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(57) ABSTRACT 
Amethod for causing a very ?ne atomization or vaporization 
of a liquid or liquid-like ?uid, Where the resulting atomized 
or vaporized solution is entered into engine, instrument or 
area for the ?uid to be in mixed. The ability of the near 
supercritical atomizer to produce very ?ne droplets of a Wide 
range of liquids Without any aspirant is very important for 
number of industrial applications. Especially When the drop 
size can be so ?nely controlled. Industries needing such ?ne 
atomization include applications such as combustion, 
engines, scienti?c equipment, chemical processing, Waste 
disposal control, cleaning, etching, insect control, surface 
modi?cation, humidi?cation and vaporization. It is impor 
tant in these applications not to cause a decomposition of the 
material being atomized. Staying beloW the supercritical 
point normally enables no decomposition and/or no precipi 
tation of components Within the liquid or ?uid in most 
applications, but a very ?ne atomization is obtained Without 

(51) Int. Cl.7 ............................ .. F23D 11/44; F02G 5/00 the need of any aspirant. 
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SYSTEMS AND METHODS FOR DELIVERING 
ATOMIZED FLUIDS 

REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to US. Ser. No. 
08/691,853, entitled “Chemical Vapor Deposition and PoW 
der Formation Using Thermal Spray With Near Supercritical 
and Supercritical Fluid Solutions”, ?led Aug. 2, 1996, the 
teachings of Which are herein incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The systems and methods described herein relate to 
technologies for delivering fuels and, more particularly, to 
systems and methods for atomiZing fuels for alloWing deliv 
ery of the atomiZed fuel to a combustion Zone. 

BACKGROUND OF THE INVENTION 

[0003] Technologies for atomiZing ?uids and materials are 
important to a number of industries and to a Wide range of 
applications. One particular application is the delivery of 
combustible fuels to spark-ignition engines. For this appli 
cation it is desired to minimiZe the siZe of the resulting 
droplets, or to yield vaporiZation of the fuel. In fuel delivery 
systems it is understood that reduced droplet siZe leads to 
greater combustion ef?ciency, Which, in turn leads to 
reduced Waste and greater environmental performance. 

[0004] One common technique for atomiZing a liquid fuel 
is to employ an aspirating gas ?oW to break-up the liquid 
into droplets. This technique is employed by carburetors, 
Which are still the predominant fuel delivery system used 
today for small combustion engines. Although these aspi 
rating systems yield acceptable results for small gasoline 
poWered spark ignition engines, the siZe of the droplets 
produced during atomiZation is still relatively large, and less 
than optimal for many fuels and more demanding applica 
tions. Improvements and modi?cations that Would eliminate 
or reduce the siZe of drops provided by the aspiration 
technique have been suggested, such as screening and How 
redirection, but these modi?cation also reduce throughput 
and create Waste problems. Moreover, neither of these 
improvements address an additional problem With the aspi 
rating technique, Which is that the aspirating gas, typically 
air, can dilute the fuel being delivered, reducing the con 
centration of the fuel delivered and reducing ef?ciency of 
subsequent combustion. 

[0005] In light of these problems, a considerable amount 
of research has gone into developing techniques that provide 
greater atomiZation of liquid fuels, Without requiring an 
aspirating gas. For example, ultrasonic and electrostatic 
atomiZation devices have been developed and employed to 
further reduce drop siZe and to eliminate, or reduce, the need 
for an aspirating gas ?oW. HoWever, the results achieved 
With such systems have been mixed and such systems often 
fail to provide the desired high droplet velocities. VaporiZa 
tion via heating has also been used, but this technique has 
resulted in distillation and problems such as fractionation, 
residue buildup, and decomposition. 

[0006] By far the most successful alternative to the car 
buretor has been the fuel injector. Fuel injectors, although 
more complicated and expensive, provide direct, propor 
tional fuel metering capability under electrical control. 
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Automotive engines in the US. noW use gasoline fuel 
injection of tWo primary types: 1) throttle body injection for 
the Whole engine and 2) port fuel injection for each cylinder. 
The primary advantages of fuel injection are better speci?c 
poWer (loWer fuel consumption per unit poWer generated) 
and far better integration With the engine control unit; this 
results in much loWer emissions through better control under 
a variety of environmental and operating conditions. The 
control unit can then implement ever more complex and 
ef?cient control algorithms, integrating With more sensors to 
determine optimal settings for the simple control (timing and 
duration) of the fuel injector, thus further improving fuel 
economy and reducing exhaust emissions. Accordingly, the 
fuel injector alloWs the use of computeriZed control systems 
to help optimiZe performance. 

[0007] HoWever, fuel injectors ef?ciencies are still limited 
by the siZe of the drops that form the injector spray. 
Increasingly over the last feW years, much experimentation 
and advanced design has been conducted on the mechanical 
con?guration of fuel injectors to improve their spray/atomi 
Zation characteristics While keeping their electrical control 
lability, Which is their chief advantage. For example, there 
has been extensive research and experimentation With 
forced-air assisted atomiZation, micro-machining of injec 
tion plates, use of ?oW-sWirling effects as Well as other 
approaches. Although signi?cant improvements have 
occurred, several hurdles still remain. For example, the 
spray/atomiZation characteristics of today’s fuel injectors is 
still insufficient to alloW for the use of loW vapor pressure 
fuels, also knoW as heavy fuels, such as kerosene. To date, 
the neW injector designs and processes do not achieve the 
very ?ne atomiZation and subsequent vaporiZation required 
for a successful operation as an spark ignition engine With a 
heavy fuel. The literature does report that one researcher has 
successfully cold started a small spark-ignition engine With 
a crude but effective kerosene vaporiZing unit, hoWever this 
technology is not very controllable nor packageable as a 
compact fuel injector. Nor is it clear that these systems can 
provide the very lean mixture that Will ignite reliably and 
controllably at the high compressions ratios needed for the 
ef?ciencies demanded today. The approach taken by other 
researchers has been direct injection of heavy fuels into the 
engine cylinder. It is not clear hoWever, that these attempts 
at direct injection vaporiZation of fuel Will actually circum 
vent the problems of cold start and proper running of 
kerosene-fueled, spark-ignition engine at loW ambient tem 
peratures conditions. Moreover, present research in using 
heavy fuels With spark ignition engines has shoWn that the 
existing techniques fail to deliver fuel in a manner that Will 
effectively ignite, causing the build up of liquid fuel in the 
engine and the eventual fouling of the spark plug. 

[0008] Accordingly, there is a need in the art for a fuel 
delivery system that provides improved vaporiZation capa 
bility to alloW for the delivery of conventional loW vapor 
pressure liquid fuels and that can be packaged and engi 
neered as both a direct (in cylinder) or indirect (port/throttle 
body) fuel injector. 

[0009] It is further desired to provide fuel delivery systems 
that can produce atomiZed volumes of fuel With suf?ciently 
small droplet siZe to overcome the long-standing problems 
With cold-start When employing loW vapor pressure fuels to 
?re small, lightWeight, heavy fuel-?red, spark-ignition 
engines. 
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SUMMARY OF THE INVENTION 

[0010] The systems and methods described herein include 
fuel atomiZers that, inter alia, enable liquid fuels to burn like 
gases. More speci?cally, the systems described herein pro 
vide fuel atomiZer/injectors that enable the use of heavy 
fuels to ?re small, light Weight, loW compression ratio, 
spark-ignition piston engines that typically burn gasoline. It 
is understood that the fuel inj ection systems described herein 
create a spray of ?ne droplets from liquid, or liquid-like 
?lets, by moving the fuels toWard their supercritical tem 
perature and releasing the fuels into a region of loWer 
pressure on the gas stability ?eld in the phase diagram 
associated With the fuels. It is understood that this release 
into an area of loW pressure (relative to the supercritical 
pressure range of the fuel) causes a ?ne atomiZation or 
vaporiZation of the fuel. Depending upon the application, 
gasses, such as oXygen or air, can be entrained or fed into the 
dispersion to facilitate combustion. 

[0011] More speci?cally, the systems and methods of the 
invention include, in one aspect, processes for injecting a 
fuel into a combustion engine, Wherein the processes 
involve providing a source of fuel at a pressure near or 
Within the supercritical range associated With the fuel, 
providing a restrictor adapted for carrying the fuel, passing 
the fuel through the restrictor and raising the temperature of 
the fuel passing through the restrictor to a temperature near 
or Within the super critical range associated With the fuel, 
Whereby fuel leaving the restrictor is projected as an atom 
iZed spray into a combustion engine. In one practice, the fuel 
provided to the restrictor is substantially at ambient tem 
perature. To raise the temperature of the fuel, the distal end 
of the restrictor can be heated so that the fuel passing 
through the distal end is raised to a temperature Within the 
critical range of the fuel. To this end, the step of providing 
a restrictor can include a step of providing a restrictor that 
has its distal end coupled to a heater element, Whereby 
operating the heater element raises the temperature of the 
fuel passing through the distal end of the restrictor. 

[0012] In a further practice, the temperature of fuel pass 
ing through the restrictor can be controlled to alloW for 
controlling a characteristic of the atomiZed spray that is 
representative of an average drop siZe of particles Within the 
atomiZed spray. This is understood to alloW for the selection 
of the eXtent of atomiZation achieved by the fuel delivery 
system, from a spray of ?ne drops to a vaporiZed volume of 
fuel, optionally being able to select any point of vaporiZation 
in betWeen. 

[0013] In a further practice, the act of providing a source 
of fuel can include the acts of providing ?rst and second 
sources of fuel each being at pressures near the respective 
supercritical range of the respective fuels and passing the 
?rst and second fuels through the restrictor. In this practice, 
the acts of providing ?rst and second sources of fuels can 
include providing as the ?rst source of fuel, a fuel capable 
of acting as a starter fuel, and providing as the second source 
of fuel, a fuel capable of acting as a primary operating fuel. 
The fuels can be miXed together and the miXed fuel can be 
passed through the restrictor. Alternatively, the selection 
betWeen fuels can be sequential, alloWing for delivery of a 
?rst fuel and then a second, or third. Further practices alloW 
for the gradual transition betWeen different fuels, by for 
eXample alloWing a gradual transition betWeen a ?rst fuel 
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and a second fuel, With a miX of the fuels occurring during 
interim delivery. It Will be appreciated by those of ordinary 
skill in the art that fuels can also be miXed that are super 
critical states, as it is understood that ?uids in supercritical 
states are highly effective as solvents. Accordingly, the 
system can provide a solvent delivery system that miXes 
compatible or incompatible chemicals just prior to injection 
into the restrictor, such that the time betWeen miXing and 
atomiZation is minimiZed. 

[0014] In a further practice, the processes can include the 
operation of preheating fuel that is being passed through the 
restrictor. To this end, the processes can provide a preheater 
for heating a selected volume of fuel, and passing the 
preheated volume of fuel through the restrictor for delivery 
to the combustion engine. In one embodiment the systems 
include a Waste heat collector so that the processes can 
collect Waste heat generated by the combustion engine for 
heating fuel being passed through the restrictor. 

[0015] Further described herein are fuel delivery systems 
for delivering an atomiZed spray of fuel to a combustion 
Zone. These fuel delivery systems can include a fuel pump 
that is coupled in ?uid communication With a source of fuel 
and that is capable of pumping the fuel at a pressure Within 
the supercritical range of the fuel. The systems can further 
include a restrictor that has an input port in ?uid commu 
nication With the fuel pump and an output port, and that is 
adapted for alloWing fuel to pass from the input port to the 
output port and into the combustion Zone. The systems can 
also include a heater that is coupled to the restrictor and that 
is capable of heating the restrictor for raising the tempera 
ture of the fuel to a temperature Within the supercritical 
range of the fuel, Whereby fuel passing through the restrictor 
is heated to a temperature near or Within the supercritical 
range of fuel for forming an atomiZed spray that is ejected 
from the output port and into the combustion Zone. 

[0016] The restrictors can be formed of a tube of electri 
cally resistive material and the heater element can include a 
source of electrical current that is connected to the tube for 
delivering current there through. A thermal control unit can 
operate the heater to control the temperature of fuel passing 
through the restrictor and, as noted above, can alloW for the 
selection of average drop siZe of drops Within the atomiZed 
spray. In some embodiments the fuel delivery systems can 
pass a plurality of fuels through the restrictor, and to that end 
can include miXers for miXing fuel for a plurality of fuel 
sources, as Well as a set of controllable valves for sequen 
tially controlling the passing of fuels to the restrictor. 

[0017] In a further embodiment, the systems described 
herein include a preheater for heating fuel that is to be 
passed through the restrictor. In this Way the restrictor is 
provided With a source of preheated fuel, thereby reducing 
the temperature difference betWeen the temperature of the 
fuel being passed through the restrictor and the temperature 
to Which the fuel Will be raised before the fuel can be placed 
near or Within the supercritical temperature range. In one 
embodiment, the system includes a preheater that has Waste 
heat collection system that collects heat from the combus 
tion chamber for alloWing the preheater to heat fuel being 
passed to the restrictor. Other preheating systems can be 
employed, including electrical and ?ame heaters. 

[0018] In a further aspect, the invention can be understood 
as methods for forming a combustible mixture. The pro 
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cesses involve providing a restrictor having an input port 
and an output port and passage therebetWeen, delivering a 
fuel to restrictor input port at a pressure substantially at or 
near the supercritical pressure of the fuel, passing the 
pressuriZed fuel through the passage of the restrictor, heating 
the pressurized fuel passing through the restrictor to a 
temperature suf?cient to cause an atomiZed spray to eject 
from an output port, and injecting the atomiZed spray into an 
air intake port carrying a stream of air. In one practice of this 
method, the fuel being passed through the restrictor can be 
metered for controlling the ratio of fuel and air being carried 
through the intake port. Further, the temperature of pressur 
iZed fuel passing through the restrictor can be controlled to 
adjust a characteristic of the atomiZed spray representative 
of the average drop siZe of material in the atomiZed spray. 
The atomiZed spray can be provided to a combustion cham 
ber of an engine, the combustion chamber of a burner, or to 
any other suitable combustion chamber. The fuels provided 
through the restrictor can include fuels comprising a loW 
volatility liquid fuel, such as fuels comprising kerosene. 

[0019] Other aspects and embodiments of the invention 
Will be apparent from the folloWing description of certain 
illustrative embodiments. 

BRIEF DESCRIPTION OF THE FIGURES 

[0020] The folloWing ?gures depict certain illustrative 
embodiments of the invention in Which like reference 
numerals refer to like elements. These depicted embodi 
ments are to be understood as illustrative of the invention 
and not as limiting in any Way. 

[0021] FIG. 1 depicts a functional block diagram of a fuel 
delivery system having a restrictor for alloWing the rapid 
expansion of a fuel being delivered to a combustion Zone; 

[0022] FIG. 2 depicts a functional block diagram of an 
alternative embodiment of the invention; 

[0023] FIG. 3 illustrates a test bed comprising a spray 
chamber and a conventional fuel injector; and 

[0024] FIGS. 4-6 depict a test bed such as that depicted in 
FIG. 3, having a fuel delivery system according to the 
invention. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATED EMBODIMENTS 

[0025] The systems and methods described herein provide 
fuel delivery systems that alloW for the use of conventional, 
as Well as heavy fuels (also knoWn as loW vapor pressure 
fuels) for small, spark ignited engines. The fuel delivery 
systems described herein provide for greater atomiZation, or 
nebuliZation, of loW vapor pressure fuels, and other more 
traditional small engine fuels, such as gasoline, by heating 
and pressuriZing the fuel, up to a supercritical, or near 
supercritical, condition and introducing the fuel into the 
relatively loW pressure combustion chamber of an engine to 
achieve a rapid expansion of the fuel, Which is understood 
to overcome the surface tension forces of loW vapor pressure 
fuels to achieve mists of dispersed submicron drops. 

[0026] The systems and methods according to the inven 
tion Will noW be explained With reference to certain illus 
trated embodiments, and in particular to certain illustrated 
embodiments that depict fuel injection systems for deliver 
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ing fuel into the combustion chamber of an engine. HoW 
ever, the invention is not to be limited to the embodiments 
described and depicted herein, but instead it Will be realiZed 
that the invention embodies many alternative systems and 
processes that introduce a heated and pressuriZed fuel to 
reion of relatively loW pressure to achieve atomiZation of the 
fuel, and that such systems can include injection systems for 
delivering fuels to burners, open ?ames, or any other type of 
Zone of combustion. 

[0027] FIG. 1 is a functional block diagram that depicts a 
fuel injection system 10 for injecting an atomiZed spray of 
liquid fuel, such as gasoline or kerosene, into the combus 
tion Zone of an engine. The system 10 depicted in FIG. 1 
includes a supply of fuel 12, a pump 14, an optional ?lter 16, 
a valve 18, an optional preheater 20, a restrictor 22, and a 
heater 24. As shoWn in FIG. 1, the components are arranged 
such that fuel from the supply 12 can be pumped from the 
supply 12, through the ?lter 16, and to the valve 18. The 
valve 18 can selectively release fuel to the restrictor 22, 
Which extends into the cylinder head 26 of a combustion 
engine and can deliver an atomiZed spray 28 of fuel into the 
combustion Zone of the engine cylinder. The pump 14 
depicted in FIG. 1 can be a high pressure pump that is 
capable of providing fuel to valve 18 at pressures up to or 
Within the supercritical range for the fuel. The valve 18, in 
one embodiment, is synchroniZed to the spark/rotation cycle 
of the engine to periodically open and release the pressur 
iZed fuel to the restrictor 22. The released fuel passes 
through the restrictor 22, Where at the distal end of the 
restrictor 22, the fuel is heated to a temperature near or 
Within the supercritical range of the fuel. The heated and 
pressuriZed fuel ejects from the distal end of the restrictor 22 
as an atomiZed spray 28. It is understood that the fuel is 
ejected into the cylinder head 26 Which is at a suf?ciently 
loW pressure to alloW for the rapid expansion of the heated 
and pressuriZed fuel. This rapid expansion results in the 
formation of submicron particles, that can be combusted 
Within the engine cylinder. The formation of small, mono 
dispersed particles by the rapid expansion of supercritical or 
near supercritical solutions has been discussed in the art, 
including in the above identi?ed patent application, to Which 
this application claims priority, and incorporates the teach 
ings thereof, as Well as in Tom et al. Particle Formation with 

Supercritical F luids—A Review, J. Aerosol Sci., 22, 1991 555), the teachings of Which are also incorporated by 

reference. 

[0028] More speci?cally, FIG. 1 depicts a fuel delivery 
system that pumps fuel from the fuel supply 12 for delivery 
to the cylinder of the engine. The fuels can include loW 
vapor pressure fuels such as kerosene, jet-petroleum 8, 
conventional fuels such as gasoline, or propane, and any 
other suitable fuel, including any suitable solid fuels that can 
be delivered by the systems described herein in poWdered 
form. 

[0029] It is understood that the greater atomiZation or 
gasi?cation that is achieved When delivering ?uids near or 
above the supercritical temperature, alloWs for a greater 
selection of fuels for ?ring spark ignition engines. For 
example, the earlier mentioned jet-petroleum 8 can be 
atomiZed With the systems described herein for use With a 
spark ignition engine. It is also understood that other mate 
rials, or combination of materials, may noW be considered as 
fuels. 
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[0030] With regard to selecting fuels for use With the 
systems described herein, it is understood that although the 
liquid fuel does not need a high vapor pressure, high vapor 
pressure liquids can Work Well or better than loWer vapor 
pressure liquid fuels. It is further understood that the pro 
cesses described herein can atomiZe most or all liquid fuels, 
and that these liquid fuels or solutions can consist of a 
mixture of different compounds. Fluids having loWer super 
critical temperatures are understood to demonstrate a loWer 
energy input to achieve an effective level of atomiZation. 
Moreover, ?uids unstable as liquids at STP, can be combined 
in a pressure cylinder or at a loW temperature With other 
?uids. For example, a primary liquid that is stable at ambient 
pressure can be placed in a pressure capable container, and 
then the secondary (or main) liquid can be entered into the 
primary liquid to Which it is miscible. The main liquid or 
?uid can have a loWer supercritical temperature, and the 
combination results in a desired loWering of the maximum 
temperature that achieves for the desired degree of atomi 
Zation. By forming a high concentration primary solution, 
much of the resultant loWer concentration solution is com 
posed of secondary and possible additional solution com 
pounds. Generally, the higher the ratio of a given compound 
in a given solution, the more the solution properties behaves 
like that compound. These additional liquids and ?uids can 
be chosen to aid in the atomiZation, vaporiZation or gasi? 
cation of the solution. Choosing a ?nal solution mixture With 
a desired supercritical temperature can additionally mini 
miZe the occurrence of liquid decomposition or impurity 
reaction inside the atomiZation apparatus, as Well as loWer or 
eliminate the need to heat the fuel upon release into the 
combustion Zone. In some instances the solution may be 
required to be cooled prior to the release area so that 
chemical and ?uid stability are maintained. One skilled in 
the art of supercritical ?uid solutions can determine possible 
fuel mixtures. Apressure vessel With a glass WindoW, or With 
optical ?bers and a monitor, alloWs visual determination of 
miscibility and liquid compatibility. Conversely, if the 
restrictor, or other conduits, becomes clogged or a different 
chemical is found after atomiZation, then incompatibility 
under those conditions occurred. 

[0031] It is further noted that in the depicted system, the 
fuel is kept beloW the supercritical temperature until passing 
into the distal end of the restrictor 22 for atomiZation. This 
is understood to simplify the delivery system as Well as to 
keep the dissolved amounts of any precursor or impurities in 
the region of normal solubility to reduce the potential of 
developing signi?cant solvent-precursor concentration gra 
dients in the solution. These solubility gradients are a result 
of the sensitivity of the solution strength of a supercritical 
solvent With pressure. Small pressure gradients that can 
develop along the precursor-solvent system delivery lines 
can lead to signi?cant changes in solubility as can been seen 
in the folloWing example: The solubility of acridine in 
carbon dioxide at 308K can be increased 1000 times by 
increasing the pressure from 75 atm to 85 atm. Such 
solubility changes are potentially detrimental since they can 
cause impurities, reactants or materials in the fuel stream to 
be driven out of solution or react, clogging lines and ?lters. 

[0032] In the embodiment depicted in FIG. 1, the fuel 
supply is shoWn as a tank, and in one embodiment can be a 
conventional fuel tank, such as the fuel tanks commonly 
employed for holding gasoline on combustion engines. 
Accordingly, in the depicted embodiment, the fuel is stored 
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in a conventional fuel tank, such that the fuel is substantially 
at ambient temperature, of about approximately 20-25° C., 
and at ambient pressure of about approximately 1 ATM. 
HoWever, it Will be understood that in other embodiments 
and applications, such as Where the fuel is readily com 
pressed, the fuel tank can be con?gured to store pressuriZed 
or heated fuels. 

[0033] The fuel supply 12 can connect to the pump 14 via 
a ?uid conduit, such as a conventional automotive fuel 
supply line. The pump 14 can be a high pressure fuel pump 
of the type commonly employed With GDI injectors, and in 
one embodiment comprises a tWo stage pumping device. 
One such pump is manufactured and sold by the Lucas 
Varity company of Troy Mich. The pump 14 can pressuriZe 
the fuel to a pressure near or Within the supercritical range 
of the fuel. For example, the fuel pump 14 can operate to 
pressuriZe a supply of gasoline to a pressure of approxi 
mately 300 to 800 psi. It Will be understood that the critical 
pressure and critical temperature for gasoline, kerosene, 
diesel and other fuels can be determined largely from the 
constituent organic components that make up the fuel mix 
ture, such as octane. The critical pressures and temperatures 
for these compounds can be ascertained from the CRC 
Handbook of Chemistry and Physics. For example, the 
critical pressure and temperature for N-Hexane, Which is 
generally understood as a loW end component of gasoline, is 
given in the CRC Handbook as 231° C. and 31.1 atm. 

[0034] Although the above described fuel pump 14 oper 
ates to pump fuel at a pressure proximate to or at the 
supercritical range, it Will be understood that the amount of 
pressure required to achieve the desired atomiZation of fuel 
in the combustion Zone can vary, and that in some applica 
tions, fuel under relatively loW pressure, such as betWeen 
about 50 and 100 psi, can be passed through the restrictor 
and heated at the distal end thereof, to achieve effective 
atomiZation. These pressures can be achieved by conven 
tional fuel pumps of the type commonly employed in 
automobile engines. 
[0035] The optional ?lter 16 can be a conventional in-line 
automotive fuel ?lter of the type commonly employed for 
?ltering impurities from fuel being draWn from a tank and 
delivered to an engine. Such ?lters are sold by the Bosch 
Company of Stuttgart Germany, and any suitable ?lter can 
be employed With the systems described herein Without 
departing from the scope of the invention. 

[0036] In the depicted embodiment, the system includes 
an optional preheater 20 that can preheat fuel being deliv 
ered to the valve 18. The optional preheater 20 can operate 
to raise the temperature of fuel being passed to the restrictor 
22, thereby bringing the fuel closer to the temperature at 
Which the fuel is When delivered into the combustion Zone 
The preheater 20 is part of the fuel delivery system that 
controls the temperature of the fuel, in order that a desired 
atomiZation can take place upon release of the fuel into the 
cylinder. It Will be understood by those of ordinary skill in 
the art, that in applications Where the material being atom 
iZed is to be presented to the combustion Zone at a tempera 
ture loWer than the current temperature of the fuel, the 
preheater and heater elements described herein can be 
replace devices for reducing the temperature of the material 
to be atomiZed. 

[0037] FIG. 1 further depicts that fuel passing through the 
optional ?lter 16 passes to the valve 18. In one embodiment, 
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the valve 18 is a solenoid valve that can be synchronized to 
the rotation of the crank of the combustion engine. The valve 
18 can be synchronized to release pulses of fuel to the 
restrictor 22. The valves 18 can be conventional solenoid 
valves of the type commonly used With high pressure fuel 
injectors. The valves act to both meter the fuel being passed 
into the engine cylinder and to synchroniZe injection With 
the engine spark/rotation cycle. Accordingly, the valve 18 
emits pulses of pressuriZed fuel to the restrictor 22 With a 
timing that is selected to deliver the fuel into the engine 
cylinder at the desired point of the engine cycle. The valve 
18 can be any suitable type of valve for synchroniZing the 
delivery of fuel to the restrictor 22. In one embodiment, the 
valve is an electrical/mechanical converter such as a mag 
netostrictive converter valve, a pieZoelectric converter 
valve, or any other suitable type of valve capable of syn 
chroniZing the delivery of fuel to the restrictor 22. 

[0038] The restrictor 22 is doWnstream of the valve 18 and 
receives fuel from the valve 18 that can be at a pressure that 
is near or Within the supercritical range associated With that 
fuel. The restrictor can be a metallic tube that has a diameter 
that is suf?ciently small to restrict the ?oW of ?uid, thereby 
achieving, or maintaining, the selected ?uid pressure as the 
fuel passes through the restrictor 22. In one embodiment, the 
restrictor 22 has a sWaged end or reduced aperture siZe at the 
distal-most end of the restrictor 22. It is understood that the 
reduced ?nal aperture siZe creates a more uniform pressure 
along the small diameter noZZle tube. Thus the pressure is 
more readily maintained above the liquidus prior to exiting 
the distal end. In one embodiment, the restrictor has an inner 
diameter of about 0.006 inches and an outer diameter of 
about 0.012 inches. HoWever, the diameter of the restrictor 
22 can be selected according to the application, such as by 
selecting an inner diameter that is Well suited for maintain 
ing the fuel at a pressure near or Within the supercritical 
range of that fuel as the fuel is delivered into the cylinder of 
the engine. It is understood that the release of ?uids near or 
above the supercritical point results in a rapid expansion, 
Which forms a high-speed gas-vapor stream. High velocity 
gas streams effectively reduce the gas diffusion boundary 
layer before the restrictor 22. This reduction improves 
ejection into the combustion Zone, and helps propagate the 
atomiZed fuel into the cylinder. Increasing the temperature 
and pressure of the liquid at the distal end of the restrictor 
can increase the speed of the exiting fuel, Which can be 
desirable in certain applications. 

[0039] FIG. 1 further depicts that the distal end of the 
restrictor 22 is coupled to a heater 24. The heater 24 acts to 
heat the distal end of the restrictor 22, thereby raising the 
temperature of ?uid passing through the distal end of the 
restrictor 22 to a temperature that is near or Within the 
supercritical range of the fuel being delivered to the engine. 
It is understood that the fuel being passed through the 
restrictor 22 Will suf?ciently expand upon release into the 
chamber if that fuel is raised to a temperature Within 
approximately 100° C., above or beloW, of the supercritical 
temperature for that fuel. Other temperature ranges can be 
determined for different fuels through experimentation. Fur 
thermore, the heater 24 can operate under the control of a 
computer system that can selectively adjust the temperature 
of fuel being passed from the restrictor 22. 

[0040] The heater 24 can be any suitable device for 
heating the distal end of the restrictor 22. In one embodiment 

Sep. 13, 2001 

the heater comprises a resistance-type heater that is activated 
by passing an electric current betWeen the distal end of the 
restrictor 22 and the proximal end of the restrictor 22. The 
directly heated restrictive tube is understood to alloW for fast 
changes in atomiZation due to a short response time. It is 
understood that the location of most intense heating can be 
shifted toWard the tip by increasing the connection resis 
tance betWeen the tip and the electrical lead connected to the 
tip. Thin Walled restriction tubes possess a larger resistance 
than thick Walled tubes and decrease the response time. 
Additionally, small diameter tubing is understood to mini 
miZe the time that the ?uid is subjected to higher tempera 
tures. In some experiments, successful operation Was 
achieved With ?oW rates up to 10 ml/min and With tubes With 
internal diameters of 30 to 125 micrometers. With increasing 
?oW rates multiple tubes or larger internal diameters can be 
used. In some applications it may be desired to heat just the 
tip of the restrictor 22 to minimiZe the potential for chemical 
reactions or precipitation. Other heating methods can be 
applied and several have been tested, including remote 
resistive heating, pilot ?ame heating, inductive heating, and 
infrared and laser heating. 

[0041] FIG. 2 depicts in greater detail a system according 
to the invention for delivering a fuel into the cylinder of a 
combustion engine. As shoWn in FIG. 2, the system 40 
includes a fuel pump 42, a plurality of fuel intake lines 70 
and 72 extending from the fuel pump 42 and capable of 
receiving fuels 70 and 72, a fuel reservoir 44, an ignition 
control unit 48, an integrated fuel injector 46 having a 
solenoid-type valve 50, a restrictor 52, and a heater 54, all 
arranged to form the injector body 46 that can be disposed 
Within the cylinder head 56 of a combustion engine, having 
intake ports 58, valves 60 and a combustion Zone 62. 

[0042] More particularly, FIG. 2 shoWs a fuel delivery 
system 40 capable of delivering fuels from a plurality of fuel 
sources, Wherein each of the fuel sources can have a 
particular purpose during the engine’s operation. For 
example, one fuel can be a starter fuel such as propane, 
Which is Well suited for starting the operation of a combus 
tion engine. The second fuel can be kerosene, or any other 
loW-vapor pressure fuel that can be atomiZed by the systems 
described herein to burn Well in an engine that has been 
operating for a suf?cient period of time, but often acts poorly 
for a cold start of a combustion engine. 

[0043] Speci?cally, FIG. 2 shoWs that the system 40 
includes a pump 42 that has tWo inputs that can receive fuels 
70 and 72. The pump 42 can selectively receive fuel from 
either of the tWo sources and Will pressuriZe the selected fuel 
to a pressure that is near or Within the supercritical range of 
the fuel. As further shoWn in FIG. 2, the pump 42 couples 
to a heated reservoir 44. The pump 42 can pass pressuriZed 
?uid to the heated reservoir 44 Which can preheat the ?uid 
in the reservoir to a selected temperature. The preheated fuel 
can pass from the heated reservoir 44 to the injector element 
46 that, in the depicted embodiment, comprises an integrated 
unit having a valve component 50 and a restrictor compo 
nent 52. The valve component 50 is an electrical circuit With 
a control unit 48 that can synchroniZe the operation of the 
valve 50 With the engine/spark cycle of the combustion 
engine. The depicted restrictor 52 is a small, metal tube that 
can ?t Within the cylinder head of the combustion engine. 
The restrictor 52 is intermittently coupled into the source of 
fuel provided by reservoir 44 by operation of the valve 
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component 50. The restrictor 52 is mechanically coupled to 
the cylinder head 56 and is in ?uid communication With the 
combustion Zone 62 of the cylinder. As depicted by FIG. 2, 
fuel provided by the restrictor 52 can mix With air provided 
into the combustion Zone 62 through the air intakes 58. This 
is understood to provide a combustible mixture, suitable for 
?ring the depicted spark ignition engine. 

[0044] By adjusting the heat input into the atomiZing 
device, the liquid solution can be vaporiZed to various 
degrees. To this end, the distal end of the restrictor 52 
couples to a restive heating element 54 that can be controlled 
by a thermal control unit (not shoWn). The resistive heating 
element 54 can be a resistive tape heater of the type 
commonly employed for heating pipes of gas delivery 
systems. The thermal control unit can be of conventional 
design, and optionally, operates in response to operating 
parameters of the engine, such as torque or RPM, to vary 
selectively the degree of vaporiZation of fuel being ejected 
into the engine cylinder. 

[0045] With no heat input to the restrictor 52, liquid fuel 
solutions of higher supercritical temperature liquids, such as 
those that are liquids at STP, can exit in the form of a liquid 
stream. This results in little or no atomiZation and droplet 
formation. Operating the thermal control unit to activate the 
heater 54 decreases the temperature differential of the liquid 
solution to its supercritical temperature at the distal end of 
the restrictor 54 and causes a liquid fuel solution to breakup 
into droplets forming a mist being released into the com 
bustion Zone 62. Experimental results indicate that the 
droplets can vaporiZe, and become invisible a short distance 
from the restrictor 52. As the supercritical temperature of the 
fuel is approached, the liquid fuel solution droplets decrease 
in siZe, and the distance to solution vaporiZation is 
decreased. In certain experiments, using a ?uid delivery 
system similar to those described above, the vapor droplet 
siZe Was measured using a laser aerosol siZe tester and the 
obtained droplet siZe Was beloW the detection 1.8 micron 
limit of the instrument. Further increasing the heat input 
results in a state of no mist at the tip, or complete vapor 
iZation. 

[0046] This behavior of the solution can be attributed to 
the combined supercritical properties of the liquid. Solutions 
of loWer supercritical temperature liquids, that are gasses at 
STP, behave similarly, but in this case the emerging solution 
from the tip does not form a liquid stream even Without heat 
input. The amount of heat that is understood to obtain 
optimal vaporiZation of the solutions appears to depend 
mostly on heat capacity and the differential betWeen the 
supercritical temperature of the solvent and the temperature 
of the liquid reservoir. 

[0047] As discussed above, the systems described herein 
provide for the atomiZation, nebuliZation, vaporiZation, or 
gasi?cation of fuels to provide thereby a source of regularly 
combustible fuel for a combustion engine. FIGS. 3 through 
6 depict the operation of fuel injection systems for deliver 
ing a fuel into the cylinder of an engine. Speci?cally, FIGS. 
3 through 6 depict an experimental set up that includes a 
transparent spray chamber that acts as a ?uid tight housing 
for receiving a spray of fuel ejected from a fuel injection 
mechanism located in the top plate of the spray chamber. 
FIG. 3 depicts a spray chamber having a conventional fuel 
injector disposed Within the top plate of that chamber. 
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Effectively, the spray chamber and fuel injector assembly 
resemble an injector engine cylinder assembly typical of the 
type of assembly found in a combustion engine having a port 
fuel injection system for each cylinder. As shoWn by FIG. 3, 
the fuel injector effectively ejects a stream of ?uid into the 
spray chamber Wherein the stream comprises a directed mist 
of dispersed food particles as Well as several direct streams 
of essentially liquid fuel. As has been discussed above, the 
characteristics of this conventional fuel injection system are 
such that a portion of the fuel ejected into the spray chamber 
is essentially liquid and the aerosol component of the fuel is 
formed, at least in part, of relatively large droplets. 

[0048] In contrast, FIG. 4 depicts a fuel delivery system 
according to the invention that comprises a fuel injection 
element that is disposed Within the top plate of a spray 
chamber, to provide an assembly similar to the arrangement 
depicted in FIG. 3. In FIG. 4 the fuel delivery system acts 
as a fuel injector for delivering gasoline into the spray 
chamber depicted in FIG. 4. For the system depicted in FIG. 
4, it is understood that gasoline Was passed through the 
restrictor at about 100° C. beloW the supercritical tempera 
ture of gasoline. The spray/atomiZation characteristics of the 
fuel injection system shoW that a mist of very ?ne particles 
is injected into the spray chamber. It is understood that the 
degree of atomiZation achieved by the injection system 
depicted in FIG. 4 alloWs the liquid fuel to burn as a gas, to 
be mixed more easily Within the sWirl of a combustion 
chamber, and to reduce the amount of fuel that fails to 
combust during the engine rotation cycle. 

[0049] FIG. 5 depicts the spray chamber assembly of 
FIG. 4 Wherein the fuel injector disposed through the top 
plate is a fuel delivery system according to the invention. In 
FIG. 5 the depicted fuel delivery system is operated to pass 
gasoline through the restrictor at a temperature that is at the 
supercritical range as the gasoline passes through the distal 
end of the restrictor. As can be seen from FIG. 5, the 
resultant injection of gasoline achieves a near to complete 
vaporiZation of fuel being injected into the spray chamber. 
Again, this is understood to alloW the liquid gasoline to burn 
as a gas during the engine rotation cycle. 

[0050] FIG. 6 depicts the spray chamber assembly of 
FIG. 3 and FIG. 4, Where this time the heavy fuel kerosene 
is injected into the spray chamber. As can be seen from FIG. 
6, the fuel delivery system according to the invention 
achieves a complete to near complete vaporiZation of the 
kerosene fuel. Accordingly, it is understood that the kero 
sene material Would ignite during the engine rotation cycle. 

[0051] The systems described above are illustrative of the 
systems of the invention, and not an exhaustive representa 
tion thereof. It Will be apparent to one of ordinary skill in the 
art that various modi?cations and additions can be made to 
the systems described herein, Without departing from the 
scope of the invention. For example, the systems described 
herein can be scaled to handle ?oWs from milliliters to liters 
per hour. The ?oW can be continuous or pulsed. Numerous 
mechanisms can be used to relegate the temperature of the 
?uid to near the supercritical point. Devices for generating 
magnetic or electric ?elds can be employed to effect atomi 
Zation of some ?uids or to increase directability and delivery 
ef?ciencies. Moreover, other devices can be made that 
employ the systems of the invention to employ the release of 
the near supercritical point temperature ?uid to cause dis 
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persion and expansion resulting in a very ?ne nebuliZation 
of the solution, Which yields improved combustion, and 
Which allow for the utilization of loW vapor pressure fuels, 
such as kerosenes. It Will further be understood that the 
systems described herein can be employed for delivering 
materials to any number of other combustion Zones, includ 
ing burners of furnaces and into gas turbines, such as jet 
engines. The systems can also be employed for combusting 
different materials, including haZardous Waste materials and 
for presenting atomiZed materials to systems for performing 
analysis of the composition and other characteristics of the 
presented sample. 

I claim: 
1. A burner comprising: 

a chamber for receiving an atomiZed spray of a combus 
tible fuel; and 

a fuel delivery system for delivering the atomiZed spray of 
fuel to the chamber, said fuel delivery system including 
a source of fuel, a fuel pump in ?uid communication 
With the source of fuel and being capable of pumping 
fuel at a raised pressure, a restrictor tube having an 
input port in ?uid communication With the fuel pump 
and an outlet port, said restrictor tube being adapted to 
alloW fuel to pass from the inlet port to the outlet port 
and into the chamber, and a heater coupled to the 
restrictor tube and being capable of heating the restric 
tor tube to thereby regulate the temperature of the fuel 
as the fuel passes through the restrictor tube, such that 
the fuel forms the atomiZed spray that is ejected from 
the outlet port and into the chamber. 

2. A process for injecting fuel into a combustion engine, 
comprising the acts of 

providing a source of fuel at a pressure near or Within the 
supercritical range associated With the fuel, 

providing a restrictor adapted for carrying the fuel, 

passing the fuel through the restrictor, and 

raising the temperature of the fuel passing through the 
restrictor to a temperature near or Within the supercriti 
cal range associated With the fuel, Whereby fuel leaving 
the restrictor is projected as an atomiZed spray into a 
combustion engine. 

3. A process according to claim 2, Wherein the act of 
providing a source of fuel includes the act of 

providing a source of fuel that is substantially at ambient 
temperature. 

4. A process according to claim 2, Wherein the act of 
raising the temperature of the fuel includes the act of 

heating a distal end of the restrictor to raise the tempera 
ture of fuel passing through the distal end to a tem 
perature Within the supercritical range of the fuel. 

5. Aprocess according to claim 2, including the further act 
of 

providing a restrictor having a distal end coupled to a 
heater element, Whereby operating the heater element 
raises the temperature of the fuel passing through the 
distal end of the restrictor. 

6. Aprocess according to claim 2, including the further act 
of 
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controlling the temperature of fuel passing through the 
restrictor to control a characteristic of the atomiZed 
spray representative of an average drop siZe of particles 
Within the atomiZed spray 

7. A process according to claim 2, Wherein the act of 
providing a source of fuel includes the acts of 

providing ?rst and second sources of fuel, each being at 
pressures near the respective supercritical range of the 
respective fuels, and 

passing the ?rst and second fuels through the restrictor. 
8. A process according to claim 7, Wherein the act of 

providing ?rst and second sources of fuel includes 

providing as the ?rst source of fuel, a fuel capable of 
acting as a starter fuel, and 

providing as the second source of fuel, a fuel capable of 
acting as a primary operating fuel. 

9. A process according to claim 8, Wherein 

providing a starter fuel includes providing a source of 
propane, and 

providing a primary fuel includes providing a source of 
gasoline. 

10. A process according to claim 7, including the further 
act of 

miXing fuel from the ?rst and second sources, and 

passing the miXed fuel through the restrictor. 
11. Aprocess according to claim 2, comprising the further 

act of 

providing a preheater for heating a selected volume of 
fuel, and 

passing the preheated fuel through the restrictor for deliv 
ery to the combustion engine. 

12. Aprocess according to claim 2, comprising the further 
step of 

collecting Waste heat generated from the combustion 
engine for heating fuel being passed into the restrictor 

13. A fuel delivery system for delivering an atomiZed 
spray of fuel to a combustion Zone, comprising 

a fuel pump in ?uid communication With a source of fuel 
and being capable of pumping fuel at a pressure Within 
the supercritical range of the fuel, 

a restrictor having an input port in ?uid communication 
With the fuel pump and an output port, and being 
adapted for alloWing fuel to pass from the input port to 
the output port and into the combustion chamber, and 

a heater coupled to the restrictor and being capable of 
heating the restrictor for raising the temperature of the 
fuel to a temperature Within the supercritical range of 
the fuel, Whereby fuel passing through the restrictor is 
heated to a temperature near or Within the supercritical 
range of the fuel for forming an atomiZed spray that is 
ejected from the output port and into the combustion 
chamber. 

14. Afuel delivery system according to claim 13, Wherein 

the restrictor includes a tube formed of an electrically 
resistive material and the heater element includes a 
source of electrical current being connected to the tube 
for delivering current therethrough. 
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15. A fuel delivery system according to claim 13, further 
comprising 

a thermal control unit for operating the heater to control 
the temperature of fuel passing through the restrictor, 
Whereby the average siZe of droplets Within the atom 
iZed spray can be selected. 

16. A fuel delivery system according to claim 13, further 
comprising 

a mixer for miXing fuel from a plurality of fuel sources. 
17. A fuel delivery system according to claim 13, further 

comprising 
a preheater for heating fuel being passed to the restrictor. 
18. A fuel delivery system according to claim 13, further 

comprising 
means for collecting heat from the combustion chamber 

for alloWing the preheater to heat fuel being passed to 
the restrictor. 

19. A fuel delivery system according to claim 13, further 
comprising 

a heat eXchanger for collecting thermal energy from the 
combustion chamber for raising the temperature of fuel 
being provided to the restrictor. 

20. A method for forming a combustible mixture, com 
prising the acts of 

providing a restrictor having an input port, an output port 
and a passage therebetWeen, 

delivering a fuel to the restrictor input port at a pressure 
substantially at a pressure near or above the supercriti 
cal pressure of the fuel, 

passing the pressuriZed fuel through the passage of the 
restrictor, 

heating the pressuriZed fuel passing though the restrictor 
to a temperature suf?cient to cause an atomiZed spray 
to eject from the output port, and 
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injecting the atomiZed spray into an air intake port car 
rying a stream of air. 

21. A method according to claim 20, comprising the 
further act of 

metering the fuel being passed through the restrictor for 
controlling the ratio of fuel and air being carried 
through the intake port. 

22. A method according to claim 20, comprising the 
further act of 

controlling the temperature of pressuriZed fuel passing 
through the restrictor to adjust a characteristic of the 
atomiZed spray representative of the average drop siZe 
of material in the atomiZed spray. 

23. A method according to claim 20, comprising the 
further act of 

providing, the atomiZed spray to a combustion chamber of 
an engine. 

24. A method according to claim 20, comprising the 
further act of 

providing the atomiZed spray to a combustion chamber of 
a burner 

25. A method according to claim 20, Wherein the act of 
providing a fuel includes the act of delivering a fuel com 
prising a loW volatility liquid fuel 

26. A method according to claim 20, Wherein the act of 
providing a fuel includes the act of delivering a fuel com 
prising kerosene. 

27. An engine, comprising 
a chamber for receiving a volume of combustible fuel, and 

a fuel delivery system having a restrictor in ?uid com 
munication With the chamber and being coupled to a 
source of fuel at a pressure near or Within the super 

critical range of the fuel, Whereby fuel passing out of 
the restrictor rapidly eXpands Within the chamber to 
provide an atomiZed volume of fuel for combustion. 

* * * * * 


