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_ LIQUiD INJECTOR ATOMIZER WITH COLLIDING JETS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present invention claims pﬁority from U.S. Provisional Patent Application

No. 61/728,525 filed on November 20,2012, USS. Provisibnal Patent Application No.

61/838,675 filed on Jurie 24, ‘2013; “and U.S. Provisioﬁal ‘Pa‘.[ent Applic;tion No.
»I 61/891,118 ﬁled Qn.October’ 15, 2013. The ab-ove-identiﬁ_ed U.S. Provisional Patent

Applications are incorporated herein by reference.

FIELD OF THE INVENTION
[0002] The present invention is directed to an apparatus and method for creating an
ﬁomiz,fzdiliquidL,M,Qrgpartic,ularly,,the,pr,esentginvention,,is,directe'd;tc/)f an-atomizing-

liquid injector for internal combustion engines.

- BACKGROUND
[0003] Achieving eff¢ctive atomization_ of liquids for injectioﬁ intq reciprocating or
rotary internal combustion engines is an important aspect of the design and operation
of -spar_k—ignitioﬁ, cpmpression—i_gnition (diesel) or continuous combustion engines.
Prior’érf methods include the use of very high pressureé, use of very small orifices,
and use ;)f impingément plates or small cylindriéal obstacles that break up a stream O,f
1iqﬁid. | |
[0004] Achieving effective atomization of liquids for‘ cooiing, knock reduétion, NOx
| reductio\ri in reciprocating or rotary internal combﬁstion engines is an impomnt aspect
of the design and operatioh and pro{/ides.-signiﬂcant_ advantages with respect to

increased fuel economy and lowered emissions.
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[0005] Both liquid fuels and wétér are typically i_njected;into éngiﬁes. Fuels cari‘l-)e
diesel-type fuels, gasoline (pétrol), alcohols, and mixtures thereof. Diesel—tyi)e fuels
include JP-8, jet fuél, and kerosene. Alcohols include ethanol aﬁd methanol, which are
comrﬁonly blended with gasoline. Water is also often injected into engines to provide
an internal cooling effect, knock, NOX reduc’tioﬁ qnd because éf the lafge coefficient

of expansion provided by liquid water converting to steam during combustion,

- particularly if there is net reduction in heat lost through external cooling and exhaust.

[0006) Modern engines typically use fuel injection to introduce fuel into the engine.
Such fuel injection may be by port injection or direct injection. In port injection fuel
injectors are located at some point in the intake train or intake manifold before the_/

cylinder. In direct injection, an injector is in each cylinder.

[0007] Atomization of fuels and other liquids injected into cylinders is important.
Optimally, any injected liquid is‘ atomized priér to contact of the stream of injected
liquid with any interior surface of the engine. If liquid cbntacfs cylinder surfaces, it
can wash away lubricants and pool, resulting in sub-dptimal combustion. Pooled fuel
during .combustion causes carbon déposits, increased emiésions, aﬁd reduced engine
power. Alternatively, when water ‘is .injected, the impihgément, on non—lubﬁcated

internal surfaces, such as cylinder head and piston face, can provide some benefits.

[0008] The sprﬁy’éonﬁguration in conventional fuel injectors or atomizers-is typically
cone-shaped, often with swirling; but this configuration is limited and can result in
impaction of liquids on the piston and cylinder walls in direct iﬂjéctidn systems.

Particularly in high compression engines, the head space is‘very limited, making

‘atomization in such engines more difficult without contact of streams of liquid on

engine internal surfaces.
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[0009] An approach to effective atomization is the use of high pressure liquid
injection and small orifices, but high pressure systems are expensive and prone to

failure, and small orifices are prone to clogging.

10010]} Also an approach to effective atomization is to use air shear with the liquid,

where high pressure fast moving air is used to shear a liquid stream to achieve

“atomization. This approach has its own limitations in terms of breaking the liquid

droplets. Additiorially, its application in direct injection configuration is difficult, if

’

not impossible, because of complexities involved with providing air or gas at high

Pressures.

[0011] Colliding jets are also well known in liquid fueled rocket engihes; as a means
of mixing the fuel and the oxidizer together. Injectors for internal combustion engines

differ from prior art rocket engine nozzles in that rocket engine nozzles are not ‘start-

hold-stop® type metered devices, whereas injectors for internal combustion engines

| are-designed to deliver, on cbmménd, a specific quantity of a liquid. This requires

careful control over the flow rate over time, which is tréditionally ‘achieved via a
solenoid, but can also be controlled via hydraulic pilot actuation, hydraulic
amplification, piezé—electric ;tack, pngumatic means, or other methods. Mgreover,
cdllidiﬁg jets in rocket engines ’are primarily intended’ as a mixing method, in which

two separate fluids (typically, a fuel and oxidizer) are injected to interact and react,

- rather than as a mechanism purely to break apart fluids into droplets or an atomized

spray.
[0012] Conventional atomizers and injectors use high pressure to force liquids
through a small orifice. The kinetic energy provided by application of pressure is

therefore used almost entirely for acceleration of the fluid and anybreak up or
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atomization occurs due toair shear, resistance or drag. It is clear from observation as
well as theory that thé jet will travel substantial distance before the break up begins.
In internal cdfnbustion eﬁgine;s with limited chamber dimensions, about 10 cm in
most passenger cafs, the ‘liquid leﬁgth’ or the Iength, of “the jet before the break up is
higher than the farthest point from the injector tip in a combustion chamber. This
means the jets will impinge either the piston or the cylinder wall or Aboth- before the

break up. A new mechanism is needed to achieve better breakup

SUMMARY OF THE DISCLOSURE
[0013] An embodiment of the present invention includes: an injector housing; a liquid

inlet configilred to be coupled to an external source of liquid; a pintle valve in fluid

| communication with the liquid inlet, the pintle valve being configured to adjustably

meter a flow of liquid from the external source of liquid; and a plurality of liquid
passages in fluid communication with the pintle valve and terminating at respective
inclined orifices formed at a spray-tip exterior surface of the injector housing, the

liquid passages being dimensioned and inclined to direct respective jets of liquid to a

- common collision point located at a defined position distant from a plane on which -

the inclined orifices are forrﬁed. The defined position is located along a central éxis of
the atomizing injector at a distance from the exterior surface determined to minimize
or avoid impact of atomized liquid backward on the exterior surface of the atomizing
injector and less than the lowest of the liquid length distance satisfying either the
equation L = dxmxSM, where\ d is the inclined orifice diameter in m, m is a constant
and SM is a dimensionless coefficient defined by (v/o) x (2APXp)'/2; where v is
kinematic viscosity in m?/s, o is the surface tension in N/m; AP is the pressure drop

across the inclinéd orifice in N/m?, and p is the fluid density in kg/m’ or the equation L
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= (AoxAP)/[6 + CxdoxAP/pr], C = (panCycf/3), Where d, is inclined orifice diameter in

m, A== d,2/4 is orifice area in m°, AP is pressure drop across the inclined orifice in

N/mz, o is surface tension in N/m, py, is liquid density in k m , Pa 18 air density in
n, P : / p

kg/m’ and Cuc is skin friction drag coefficient for cylinder in axial flow.

[0014] An e;mbodiment of tlie present invention is manufactured by boring first liquid
passages extending froni an external surfacé of an injector body to a pintle valve seat
disposed in a éavity formed in the injector body; boring second liquid passages
extending from the spray tip éxternal surface of the injector body to iiltersect the first
liquid passages ai a non-end region of the respective )ﬁrst liquid passages, the second
liquid passages terminating at orifices formed on the spréy tip external surface of the
injector body énd inclined at an angle configured to direct jets exiting the orifices to
collide at a defined point external (if "ihe injecfof body; and sealing the first liquid
passages between the externai isurface of the injector body and the intérsection of the

first and second passages.

[0015] In an embodiment, the liquid injector injects liquids into an internal
combustion engine. In | an embodiment, the liquid injector injects liquids into a’
combustion chamber of a reciprocating or rotary internal combustion engine.. In an
embodiment, the 'iiquid injector injects liquids into an intake port, intake. nianifold, or.

exhaust path of a reciprocating internal combustion engine.

[0016] In an’embodimerit, the orifices on the exterior of the nozzle are arrayed at the

same radial distance from the central axis of the nozzle, and are equiangularly spaced.

[0017] In an embodiment the orifices may be arrayed at the same radial distance from

the central axis of the nozzle, and not equiangularly spaced. In an embodiment, the
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nozzle may define a concave section on the exterior end, and the jet orifices are within

- the concave section,

[0018] In an embodiment, the angle defined by a line from an orifice to the central

" axis point at the exterior end of the nozzle to an adjacent orifice is equal for all -

orifices on any plane.
[0019] In an embodiment, an additional orifice is provided at the center of the nozzle. )

[0020] In an embddiment, the number of orifices is more than two, and rhay range up
to fifty orifices. Fluid dynamics indicates that liquid jets from two orifices will give a
flattened fan shaped diffusion cloud after collﬁéion, but three or more orifices will give

a three dimensional rounder cloud. Larger numbers of orifices will have a greater

output of liquid (all other factors being equal). In engine applications, for example, an

injector body for a car /engine may have a diameter of about 8 mm and have 2 — 6
orifices. An injecfor for a stationary heavy diesel engine may have an injector body

that is about S cm in diameter and have 3 to 30 or more orifices.

[0021) In an embodiment, the injector is a fuel injector or water injector in an internal
combustion engine. In» an embodiment, thé liquid in the injector is selected from an
aqueous solution, water, and a liquid hydrocarbon fuel. In an embbdiment, the injector
is a fuel injector and the liquid is selected from diesel fuel, JP§, alcoholvor gasoline or

mixture thereof.

[0022] In an embodiment, the metering means is a solenoid controlled pintle or a

piezo-electric controlled pintle.

[0023) In an embodiment, the jets are not all of equal inlet pressufe or orifice

diameters and collision velocity or force.
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[0024] In an embodiment, the orifice diameter may range from about 50pm to about

5000pm, or larger, depending on the flow rate required. In an embodiinent, the orifice

diameter rangé;s from about 200pm to about 400pm and the liquid is a hydrocarbon
fuel. In an embodiment, the orifice diameter rangéé from about 3-0.0um to about

700pm and the liquid is water or an aqueous solution.

[0025] In an embodiment, the liquid pressure ranges from about lbar, to about

5,000bar.

[0026] In an embodiment the velocity of the liquid at the orifice, which defines each
jet,‘ is greater than 10m/s, and in anothelr embodiment, ranges from about 20 to about

500m/s.

[0027] In an embodiment the distance between the orifice and the collision point is

smaller than 3 times the distance between the two orifices furthest from each other.

- [0028] In an embodiment the distance between the orifice and the collision point is

shorter than the ‘liquid length’ of the liquid jet.

[0029] In an embodiment, the angle defined by any two jets ranges from about 20° to
about 180°.
[0030] In an embodiment, the injector of the present invéntion may have two or more

focal points where there are at least two jets meeting at each focal point. Thus, an

embodiment provides a liquid injector that produces an atomized liquid having a

-. pressurized soufce of a liquid feed to a body of the injector, wherein the body has a

liquid inlet, a liquid metering means inside or outside the body, and a liquid outlet
comprising a nozzle; wherein the nozzle comprises two or more jet orifices from

which pressurized liquid jets of the liquid originate, wherein each jet is aimed at a
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focal point external to the injector, wherein the collision of préssurized liquid jets at
the focal point creates an atomized form of the liquid, wherein there are two or more
discrete focal points; wherein the meteting means provides a precise quantity of liquid -

flow at a precise start and stop time.

BRIEF DESCRIPTION OF THE DRAWINGS
{0031] These and other features, aspects, and advantages of the present invention will
become better understood with regard to the following description, appended claims,

and accompanying drawings wherein:
Fig. 1A illustrates a schematic embodiment of the present invention.

Fig. 1B illustrates the schematic of Fig. 1A but with the pintle in the open

position.

Fig. 2 illustrates a view of the inventive injector from a bottom-up view in Fig.

1A.
Figs. 3A-F illustrates various orifice patterns.
Fig. 4 shows the geometric schematic of a liquid jet up to breakup;

Fig. 5 A-C is an example of results from the model from which is derived the
expression for the jet length up to breakup based on force equilibrium leading

to satisfaction of the condition of jet breakup;

Fig.6A through 6E illustrate a manufacturing process of an embodiment of the

present invention.

Figs. 7A and 7B show spray patterns from an actual pnor art 1nJector (F1g 7A)

and the inventive lnj ector (Fig. 7B)
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Fig. 8A and 8B are plots of fuel flow engine load for diesel engine, showing
that the inventive injectors have a lower fuel flow than conventional injectors

for the same engine load.

DETAILED DESCRIPTION

[0032]. The present inv“ent.ion Iirovides a nozzl€ for the injection of fluids, particulaﬂy 7
liquids for injection into reciprocating or rotary internal combustion engines. Such
liquids maywbe fuels, such as gasoline.or diesel, water, or aqueous solutions. In the
present invention, at/least two or more jets of the fluid, uﬂder pressure, are aiméd ata

collision point. The collision of the jets at the collision point(s) efficiently atomizes

the liquid. The atomized liquid creates a plume that minimizes substantial contact of

liquids with interior engine surfaces and provides a large surface area for more

efficient combustion (or other effects).

[0033]) Two colliding jets produce a fan-like, two-dimensional atomized spray. At
least a third colliding jet is required to achieve a fully thrce-diménsional cloud. By
coﬁﬁguring the jets at various angies, including a jet in the center, the atomized cloud

of liquid can be shaped.

[0034] In an embodiment of the present ;invention, a liquid injector is p%wided that
produces an atomized liquid with a pressurized source of a liquid fed to .a body of the
injeptor, wher‘ein/the' body has a liquid inlet, a liquid fnetering means, and a liquid
outlet cofnbr_ising a nozzle; wherein the nozzle cofnprises two or more jet orifices
from which pressurized liquid jets of the liquid orig'méte, wherein each jet is aimed at
a common focal point external to the .injecto.r, wherein the impingement -of

pressurized liquid jets at the focal point creates an atomized form of the liquid;

- wherein the included angle of the jets is between 30° and 180°% and wherein the
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metering means provides a precise quantity of liquid flow at aprecise and confrollable

start and stop time.

- [0035] In another embodiment, a liquid injector is provided that produces an atomized

liquid having a pressurized source of a liquid fed into a body of the injector, wherein
the body has a liquid inlet, a liquid metering means within the body, and a iiquid
outlet comprising a nozzle, and wherein the bodsl has ‘a generally circular cross
section with a céntral axis; wherein the nozzle comprises the central a)iis, an interibr .
end; and an exterior end, wﬁerein two or more passages originate from the interior
end, wherein each passage terminates at the exterior end with an orifice; wh.ereinwthe
pressuﬁzed liquid is forced through the two or more passages to the orifice
terminéting each_ passage, where each orifice directs a jet of the pressurized liquid,
wherein the orifices are configured such that each | jet'is aimed at a common focal
point external to the injector, wherein the impingement of pressurized liquid jets at the
focal point creates an atomized form of the liquid; wherein the included angle of the

jets is between 30° and 180°; and

wherein the metering means provides a precise quantity of liQuid flow at a precise and

controllable start and stop time.

' [0036] In an embodiment of the present invention a liquid injector includes a liquid

inlet; a liquid metering means for providiﬁg_ a quantity of liquid flow; and a liquid

outlet having a nozzle. The nozzle includes a central axis; an interior end; an exterior

" end or spray tip, and two or more passages originating from the interior end, each

passage terminating at the exterior end with an orifice, the orifices being configured

such that at least two jets are aimed at a common focal point external to the inj ector.

10
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/

[0037] The metering means may be a solenoid controlled pintle: Altefnativeiy, the

metering means may be a piezo-electric controlled pintle.

[0038) The nozzle of the present-embodiment defines a concave or indented conical .

section on the exterior end. The jet orifices are within the indented section. The

-orifices may be arrayed at the same radial distance from the central axis of the nozzle,

and equiangularly spaced. Alternatively, the orifices may be arrayed at the same radial
distance from the central axis of the nozzle, and are not equiangularly spaced. The jet

orifices may be arrayed on a single plane relative to the central axis of the nozzle.

‘ Alternatively, the centers of the jet orifices are arrayed on two or more planes relative

to the central axis of the nozzle.

[0039] In the present embodiment, the liquid injector injects liquids into a combustion
chamber of a reciprocating internal combustion engine or a combustion chamber of a

rotary internal combustion engine.

[0040] In the present embodiment a pressurized liquid is forced through the at least

two or more passages to the orifice terminating each passage, each orifice directing a

| jet of the pressurized liquid, the collision of the pfessurized-liquid jets at the focal

point creating an atomized form of the liquid.

[0041] FIG. 1A and 1B are schematic depictions of an embodiment of the inventive
nozzle with two liquid passageways ere seen in the plane of view. A nozzle is a
device designedvto control the direction or characteristics of a fluid flow (especially to
increase veloci:c}-fj as it exits (or enters) an enclosed chamBer or pipe. i_“he nezzle has
abody 1 with central axis 3. The inlet eﬁd 5 of the nozzle depicts the terminal end of

the pintle shaft 40 and pintle ball 42 The liquid passageways, which transmit

11
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pressurized liquids in the nozzle to the orifices, originate at point 36 in the pintle ball -

seat area.

[0042]'The outlet end- 6 (alsé termed hérein the “spfay—tip;’) of tile nozzle 1 has an ’
indent 7 which is depic_ted in Fig. 1} as concave (i.e., with a curved proﬁle; rather than
edges with straight walls), but may also be conical in profile. The jet orifices 10 are
situated within the indent 7. The includéd angle of the jets (20) can Be large, greater \
than 90°, while still keeping the jet path length, i.e., the disténce along line 4 from 10
to focal point 2, also.denot‘ed as R, relatively short. A shorter jet path length‘provides
bEtter control of the atomization process and more energy dclivered to the collision

point 2. Thus, shorter jet paths are more desirable, subject to avoiding back impaction,

i.e., droplets reflected back to the injector body and impacting the injector spray tip.

[0043] Each liquid passageway in thé embodiment dépicted in FIG. 1A and 1B is
formed from the combination of liquid passages 3 O and 20. In the embodiment shown
iﬁ FIG. 1A and 1B, subpassage 30 is formed by drilling a hole in the nozzle body 1
from. beveled edge 64 at pdint 32 to point 36 in the pinﬂe valve seat 46. Section 34 is
then plugged. Su:t)pas§age 20 is forrngd by-drilling a hole in the indent 7 from point

10 that intersects subpassage 30 at intersection 22.

~ [0044] The driﬁcés 10 may have in insert 11 to narrow the opening to a smaller

diameter than the internal diameter of subpassage 20. This may be .especially -
desirable because the orifice size will be tuned according to various factors, such as

the viscosity of the liquid, the pressure, the speed (e.g., rpm’s of the engine), which

affects the shape and other features of the atomization of the inventive nozzles. While

_ the orifice size may be tuned to different purposes, there are practical limits to drilling

holes in the nozzle blank. Drilling holes smaller than 500 microns may be very

12
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expensive, which is not desirable for a mass prodliced item. Thus, a larger diameter
passageway that is inexpensive to fabricate can be made, but the orifice can be a much
smaller diameter depending on the specific application of the nozzle, which maybe a -

substantially smaller diameter that would be very expensive if the entire passageway

was that diameter.

[0045‘] The piﬁtle is a reciprocating .sh.alft in a sleeve in the injector. The end of the
pintle valvé 42 at the nozzle is é rounded bulbous -pbrtion, termed the pintle ball. In’
the default pbsition, the pintle ball is présseci against the valve seat 46. When thé "
pintle ball is pressed against the valve seat 46, no liquid can_ﬂow into the outgoing
passages 30, and no liquid flows out of the nozzle. When th;e pintl-e ball 42 is shjfted
to the open position (Fig. 1B) by the solenoid or piezo-electric mechanism, the
pressﬁrized liquid flows through the sbaée deﬁned, as 48 in Fig. 1A and into the

outgoing passages 30 and out of the nozzle at jet orifices 11.

[0046] The valve seat 46 and pinﬂe ball 42 define a ‘sac’ volume 108, which must be
as small as possible, subject to proper entry conditions for the outgoing passages 30.
Each of the outgoing passages 30 is in liquid communication with the “sac’ volume
108 at a first end, and terminates at— .a respective orifice exit at a second end. Outgoing
passage 21 forms a Vsingle central jet direc‘ted' along the ccntral axis (line 3) of the
injector, and dutgoing passages 20 form inclined jets with included collision angle 20.
Angle 26 can be fixed at angles of betweeﬂ about 30° and 180°. The plurality of jets

emanating frdm orifices at the end of passages 20 and central passage 21 are directed

to collide at a single focal point (i.e. collision point) 2.

[0047] Fig. 2 is an end view of FIG. 1A looking towards the spray tip of the injeétor.

Depicted are outer injector body wall 62, beveled edge 64, bottom surface 66, and

13
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ring 8, which defines indent 7 (showh in the figures as concave). Central orifice 21 is
shown, és are three radial oriﬁé'es 20. The angle between each orifice, in the plané of
centers of o'riﬁc-es 20is Y. AS illustrafed by way of an example in F1g 2, the radial
orifices 20 are equiaﬂgularly spaced 120° apart. Dimension‘ r deﬁnes- the distance of
ithe radiél orifices to the central a);is in the plane of ceﬁters of orifices 20. As shown
here, there is an orifice along the central axis, but a central ’oriﬁc.:e is optional in this

invention.

[0048] Referring to FIG. 1A and 1B, by varying the distance R angles 0 can be
varied, as R = r/ Sin®. If 7 is short for a given R and closer to the central axis, 0 will be
smaller. Alternatively for a given r, larger R will result in smaller 8 and vice versa.

The smallest included angle 26 will be about 30°. By making r longer, and drilling

- passages 20 as perpendicular‘ as possible to the face of indent 7, the included angle 20

can approach 180°. In an embodiment, the included angle 26 is 180°.

[0049] In an alternative embodiment (not shown) outgoing passages 20 and may be

inclined to collide at different focal points, thus producing two separate collision -

points.

[0050] In another embodiment, two (or more) rings of radial orifices 20 may be
provided, wheréin a ﬁfst set of orifices has a certain r'dimensiqn, and a second set of
orifices as é diffefent r dimension, wherein all of the _oriﬁées are aimed at a Single
collision point. Fig. 3 shows Vaﬁous nonlimiting patterns of orifices that ﬁ1ay be

employed in the instant invention.

[0051] The inventive injectors may be used fd: the injection of hydroca;r'bonv fﬁels,

water, aqueous solutions, or mixtures thereof directly into the combustion chamber of
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an engine, or into the intake train (intake manifold, also termed port injection), or into

" the exhaust train (exhaust manifold) of an engine.

[0052] The pressure applied to the liquids of the inventive injectors varies dependihg ‘

on the location of the injector in the engine and the type of 'Hquid. For port injection

'applicatiohs with an injector situated to inject fluids into the intake manifold, the

pressure may be 4 to 5 bars, but in an embodiment, much higher pressures may be

employed in port injection with the inventive injectors, up to 250 bars. For direct

| injectijon applications, with the injectors situated on each cylinder to inject directly

into the combustion charhber of the cylinder, the pressure for gasoline engines is
about 100 bar to about 250 bar. For diesel-type fuels used with compression ignition
(diesel) engines, the pressure is about 250 bar to about 2500 bar in very high pressure
engines. In some embodimehts, lower pressures may be 'employed to achieve effecﬁve

atomization than are typical for conventional fuel injectors.

[0053] In order to create the atomized form of the liquid the injector of the present
invention' is configured to control several parameters including orifice diameters,
colliéion velocity, liquid pressure, and collision_ angle, collision length, for example.
The values of the controlled parameters are selected based on the particular liquid
being injected in order to generate sufficient energy at the collision point to atomize,
and ﬁértially vaporize, the liquid. The follbwing description and referenced figures
prox;ide details regarding the selection of the values for the varjous parameters

necessary to construct the present invention.

[0054] Complfessed ﬂuids, such as, air, gas, water or liquid fuels',‘ possess a specific
potential energy, or SPE, where SPE= AP/p (AP is the preséure drop across a fuel

nozzle in kKN/m?, and p is the fluid density in kg/m’). Accordingly, SPE = AP/p =
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kJ/kg. Thus, for water at 300 bar pressure difference and density of 1000 kg/m3 , SPE
— 30 kI/kg. When expanded ideally this will result in a jet velocity of v = (2AP/p)'” =

(60000)'* = 245 m/s.

[(‘)_055]‘ Whén two or more such jets collide, small régions of .high pressure stagnation
recovery (at 50% recovery, about 150 bar) afe créated and a small portion of the
energy will cause a small fraction of the liquid in the jet to Véporize, creating a very
powerful additional mechanism of disintegration, in addition to shear and turbulence
disiﬁteg’rétion mechaﬁisms. As comp;dred to water, which has the largest la-tent heat,
other liquid fuels, such as gasoline or diesel, will exhibit a significantly improved

atomization at significantly lower pressures and higher orifice diameters.

[0056] It is important to note that the velocities of the liquid jets exiting the

conventional injectors, especially direct injectors, are magnitudes greater than the

speed of the piston. This means even if the injection happens at bottom-dead-center

(BDC), the liquid jet will impinge on the piston face or if angled, the cylinder walls. It
is alsb important to note that the “liquid length” of such jets is typiéally greater than
t~he stroke length of the piston, which élmost ensures that there is liquid impingement
on the cylinder walls and/or piston face. Such impihgement is undesirable and leads to

loss of efficiency.

[0057] The preisent invention is directed to maximizing the vaporization of the liquid

v jét, by having'the two or more jets colliding at a specific focal point, and taking into

consideration variables that have not bech considered heretofore, such as angles of the ’
jets, the diameter of the droplets in the jets, the amount of pressure applied to thé jets,
the liquid length before collision of the liquid jets, and the like. These various

approaches are described herein below.
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[0058] The liquid length (“L”) is defined as the distance a jet of liquid travels before
it starts breaking apart into droplets. This is illustrated in Fig. 4, which genericélly

depicts a jet stream of pressurized liquid exiting an orifice as it decomposes from air

‘shear and other forces without a collision with another jet or a surface . In Fig. 4, a

pressurlzed liquid forced through inlet 201 to the nozzle orifice 202 creates a jet
stream 203 Wlth diameter d, at the jet orifice. L1qu1d jet 203 with diameter d;

gfadually tapers off through portion 204 to point 205, where the jet has essentially

 disintegrated and the spray plume 206 has formed. Dimension L is _the distance from

202 to 205. The length L; extends from orifice exit to point 207, where the spray cone

‘diameter (dspray) 207 is about 3 to 5 times do. -

[0059] The shorter the distance the liquid has to travel before the collision, the greater

the atomization, as more kinetic energy is available for a stronger collision. Thus, the

injector design process must consider the geometric aspects of incorporating an

optimum length of the jet up to the collision point in relation to overall injector layout.

[0060] Liquid length can be mathematically defined by the following equation.
L/d/SM =vm (Constant), where SM = (v/o) ><. (2AP><p)l/’, and d is the orifice diameter.
The new non-dimensional number SM is a coefficient. Alternatively, the liquid length
L can be expressed asL=mxSMxd.In practlce a more general equation may be

used fora partlcular pressure range of interest: L/d = (L/d), + m x SM. Here, (L/d), is

a constant to be determined experlmentally.

[0061] If the value of the constant m is assumed.‘to equal .1/0.09157 = 10.921, as
available in the experimental data in prior .art, then L/d can be esﬁmated for any
pressure AP through SM, as indicated in the last column of Table 1. Hewever,

experiments suggest that this analysis may be valid only for very small values of jet
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velocity or pressure difference AP. Moreover, as the values predicted by m = 10.921

- are too low for AP= lbar, the constant m has to be determined for each liquid by

required control experiments.

Table 1: Estimation of (L/d) by L/d= mx SM model m=10.921 and L/d)e=0

10

5  do=0.3 mm, AP = 1.0 bar, Bond number B,= (pgdJ Yo =0.0122 << 1*
v G p 1V _
o ) .1 |onx10
Liquid | (m/s)x1 | (kN/m | (kg/m” | (m/s |, Re We SM | L/d
0° ) ) ) | | |
) 155 1330. | 2076. | 3.12 | 34.
| Diesel | 3.50 28.9 | 830 1.173
2 5 1 1 1
Kerosen | | 16.0 3695. | 2469. | 133 | 14.
130 - (243 780 0.181 :
e : 1 3 1 6 6
. : 15.9 3229. | 2666. | 1.65 | 18.
Ethanol | 1.48 225 | 788 0.256 '
. 13 3 7 2 0
_ 16.2 6083. | 2727. | 0.89 '
| Petrol 0.80 220 | 760 ' 0.074 : 9.8
' 2 . 3 3 7 -
. 141 4246. o038 |
Water 1.00 72.6 | 998 0.046 826.4 4.3
‘ 6 - 9 9 '
* indicafes that gravity effects can be ignored
[0062] A theory called “Jet Length Momentum Model”, based on first principles can
solve the problem.of prediction of liquid jet length before breakup. Estimation of Pre-
Breakup Length requires that ‘Condition for Breakup of liquid Jet’ is conceptual_lyA
formulated. Refer to Fig. 4, where d, — orifice diameter; A, — orifice area= ndoZ; pL —

density of liquid; p, — density of air; AP— pressure drop across the orifice; V;j — jet
velocity at orifice exit = (2AP/pr)” ; 6 — surface tension of the liqﬁid; L is jet length-

up to breakup; Cy — skin friction drag coefficient for a cylinder in axial flow.
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[0063] Coa51der an element of jet of lengfh dx at a dlstance x from om‘ﬁce exit plane.
The mass of this element is me— Ao x pL x dx with change in velocxty dV across dx.
The rate of change of momentum of the element (mex dV/dt) is a force i in the flow
direction that is opposed by the surface tension force (o x dx) and the aerodynamic
ﬁiction force (%2pa ndéx dx x Cge x V?). The breakup is imagined to occur at such jet

length when the integrated opposing force just exceeds the driving momentum force.

‘The acceleration (dV/dt) is substituted as (V x dV/dxj and it is assumed that the jet |

Velocity V varies linearly from V; at orifice exit (x=0) to 0 at breakup point (x=L) or
V = V; (1 - x/L). The force equilibrium equation [me x dV/dt = (c x dx) + (Vapa 7d, X
dx x Cge x V)] takes the form: AgpLVdV = o x dx + (Yspa ndy x Cae % VA1 -
x/L)dx,which can be integrated between the boundary conditions V = Vjatx=0 and

V =0 at x = L at breakup to yield: Ayx AP=cL + pa tdo X Cy4e x (AP/pr) x L/3.

[0064] The final expression for Jet Length up to breakup is: L = (A, x AP)/[oc + C X
d, x AP/pp], where C = (panCyc/3). For Cqc ~ 0.0 the above equation simplifies to L =

A, x AP/o.

[0065] It is interesting to note that for two liquids, such as Water and Diesel,
operaﬁng with orifices of equal diameter d,, there will be a common injection

pressure APc, when the jet lengths up to breakup will eq_ual:-APc = (0w — Op)(Pw X

po)/[C x do X (P - P)]-
[0066] The skin friction drag coefficient C4c, which is an input based on
empirical/experimental data, can be cross checked or estimated independently based

on: Cgo=3 X (6w — 0p)(pw * pp)/ [palt X do X AP; X (pw - pp)]-

[0067] Based on the above model computations are made for water and diesel for d, =

0.3 mm and assi]med values of Cg, from for a sample range of pressures AP. Example
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 results for AP = 1 to 100 bar and Cdc‘= 0.0, 0.05 and 0.1 are preserlted in Fig. 5A to

5C.

[0068] It is an aspect of the present invention that the colliding jets will substantially -

| or entirely reduce the forward penetration of the liquid jet whereby the liquid, or spray

plume 1ength is always shorter than elther the stroke length or the dlstance between B

the piston face and the injector nozzle. It is also an aspect of the present invention that

the breakup of the jets occurs close to the injector, with a sufficient amount of kinetic

~ energy, imparted to the liquid by virtue of the application of pressure, being directed

to the atomization of the liquid jets.

[0069] The energy required to atomize a liquid is governed ‘by the surfacetension of
the liquid. A force greater than the surface tensiorl directed away from the direction of
the movement of the liquid must be applied to achieve atorrlization. The energy, or -
work (W), required for atomization is given by W = ¢ x AA, where o is surface
tension and AA is the area created due to atomization. The specific energy of the jet is
given by the total avallable SpeCIﬁC energy (TASE), which is expressed by TASE =
AP/p. The energy used for the atomization, responsrble for the breakup away from the
direction of the movement of the jet, is given by EOBU = (AP/ p) sin %9, where 0 is the
angle formed between the jet arid_ the axis formed by the collision point and the

direction of the movement of the plume or the injector body. For smaller angle 0, the

jets will meet at a further distance than for a larger angle and therefore higher enéfgy

or pressure would be required to achieve atomization.

[0070] The energy can also be expressed using the velocity of the jets. The velocity in
the direction of propagation is given by V = (2AP/p)l/’; where p is the density of the

liquid. The theoretical velocity of the initial jet can be calculated using the above
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equation, -and the velocity of the jets after the collision can be calculated based on
conservation of momentum. Further atomization afier the collision can be calculated

using equations relating to turbulent shear and drag.

.[0071] An aspect of the present invention is to prdduce droplets smaller than 5

microns, and in another embbdiment, smaller than 1 micron in diameter. The area of

_ atomized droplets from a solid jet, and droplets per unit mass or volume can be

calculated, as well as the energy required to produce such anatomization, using the

above equations.

[0072] Thgrefore, the present invention generates atomization using at least two jets
éolliding at a point where the theoreticai energy available away from the direction of
the jets or EOBU, is higher than the break up energy required to produce droplets
smaller than 5 microns, where the pressure applied to the liquid and the angle formed
by the jet with the coliisioh point and the axis produces energy greater than the
amount of energy calculated based on the equation EOBU = (AP/p) sin%0 = ¢ x. AA.
In another embodﬁnent , the present invention genérates atomization ﬁsing at least
three jets colliding at a poiﬁt where the theoretical energy available away from the

direction of the jets or EOBU is higher than the break up energy required to produce

 droplets smaller than 5 microns, where the pressure applied to the liquid and the angle

formed by the jet with the collision point and the axis produces energy greater than |

the amount of energy calculated based on the equation EOBU = (AP/p) sin” =0 X

 AA. In still another embodiment, the present invention generates atomization using

at least two jets colliding at a point where the tﬁeoretical energy available away from

the direction of the jets or EOBU is higher than the break up energy required to

produce dropléts smaller than 1 micron where the pressure applie’d to the liquid and
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the angle formed by the jet with the collisioi_l point é.nd the axis produces energy

greater than the amount of energy calculated based on the equation EOBU = (AP/p)

sin® 8 = 6 x AA. In another embodiment, the present invention generates atomization

using at least three jets colliding at a point where the theoretical energy available

away from the direction of the jets or EOBU is higher than the break up energy
requiréd to produce droplets smaller than 1 micron where the prcssﬁré applied to the
liquid and the angle formed by the jet with the collision point and.the axis produces
energy greater than the amoﬁnt of energy caléulated based on the equation EOBU =

(AP/p) sin 0 = x AA. Fig. 10 — contour map

[0073] If 1 mL of a liquid is atomized to produce droplets of diameter D (um) then
the area created due to atomization AA = 6/D in m”. The energy required to overcome
the surface tension will be 66/D in J, where the surface tension o is in N/m. The
energies, EOBU, required for 1 mL of various liquids such as gasoline, diesel, alcohol

or water are estimated and provided in Table 3 below.

[0074] Table 2 gi\;es the propenies éf these liquids and Table 3 gives EOBU per mL
of liquid when atomization produces droplets of diameter D pm. Energy required to
cominletely evapérate one gram of liquid EOEV is also giyen in Table 3. Total
available specific energy at various injection pressures ffom 0.4 to 4000bar for these
liqﬁids is given in Table 4. Table 5@) and 5(b) respectively give requiréd injection
pressures at various collision angles from 30 to 90 deg to provide sufficient energy. for

breakup (i.e., atomization) and evaporation.

Table 2: Liquid Properties: v is kinematic viscosity; o 18 surface tension; p is fluid
density ’ '

Liquid | v(x10% | o (x10%) p | he | Cp BP
Units _ m?/s N/m kg/m®| kikg | k/kg/K °C

22



5

WO 2014/080265 PCT/IB2013/002592
Diesel | 3.50 28.9 830 | 4187 1.80 | 188-340
Ethanol |- 1.48 -~ 22.5 788 | 1658.1 | 1.549 78
Petrol |  0.80 22.0 760 | 628.1 | 2.010 | 27-225
Water | 1.00 72.6 998 | 22574 | 4.187 100

Table 3: Specific Energy of Breakup and Evaporation for Selected Liquids

EOBU (J/ mL) | EOBU (J/mL) | EOBU (J/ mL)
Liquid |D=5pum ‘D=1um _ D=0.1um | EOEV (J/gm)
Diesel 0.0347 0.1734 1.734 730.1
Ethanol 0.027 0.135 1.35 1755.7
Petrol 0.0264 0.132 - 1.32. 652.2
Water 0.0871 0.4356 4.356 2613.3

" Table 4: Total Available Specific Energy TASE (J/gm) at various pressures

AP Diesel Ethanol Petrol Water
0.4 482 50.8 52.6 40.1
40 481.9 507.6 526.3 400.8
40.0 | 4819.3 5076.1 5263.2 4008.0
400.0 | 48192.8 50761.4 52631.6 40080.2
4000.0 | 481927.7 | 507614.2 | 526315.8 | 400801.6

Table 5(a): Differential Pressure (AP) required to overcome surface tension at various

collision angles 0. (AP in bars)

0 | Diesel | Ethanol | Petrol | Water
30| 7.668 5.970 5.837 | 19.263
40 | 4.640 3.612 3.532 | 11.656
50| 3.267 | 2.543 | 2487 8.207
60 | 2.556 1.990 '1.946 6.421
70| 2.171 1.690 1.653 5.454
80| 1.977 1.539 1.505 4.966
90 | 1917 1.493 1.460 4.817

Table 5(b): Differential Pressure (AP) requlred to evaporate 1 gm at various collision
angles 0. (AP in bars) '

23

0 Diesel Ethanol Petrol Water
30 26858.0 61317.8 21969.5 115593.1
40 16250.9 - 37101.5 |- 13293.1 69941.8
50 114421 26122.7 9359.5 49245.2
60 8952.7 20439.2 7323.2 38531.0
70 "~ 7604.0 17360.2 6220.0 32726.5
80 6923.3 15806.0 5663.1 29796.7
90 6715.6 15331.8 5493.2 28902.8
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[0075] It is apparent from the data in the aboVe tables that, for a particular liquid, the
choice of number of jets, injection pressure AP and collision angle 6 have to be made

to satisfy the requirements of atomization, plume shape, size and orientation.

' [0076] 1t is important that the theoretical velocity of the liquid jet coming out of the

nozzle is correctly estimated through the pressure as indicated in the above tables.

[0077] In the present invention, thé collision pbint is as close to the oriﬁce exit facé as
possible but must avoid back impaét. Further, the collision jet length is shorter .than _
the liquid length (L) of the jet coming out of the nozzle. If the diameter of the circle in
the plane containing the centers of the orifices is Dy, and the angle between the jet
axis and the injector body axis is 0, then the coilision length L, is determined as L. =
D,/2Sin@. The collision point can be no further than 3 D, from the orifice exit point.
In gnother embodiment, the-' distance is less than 2 Dy Stated another way, the
collision point is at a distance from the orifice shorter than the diameter of the circle

intersecting the orifices or the distance between two orifices which are furthest apart.

[0078] The shorter the distance liquid has to travel before the collision, the more
efficient the atdmization, since more kinetic energy is available for a stronger
collision. N

[0079] FIG. 5A, 5B and 5C present computation of liquid jet lengths for water and

diesel respectively for pressure drop Variatidn from 1 to 100 bar by way of illustration

~only. Liquid jet lengths for any Oriﬁée diameter (50 to 1 000pm) can be computed

from the relation that L oc dg;.

[0080] The present invention provides superior atomization to prior art methods in
fuel or water injection for engines. In particular, the sharp inward angle of the jets

provided by the inventive liquid passage configuration in the nozzle is a substantial
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improvement over prior art techniques providing very efficient atomization in close
proximity to the injector body, and preventing streams of liquids from impacting
interior solid surfaces in the engine, which can wash off oil and cause. inefficient

combustion. This is particularly impoi’taht in modern high compression engines, -

~ where injécﬁon timing close to top-dead-center (TDC) is important and the head

space at TDC may be very small.

[0081] In an embodiment, atomization leads to formation of fine and uniform
suspension of liquid into air (ér substantial evaporation of water or fuel injected) and
complete combusti(;n as close to TDC, or inner-dead-center (IDC) for rotary engine_s,v
as possible in internal combustion engines. If ‘sufﬁcient pressures ’arfv: applied, a
substantial amount of liquid, fuel or water or any mixture thereof, including solution

of solids into either water or fuel or mixture thereof will evaporate almost instantly.

[0082] The liquid injectors of the present invention useful for reciprocating as well as

rotary internal combustion engines have a metering mechanism, such as a pintle

valve, for controlling the quantity and/or timing of the fluid (for example, liquid fuel)

~ into the reciprocating engine or a continuous flow control system for rotary engines. .

[0083] The present invention provides superior atomization to prior art methods for

fuel or water injection in internal combustion engines. In particular, the sharp inward

angle (26> 90°) of the jets provided by the liquid passage configuration in the nozzle

"is a substantial improvement over prior art techniques and provides very efficient

_ atomization in close proximity to the injector body, and preventing streams of liquids

from impacting interior solid surfaces in the engine, which can wash off oil and cause

‘inefficient combustion. Thus, the injector design process must consider the

~
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geometric aspects of incorporating an optimum length of the jet up to the collision

point in relation to overall injector layout.

[0084] The spray plume geometry may suitably match the gas space shape for better
mixing. The spray plume is configured to not imfaact the inner metal walls for liquid
fuels but may be made to impact un-lubricated hot surfaces in the case of water

injection applications.

[0085] Figs. 6A through 6E show the stages of manufacturing an embodiment of the

present invention. Specifically, the manufacturing process begins with an injector

‘body having a pintle valve 404 formed therein. At FIG. 6A, a plurality of first liquid

passages 406, 408 are bored or drilled into the injector body 402 from an external
surface 410 and inclined to terminate at the pintle valve 404. First liquid passage 408
is positioned along a central axis of the injector body, while first liquid passages 406

are disposed along a periphery of the injeéto'r body.

[0086] As shown in FIG. 6C, a second set of liquid passages 412 are bored through
the external surface 410 of the injector body at an émgle to intersect the first liquid
§ .

passages 406 at. an intersection point-414 away from either end of the first liquid-

passages 406.

[0087] As shown in FIG. 6C, a portion of the first liquid passages 406 between the
external surface 410 and the intersection point 414, as ifldicated by 415, is sealed. The
final injector of the p.resent‘ invention has a fluid path formed between the pintle valve

404 and orifices 416 formed at a distal end of the éecond ‘liqui-d passages 412.

[0088] As shown in FIG. 6D, an embodiment of the present invention may be
fabricated\with a valve seat 403, for the valve 404, which is formed separately from

the injector body 402. The valve seat 403 in the preseni embodiment has passages 406
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drilled there through prior to the valve seat 403 being inserted into the injector body

402. The through passages 412 are also formed in the injector body 402 prior to
insertion of the valve seat 403 into.the injector body 402. When the valve seat 403
and the injector body 402 are joined, the through passages 406 are aligned with the

through passages 412 as'shown in FIG. 6D.

[0089]'. A close up of tile intersection poinf 414, shown in FIG. 6C, is providedi in FIG.
6E (a) and (b). As seen in FIG. 6E (a), the passages 406 have diameter di; fhe passages
412 have diameter do; the plugged passage portion is enlarged to diameter d. and
forms a settling chémber SC of length 1. by insertion of plug P; this helps increase the
flow éapacity of the orifice pas'sages 412. The diameter d. is about 5 times d; aﬁd Ic=

d.. As seen in FIG. 6E (b) the plug P’ can be chamfered at about 45° in another

‘embodiment to increase the flow capacity. The liquid velocity reduces in the settling

chamber SC about 5 times and the pressure increases in its square proportion. This

significantly improves the liquid flow through orifice passages 412.

[0090] In an embodiment of the present invention, the orifices may have an insert to
narrow the jet opening to a émaller diameter than the internal diameter of a sub-
passage (Fig. 1, item 11). This may be especially desirable because the orifice size
can be tuned accordilng to various factors, such as the viscosity of the liquid, the

pressure, the speed (e.g., rpm of the engine), which affects the shape and other

features of the atomization of the inventive nozzles. While the orifice size may be

tuned to differenf purposés there are practical limits to drilling holes in the nozzle

blank. Drilling holes (for example in passages 20 and 30) smaller than 500 microns

 may be very expensive, whmh is not desirable for a mass produced 1tem Thus,,

larger diameter passageway that is inexpensive to fabncate can be made, but the
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orifice can be a much smaller diamete_r_depending on the specific application of the

nozzle, which may be a substantially smaller diameter that would be very expensive if

the entire passageway was that diameter. In an embodiment, the nozzle is comprised

of a unitary solid metal.

[0091] Within the context of the present invention, the term “unitary solid metal”

éoantes that the nozzle described in the foregoing paragraph may be fabricated from

a single piece of metal. For éxample, the nozzle may be fabricated from a single block

of stainless steel, which is a material sufficient to withstand the temperatures and

pressures of an engine combustion chamber.

Example 1

EXAMPLES

-

[0092] The following are parameters of an example nozzle of the present invention,

for example, as shown in the figures.

Inventive Nozzle

Parameter Unit C(?nventional NP
' Injector Nozzle (2 or3 jet nozzle)
Nozzle Outside Diameter Mm 7.5+0.1 7.5+0.1
Pintle Ball Diameter mm 3 3
Pintle Ball Seat Diameter mm 1.5 1.5
Nozzle Shoulder — Seat Diameter | mm 2.03 1.4
Nozzle Bottom Face — Diameter | mm 3.755 3.948
Seat Diameter — Orifice Apex mm NA 4.6
Nozzle Bottom Face - Apex mm 1.397 1.3 _
Nozzle Material | Med Carbon Cast | Stavax ESR (Modified 420
. | Stainless Steel Stainless Steel)

[0093] The followihg parameters refer to a 3-jet embodimeht of the inventive nozzle

in accordance with an embodiment of the present invention, for the injection of

gasoline into the cylinder of an internal combustion engine.

Parameter value Explanation
'Nozzle Orifice Diameter ® 0.205 mm | Diameter of exit orifice defining a jet
Nozzle Orifice Length 0.971 mm :
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["Orifice L/D T 473

Nozzle cone angle 90° 20 in Fig. 1 ]
Nozzle orifice horizontal angle | 120° - | ¥inFig. 2

Nozzle distance from center | 0.80 mm rinFig. 2

Supply hole diameter 19025 mm

Supply hole length 3.16 mm

Supply hole L/D S 112.64

[0094] The spray pattern for this injector is illustrated in Fig. 7B, which is compared
to a similar conventional injector (Bosch HDEVS5 6-hole injector) shown in Fig. 7A.
Both injectors weré uéing water as the liquid, at 100 bar for 4 ms. The conventional
injector (Fig. 7A) shows a coherent spray of liquid for a substantially greater distance
from the injector than the inventive injector in Fig. 7B. The degree of atomization of

the liquid is much gfeater in Fig. 7B, and it is clear that the stream breaks up in a

~ much shorter distance than with the conventional injector.

Example 2

[0095] The inventive injectors have been demonstrated to improve engine efficiency
as shown in Figs. 8A and 8B. Fig. 8A a plot is shown of ﬁlel flow \}s. engine load for
a 1.6 L 4-cylinder diesel engine. The data marked “GDI’; is a conventional direct
injector. The data marked “Imp. Injector” is the inventive 3-hole colliding jets
injector. At various engine loads, the inventive injector d&nonstrafes é 16-20% lower

fuel flow than the conventional injector.

[0096] An explahation for the improved performance is shown in Fig. 8B. Fig. 8B

~ shows the start of ignition (SOI) in degrees before top dead center (dBTDC) for the

‘same eﬁgine load data points as shown in Fig. 8A. Fig. 8B shows that the start of
ignition with the inventive injector (marked “Imp. Injector”) occurs significantly
earlier in the cycle than with the conventional GDI injector (e.g., 31° vs. 60° at the

baseline data point). In addition, the engine output measured as normalized mean

effectivve‘pr'essure (NMEP) is. greater for each data point than for the corresponding
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data point with the conventional injector (e.g., 255 Kpa vs. 215 Kpa at the baseline
data point). The earlier ignition suggests more complete combustion of the fuel,

which may explain the improvéd efficiéncy.

| 10097) This data also suggests thét it may be importaﬁt to modulate the injection
ﬁming with the in\}entive colliding jet injectofs as compared to conventional injectors,
since fuéi ignitioh (at least in diesel engines) can occur eatlier in the cycle due to ;che :
much greater surface area of the fuel in the cylinder just prior to i‘gnitioﬁ as a result‘of
the ifnproved atomization caused -by thé inventive injectors, and less (or non-existent) .

impact of fuel with interior surfaces of the engine.
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CLAIMS
What is claimed is:

1. Aliquid injector that produces an atomized liquid comprising:
a. a preésﬁrized lsoufce of a liquid fed to a body of the injector, wherein |
5  the body has a liquid inlet, a liquid metering means, and a liquid outlet |
—compfising a nozzle;

b. wherein the nozzle comprises two or more liquid passages wherein
each liquid passage is in fluid communicétion with a jet orifice on an
exterior surféce' of the nozzle from which pressurized liquid jets of the

10 ' liquid originate, wherein each jet is aimed a~t a common focal point
‘external to the injector, wherein the collision of pressurized liquid jets
at the focal point creates an atémizéd form of the liquid;

c. wherein the included angle of the jets is b;ctweer’130° and 180° and

d. wherein the metering means pro\}ides a precise quantity of liquid ﬂow

15 at a precise and controllable start and stop time. |

2. Aliquid injec,tor-ﬂiat produces an atomized liquid comprising:
| a. a preésuﬁzed source of a liquid fed into a body of the injector, Wherein
the body has a liquid inlet, a liquid met_eripg ﬁieans within the chiy,
and a liquid outlet comprising a nozzle, and WBerein the body has a
20 . | generally circular cross section with a central axis;
b. wherein fhe nozzle comprises the central axis; an interior end, arid:anv

exterior end, cdmprisihg' two or hlore licjuid passages wherein each

- liquid passage is ih,ﬂuid. communication with a jet oriﬁc‘é onan |

exterior surface of the nozzle from which pressurized jets of the liquid
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driginate, wherein each jet is aiméd ata c‘om‘mor_x focal point external
to. the injector, wherein the pollision of pressurized 1iquid jets at the
focal point creates an atomized form of the liquid;
" ¢. wherein the inqhided angié of the jets is between 30° and 180"; and
d. wherein the metering means provides a precise quantity of liquid flow

at a precise and controllable start and stop time.

. The injector of claims 1 or 2, which further comprises three or more orifices.

The injector of claim 3, which further comprises at least one orifice defining a

jet along a central axis of the injector. .

. The injector of claims 1 or 2, wherein each passage comprises two sections,

with a first section extending from the interior end outward from the central

axis at an angle toward the exterior end, and a second passage section
intersecting the first passage and extending at an angle toward the central axis
and the exterior end of the nozzle, wherein each passage terminates at the

exterior end with an orifice.

. A liquid injector according to claims 1 or 2, wherein the theoretical energy

available away from the direction’ of the jét, or EOBU, is higher than the break
up energy required to produce droplets smaller than 5 microns, where the
pressure applied to the liquid aﬁd fhe angle (0) formed by the jet with the
collision point and the central axis produces energy greater than the amount of
energy calculated based on the equation EOBU = (AP/p) sm2 8=0c x AA,
where AP isa pressure drop across the ﬁozzle in kKN/m?, p is ﬂuid density in
kg/m3, cis éurface tension of the fluid, and AA is the area formed due to

atomization.
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7. The injector of claims 1 or 2, wherein the distance between any orifice and the
collision point is less than 3 times the distance between the two most distant

" orifices.

8. The injector of claims 1 or 2 wherein the distance between any orifice and the
collision point is less than the liquid length for the jet released from that

orifice.

9. The injector of claims 1 or 2, wherein the liquid injector injects liquids into an

_ internal combustion engine.

10. The injector of claims 1 or 2, wherein the liquid injector injects liquids into a

combustion chamber of a reciprocating internal combustion engine.

11. The inj ector of claims 1 or 2, wherein the liquid ihjector injects liquids into a

combustion chamber of a rotary internal combustion engine.

12. The injector of claims 1 or 2, wherein the velocity of the liquid at the nozzle

ranges from about 20 to about 500m/s.

13. The injector of claims 1 or 2, wherein the pressure applied to the liquid ranges

from about 1 bar to about 3000 bar.

14. The injector of claims 1 or 2, wherein the pressure applied to the liquid is
about 100 bar to 250 bar and the liquid is gasoline injected into a combustion

chamber of a reciprocating or rotary internal combustion engine.

15. The injector‘of claims 1 or 2, wherein the pressure applied to the liquid is
about 200 bar to 2500 bar and the liquid is a diesel-type fuel injected into a
combustion chamber of a reciprocating compression ignition combustion

engine.
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16.

17.

18.

19.

20.

21.

22.

23,

The injector of claims 1 or 2, wherein the liquid injector ihj ects liquids into the

intake manifold of an internal combustion engine.

The injector of claims 1 or 2, wherein the pressure applied to the liquid is
about 4 bar to about 250 bar and the liqﬁid is port injected into the intake

manifold of an internal combustion engine.

The injector of claims 1 or 2, wherein the pressure applied to the liquid is
about 4 bar to about 5 bar and the liquid is port injected into the intake

manifold of an internal combustion engine.

The injector of claims 1 or 2, wherein the liquid injector injects liquids into the

exhaust manifold of an internal combustion engine.

The injector of claims 1 or 2, wherein the nozzle defines a concave or indented
conical section on the exterior end, and the jet orifices are within said concave

or indented conical section.

The injector of claims 1 or 2, wherein the orifices are arrayed at the same

radial distance from a central axis of the nozzle, and are equiangularly spaced.

The injector of claims 1 or 2, wherein the orifices are arrayed at the same
radial distance from the central axis of the nozzle, and are not equiangularly

spaced.

The injector of claims 1 or 2, wherein the nozzle defines a concave section on
the exterior end, a_nd the jet orifices are within the concave section, and centers
of the jet orifices are arrayed on a single plane perpendicular to the central axis

of the nozzle. “
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24.

25.

26.

27,

28.

29.

30.

31.

32.

33.

34.

The injector of claims 1 or 2, wherein the centers of the jet orifices are arrayed

on two or more planes perpendicular to the central axis of the nozzle.

The injector of claims 1 or 2, wherein the angle defined by a line on the orifice
axis to the central axis point at the exterior end of the nozzle to an adjacent

orifice is equal for all orifices on any plane.

The injector of claims 1 or 2, wherein the angle defined by a line on the orifice
axis to the central axis point at the exterior end of the nozzle to an adjacent

orifice is not equal for all orifices on any plane.

The injector of claims 1 or 2, wherein an orifice is provided at the center of the

nozzle.
The injector of claims 1 or 2, comprising two to thirty orifices.

The injector of claims 1 or 2, wherein injector is a water injector and the liquid

is an aqueous solution or water.
The injector of claims 1 or 2, wherein the injector is a fuel injector and the
liqhid is a hydrocarbon fuel.

The injector of claims 1 or 2, wherein the metering means is a solenoid

controlled pintle.

The injector of claims 1 or 2, wherein the metering means is a piezo-electric

controlled pintle.

The injector of claims 1 or 2, wherein inlet jets have non-equal inlet pressure,

or orifice diameters, and collision velocity or force.

The injector of claims 1 or 2, wherein the orifice diameter ranges from about

50 pm to about 3000 pm.
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35. The injector 6f claims 1 or 2, wherein the oriﬁce diameter ranges from about

200pm to about 400pm and the liquid is a hydrocarbon fuel.

36. The injector of claims 1 or 2, wherein the orifice diameter ranges from about
’ 300pm to ébout 700uﬁ1 anc'li the liquid is watér or én aqueous sqlutiont
37. The injectdr of claims 1 or 2, wherein the liquid pressure ranges from aboﬁt 50
bar to about 3000 bar.
38. The injector of claims 1 or 2,.where_in an angle defined by at least one jet, the

focal point, and a sec‘ond jet is greater than 30°.

39. The injeétor of claims 1 or 2, wherein an angle defined by at least one jet, the

focal point, and a second jet is,gmatérihan 90°..

40. The injector of claims 1 or 2, wherein an angle defined by at least one jet, the

focal point, and a second jet is greater than 120°.

41. The injector of claims 1 or 2, wherein an angle defined by at least one jet, the

focal point, and a secondjet ranges from about 30° to about 18_0°f

42. A method of atomizing a liquid for injection into an internal combustion

engine using any of claims 1 to 41.

43. A nozzle for a liquid injector, comprising:

a. acylindrical exteripr_shape with a central axis, an interior end, and an
exterior end, comprisiﬁg two or more liquid passages wherein each
liquid passage is in fluid communication witﬁ a jet orifice on an
exterior sufface of the nozzle from which pressurized liquid jets of the

liquid originate, wherein each jet is aimed at a common focal point
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external to the injector, wherein the collision of pressurized liquid jets
at the focal point creates an atomized form of the liquid

b. wherein the included angle of the jets is between 30° and 180° - .

44. A nozzle for a liquid injector, comprising:
5 é.- aseat fora piﬁtle ball, the seat having at least two inlet orifices
positioned thereon;
b.. an outer surface having at least two outlet orifices positioned thereon;
and
c. at Iéast two passages for transmitting a liquid from the ink.t orifices to
10 ' the outlet oriﬁces, each passage comprising: a first linear passage
extending from an edge of the outer surface to an inlet orifice; a second
linear passage extending from an outlet orifice to an intersection point
along the ﬁrsf linear passage; and a plug inserted into the first passage
at the edge of the outer surface; and
15 d. wherein each Qf_ the at least tWo passages and the at least two outlet
orifices are oriented so that preséurized liquid transmitted through each
~ passage forms a jet stream of pressurized liquid, wherein each jet is
aimed‘at a common focal point external to the injector, wherein the
collision of pressurized liquid jets at the focal point creates an
20 ' atomized form of the liquid,

. wherein the included angle of the jets is between 30° and 180°.

45. The nozzle of claims 43 or 44, wherein the outlet orifice defining each jet has

a different diame_ter'than the interior diameter of the second linear passage.
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46.

47.

48.

49.

50.

51.

52.

53.

The nozzle of claims 43 or 44, wherein the outlet orifice defining each jet has

a smaller diameter than the interior diameter of the second linear passage.

The nozzle of claims 42 or 44, wherein the ouﬂet orifice defining each jet

comprises an insert that defines a smaller diameter than the interior diameter

of the second linear passage.

The nozzle of claims 42 or 44, wherein the liquid injector injects liciuids into

an internal combustion engine.

'fhe nozzle of claims 42 or ‘44, wherein the li(iuid injector injects liquids into a
combusti(;n chamber of a reciprocating internal combustion gngine.

The nozzle of claims 42 or 44, wherein the liquid injector injects liquids into-a
combustion chamber of a rotary internal combustion engine.

The nozzle of Elaims 42 or 44, wherein the nozzle defines a concave or

indented conical section on the outer surface, and the at least two outlet

orifices are within the concave or indented conical section.

The nozzle of claims 42 or 44, wherein the at least two outlet orifices are

.arrayed at a same radial distance from a central axis of the nozzle, and are

equjangularly spaced.

The nozzle of claims 42 or 44, wherein. the at least two outlet orifices are
arrayed at a same radial distance from a central axis of the nozzle, and are not

equiangularly spaced.
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54.

55.

56.

57.

58.

59.

60.

61.

62.

The nozzle of claims 42 or 44, wherein the nozzle defines a concave or
indented conical section on the outer surface, and the at least two outlet
orifices are within the concave section,.a center of each outlet orifice being

arrayed on a'single plane‘perpéridicular to a central axis of the nozzle.

The nozzle of claims 42 or 44, wherein centers of the at least two outlet
orifices are arrayed on two or more planes perpendicular to a central axis of

the nozzle.

The nozzle of claims 42 or 44, wherein an angle defined between an orifice
axis of a first outlet orifice and an orifice axis of an adjacent outlet orifice is

equal for all orifices on any plane.”

The nozzle of claims 42 or 44, wherein an angle defined between an orifice
axis of a first outlet orifice and an orifice axis of an adjacent outlet orifice is

not equal for all orifices on any plane.y

The nozzle of claims 42 or 44, wherein a central outlet orifice is provided at a

center axis of the nozzle.
The nozzle of claims 42 or 44, comprising two to thirty outlet orifices.

The nozzle of claims 42 or 44, wherein the injector is a water injector and the

liquid is an aqueous solution or water.

The nozzle of claims 42 or 44, wherein the injector is a fuel injector and the

liquid is a hydrocarbon fuel.

The nozzle of claims 42 or 44, wherein the at least two outlet orifices have a:

diameter ranging from about 50pum to about 3000pm.
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63. The nozzle of claims 42 or 44, wherein the diameter ranges from about 200pum

to about 400um and the liquid 1s a hydrocarbon fuel.

64. The nozzle of claims 42 or 44, wherein the orifice diameter ranges from about

300um to abbut 700um and the liquid is water or an aqueous solution.

65. The nozzle 6f claims 42 or 44, wherein the liquid has a pressure rangihg from

about 50 bar to about 3000bar.

66. The nozzle of claims 42 or 44, wherein an angle defined by at least one jet of

the liquid, the focal point, and a second jet of the liquid is selected from a

range of angles from about 30° to about 180°.

67. A liquid injector that produces an atomized liquid comprising:

a.

a pressuﬁzed source of a liquid fed to a body of the injectdr, wherein
the body has a liquid inlet, a liquid metering means, and a liquid outlet
comprising a nozzle;

wherein the nozzle compﬁses four or more jet orifices from which
pressurized liquid jets of the liquid origiﬁate, wherein two or more jets
are aimed at a common focal point external to the inj ecfor, and there
are two or mbre common focal points, wherein the collision of '
pressurized liquid jets at the focal points creates an atomized form of
the liquid; |

whefeif; the included angle of any two jets aimed at the same focal
point is between 30° and 180°; and

wheyein the metering means provides a precise quantity of liquid flow

at-a precise and controllable start and stop time.

68."A liquid injector that produces an atomized liquid comprising:
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an injector housing;

a liquid inlet configured to be coupled to an external sourée of liquid;
a pintle valv__e in fluid communication with the liquid inlet, the pintle
valve being configured to adju_stably rﬁeter a flow of liqﬁid. frqm' the
external sburce of liquid; and | |

a plurality of liquid passages in fluid communication with the pintle

" wvalve and terminating at respective inclined orifices formed at an

exterior surface of the injector housing, the liquid passages being

‘dimensioned and inclined to direct respective jets of liquid to a

common collision point located at a defined position distant from a

-plane-on which the inclined-orifices-are-formed,

wherein the defined position is located along a central axis of the

atomizing injector at a distance from the exterior surface determined to

minimize impact of atomized liquid on the exterior surface and less

than the liquid length distance sﬁtisfyihg the lesser of:L. =d x C x SM
and L =‘(Ao><AP)/ [oc+ KXdXAP/pL], K= (pa'nC_dc/3b)',4 where d is the
incﬁned orifice diameter, C is a constant, SM is a coefficient defined
by (v/o) % (APxp)V’, v is kinematic viscosity, o is the surface tension,
AP is the pressure drop across the inclined oriﬁcé, and'p is the fluid
density, Aqis an orifice area, py. is liquid density, p, is air density, and

Cgc is a skin friction drag coefficient for cylinder in axial flow.
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69,

70.

71.

"fhe.atomizing injector of claim 68, whereih the liquid is a hydrocarbon, and
the respective inclined orifices have a diameter ranging ﬁom about 200um to
about 400pum, the éollision point is located between 2 and 3 inclined orifice
diameters distant from the plane on which the orifices are formed and inliﬁe

with the central axis.

The atomizing injector of claim 68, wherein the plurality of liquid passages
are each inclined at an angle ranging from about 20° to about 160° with

respect to the central axis.

The atomizing injector of claim 68, further comprising a central liquid passage
in fluid communication with the pintle valve and terminating at a central
orifice formed on the extérior surface of the injector housing, the central
oriﬁce configured to direct a jet of liquid coincident with the central axis to the

collision point.

72. A process for making an atomizing inj ector comprising:

a. boring two or more first liquid passages extending from an external
surface of an injector body.to a pintle valve seat disposed in a cavity
formed in the injector body; |

b. boring second li(juid passages extending from the external surféce of
the injector body to intersect a first liquid passage at a nori—'end region
thereof, the second liquid passages terminating at orifices formed on
the e%ternal’ surface of the injector body and inclined at an angle
configured to direct jets exiting the orifices to collide at a deﬁned point

external of the injector body; and B
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c. sealing the first liquid passages between the external surface of the

injector body and the intersection with the second liquid passage.

73. The process as in Claim 72, further comprising forming a settling chamber ét

each intersection of the first liquid passages and the second liquid passages. -

74. The process as in Claim 73, wherein sealing the first 1iquid' passages utilizes a
plug and includes Sealing the first liquid passages from the external surface of
the injector body to a region of the settling chamber, such that an end surface

of the plug defines a surface of the settling chamber. |

75. The process as in Claim 72, wherein the.plug has a chamfered end inserted

into the settling chamber.

76. A process for making an atomizing injector comprising:

-a. boring first liquid passages extending through opposing external
surfaces of a valve seat, where one opposing external surface is formed
into a seat for a pintle;

b. boring sécond liquid passages extending from an external surface of
the injector body to a surface forming a cavity for receiving the valve
seat, the second liquid passages terminating at orifices formed on &e
external surface of the ipjeéior body and inclined at an angle
configured to direct jets 'e_;xiting_ the orifices to collide at a defined point
external of the injector body;

C. iﬁserﬁng the valve seat in;co the cavity;v _

d. aligning openings of the ﬁrst ﬁquid passages ﬁth respective Qpenings
of the second liquid passages; and ‘

e. affixing the valve seat to the injector body.
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FIG. BA FIG.6B = FIG. 6C
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FIG. 8A
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