even as a safety over-ride of the first variable area flow meter 636, thereby helping to
25 insure that not too much gas is introduced before it can be properly *“digested” by the fuel
enhancement system 620 and presented within the diesel fuel to the engine substantially as a
liquid and so avoid pump cavitation, vapor lock of the engine, and other such problems. Once
more, while a particular configuration of a flow meter 636, flow control valve 644, controller
645, and other such components, optional or otherwise, is shown and described, the invention is
30 not so limited. Accordingly, those skilled in the art will appreciate that while an exemplary

electronic metering control is shown and described in connection with the exemplary fuel



WO 2011/ 041705PCT/ US2010/ 051167 - 60 - honogeneity of the fuel m xture and,
accordingly, allow for relatively | ess infusion volune, hence the one

i nf usi on wohe1164d7odepi ct ed, though again nore may still poe/usoployadr even at
the 400-500 psi circulation | oop pressures. Once the nulti-fuel mxture is
called for by the engine it passes out of the first circulation |oop 650 or
directly to the second conmon rail circuf@ation 5 | oop 680, the fuel then by
way of fuel line 681 passes through a second hi gh-pressure punp 693 t hat
steps t henpaResUiEsyyRnt 62006T Kifgreaud e ifvertiod ArylisORDinRsIve adl RudiA¢orhsbneht
is often seen, even on the low end, in common rails. In fact, according to
aspects of apvagefymiernibgintions arfbcantignpitiony Wibariedapasmedran ie spirit gpé sednsn In

di esel engine si_myl at rail 682 |8 | . DO ipto t e d
ci el at A e Esftbedt Ry RERE Srals il ffRERGREHS Bt Ml oLy fEER
serving (90%9 dedseic haleds ahanTRinNpatdhe d 10%¢ 35UFcpen agalslue dthle Qodierofomixing,
4, 000- 10,000 psi the liquid-gaseous fuel m xture. Specifically, the fuel
passed f remTinglthe Midnggessuie dughn peraingb ki Asir Ahenesaly. et eharehe sup@Fessen
of cir Cu't@ h ﬂelptﬂg%a?e%gusa&% orﬁE t I%ti!) %1& ?&?ﬁcef éfﬁ!:iehé n ai§,8t% ! ?&Btf ts1r11 nthg? 'lt \WR" S
the rel ativeFy high-pressure substanti ally honbgenedus mil ¥9 -7 der” m xt Jre
to the i meepppcRsslhat higbed pieWurd9Pithiaghe Byst@f aneedaer iy dore EFngixig, may b
excess fuel sinply passing along a comon 15 rail circulation Iine 685 and
back to tHWIQEABihewdepading froparBpyspidr #idngrone (pdrthe gpvankienc olimil pgifprther
circul ati i Lvar.ed
by 11 no. GEE T ARG et e B AERRPRBHANG ALFeRRBBR, %, fEbdsea’s

i nj eabor cpuhppisiaPSharfdelt Medtue Nhomélpelidied didsel682] and tdassiak IHydpgeh, hid@sthidr am
each of the regulator 699, injector punp 695, and header 690 teeing into

t he ot hersPfic BroPPHONJakEsH thedBrsAtian iant seilinditadand nvarisyrfeer figlhat (hat |
li ne 20 e . . C . Jtg,-

mixture ot iR AL P B ARES B fEnoRork IF cffbhead Bl a o
or ent er ihognohbigizihi rfaél énhbrcein@nt sysoen atcwrdingtto @epdcaopd the présenhdmvettivn Wwithas! y
re-circul ated as above-descri bed. Once again, those skilled in the art wll
appr eci atd&PrHAE foREit T, 3ydrsaeRcon and nunber of circul ati on | oops and
punpss hi gh-pressure punps, valves, connectors, and lines, the presence or
absence of a heat exchange device, 25 accumnul ator, or bypass line, and

ot her sud¢b0933r i With@ostimred rpfesgicblte Figurd e thelekereplhigndiessbhydivyat arl G20uaf is
the present inventjon wthout departing fromits %ﬁ rit and scop

Part i cul &2psgd thipuel ifyed JIngt 6 ntopti Hipy hagapregaae ARpPt e Hrghkeyy %@ﬁf?@uﬁuﬁﬁp@e
692, 693 JmBy, D6 4 A A t el o sf n Sifor f
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delivering and pre Izin m xture. ce adaln, since Figure
i s a scheodie emaireder off thesecdndedonsiyst @ihocdbladombrp @Ocat fiehding 68 hapde tsecoddof

the present invention, e relative sizes and shapes _of_ the variqus
corrp&ﬂent%éghal’rés% Pyigp 19@91%18 ﬁtagefirq?femﬁsﬂ e drragaifosueles e eRsBR 88 de

as bei ng el el Yod !uIbE’%frElﬁgﬂ-iMfalo%I) 6t56%yR’l}aiyn&ti RAEEHAYD MR circulation pump 653. First,
2011/ 041705PCT/ US2010/ 051167 - 61 -

then, for all of the liquid-gaseous fuel mixture not yet required by the engine, it will be
appreciated that such fuel enters the first circulation loop 650 through fuel line 652 and is there
continuously circulated by pump 653 until such fuel is needed, the first circulation loop 650, in
25  the exemplary embodiment, including at least one straight through-flow infusion tube 670 and a
return line 654, though again it will be appreciated that any type and number of infusion tubes
may be employed according to aspects of the present invention without departing from its spirit
and scope. It will be further appreciated that in this alternate embodiment the first infusion tube
circulation loop 650 is effectively maintained at 400-500 psi by virtue of the first high-pressure
30  pump 692, with the circulation pump 653 simply maintaining the flow of the fuel through the

loop 650, whereby such relatively higher circulation loop pressures further enhance the



features of the honogeni zing fuel enhancenent system of the present

i nvention. Accordingly, the substitution of various alternative conponents
serving swboaniiakl y the sane function as those shown aod/udesionsher is
possible in the present invention and is expressly to cone within its
scope. 5 [0094] Referring now to the further alternative honogeni zi ng fuel
enhancenent system 720 shown schematical®3-in Figure 15, here again in a
direct-injection engine context only nowwith a relatively | ow pressure
set-up. Thamoke@itySyfstheMudi2Ri-agai shdgesidhbly, N6 Uoeselaiwl e &b iffamkn A30mé,t h
alift punp 732 and a pressurized hydrogen tank 740 both eventual |y feedlng
into a 1Geesethaloae idhsipdspeddatenictod, a@gglg AR o7s oay il hercanploxed fyem gt he
east oIS MRS o WIS SR L e kR TR £ 08k by REL AL R

connection W I TCcu I on

conmuni c kbR ow bht}fenﬁseamumloﬁ loBp e@i() ONdistslyerd) thb 8E@nd h:@WlIﬁth iaﬁlecﬁ!ﬁldﬂl@h
injectors 79 i njection pug§b795 In the exenpl ary enbodi nent,
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the dPesdpon &tk tlmgf@eég@n By siapof fuss ling paaS@ﬁethqsl,ghmycmd gl Prassure pupmp 6932
at about [ |y
pet neen (R RaRRlepsp LR oty hioth o BB obh ol ipfil o Wi Db TR ALS
opti onal odithd tosd erdi, asedmlfnbﬁ)mmetlﬁfac??a‘acorﬂﬁpgttotaq)eatsfdfrﬂset 1nva{tloalbh$he96)@ﬁ1;ﬂdr9w
net er 736, descri bed above in connection with Figure 14, and then on to a
further opricsnela dissiimicssion digsebengines afsimwatedcemmpanail §82 oy Wepprratishia the
t hr ough o) d. 0 o I u
generall% %@§1gﬁg%ﬂﬁh%%gﬁ%ﬁbZ%ﬁgwggiﬁgggiéégﬁﬁgﬁn]h&%yéggé%%?@x?ﬁggﬂwngf8o
psi 20 i rirtli@tcex emgh@ingd era3odesBiiin oh therbider @tga()(bt) b(e OG(D) psiahé ﬁtlﬁd dabedus tfllitﬂ
one or nore circulation Ioop dellvery gwfgpe any fluid punp n

known or Miztuss gesrdiGPsdthsie d@ﬁﬁeﬁéiﬂné é%bﬂsﬁlﬂghatﬁlé CBW@@@M@%@@H
draw and c%8 eq-& STBP LR ﬁatgd mﬁ&ﬁ?wo SUC flto SURMmE! AL 18k 681‘4“&15? Jlehn?e{]ﬁgrs the

al ternative’ odlnen§ punps In series,
correspomdnﬁgﬂpﬂﬁgspﬁﬁmnegmbamﬁmﬂymmymﬁgnussdmmnlﬁmepmkhm:pbahsunbt@ﬁmhnem
roughly 10 psi to 100 psi, with any 25 such punps and punp set-ups now
known or TFEH¥pr @%%égﬁﬁe%ﬁ Ik?@fi‘?fbbipg’@sqn&né With §ieest fel pimnly @atsHicaait cAPErBm
720 t Y t r r

ctch Sorpanerea it IR S Bl e SRR i 8oty SoREIRRALEEL Ahe CorhiBh
fact ory- irni$ catlledoretpopi8Ont Whens e fyeldéqeadied yahe thgine andekierecdbyrging 68t he
style of diesel or other %ngne on which the fuel enhancenent@uysten1|s
oper abl y HiQugh ipghpresiyes, regyiaton Y thaperfsiesno; tee dyjeer RHuer Sy den g the
30bei ng C @Hﬁ I
|IIustra??$%hgﬁ egﬂh%@@J$§E?%£%?ﬁéfaylﬁgﬁge nt&iégfe&?g%p ﬁ%éﬁ%mdQngx
al t er nat 1696 t&)ﬂ@’rpit@.ﬂ}p athdrddg werite sehendsemanadn faiktirddMtion loop 680, namely, fuel line
2011/ 0417Q PCT/USZOlO/O 167 - 62 - filter 739 is in-line upstream of the
ci rc#lat i% i picp dhepgsiarts{hp afholer IOFGTE R A dle H’b‘\‘ﬁhgﬁ BURHER repRENIRG eihe seqongn
with a f léﬁjcullah@l’la 150%1686"% ﬂlﬁhér of&LiHE By ehfé'i‘fng hﬁe 'ﬁ'i‘it‘%ﬁfu'sf%ﬂ tHHérglrglﬁétl(ﬁ’pgog
injector 791 spill "ports and rnms part of circulation loop 750

this sarréSDnném?dbhudm]szt reeramutnfted healfdvesiesgitedp @dcecigaoy ltladse (sknlkadrmshe? 34

is f h fr k 740 via line 741 in
s fed yd 1 a%prem ?esthat the con guratlocr)l andanumbe? of7 circulation loops and pumps, high-pressure

pumps, valves, connectors, and lines, the presence or absence of a heat exchange device,
25  accumulator, or bypass line, and other such variations are possible in the fuel enhancement
system 620 of the present invention without departing from its spirit and scope. Particularly, the
circulation pumps 653, 683 and the high-pressure pumps 692, 693 may be of any type now
known or later developed for the purpose of delivering and pressurizing the fuel mixture. Once
again, since Figure 14 is a schematic view of one fuel system embodiment according to aspects
30  of the present invention, the relative sizes and shapes of the various components are not to be

taken strictly, but instead are to be understood as being merely illustrative of the principles and



5 which is installed an on/off sol enoid valve 744 and, optionally, one or
nore check val ves and a hydrogen flow neter (not shown). As such, under the
control olothe/dirost variable area flow neter 736, now iPoTaspdiomstispN Wt h
data fromthe separate opacity nmeter 746, nore about which is said below in
connection wth Figures 18 and 19, the flow control valve 744 sw tches on
and off to intermttently pulse or supp! §1 hydrogen through fuel line 741 to
the fuel line 751 10 carrying diesel fuel as supplied by the tank 730 and
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13, the infusion tube 770 is not orientation-dependent, it not being

necessary that the flow of the fuel enter the main tube vol unme downwardly
so that the bubbles attenpt to rise against this down-fl ow and



25 hence gravitational effects render a nore vertical orientation of the
tube preferable. Instead, with reference nowto Figure 17 illustrating

t hree suclwo™nevarms-fl ow' infusion tubes 770 install ed POTABRIBSIMBA
connectors 775 interconnecting respective inlets and outlets, or first and
second fl ow passages 773, 774, respectively, it will be appreciated that
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30 [0095] With continued reference to Figure 15, and now with further reference to Figure 16

showing a schematic cross-sectional view of the alternative infusion tube 770 employed in the



engine it passes out of the circulation |loop 750 through fuel line 784 to
the injector punp 795 WO 2011/ 041705PCT/ US2010/ 051167 - 65 - and then to
t he i nj eowors11R170swi th spill port lines fromeach of tlreTiUusp@osrIepuNp 795
and injectors 691 teeing into fuel line 751, which then starts the whole
process over of the nulti-fuel m xture passing back through the infusion
tube circulation loop 750 to be continuotidiy recircul ated as
above-descri bed. Again, those skilled in the art will appreciate that the
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fuel mxture is too refracte cating a ‘high degree of gaseous or
bubbl e cambegt an tihiet drﬁtned b7_94e6f1rsm pasapeas famediihth¢ hppeatdidirstcant wall 73y sitem
conponents .can shut of prevent any further gaseous fuel in-feed, while
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746 can thus ow the other control system conponents to continue to met
t he gase@mﬁtmuegnanmkmé@ahage@ﬁ@ﬂmmmdnmémfhysaﬂnwﬂbiﬁhatbmsspmwbnasadMﬁmﬂl

fuel flow  Accordinagly, it will be appreC|a ed that the opacity. net
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the art that this alternative “reverse flow” infusion tube 770 has certain advantages in use in
that, somewhat like the straight through-flow infusion tube 470 shown in Figure 13, the infusion
tube 770 is not orientation-dependent, it not being necessary that the flow of the fuel enter the
main tube volume downwardly so that the bubbles attempt to rise against this down-flow and
25  hence gravitational effects render a more vertical orientation of the tube preferable. Instead,
with reference now to Figure 17 illustrating three such “reverse-flow” infusion tubes 770
installed in series via connectors 775 interconnecting respective inlets and outlets, or first and
second flow passages 773, 774, respectively, it will be appreciated that the reverse flow infusion
tube 770 design is essentially velocity-dependent, reliance being had on a velocity and surface
30 friction effect or “rub” to work in breaking apart the gas bubbles generally denoted 729 as the

multi-fuel mixture flows through the tubes 770, even at closer to the general flow rate through



WO 2011/ 041705PCT/ US2010/ 051167 - 66 - variable area flow neter 736,
particularly, so as to over-ride that neter and prevent further gaseous
fuel intrwgduotiamosf the fuel stream already has or appeerastaohamer a
gaseous content above a threshold | evel despite the diesel flowrate
calling for nore gaseous in-feed, such as when accelerating or clinbing or
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with an internal bore 761 having installed at opposite ends a pair of plugs
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assentl ' 7
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the flow path in and out of the fluid flow housing.. As_such, it wll be
appr eci att8e® eHAE Uk valhipi hereRlpas Origst/Re 2 Frideg gy 4% +1Boyehaigaln g othesy
splicing aci e Lt I ne,

At h 308 e o s e Ko R e, SR B S B, chiefieg
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or other substantially adjacent_ the fLui d fl ow WO, ) )

2011/2041 Fors /908bBUIaH e P1 ghe infusion tubes 770 with horizontally oriented inlet and outlet

passages 773, 774 and the use of the universal connector 775 makes ganging the infusion tubes

770 or setting them up in series quite simple and space efficient without the added cost,
complexity, and potential failure modes of multiple hoses and connectors or clamps, etc. It will
be further appreciated that in this alternate embodiment, the infusion tube circulation loop 750 is
25  effectively maintained at 400-500 psi by virtue of the second lift pump 793, with the circulation
pump 753 simply maintaining the flow of the fuel through the loop 750, whereby such relatively
higher circulation loop pressures further enhance the homogeneity of the fuel mixture and,
accordingly, allow for relatively less infusion volume and/or relatively higher flow rates
therethrough. In the exemplary embodiment, the overall flow rate through the system may be
30  on the order of four gallons per minute (4 gpm). Once the multi-fuel mixture is called for by the

engine it passes out of the circulation loop 750 through fuel line 784 to the injector pump 795



- 67 - housing 760 is configured, anong other things, with a pair of fiber
optic connectors 766 from which extend respective fiber optic |ines 767

t hat termvoabe/oaitosi n the internal bore 761 of the fl ui écfriuseoloesasng 760
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optical sensor therein; nore specifically and preferably, each of the two
fiber optic lines 767 5 pass through th& +respective plugs 762 and extend
into the internal bore 761 substantially symretrically so as to then be
posi ti onegdd shdstatte @ldcyors Bacedithr@m pbe 1iRs ARG iedeh SPAREThj@Ra! furk®TISGhar s
764 through which the fuel mxture flows into and out of the fluid flow
housi ng 7@OctorsP Heeing BYip fuet {ine Adb ditieththen staeth thearidle arocessddver of the nfyltydpel
optic li 7 iS.su r y.an @-rin | eeve.. SO | eaye exposed
2o ot s MG oS BRE Sl uBtnRuldnEof SRYGHIT R | BelpRusRORE
subst ant icathiMteingn apevdtiedribéd. eaphaiat MBsscaginss ih hdef uel will Qppipatate it othgh
the fluid flow housing 760. In use, then, as the fuel m xture passes

t hrough tchRefigpagéen gndrayeberfaircplagionilops anginugnnsi HEPUpE?. paEes: comegtoR taafin
t he fuel h i hen i.cal | e

opti cal st iRy P eSeaRert oAl ST SR abiRRD aRTEE o BuPRL TG ey
send cor egpeaditivgis Sirg ssibleoint iR fiehichBdrncemend Sy swdnt [620MH{T thet pi@sepaaidnyion
nmeter 746 is in electrical 15 conmunication. Once again, based on the

si gnal s tHthoupdervarGEOBNGS sRiEhard peopg. Bynd Haco Bierasyl ki ate sEhgmatiqysiews of
controll 45 - i.n. -t . ver.- I i I | - OW . et
736 ae nobs Loy P ebau Y oRtEAinE P RpblF of beBhed LA BRET IR S, |
t he angi RRapes oN¢He vaviet Sadripdicad avd tidt (086 ekues sfrical, bul s dsike ol chniderstdod aar t
wi |l appreciate that the exenplary construction details of .the opacity

net er ar @eingreeigly lugisativaraftee prinfiples 3pd Jeawgs 96 thechamegenizing fughenhppedingn,
such t hat fuel e e . Syst 0, 1.angd .t it 7 .
parti cul as?/%tgﬁ iog tj#l%t sg&ﬁi {n}?tg ltét(ljp,%y bu?‘ @l&%é?lggg ﬂn%y%&%gﬂ%hnéﬂb%&%%’? %&E%artlve
forns i neomporaits segvingchisadneigily tevsakravnctam dsahese stewelaopdescvibed Buiossible in
departi ngg fromthe spirit and scope of the present invention. In that
regard, iR piepant Byeniins ¥ iaerrietshate WalseHdiiAgSSFPRehe sensor, it can be
oriented either |ooking across a flow (nuch like through a sight glass) or

| ooking along the flow axis fromone 25 end or another of a fixed length as
i n the exXeogd]arwittrdoadhurentfersvive rteibigiee tiieindvayw tWwich Sethsorefa@ancepot EiguieallBy
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sense for gas entrainnent. Furthernore, the location of the opacity meter
746 can iefecgtmnak cesamseicatot mithuhe comtrater WStagraesitis ffst eaiableatven dloyw meter 736
30l ocation of the neter iP or afher the circul ation hoop can have an )

at t ertflantngdiagaoflovfonupt ¥elve it Herepy croRRa He “H8i RPSCOTIEH RhePaRRICH AR
ef fect bejfGiSiReMndl dontrBfinkae gﬁ%@%h?&ﬁkas_\%y@ﬁfeh?st add%d%@ the liquid fuel stream.
2011/ 041705PCT/ US2010/ 051167 - 68 - sone situations It nay be preferable to
have t he (Gmacillyy theedmacity 4feteiel/4b iis eh yopata sensdraconfigumetd Xb ngsgeeigasgoub unfukioh

so close _that the gaseous fuel has not had tine.to infuse into_.the |iquid.
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has a tendency to cloud. Ih order to deal w
25  too refracted, indicating a high degree of gaseous or bubble content, the meter 746 in

cooperation with the other control system components can shut off or prevent any further
gaseous fuel in-feed, while if the fuel stream passing by or through the meter 746 is below a
threshold level of refraction indicating relative homogeneity of the fluid, the meter 746 can thus
allow the other control system components to continue to meter the gaseous fuel in-feed based
30  on other system parameters such as diesel fuel flow. Accordingly, it will be appreciated that the

opacity meter 746 in the exemplary embodiment is a “watch dog” on the system, and the first
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Additionqhgﬁﬂnﬁhe hydr ogen tank 840 supplies hydrogen to a flow control

val ve 844 “that then supplies hydrogen to the fuel line 841 carrying the

di esel fuel as netered by the flow sensor 843. The flow control valve 844
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the fluid flow housing. As such, it will be appreciated that by simply connecting the connectors
764 to fuel lines, or splicing the opacity meter 746 within a fuel line, a complete fuel flow path

30 is formed so as to pass through the internal bore 761 of the fluid flow housing 760. The

electronic housing 765 integral with, installed on, or other substantially adjacent the fluid flow



15 sections of the systemor the high-pressure injection systemitself. As
such, any residual system pressure that exists, such as when the engine is
turned ofwoand/mbmsfuel mxture is no |onger circul ati ngcanmd2edoioshiewi | |
have a tendency to seep back to the | ow pressure side of the system across
seals, etc., it being appreciated that any static pressure differential is
going to tend to have this effect and th@it- hydrogen gas is particularly
capabl e of penetrating and passing through 20 nobst substances given enough
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fuel component, in this case hydrogen, has been in-fed and et her a
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locatlon of the opacity meter can 1n some sense contribute to an hysteresis effect, whereby

30 location of the meter in or after the circulation loop can have an attendant delay of the effect on

the fuel at the point of mixing and that effect being seen all the way downstream, such that in



25 as conpared to Figure 20. First, there are enployed five infusion tubes
970 now all in the "reverse flow' configuration. Sone are shown as

hori zont avoaond/momwe as vertical, though it will be appreciratsesiofosasrt he
foregoi ng di scussion that the infusion tubes 970 are generally not

ori entati on-dependent, such that the position of any such infusion tubes
970 within an overall fuel enhancenment s§&tem 920 is generally dictated by
har dwar e and spatial constraints, for 30 exanple, within an engi ne

conpar t Mebine WituliGRWIeRS BE pretv@BicClothaveUiht Nacith ecter 1482 rdRely ¥lob&! @ the
946, again in electrical communication with the controller 945 for the
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wi Il agaip apppeciate that the location of the opacity meter 946, and
accordingly 1ts settings, may vary fromsystemto system w thout departing
fromthe spirit and scope of the invention. 15 [0099] Wth continued
reference to Figure 21, such a honp enizigg fuel enhancement system 920 was
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| aboratory 1s presented and ncorporated’hereln y reference. "Specifica ,
t he Jet t audiDfurthtaadaidany fhdapdanadineaesysfenels mmdhythe sase bt 6 dxamphiry systdnoao
point _six m.les per_gallon (34.6 npQg) re the vehicle was run without the
fuel 28nh@hdéstEnt. WiB airet PRSI IRA TV at #dt At halsHraRaerta tagyre oDy {%m is

mles perphothn 6902 HRAREMLA! ggaeefn s an 'n@&u@qﬁah@mgasdiésgl 8hR8hetSth 4 Lift
hi ghway driving. Wth the Jetta TDI wth the fdel enhancenent system 920

t hen act ipvatpe®BXf ard @ pfadalrized iydsigen camkt $¥it batk dsdiredingd a rimelhsios &opngepeoiaily

ei ght percent b | u 97. 8%.vol) diesel d.t oint t percent b
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hundred fifty one point seven percent (251.7% inprovenent over the vehicle

basel2s ne 1¢8pd8 ¥k edcearghin” bedpe maflnid wpmafunidaition ywifhothe epginats igjextion bysgenpeesmmon
gallon ( ?f;lil %90 and injectors 891, here by way of the fuel filter 8§99, circulation pump 893, and
injection pump 895. In more detail, the diesel tank 830 supplies diesel fuel by way of the lift
pump 832 at about 5-10 psi, which then passes to one or more circulation loop delivery pumps
834 that take the diesel fuel up to approximately 100-125 psi in the exemplary embodiment. It
30  will again be appreciated that the circulation loop delivery pump(s) 834 may be any fluid pump

now known or later developed and configured for appropriate pressures and power draw and to



WO 2011/ 041705PCT/ US2010/ 051167 - 72 - npg). Further tests in which the
hydr ogen was infed at about 375 psi again reveal ed significant fuel savings
of the |iwoi2diidisuemel on the order of at |east 30% Furt perroseep/oshier 2009
Vol kswagen Jetta TDI has since |ogged nore than 5,000 mles of city and

hi ghway driving and in doing so repeatably used one (1) gallon of diesel
per sixty (60) mles, with the approxi mat®- 5 anount of hydrogen
consunption of 0.02 gallon per 60 mles, and generated fuel saving of 0.54
gal | ons oatcah@selte BRkeIGRAd Bthed Suchhipiivil fuarssliaieiaeslst;@ométgﬁl Iy wasenbostg3naiGent
(60% increase in fuel efficiency In an actual vehicle under actual driving
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i nposed kEbBAursitdanitas dnd ﬁfayaut orrake rsceivaddraah SQ/aN@y cwaﬁplts thcaudigpbutang &ntfedon
the order of 300 ppm 15 [0100] Turning finally to Figure 22, there is
shown a 4@ HERRY senspiedd IndahergxiarssPpargtiamyith therfjow pensar 31y i dowaetrepsn opacity
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present I nvention such as shown an SCri vi‘ously I n conn Ion” w’th
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figures depicting systens 620, 720, 20 820, and 920, respectively, the
i s shown dowatreang abine flommptee 845, derretdt 8! bharmpcitted thag sl asgwnulpter 884 could
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failure, and particularly seal failure, as would be the case where a punp
i s used, PrEPUESitfPlethe; %yst;sme & i dlat H@Vo‘?fdthﬁﬁéﬁtemt Oqt%ld‘? 8t aay PSPy BR PFISSUEHh
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not for typical aft s ern as 1s often e” case
W th gearprerz;lqmasthataﬂsmtgwuah lay wHémcthe dngngb yis turhed offpindl the fudll medurddy inodoBgeri S
configured about the punp_shaft 89 adjacent the punp body 88 as having an

out er t ulSHFERtGERND whichoyillhpve e ts@c}?@FW% geeRfRrlk &athedow rpéesawl%w 88Y¥gNas
to be SUQ&L @Qtséagtlz 2 icgrb%ﬁg éép?ne%%éﬁ' tljia.if' edngté csﬂ}égshr@%ﬂ%%tlglhﬁ kN Snd to

bronze b I ng Invirt a net engage over the
shaft 89 haee this effecdd@bthachwhogamcenk is gdracddnidn Z@ablstsdflp&getﬁﬂlng umd Ipessitpathraughew

th dt h | . | th 0. 010" cl t h de WO
2022/528'217@%pg}1§s%r§g%§§y%53%3h tlef\nses partl%lrlllarly rubber (s:ea sa zrmac{I t(l;le)hke will thus bé: ?ailen %p

by the accumulator device 884 and help preserve the integrity of other system components,
again, especially low-pressure components. It will thus be appreciated that while some infusion
tubes may be configured with accumulators therein and some systems may not have
accumulators at all, as either being sufficiently robust or operating at sufficiently low pressures
25 or having sufficient infusion volume to accommodate such bleed-back residual system
pressures, in other exemplary embodiments such as that shown in Figure 20, there may yet be
provided a low-pressure-side accumulator device 884 to further render functional the overall
fuel enhancement system 820, though clearly such is not required and the invention is not so
limited. Again, such a separate accumulator device 884, if included in the system 820, can be
30 placed in a variety of locations so as to achieve the pressure relief benefits explained above.

With continued reference to Figure 20, the diesel-hydrogen fuel mixture, again, that particular



- 73 - surface of the tubular wall 81 and is seal ed therebetween using an
o-ring 83, which also serves to allow the bushing 82 to center and/or align
on the puwp2shais17089 with relatively little to no side lpozdis2dlo@saby addi ng
a degree of flexibility to the punp and notor nounts affecting the spati al
position and rotation of the punp shaft 89. Qpposite the bronze bushing 82
in spaced- 5 apart relationship is the Punp shaft seal 84 noved froma

| ocation along the shaft 89 within the punp housing 88, the space between
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out er t ukldbaibewah IFidikes 16 aMd l1l7, B sapidemidathad ihfidfonWubdy $80CHednaRML kHraiigh-
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on fuel ait ol tdppreragefrodi (ROFoRgbink 0dis¢udkibn Wirdhaledrnghveateimplivyt EmBodiments
pressure differential on 15 the back side of the punp shaft seal, or now
t he br on2&essuisahagingthat Yeh ppmaer. confegyratipa. ardiwauesice o hrgofysian tubgsB78ygP is
fuel tha t [ Q - - e bushi e

o't mar olSEF: Y o5 AYBEEANBEAERE AETRRRY (NSFS 05 OV Bplifng.

as neededNundrbeomaer, variativhd of the iffusibhabeappstactiah agdd hiradgehizat map e lenipddyied

of the bronze bushing 82, or the length of the punp shaft 89 over which_the
bushi ng 8uthoRt darpsting fiophdte wurt pidhatps fothe HavEnpign s et RhRyeaidc WGy Wil
ef fect ofg illar i.G fd-gi.al .t j t

oper at i o PR AR it nE T8y GPUlerRA R RS 761 B e, MBI Sa ey,
conf i gur ahroogls thenmfaeity aleser 8d6ductethaothe sgftedmsanbl i abtanokapevite o dy@dngic, real-
devel oped. may be enployed in practicing the capillary bleed device of the

present iR BileqiRETiRciyeyahe hafgogensi Pt be spkiure, abhihus dispregresgo g guthe) n
conclysi %{Aseom S %Sﬂlﬁgﬁi&i;,gn 4 ?o%% da‘gﬁfdrg%i{?ha%?%%@f? L RFd dngf\b!ﬁéﬂ&)é? ahWREr-ride of the

configurations shown escri erein, it 1s noted that the necessary
or opti malther rbusoladenialtsmaniety, diepod eohtrolnvavenddbey trigheet bgrthé dekdrfsow data
i ncludi ng pressure and. fuel flow rate (tinme). Higher infusion volune can

al low a propor Pomstarlipe favomsteride: 19 teleryyenk offerptident heylavit ke waP
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the filter 899 and then is either presented to the injection pump 895 by way of the first

20  circulation pump 893 based on the demands of the engine or passes through a fuel line 854
located between the filter 899 and the first circulation pump 893 as circulated by a second

circulation pump 853 positioned in the fuel line 854 so as to be returned to fuel line 851 for

further processing through the rest of the system 820. Similarly, with reference briefly to Figure

21, there is shown a similar overall fuel enhancement system 920 with a few notable differences

25  as compared to Figure 20. First, there are employed five infusion tubes 970 now all in the
“reverse flow” configuration. Some are shown as horizontal and some as vertical, though it will

be appreciated from the foregoing discussion that the infusion tubes 970 are generally not
orientation-dependent, such that the position of any such infusion tubes 970 within an overall

fuel enhancement system 920 is generally dictated by hardware and spatial constraints, for

30 example, within an engine compartment or elsewhere on a vehicle. Further, here, the opacity

meter 946, again in electrical communication with the controller 945 for the purpose of



case the use of nore infusion tubes with less tinme of the fuel in (or
faster flow rate through) WO 2011/ 041705PCT/ US2010/ 051167 - 74 - each one
still al lwo=ofiou1as effectively honbgeneous nulti-fuel wCrtuse@oo€anaversely,
pressure and other factors being equal, a relatively |ower total infusion
vol une can yet achieve the sanme result as the fuel is slowed w thin each

i nfusi on tube, whether by tube design or7bverall systemflow rate or both.
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five infusion tubes having nom nal dinensions of twenty-four inches (24")
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under si iters, Wth. ditl I gh J it i i f
syst em 1 g iRyt A N6 B2 bl BB skl L BER bRl BB RIASRE Ol
or mape ianfiensicinhd twest adseneemiriol €adtasaqual lehest the neRig i ¢l gafuenend 9higs
been found to be sufficient to achieve the infusion and honogeni zati on of

t he mul t ibY ifsfeadirsprgieatsaiciatedmagiatecstas gk thestugk mpHarepyighia sircplaenting > That
iS, t he < - @ ol L. 0] 111 e i L

promot e aiG A aii L BARN DBPRORL ABPIERERIET B WR! foat? e

i nternal tidtrticloustéonodf the bpeelity nidwersOdef heLiccoslimdhite yadngy neyypasy frigmtshstem to
liquid fuel to a foreign substance such as a gas to. share nol ecul ar space
wi thin t REsteayithoudenarine frem dhesspirgt angrgers Qfﬁgfbmfvﬁ@lqni'qui d fuel to become
effectively a conposite fuel that, again, is seen by the rest of the
system and the injection system particularly, as a liquid, even if no
change o1f0®99¢ cWetincoaliney refeleace t@FigusveEl, Sudhas haacgizae fuel athancémdr eydterel
conponent s be aepreci ated fromthe foregoi ngt,eéi n the infusjon

. As 25 w || .
process th8 W%sqﬂﬁtﬂle\émagb%ago%u PEswrgrar et i Brbechatged At Bhica Ry <y Hedaranewet o
pronote th'&@irr%% nf &b%gges}gg;ntﬂaﬁé) of ﬂ’i_éel SR Adr¥e BRI R §x Ypddd 'ﬂgﬁ'ofﬁ@quto atic
osit S

separate co ubst ance. e I nfusion process thus denonStrates the
abi lity itnnsmizeiongem acrnd tdsting, edibehbedepén fies tenpasitior dicnglingtoaspact sf e

the present inventjon to bind a basic gaseous fuel wthi | iquid fuel vyia
pri maPi | PrEfBt BHeon Wit _%“’ieﬁf%l’%aﬁg 205 S41125h B %ﬁeﬁeggﬁt@o@@fﬂé&@% Avyiep &30
change Wat:&!r@in%h@ afs%@: s 91 e YrEenBInbRGor, %t@@l‘e!ﬂ Yogdef iﬁﬁh%@tab&ﬁl 2006[5‘&@.6‘%@
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reference. Specifically, the Jetta TDI standard mileage, diesel fuel only, resulted in thirty four
point six miles per gallon (34.6 mpg) where the vehicle was run without the fuel enhancement
25  system 920 being activated at approximately fifty miles per hour (50 mph) under various
loading conditions to simulate highway driving. With the Jetta TDI with the fuel enhancement
system 920 then activated for a fuel composition that measured at ninety seven point eight
percent by volume (97.8% vol) diesel and two point two percent by volume (2.2% vol)
hydrogen, the resulting average effective mileage was found to be eighty seven point one miles

30  per gallon (87.1 mpg), or a two hundred fifty one point seven percent (251.7%) improvement

over the vehicle baseline (“diesel only” operation) of thirty four point six miles per gallon (34.6
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[0104] While aspects of the invention have been descrjbed with reference to
at | east Stwdard for automakers, and also NOx were in a low range of on the order of 300 ppm.
15
[0100] Turning finally to Figure 22, there is shown a schematic view of an exemplary
capillary bleed device 80 as employed in various fuel enhancement systems according to aspects
of the present invention such as shown and described previously in connection with Figures 14,
15, 20 and 21. Specifically, with reference to each of those figures depicting systems 620, 720,
20 820, and 920, respectively, there is shown such a capillary bleed device 80 integral or employed
in conjunction with the respective high-pressure pump 692, 693 (Fig. 14) and 793 (Fig. 15) or
the injection pump 895 (Fig. 20) and 995 (Fig. 21). The chief purpose of the capillary bleed
device 80 is to protect against pump failure, and particularly seal failure, as would be the case
where a pump is used, for example, in pressures beyond what it is rated for even though it is
25  capable of delivering or circulating such fluid pressures were it not for typically the shaft seal
being the weak link, as is often the case with gear pumps particularly. Accordingly, the
capillary bleed device 80 is configured about the pump shaft 89 adjacent the pump body 88 as
having an outer tubular wall 81 bolted or otherwise affixed to the pump body 88 so as to be
substantially concentric with the pump shaft 89 and then having a bronze bushing 82 slid therein

30  in virtually a net-fit engagement over the shaft 89 (e.g., 0.0005” clearance). The bronze bushing

82 further has a few thousandths clearance (e.g., less than 0.010” clearance) with the inside



exenplary enbodinent, it is to be clearly understood by those skilled in
the art that the invention is not limted thereto. Rather, the scope of the
i nvent i orwo0t1m4bmsi nterpreted only in 30conjunction w PrhTiuseoappasded
clainms and it is made clear, here, that the inventor(s) believe that the

cl aimed subject matter is the invention. W 2011/ 041705PCT/ US2010/ 051167 -
76 - CLAIMS What is clained is: 51. A hofbgeni zing fuel enhancenent system
for use in conjunction with an internal conbustion engine having an
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and bleeding off via capillary bleed hne 85 of any fuel that has seeped along the pump shaft 89

between it and the bushing 82. In the exemplary embodiment, both the bronze bushing 82 and
the outer shaft seal 84 are retained on the pump shaft 89 by retaining rings 86 seated within the
10  inside surface of the outer tubular wall 81. It will be appreciated that with such a capillary bleed
device 80 about the pump shaft 89 outside of or exterior to the pump housing 88, and the
pump’s internal shaft seal outside the housing 88 beyond the bushing 82 sealing the shaft 89, a
further fail-safe for the pump’s operation is thereby provided, such that even if the pump is
working on fuel at on the order of 200 psi to start with or greater, with a pressure differential on
15  the back side of the pump shaft seal, or now the bronze bushing 82, dropping to on the order of
60-100 psi, any such fuel that on that basis overcomes and seeps by the bronze bushing 82 is
ultimately returned to the fuel system with the pump continuing to operate as needed.
Moreover, it will be further appreciated that the aspect ratio of the bronze bushing 82, or the
length of the pump shaft 89 over which the bushing 82 extends, further contributes to the
20  sealing and slow bleed effect of the capillary bleed device 80 beneficial to the pump and its
operation. Those skilled in the art will appreciate that a number of other configurations,
materials, and methods of assembly now known or later developed may be employed in
practicing the capillary bleed device of the present invention without departing from its spirit
and scope.
25
[0101] In conclusion, with reference to the various exemplary infusion tube configurations
shown and described herein, it is noted that the necessary or optimal infusion volume is
dependent on a number of other factors, including pressure and fuel flow rate (time). Higher
infusion volume can allow a proportionately, though not linearly, higher percent by volume of
30  gaseous fuel to be sufficiently homogeneously mixed or infused within the liquid fuel, in which

case the use of more infusion tubes with less time of the fuel in (or faster flow rate through)



15 2. The honogeni zi ng fuel enhancenent system of claim1l wherein the at

| east one infusion tube conprises a tube wall capped at each end by a first
end wal | wodoa/mewend end wall, the first end wall bei ngcraso®donitsh at

| east a first passage, the infusion volune within the infusion tube being
defined at least in part by the space bounded laterally by at least a 20
portion of the tube wall and axially by-T4he first end wall, the

| engt h-to-dianeter ratio of the infusion volume rangi ng from approxi mately
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10  displacement has been found to be adequate in practicing the present invention according to the

aspects shown and described herein. For example, then, for a 2.0 liter engine, the total infusion
volume employed in an exemplary homogenizing fuel enhancement system was approximately
6.9 liters (1.8 gallons or 420 in’), equating to five infusion tubes having nominal dimensions of
twenty-four inches (24”) in length and two inches (2”) in diameter and thereby totaling just
15 under six liters, with the additional roughly one liter being comprised of system fuel filters and
lines. Thus, a total infusion volume within the one or more infusion tubes alone at least equal to
the engine displacement has been found to be sufficient to achieve the infusion and
homogenization of the multi-fuel mixture according to aspects of the present invention. That is,
the one or more infusion tubes of the present invention are used to promote an infusion process
20  to form an interpenetration within the internal structure of a fuel. This effect is achieved by
exposing the liquid fuel to a foreign substance such as a gas to share molecular space within the
fuel, causing the gas to infuse into the liquid fuel to become effectively a composite fuel that,
again, is seen by the rest of the system, and the injection system, particularly, as a liquid, even if
no change on the chemical or molecular levels has occurred in any of the fuel components. As
25  will be appreciated from the foregoing, in the infusion process the liquid-gaseous multi-fuel
mixture is agitated and circulated to promote the infused particle size stability and create a
unique and separate composite substance. The infusion process thus demonstrates the ability in
a homogenizing fuel enhancement system according to aspects of the present invention to bind a
basic gaseous fuel within a liquid fuel via primarily the one or more infusion tubes, wherein gas
30  permeation rates change within the fuel mixture, giving the ability to selectively enhance the

transport of a desired gas within the liquid fuel in relation to other factors at work such as



5with the infusion volune to take up pressure surges within the
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the infusion volumes, infusion tube configurations and quantities, and other system components
and their relative sizes are all to be understood as merely illustrative of features and aspects of

10  the present invention and so not limiting.

[0102] More generally, whether or not expressly called out, the fuel pumps, valves, fuel lines,
and the like employed in the various embodiments of the present invention may be any such
components or equipment, in any configuration, size or scale, and function, now known or later
15 developed. Thus, while particular relative sizes of the components are shown in the drawings,
these are schematics merely to illustrate the principles of the invention and so are not otherwise

to be limiting in any sense.

[0103] In sum, those skilled in the art will appreciate that aspects of the present homogenizing
20  fuel enhancement system invention involve at least one circulation loop existing outside of the
injection system for continuously circulating, mixing, and maintaining the homogeneity of a
multi-fuel mixture apart from any demands by or delivery to the engine’s injection system
(whether mechanical injection or a common rail), and at least one infusion tube configured
within the at least one circulation loop for providing a volumetric expansion wherein the fuel

25  mixture is able to infuse and thereby become more homogeneous.

[0104] While aspects of the invention have been described with reference to at least one
exemplary embodiment, it is to be clearly understood by those skilled in the art that the
invention is not limited thereto. Rather, the scope of the invention is to be interpreted only in
30  conjunction with the appended claims and it is made clear, here, that the inventor(s) believe that

the claimed subject matter is the invention.



a first circulation | oop containing the at | east one infusion tube and
being supplied multi-fuel mxture fromat least two tanks in fluid
conmuni cavoaen tdaeroswi t h; a second circul ation | oop i rcluseeo/0s1167
comuni cation with the first circulation loop and with the injection punp
of the engine; and 30an accumnul ator nechani sm bridging the first and second
circulation loops to take up pressure diTderentials therebetween. WO
2011/ 041705PCT/ US2010/ 051167 - 78 - 9. The honogeni zi ng fuel enhancenent
systemof claim1l further conprising: CLABM$!I ow neter in-line between a
liquid fuel tank and the at | east one circulation | oop and electrically
connected to a mcroprocessor control, the liquid fuel tank supplying a
liquid fgﬁhmggaag&xhggst one delivery punp; 5a flow control valve in-line
bet ween a pressurized gaseous fuel tank and the at |east one circulation
| oop and electrically connected to the m croprocessor control, the flow
control valve being configured in cooperation with the m croprocessor
contrél tlo Achopagenziag r Biekjapbancepsht tshislem] & mee df €Qgrgtiopt Witk yn internal
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el ectri cal | mjeeesingelt édintity bh&ngine displacement and configured to run on a liquid-gaseous
multi-fuel mixture formed onboard, the improvement comprising:
at least one circulation loop existing outside of the injection system for continuously
10  circulating and maintaining the homogeneity of the multi-fuel mixture; and
at least one infusion tube within the circulation loop for providing a volumetric expansion
wherein the liquid-gaseous fuel mixture is able to more completely infuse and thereby become
relatively more homogeneous, the infusion tube defining an infusion volume that is at least
equal to the engine displacement.
15
2. The homogenizing fuel enhancement system of claim 1 wherein the at least one infusion
tube comprises a tube wall capped at each end by a first end wall and a second end wall, the
first end wall being formed with at least a first passage, the infusion volume within the
infusion tube being defined at least in part by the space bounded laterally by at least a
20 portion of the tube wall and axially by the first end wall, the length-to-diameter ratio of the

infusion volume ranging from approximately two-to-one (2:1) to approximately thirty-to-

one (30:1).

3. The homogenizing fuel enhancement system of claim 2 wherein the at least one infusion
25 tube further comprises:
a second passage formed in the first end wall adjacent to the first passage; and
a down-tube installed in one of the first or second passages of the first end wall and having
sufficient length to extend substantially toward the opposite second end wall, whereby the
multi-fuel mixture flowing through the infusion tube is forced to travel a substantial portion of
30  the length of the infusion volume therein so as to promote infusion, agitation and mixing of the

liquid-gaseous multi-fuel mixture.



m croprocessor control, the opacity neter having at | east one opti cal

sensor for assessing gaseous fuel infusion within the liquid fuel based on
t he rel atwoeonpaciosy of the nulti-fuel m xture passing rorasgéoibasppaci ty
meter and configured to provide such opacity data to the m croprocessor
control, whereby if the nmulti-fuel mxture has a relatively high opacity,
15 indicating a relatively high degree of7 gaseous fuel content, the

m croprocessor control closes the flow control valve so as to not allow any

further gasemdiBombgdniiiig feadnhegenr@dhesstedt of BRihi Dwhereilile hewndaba fhehdrg
provided by the flow nmeter, thereby over-riding the flow neter and fl ow
control val S@ngfes fan tageurpgaier mechinisip adigent the geqong opd ur dl, ashegrityelbe dafupipn
t he opacity r.icS i 0 resh e o.prevent
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shut -down. 10. The honogeni zi ng fuel enhancenent system of claim9, wherein
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bore having_j opposite ends a pair of 25 plugs and having a
pair of conﬁg%ﬁ%iggﬁggﬁé?led spaced apart in the fluid flow housing so as

to be in fluid conmunication with the internal bore and thereby conplete a
fuel flow path in and out of the fluid flow housing; and an el ectronic
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2011/ 041705PCT/ US2010/ 051167 - 79 - the internal bore of the fluid flow
housi ng so Béxingobde higuidgaserats iltitfpel BHE¢-uel flow path and so define the
at | east one optical sensor. 11. The honogeni zi ng fuel enhancenent
systemof claim9, wherein the flow neter is sel ected

6. The homogenizing fuel enhancement system of claim 5 wherein:

each of the at least two infusion tubes are configured having the first passage and a second

15  passage formed in the first end wall so as to intersect the wall radially; and
a connector interconnects respective first and second passages of the at least two infusion
tubes, with the at least two infusion tubes positioned in a side-by-side, substantially parallel
spaced-apart arrangement, whereby multiple infusion tubes are incorporated in the circulation
loop of the homogenizing fuel enhancement system in a relatively simple and space efficient

20  manner and without the need for additional fuel lines and clamps.

7. The homogenizing fuel enhancement system of claim 1, wherein the circulation loop further

comprises a heat exchanger.

25 8. The homogenizing fuel enhancement system of claim 1 further comprising:
a first circulation loop containing the at least one infusion tube and being supplied multi-fuel
mixture from at least two tanks in fluid communication therewith;
a second circulation loop in fluid communication with the first circulation loop and with the
injection pump of the engine; and
30 an accumulator mechanism bridging the first and second circulation loops to take up

pressure differentials therebetween.



5fromthe group consisting of a digital flow neter and a vari abl e-area fl ow
net er. 12. The honogeni zi ng fuel enhancenent system of claim 11,

wher ei n: wbeofloawoset er i s configured with multiple set ppwiuste/oandr t he

m croprocessor control is configured with a tinmer so as to control the
duration that the 10 flow control valve is opened in providing a pul se of
gaseous fuel to the liquid fuel and the 78 me between such pul ses, the tiner
operating on flow data fromthe flow neter relative to the set points and

bei ng over - Thalkaho dyinafiel shhdadendnt Oyidon6f GRRE | ryrtiBetemprising: 13. The
honogeni zi ng fuel enhancenent systemof claim1l further conprising: 15at
| east one hi dlevpmetes dnding hepveon ¢ ligpid fuehtankiandt thent Wgashonheirgtlaticgopp gne

circul ati | : e at. | east hi. gh- e incl uding the .
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ext endi ngid heest sdeliads pum@ capill ary bl eed device configured about the
punp shaft a%%acent t he punp body as having an outer tubular wall affixed

to thé punp? Bedycenrodgalvs ipdins issventt 3 rasurensAcamaup dusli terk apd troatplgasy one
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opposite the bushing in spaced-apart relationshiﬁ al ong the punp shaft a
punp shafthe Bewmeterfe selsgidecly Brtipduce 2 Besepissichgypated bnéesaagqus dig]|tandsinto the

bounded b 0 shaft and the outer tubular wall allow ng for
coIIectigﬁugﬂgekﬁggding off via a capillary 25bleed |ine intersecting the

out eriot ubul ar opalidy raéte@mythiruthke ariledstibge thailath@slodp epe dldaationte reohtie tqalitpthe
shaft an%ligﬂ)%robclégsgir nc%htrol, the opacity meter having at least one optical sensor for assessing
gaseous fuel infusion within the liquid fuel based on the relative opacity of the multi-fuel

mixture passing through the opacity meter and configured to provide such opacity data to the
microprocessor control, whereby if the multi-fuel mixture has a relatively high opacity,

15 indicating a relatively high degree of gaseous fuel content, the microprocessor control closes the

flow control valve so as to not allow any further gaseous fuel in-feed regardless of the liquid

fuel flow data being provided by the flow meter, thereby over-riding the flow meter and flow

control valve until the opacity of the multi-fuel mixture as detected by the opacity meter is again

below a threshold value so as to prevent unwanted gaseous fuel introduction that could lead to

20  over-saturation of the gaseous fuel within the liquid fuel and, ultimately, to engine shut-down.

10. The homogenizing fuel enhancement system of claim 9, wherein the opacity meter
comprises:
a fluid flow housing comprising an internal bore having installed at opposite ends a pair of
25  plugs and having a pair of connectors installed spaced apart in the fluid flow housing so as to be
in fluid communication with the internal bore and thereby complete a fuel flow path in and out
of the fluid flow housing; and
an electronic housing adjacent the fluid flow housing, the electronic housing comprising a
pair of fiber optic connectors from which extend respective fiber optic lines that pass through

30  the plugs and terminate in a substantially axially offset relationship opposite one another within
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points and being over-ridden by opacity data from the opacity meter.

13. The homogenizing fuel enhancement system of claim 1 further comprising:
15 at least one high-pressure pump in fluid communication with the at least one circulation
loop, the at least one high-pressure pump including the injection pump, each such pump having
a pump body and a pump shaft extending therefrom; and
a capillary bleed device configured about the pump shaft adjacent the pump body as having
an outer tubular wall affixed to the pump body so as to be substantially concentric with the
20  pump shaft and further having a bushing slid therein in a substantially net-fit engagement over
the pump shaft, the bushing being sealed with the outer tubular wall using an o-ring, and the
capillary bleed device further having opposite the bushing in spaced-apart relationship along the
pump shaft a pump shaft seal, the space between the bushing and the shaft seal as bounded by
the pump shaft and the outer tubular wall allowing for collection and bleeding off via a capillary
25  bleed line intersecting the outer tubular wall of any fuel mixture that has seeped between the

pump shaft and the bushing.

14. A homogenizing fuel enhancement apparatus for use in conjunction with a homogenizing
fuel enhancement system of an internal combustion engine having an engine displacement

30 and configured to run on a multi-fuel mixture formed onboard, the improvement comprising:
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a tube wall capped at each end by a first end wall and an opposite second end wall, the first
end wall being formed with a first passage and a second passage, the infusion volume within the
infusion tube being defined by the space bounded laterally by at least a portion of the tube wall
and axially by the first and second end walls, the length-to-diameter ratio of the infusion volume
ranging from approximately five-to-one (5:1) to approximately twenty-five-to-one (25:1) and
the total infusion volume of the homogenizing fuel enhancement apparatus being at least equal
to the engine displacement; and

a down-tube installed in one of the first or second passages of the first end wall and having
sufficient length to extend substantially toward the opposite second end wall, whereby the
multi-fuel mixture flowing through the infusion tube is forced to travel a substantial portion of
the length of the infusion volume therein so as to promote infusion, agitation and mixing of the

liquid-gaseous multi-fuel mixture.

15. The apparatus of claim 14 wherein each of the first and second passages are formed in the
first end wall so as to be substantially perpendicular to the axis of the tube wall, whereby
multiple such apparatuses may be positioned in a side-by-side, substantially parallel spaced-
apart arrangement within the homogenizing fuel enhancement system in a relatively simple

and space efficient manner and without the need for additional fuel lines and clamps.



