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(57) ABSTRACT 

A method of creating small particles by a technology 
referred to here as “violent focusing” is disclosed, along 
With devices for generating such violent focusing. In gen 
eral, the method comprises the steps of forcing a ?rst ?uid 
out of an exit opening of the feeding channel to create a ?uid 
stream. The exit opening is positioned such that the ?uid 
?oWing out of the channel ?oWs toWard and out of an exit 
ori?ce of a pressure chamber Which surrounds the exit 
opening of the feeding channel, and is ?lled With an atom 
iZing ?uid. An atomiZing ?uid such as a gas is directed 
toWards the ?rst ?uid stream in approximately orthogonal 
directions and surrounding the circumference of the ?rst 
?uid stream from all sides. The ?rst ?uid ?oW is broken into 
particles Which have dimensions Which are smaller than the 
dimensions of this ?uid stream. 
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FIG. 3 
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FIG. 4 



Patent Application Publication Aug. 3, 2006 Sheet 5 0f 12 US 2006/0169800 A1 

63 

a 9 
‘I 

FIG. 5 



Patent Application Publication Aug. 3, 2006 Sheet 6 0f 12 US 2006/0169800 A1 

25 
O 

D SmM NaCl -exp.1 
2° ‘ XZ-propanol -exp.1 x 

<>0.1°I=Tween -exp.1 U 
15 _ 020%volEt0H -exp.1 ,_, 

E + 20%vnlEt0H exp. 2 D x 
d 
E 

10 x 

[3 85 0|? 
5 x D 

o g )1 

o 0 Q 0c°9o><gc>g§ 

0 I r 

0.010 0.100 1.000 10.000 

0 in uL/s 

FIG. 6 



Patent Application Publication Aug. 3, 2006 Sheet 7 0f 12 US 2006/0169800 A1 

100 x 

VMD/do + 

10 - 

E1 5mM NaCl -exp.1 
X 2-pr0pannl -exp.1 
O 0.1%Tween -exp.1 
O 20%volEt0H —exp.1 
+ 20%vulEt0H -exp.2 
-—~y-5.6015x"0.2076 

1 I I I T 

1 10 100 1000 10000 100000 

0/00 

FIG. 7 



Patent Application Publication Aug. 3, 2006 Sheet 8 0f 12 US 2006/0169800 A1 

100 + 

I.‘ If 

VMD/do 

10 ~ 

/ + new data 

/ y=5.6015x*0.2076 
/ — -— Rayleigh breakup 

1 I 1 I I 

1 10 100 1000 10000 ‘100000 

0/00 

FIG. 8 



Patent Application Publication Aug. 3, 2006 Sheet 9 0f 12 US 2006/0169800 A1 

2.0 
E] SmM NaCl -exp.1 

650 X Z-pmpanul -exp.1 o 
1'8 "' 00.1%Tween -exp.1 

O Z?'I-volEtOH -exp.1 

1.6 __ -EXp-Z + 

gogb 0 if‘ 0 O8 
6 0 Q + ‘h 

1.4 D %<——><Q 
O 

n D 0 >0 Q-x 35 
D x)s<x 12 OD X 

BET U 0 

lao ' l I I 

1.E+00 1.E+01 1.E+02 1.E+03 ‘LE-+04 

Q/Qo 

FIG. 9 

1.E+05 



Patent Application Publication Aug. 3, 2006 Sheet 10 0f 12 US 2006/0169800 A1 

OON OmP OOF Om 0 
.H r in M Q 

m _ _ w m m 

1 .... ifwmivmpm ............... .............. .......... :“Tir 
m m m X 8 

m m m 

__ F _ 





NP .OE 

Patent Application Publication Aug. 3, 2006 Sheet 12 0f 12 US 2006/0169800 A1 

omllllllv X. .x. . -x 
T ............. .... . 

oof EIImW .. 
"Hag-0.8"” . . 

irii?uh?ronm ............... p .............. L1 ........... in. m m m X 

w W W 

O 
N 

LO 
N 

(SJ918LU-OJOlUJ) 



US 2006/0169800 A1 

AEROSOL CREATED BY DIRECTED FLOW OF 
FLUIDS AND DEVICES AND METHODS FOR 

PRODUCING SAME 

CROSS-REFERENCES 

[0001] This application is a continuation-in-part of appli 
cation Ser. No. 09/591,365 ?led Jun. 9, 2000 Which claims 
priority to earlier ?led provisional application Ser. No. 
60/138,698 ?led Jun. 11, 1999, Which applications are 
incorporated herein by reference in their entirety. 

FIELD OF THE INVENTION 

[0002] This application generally relates to the creation 
particles created by the directed ?oW of ?uids. 

BACKGROUND OF THE INVENTION 

[0003] Devices for creating ?nely directed streams of 
?uids and/or creating aerosolized particles of a desired size 
are used in a Wide range of different applications, such as, 
for example, ?nely directed streams of ink for ink jet 
printers, or directed streams of solutions containing biologi 
cal molecules for the preparation of microarrays. The pro 
duction of ?nely dispersed aerosols is also important for (1) 
aerosolized delivery of drugs to obtain deep even ?oW of the 
aerosolized particles into the lungs of patients; (2) aerosoliz 
ing fuel for delivery in internal combustion engines to obtain 
rapid, even dispersion of any type of fuel in the combustion 
chamber; or (3) the formation of uniform sized particles 
Which themselves have a Wide range of uses including (a) 
making chocolate, Which requires ?ne particles of a given 
size to obtain the desired texture or “mouth feel” in the 
resulting product, (b) making pharmaceutical products for 
timed release of drugs or to mask ?avors and (c) making 
small inert particles Which are used as standards in tests or 
as a substrate onto Which compounds to be tested, reacted or 
assayed are coated. There are numerous Ways of ?nely 
breaking up an ?uid (typically, a liquid, an emulsion, or a 
suspension or a slurry of particles suspended in a liquid) into 
droplets. Referring to this ?uid as the ?rst ?uid, the present 
invention pertains to a class of methods in Which a second 
?uid provides the energy necessary to ?nely divide and 
disperse the ?rst ?uid into smaller fragments or particles. 
TWo characteristics of the size distribution of the particles 
are generally sought: an average particle size, and a disper 
sion or variability of particle sizes, both of Which are tuned 
to meet the requirements of a particular application. In 
addition, the energy consumption per unit mass of the ?rst 
?uid, and the proportion of ?rst and second ?uid masses are 
also of paramount importance, as are the durability, manu 
facturability, and cost of a particular atomizer design. 

[0004] In a carburetor of a piston engine With spark 
ignition, the liquid is atomized ?nely to enhance evaporation 
of the fuel, and subsequent combustion (Bayvel 
OrzechoWski, 1993, page 199). In pulmonary drug delivery 
via an aerosol, particles With a mass median aerodynamic 
diameter typically betWeen 0.5 and 6 micron are required. In 
this application, the goal is to generate small enough par 
ticles so that they can be transported to the lung of the patient 
via inhalation, and deposited in the desired region of the 
lung by inertial impaction or gravitational sedimentation, 
With smaller particles depositing more peripherally. 

[0005] Methods in Which this second ?uid is a gas and the 
?rst ?uid is a liquid have a long history. They are knoWn as 
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“pneumatic atomization”, also as “tWo-?uid atomization” 
(Gretzinger-Marshall, 1961), and as “tWin ?uid” atomiza 
tion. Pneumatic atomization has been revieWed by Lefebvre 
(1989), and by Bayvel-OrzechoWski (1993). The ?rst ?uid 
to be atomized (a liquid) is generally passed through a 
passage or channel and out of an exit into a region in Which 
the liquid encounters and interacts With the atomizing ?uid, 
a gas. The exit end of the channel is thus positioned such that 
the liquid coming out of such end encounters gas moving at 
su?icient velocity to alloW atomization to take place. Pneu 
matic atomizers are Widely used in applications in Which a 
source of compressed gas exists, and good dispersion of the 
particles Within the gas is desired. Some examples are 
molten metal atomization for the production of metal strip 
(Layernia-Wu, page 21), and fuel oil atomization in boiler 
furnaces. In the ?rst example, the goal is to obtain the right 
metal droplet size at reduced cost, but the droplets must 
typically be heavy enough to deposit, gravitationally or by 
inertial impaction for example, on a substrate. In the second 
example, the object is to generate as small a particle as 
possible so that it can evaporate or have enough surface area 
for the combustion to proceed to as nearly to completion as 
possible, to avoid Wasting fuel, and releasing incompletely 
oxidized fuel into the environment. 

[0006] Pneumatic atomizers have been classi?ed accord 
ing to loW-, intermediate-, or high-gas pressure (Table 4-3 in 
Bayvel-OrzechoWski, 1993, p 196). They have also been 
classi?ed considering the direction of gas action on the 
liquid (Bayvel-OrzechoWski, 1993 page 197.) In “sWirl-?oW 
atomizers”, one of the tWo ?uids is subjected to sWirling 
before it encounters the other ?uid. In “parallel-?oW atom 
izers”, the liquid ?oW is in the same mean direction as the 
gas at the moment of encounter. Examples of this type are 
so-called “concentric nebulizers” and “convergent atomiz 
ers” (such as in US. Pat. No. 6,166,379, Widely used for 
inductively coupled plasma mass spectrometry, ICP-MS; or 
as shoWn in Gretzinger-Marshall, 1961.) In “cross-?oW 
atomizers”, liquid jets are introduced into a gas stream, 
commonly at 90 degrees from a single direction, although 
angles smaller and greater than this have been used (Bayvel 
OrzechoWski, 1993 pages 199-204.) Cross ?oW atomizers 
With external action (i.e. Where the gas is impinged on a 
liquid jet outside the nozzle) are Widely used for the atomi 
zation of molten metal (Layernia-Wu, 1996). The active 
participation of the air during the disintegration process 
distinguishes pneumatic methods from (non-pneumatic) 
methods in Which the gas ?oW only serves to disperse the 
droplets resulting from the spontaneous disintegration of 
liquid jets by capillary instability, thus preventing droplet 
coagulation or impaction on solid Walls (Schuster et al. 
1997). HoWever, the air can participate to varying degrees. 

[0007] Pneumatic atomizers are also referred to by the 
terms “Air-assist” and “Airblast”. The distinction made is 
that in air assist atomization, there is a source of high 
pressure gas, While the air velocity in an airblast atomizer is 
usually limited to 120 m/s. Thus, air assist atomizers are 
characterized by a relatively small quantity of high velocity 
air, While airblast atomizers use a higher quantity of limited 
velocity air. Airblast atomizers are used in aircraft, marine 
and industrial gas turbines. The need for an external supply 
of high pressure air, for example, has ruled out air-assist 
atomizers for aircraft applications. (Lefebvre, 1989, chapter 
4) 
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[0008] Gas can participate in creating atomization in a 
mechanistically different Way from traditional pneumatic 
methods. This is What occurs in the so called “?oW focusing” 
method, in Which a ?uid ?oWs out of a chamber through an 
ori?ce, and a tube inside the chamber and supplying a sloW 
stream of another ?uid, Which is immiscible in the ?rst ?uid, 
is brought toWards the ori?ce through Which a ?rst ?uid is 
exiting the chamber. As the ?rst ?uid exits the end of the 
tube, it senses the pressure gradients that have set up in the 
?oW of the other ?uid, and gets accelerated toWards the 
center of the ori?ce under the in?uence of those pressure 
gradients, thus attaining a very small stream Width. The 
break up of the resulting thin stream of ?rst ?uid can proceed 
via normal Rayleigh capillary instability. [U.S. Pat. No. 
6,119,953 and other US. patents to Ganan-Calvo. 

SUMMARY OF THE INVENTION 

[0009] Amethod of creating small particles, aerosols, and 
hydrosols, by a technology referred to here as “violent 
focusing” of a ?uid, to break up and disperse said ?uid is 
disclosed, along With devices for generating such violent 
focusing. The ?uid to be atomized (?rst ?uid) exits from a 
supply means. A second ?uid, a gas for the generation of 
aerosols, or a liquid for the generation of hydrosols, emul 
sions, and micro-bubbles, surrounds the exit of the supply 
means, and is directed With a high speed onto the ?rst ?uid 
in the region immediately outside and in front of said exit. 
Immediately before encountering the ?rst ?uid, the direction 
of ?oW of the second ?uid is substantially orthogonal to the 
stream of ?rst ?uid, and the Width of the stream of second 
?uid directed toWards the ?rst ?uid is similar or smaller than 
the Width of the ?rst ?uid stream at the exit of the ?rst ?uid 
supply means. The action of the second ?uid on the ?rst ?uid 
is to cause a focused stream of ?rst ?uid to breakup into 
small particles, arising both from the pressure gradient 
forces and shear stresses that the second ?uid exerts on the 
?rst ?uid. During the process of atomization, the speed of 
the stream of second ?uid is higher than the speed of the ?rst 
?uid stream. In general, the technique can be expanded to 
three, four, or any number of ?uids. For example, the second 
?uid can be used to form a concentric cylinder around the 
stream of the ?rst ?uid Which stream disassociates resulting 
in encapsulation of the particles of the ?rst ?uid, and the 
third ?uid can be a gas for aerosolizing the encapsulated 
particles, or a liquid for providing a hydrosol of the encap 
sulated particles. Such techniques Would have utility in the 
generation of, for example, timed release formulations of 
pharmaceuticals for injection or inhalation. Examples of 
appropriate encapsulation media include, but are not limited 
to liposomes, polymers, or glycols. 

[0010] While pneumatic methods have inherent advan 
tages, successful applications of pneumatic atomization 
depend on proper management of the inherent disadvantages 
of this form of atomization. Pneumatic atomizers are disad 
vantageous relative to non-pneumatic forms of atomization 
in their need of a source of compressed gas, as Well as in 
their generally higher requirements of energy used to atom 
ize a unit mass of liquid. This higher energy usage is 
recognized to be associated With the need to compress gas, 
but is also associated With a general loW e?iciency of energy 
transfer. Another disadvantage associated to pneumatic 
atomizers is their relatively complex geometry/structure, 
Which makes them more expensive to manufacture. (Bayvel 
OrzechoWski, 1993, page 195) 
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[0011] The needs for improving energy e?iciency and for 
reducing design complexity are usually con?icting. For 
example, in order to improve energy exchange betWeen the 
gas and the liquid, atomizers With a complicated design that 
alloWs combined internal and external exposure of the liquid 
to the air have been devised (FIG. 4-48, and Ref 24 in 
Bayvel-OrzechoWski, 1993, p 199). In another example, 
Jennings in US. Pat. No. 3,463,404 teaches a system for 
maintaining good atomization at a variety of liquid ?oWs. 
While this system is simple in design, it requires incurring 
large energy losses associated With forcing the gas through 
a porous plug in the region immediately preceding the 
region of encounter of the gas With the liquid. 

[0012] Energy transfer is sometimes facilitated by provid 
ing a narroW passage for the air at the location Where the tWo 
?uids meet. This has the effect of raising the local speed (and 
thus momentum) at Which the second ?uid encounters the 
?rst ?uid, for a given total mass ?oW rate of second ?uid 
available. Momentum is the driving force for these forms of 
atomization, With higher momentum leading to greater shear 
forces that breaks up the ?rst ?uid. 

[0013] The air-liquid combination is just one of the ?uid 
combinations that this disclosure is concerned With. Energy 
e?iciency is managed in the present invention by a) avoiding 
excessive energy losses in the transfer of the ?uids from 
their high pressure points in the supply lines to their point of 
encounter, and b) enhancing the e?iciency of transfer of the 
energy from the atomizing ?uid to the atomized ?uid. These 
aspects are managed through proper con?guration of a 
simple atomizer geometry. According to the invention, the 
energy and momentum transfer from the air to the liquid is 
improved, so that the desired particle size distribution can be 
achieved With a smaller consumption of energy. Altema 
tively, for a given consumption of energy, the particle size is 
reduced. This improved transfer of energy and momentum is 
achieved by properly arranging the surfaces con?ning the 
liquid and the gas. 

[0014] The invention disclosed has the added advantage of 
ease of manufacture. In addition, the simplicity of the 
geometry alloWs very small dimensions, thus alloWing fur 
ther reductions in the particle size by creating an atomizer 
With reduced dimensions, Which exposes a greater interfa 
cial area of the ?rst ?uid to the second ?uid per unit volume 
of ?rst ?uid. Thus, a distinct advantage of the invention is 
the simplicity of its geometry, Which alloWs it to be pro 
duced in miniature size (eg less than one kilogram) inex 
pensively, as might be required for example, for pulmonary 
drug delivery applications. Another advantage is the ability 
to form aerosols of 1-3 micrometers in diameter, as required 
for e?icient delivery of pharmaceuticals to the lungs. Min 
iature size atomizers can be easily stacked up or combined 
into a single unit to obtain a desired amount of delivered 
atomizate in a predetermined amount of time. This is par 
ticularly important When the overall size of the unit needs to 
be small, such as in pulmonary applications in Which the 
object is to obtain a portable device having a small overall 
size. Another advantage of the geometry disclosed is in its 
very loW deposition of particles on the solid Walls of the 
atomizer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The invention is best understood from the folloW 
ing detailed description When read in conjunction With the 
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accompanying drawings. It is emphasized that, according to 
common practice, the various features of the draWings are 
not to-scale. On the contrary, the dimensions of the various 
features are arbitrarily expanded or reduced for clarity. 
Included in the draWings are the following ?gures: 

[0016] FIG. 1 is a schematic cross-sectional plan vieW of 
a nozzle of the tWo ?uid embodiment of the invention, 
shoWing schematically the ?rst ?uid undergoing violent 
focusing atomization. 

[0017] FIG. 2 is a close-up, cross-sectional vieW of the 
region of encounter of the ?rst and second ?uids in a generic 
embodiment, shoWing and labeling various angles, points, 
and areas of the nozzle (P, R, P' refer to points of geometri 
cally Well de?ned position; angles are provided or labeled 
With Greek symbols); 

[0018] FIG. 3 is another embodiment of the nozzle of 
FIG. 1 With various angles and areas labeled; 

[0019] FIG. 4 is a similar embodiment of the nozzle of 
FIG. 1 With certain areas and angles labeled; 

[0020] FIG. 5 is an embodiment of the nozzle of FIG. 1 
With various parameters labeled; 

[0021] FIG. 6 is a graph of the volume median diameter 
(VMD) against the ?rst ?uid supply ?oW rate for four 
different ?rst ?uids; 

[0022] FIG. 7 is a graph of the dimensionless volume 
median diameter (VMD) versus dimensionless ?rst ?uid 
?oW rate With a line through the data points shoWing the best 
poWer-?t; 

[0023] FIG. 8 is a graph of the data With the line shoWn 
in FIG. 7 compared to a theoretical line for the Rayleigh 
breakup prediction of a ?oW-focused jet; and 

[0024] FIG. 9 is a graph of the geometric standard devia 
tion (GSD) against dimensionless ?rst ?uid ?oW rates 
obtained With the different liquids listed. 

[0025] FIG. 10 is a graph of the 85% loWer percentile 
diameter of the particle volume distribution against the 
channel Width 

[0026] FIG. 11 is a graph of the geometric standard 
deviation against the channel Width 

[0027] FIG. 12 is a graph of the same data shoWn in FIG. 
10, plotted against the (dimensionless) ratio of channel 
Width H over the ?rst ?uid supply means channel Width DO 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0028] Before the present aerosol device and method are 
described, it is to be understood that this invention is not 
limited to the particular components and steps described, as 
such may, of course, vary. It is also to be understood that the 
terminology used herein is for the purpose of describing 
particular embodiments only, and is not intended to be 
limiting, since the scope of the present invention Will be 
limited only by the appended claims. 

[0029] It must be noted that as used herein and in the 
appended claims, the singular forms “a”, “and,” and “the” 
include plural referents unless the context clearly dictates 
otherWise. Thus, for example, reference to “a particle” 
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includes a plurality of particles and reference to “a ?uid” 
includes reference to a mixture of ?uids, and equivalents 
thereof knoWn to those skilled in the art, and so forth. 

[0030] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice or testing of the present invention, the 
preferred methods and materials are noW described. All 
publications mentioned herein are incorporated herein by 
reference in their entirety to disclose and describe the 
methods and/or materials in connection With Which the 
publications are cited. 

[0031] The publications discussed herein are provided 
solely for their disclosure prior to the ?ling date of the 
present application. Nothing herein is to be construed as an 
admission that the present invention is not entitled to ante 
date such publication by virtue of prior invention. Further, 
the dates of publication provided may be different from the 
actual publication dates Which may need to be independently 
con?rmed. 

De?nitions 

[0032] The term “atomization” is used herein to mean any 
process by Which a ?uid is broken up into separate fragments 
or particles, typically from a ?uid stream, Which fragments 
or particles typically are much smaller than any dimensions 
of the stream or drop of ?uid from Which they detached. 

[0033] The terms “atomizer” and “nozzle” are herein used 
to refer to one unit that is capable of atomizing a ?uid using 
another ?uid. 

[0034] The terms “energy”, “pressure energy” and the like 
are used herein to mean mechanical energy in the form of 
kinetic energy, or of enthalpy of the ?uids, and does not 
necessarily, but may include interfacial energy. The term 
“energy” is herein used sometimes to refer to the total 
energy used for pumping the ?uids through the atomization 
nozzle during operation. The precise meaning of these terms 
should be clear from the context to anyone skilled in the art. 
The term “energy loss”, “frictional losses” and the like is 
used herein to mean the amount of mechanical energy that 
is transformed into internal energy through knoWn energy 
dissipative mechanisms such as viscous action, gas com 
pression through shock Waves, etc. The terms “consumption 
of energy”, “energy consumption”, “energy use” and the like 
are used herein to mean the amount of energy used per unit 
time required to atomize a unit mass of ?rst ?uid (Btu/hr/lb), 
and generally amounts to the mechanical energy in the ?nal 
mixture plus energy losses. 

[0035] The terms “?rst ?uid”, “?rst liquid” and the like are 
used herein to mean a ?uid that is delivered out of a ?rst ?uid 
supply means into a region Where it gets atomized, and in 
general is (although is not limited to) a single or multiple 
phase liquid. For example, single component liquid; or a 
multiple component liquid mixture (comprising one or more 
liquids and/or solutes); or a multi-phase liquid, such as an 
emulsion comprising one or more liquids emulsi?ed into 
another liquid; or a suspension or slurry of solid particles or 
biological molecules, cells, or liposomes, suspended in a 
liquid matrix; or a supercritical ?uid; or combinations of 
these ?uid systems thereof. For pharmaceutical drug deliv 
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ery, the ?rst ?uid Will in general comprise an active drug or 
mixture of multiple active drugs, and pharmaceutically 
acceptable excipients. 

[0036] The terms “particles”, “aerosol particles” and the 
like are used herein to mean the fragments of ?uid or ?uids 
atomiZed. The term “particle suspension”, “atomiZate” and 
the like are used herein to mean the collection of the 
fragments of ?rst ?uid, usually after exiting the noZZle (also 
called “atomiZer”), and in suspension in a matrix of atom 
iZing ?uid. 

[0037] The terms “second ?uid”, “second liquid” and the 
like are used herein to mean the ?uid directed at the ?rst ?uid 
to accomplish atomiZation, and in some embodiment of the 
invention, to accomplish such processes as encapsulation of 
the ?rst ?uid. The second ?uid can be (but is not limited to) 
a liquid, or a gas, emulsion, suspension, or a supercritical 
?uid. It Will be obvious to one skilled in the art the second 
?uid can contain many components, such as the components 
listed for the ?rst ?uid, or such things as sugars, polymers or 
lipids for encapsulation, glycols including but not limited to 
poly(ethylene-glycol), or any number of other compounds. 
Preferred compounds for encapsulation include, but are not 
limited to poloxymers, including polyoxyethylene, gelatin, 
and in the preferred embodiment for pharmaceutical encap 
sulation is poly(lactic-co-glycolic) acid 

[0038] The term “pressure chamber” is used herein to 
describe a region of the noZZle, Which receives atomiZing 
?uid at high pressure through a supply means and channels 
this ?uid through a channel into substantially all areas 
surrounding the ?rst ?uid immediately exiting a ?rst ?uid 
supply means, and discharges ?rst and second ?uids through 
a discharge ori?ce. 

[0039] The terms “exit ori?ce”, “discharge ori?ce”, “dis 
charge opening” and the like are used herein to mean the 
passage through Which the ?rst and second ?uids are dis 
charged out of the pressure chamber. 

[0040] The terms “?rst ?uid supply means”, “feeding 
supply means”, and the like are used herein to describe a 
structure that has passages for supplying ?rst ?uid from a 
reservoir to a speci?ed location in the pressure chamber, 
Which means is typically in the form of a tube, although in 
general can have any shape, including but not limited to non 
circular cross sections, ovals, rectangles, concial ends or 
narroWing funnel shaped tapers 

[0041] The terms “violent mode”, “violent focusing”, 
“violent atomiZation”, “violent focusing atomiZation” and 
the like refer to the process of atomiZation of a ?rst ?uid by 
the action of a second ?uid Which involves impinging of the 
second ?uid onto the ?rst ?uid in all directions substantially 
orthogonal to the mean motion of ?rst ?uid, that results in 
both a narroWing of the ?rst ?uid stream, and in a breaking 
up of the stream into particles and the particles into smaller 
particles of ?rst ?uid. It may also involve a vena conlracla 
of the second ?uid. 

General Methods 

[0042] The method is carried out by forcing a ?rst ?uid 
through a ?rst ?uid supply means, e.g., a tube. The ?uid exits 
the supply means into a pressure chamber ?lled With a 
second ?uid. The chamber has an exit port preferably 
positioned directly in front of and doWnstream of the ?oW of 

Aug. 3,2006 

?rst ?uid exiting the ?rst ?uid supply means. A channel 
inside the pressure chamber directs the second ?uid into 
trajectories that converge toWards the exit of the ?rst ?uid 
supply means from all sides eg all around the circumfer 
ence of exit of the ?rst ?uid supply means. DoWnstream 
from the channel, the tWo ?uids interact and exchange 
energy, Which exchange results in the narroWing and atomi 
Zation of the ?rst ?uid. This turbulent interaction of the tWo 
?uids is generally referred to here as “violent focusing.” The 
?rst place of encounter of the tWo ?uids is inside the 
pressure chamber, immediately in front of the exit of ?rst 
supply means, and directly upstream from the exit of the 
pressure chamber. The direction of motion of the second 
?uid When it encounters the ?rst ?uid is approximately 
orthogonal to the direction of the ?oWing stream of the ?rst 
?uid at the exit of its supply means. For example, When the 
?rst ?uid supply means has symmetric cylindrical geometry, 
the second ?uid in the second ?uid channel radially con 
verges toWard the axis of cylindrical symmetry of the ?rst 
?uid supply means. The channel of the second ?uid may 
narroW in the direction of ?rst ?uid motion, and is preferably 
unobstructed by other solid or porous surfaces connecting 
both Walls of the channel. 

[0043] The “violent focusing” method comprises the steps 
of: 

[0044] a) forcing a ?rst ?uid through a feeding supply 
means and out of an exit opening of said feeding supply 
means as a ?uid stream, 

[0045] b) continually ?lling a pressure chamber With a 
second ?uid surrounding the exit opening and ?uid stream 
fed therefrom, 

[0046] c) forcing the second ?uid through a channel inside 
the pressure chamber and out of the channel, in such a Way 
that the second ?uid stream exiting the channel is directed at 
the ?rst ?uid stream circumference in all directions of ?oW 
Which are substantially orthogonal to the mean direction of 
?oW of the ?rst ?uid stream exiting the ?rst ?uid supply 
means; i.e. the second ?uid ?oWs toWards the ?rst ?uid from 
all sides at substantially orthogonal angles. 

[0047] d) alloWing the ?rst ?uid to be focused under the 
pressure and shear forces exerted by the convergent ?oW of 
the second ?uid, outside and directly in front of the ?rst ?uid 
supply means; While alloWing the second ?uid stream to 
?oW faster than the ?rst ?uid stream, 

[0048] e) alloWing the second ?uid to break up the ?rst 
?uid stream into particles that are substantially smaller than 
the Width of the ?rst supply means exit, and 

[0049] f) alloWing the ?rst and second ?uids to exit the 
pressure chamber through an exit port of the pressure 
chamber, positioned directly in front of the exit of the ?rst 
?uid supply means. 

[0050] The exit opening of the ?rst ?uid supply means 
preferably has a diameter in the range of about 5 to about 
10,000 micro-meters, more preferably about 15 to 300 
micro-meters. The exit opening of the pressure chamber 
preferably has a diameter in the range of about 5 to about 
10,000 micro-meters, more preferably about 15 to 400 
micro-meters, and the exit opening of the supply means is 
positioned at a distance from the pressure chamber exit 
opening in a range of from about 5 to about 10,000 micro 
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meters, more preferably about 15 to about 300 micro-meters. 
In general, the Width of the second ?uid stream at the 
channel exit is less than 2 times the Width of the ?rst ?uid 
supply means exit, preferably less than 1.5 times the Width 
of the ?rst ?uid supply means exit, more preferably less than 
1 times the ?rst ?uid supply means exit, and most preferably 
from 0.2 to 0.7 times the Width of the ?rst ?uid supply means 
exit. 

[0051] The ?rst ?uid can be (but is not limited to) a liquid, 
an emulsion, or a suspension or slurry comprising solid 
particles suspended in and/or partially dissolved in a liquid. 
The second ?uid can be but is not limited to a liquid, a gas, 
or a supercritical ?uid. The second ?uid can in general be of 
any composition, including but not limited to liquids, sus 
pensions, solutions, aerosols, supercritical ?uids, but in the 
preferred embodiment is a gas or a ?uid substantially 
immiscible in the ?rst ?uid. Any gas or gas mixture could be 
used, including but not limited to air, nitrogen, carbon 
dioxide, helium, argon, or any other acceptable gas or 
mixture of gasses. 

[0052] Depending on the application, the tWo ?uids may 
be immiscible or completely miscible, or miscible to varying 
degrees. For example, this invention can be used to enhance 
transport processes that are aided by an increased interfacial 
area betWeen the tWo phases, including dissolution of poorly 
miscible liquids, or evaporation of a liquid ?rst ?uid (e.g. 
fuel) into a gaseous second ?uid (e. g. air). For encapsulation 
applications, in general the tWo ?uids Will be immiscible or 
poorly miscible. There may be applications Where one or 
both of the ?uids are mixtures of components, some of 
Which are miscible and some of Which are immiscible in one 
or several of the components of the other. It Will be obvious 
to one skilled in the art that many combinations of misci 
bility/immiscibility could have utility. 

[0053] The Walls that de?ne the channel leading the sec 
ond ?uid or gas to the stream of the ?rst ?uid do not have 
to be connected. HoWever, these Walls generally present a 
clear path for ?oW of the second ?uid to the stream of ?rst 
?uid. While said Walls may be connected inside the channel 
by solid objects such as (but not limited to) porous objects, 
ribs, ?ns, etc., the channel preferably comprises an open 
passage. Having an open channel minimiZes energy losses as 
the second ?uid ?oWs through the channel, alloWing for a 
more e?icient process. The pressure driving the ?oW of 
second ?uid is such that su?iciently high velocity is 
imparted on the second ?uid at the exit of the channel to 
bring about the atomization. The ?oW of second ?uid 
encounters the ?rst ?uid in the pressure chamber at an angle 
to the direction of ?oW of the ?rst ?uid inside the supply 
means near the exit Which is preferably equal to about 90 
degrees +/—about 45 degrees, preferably 90 degrees 
+/—about 30 degrees, still more preferably 90 degrees 
+/—about 15 degrees, most preferably 90 degrees +/—5 
degrees. 

[0054] The separation betWeen the Walls de?ning the 
channel determines the amount of mass of second ?uid 
consumed given a velocity of second ?uid, and thus affects 
the quantity of energy spent. HoWever, the present invention 
is a particularly advantageous con?guration in terms of 
energy use, and therefore alloWs a separation betWeen the 
Walls that is quite small, and in general comparable to the 
Width of the ?rst ?uid supply means. 
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[0055] Based on the above it Will be seen that very small 
particles can be created, and that particles much smaller than 
the dimensions of the ?rst ?uid supply means and the 
channel can be created. This can be very important for many 
applications. For example, for the pulmonary delivery of 
drugs, particles in the range of 0.1 to 10 micro-meters are 
required, and for e?icient delivery particles of 0.5 to 6 
micro-meters, or preferably 1 to 3.5 micro-meters, are 
required. When the dimensions of the supply means are 
comparable to the dimensions of the particles, blockage of 
the very small structures can occur. This problem can be 
reduced or obviated by the current invention. In addition, the 
relative large dimensions of the supply means and channel 
Will alloW for e?icient delivery of suspensions. 

[0056] The invention can in general be expanded to 
include a third, fourth, ?fth, or any number of ?uids, each 
similar to the previously described ?rst ?uid or second ?uid, 
Wherein if it is similar to the previously described ?rst ?uid, 
its supply means Will in general be concentrically positioned 
around and containing the ?rst ?uid supply means and the 
?oW Will be parallel to the ?rst ?uid. Thus, a cylinder in a 
cylinder, etc. If it is similar to the previously described 
second ?uid, it Will comprise a distinct channel for directing 
said ?uid toWard the exit of the previous ?uid’s pressure 
chamber. These subsequent ?uids can have any of the 
properties of the ?rst and second ?uids disclosed above. For 
example, the ?rst ?uid could comprise a formulation con 
taining a pharmaceutically active compound, the second 
?uid could be used to coat or encapsulate particles of said 
formulation, and the third ?uid could be a gas used to 
disperse said coated or encapsulated particles as an aerosol. 
Any number of ?uids could be used to create any number of 
desirable properties. It is also possible to use a ?rst and 
second ?uids in the noZZle Which then discharge out of the 
noZZle into a bath of a third ?uid. 

[0057] To help better appreciate the importance of atom 
iZer design in the atomiZation of ?uids, We note that the 
energy spent in accelerating the second ?uid to the site of 
atomiZation increases directly With the total momentum 
carried by that ?uid at that location. It is reminded that 
atomiZation is achieved When such momentum is transferred 
effectively to the ?rst ?uid, resulting in its breakup. There 
fore, the key to not Wasting energy unnecessarily lies in 
making use of the available momentum (that carried by the 
second ?uid) for atomiZing ?rst ?uid to the extent possible, 
and that is done through adequate atomiZer design. In other 
Words, increasing the extent of atomiZation can be done by 
the brute force method of increasing the total momentum in 
the second ?uid. HoWever, this approach results in a pro 
portional increase in the energy spent. 

[0058] To support the claim that the energy is proportional 
to the total momentum, We present the folloWing simpli?ed 
analysis, Which considers incompressible ?uids. A pump or 
pressure source of second ?uid provides the energy con 
sumed for the process (the ?rst ?uid generally carries a 
negligible source of energy). The energy consumed by the 
pump or the pressure source is equal to the Work per unit 
time, K, Which is the product of the pressure p times the ?oW 
rate of second ?uid Q: 

[0059] p is generally measured relative to a point in the 
system, taken here to be the site of atomiZation. In the 
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absence of viscous losses, the Bernouilli theorem allows us 
to express p in terms of the velocity at the site of atomiza 
tion. p is in fact equal to 0.5 times the momentum ?ux at the 
site of atomization (Kg/m/s2): 

[0060] Here p is the density of the second ?uid and V its 
velocity (assumed uniform at the site of atomization). Q is 
the volume rate associated With the ?oW of second ?uid. 
Because an incompressible second ?uid is considered, its 
density is constant, and the volume rate at the pump is the 
same as the volume rate at the site of atomization, expressed 
as the product of the cross sectional area AWhich the second 
?uid ?oWs through With velocity V at the site of atomization: 

[0061] Combining the expressions for Q and for p, the 
energy spent can be expressed as 

[0062] The total rate of momentum P carried by the second 
?uid at the site of atomization is expressed in units of (kg 
m/s2), and is represented by the product of the total mass per 
unit time Qp(kg/s) of second ?uid times its momentum per 
unit mass or speed V (m/s) at the site of atomization. Thus, 

[0063] It can thus be seen that raising the momentum P by 
applying more pressure at the pump, Will result in more units 
of momentum carried at the site of atomization. Although 
this Will result in more units transferred to the ?rst ?uid, it 
Will also result in an increase in the amount of energy spent 
K. 

General Device 

[0064] The basic device or nozzle of the invention can 
have a plurality of different embodiments. HoWever, each 
con?guration or embodiment Will comprise a means for 
supplying a ?rst ?uid (preferably a liquid) and a means for 
supplying a second ?uid (preferably a gas) in a pressure 
chamber Which surrounds at least an exit of the means for 
supplying a ?rst ?uid. The ?rst ?uid supply means and 
pressure chamber are positioned such that mechanical inter 
action resulting in atomization of the ?rst ?uid takes place 
betWeen the ?rst ?uid exiting the ?rst ?uid supply means and 
the second ?uid exiting the supply chamber. The exit open 
ing of the pressure chamber is doWnstream of and preferably 
it is directly aligned With the ?oW path of the means for 
supplying the ?rst ?uid. 

[0065] To simplify the description of the invention, the 
means for supplying a ?rst ?uid is often referred to as a 

cylindrical tube. HoWever, tube shape could be varied, e.g. 
oval, square, rectangular, and can be of uniform cross 
section or tapered. For example the exit of the ?rst ?uid 
supply means may be a slit de?ned by tWo Walls or surfaces, 
and having a long dimension and a short dimension. The ?rst 
?uid can be any ?uid depending on the application. For 
example, the ?uid could be a liquid formulation comprising 
a pharmaceutically active drug used to create dry particles or 
liquid particles for an aerosol for inhalation, suspensions for 
injection, or other pharmaceutical applications. Alterna 
tively, it could be a hydrocarbon fuel used in connection 
With a fuel injector for use on, for example, an internal 
combustion engine, turbine, heater, or other device Which 
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burns hydrocarbon fuel. In general, the ?rst ?uid could be 
(but is not limited to) a single or multiple phase liquid. For 
example, it can be a single component liquid; or a multiple 
component liquid mixture (comprising one or more liquids 
and/or solutes); or a multi-phase liquid, such as an emulsion 
comprising one or more liquids emulsi?ed into another 
liquid; or a suspension or slurry of solid particles or bio 
logical molecules, cells, or liposomes, suspended in a liquid 
matrix; or combinations of these liquid systems thereof. The 
second ?uid can be any ?uid, as described previously, but 
preferably is a gas and that gas is generally air or an inert 
gas, such as carbon dioxide, or gas mixtures of inert gases. 
The tWo ?uids are generally immiscible or mildly miscible. 
HoWever, on some applications, violent focusing can be 
used to enhance mixing betWeen tWo poorly miscible ?uids 
or phases, thanks to the large interfacial area betWeen the 
tWo phases of ?uids that is created during violent focusing. 

[0066] An example is dissolution of poorly miscible liq 
uids. Another is evaporation of fuel into air or another 
oxidizing gas e.g. oxygen. Here evaporation can be vieWed 
as a form of mixing of a liquid’s constituent molecules into 
a gaseous solvent, the oxidizing atmosphere. It is possible to 
have situations Wherein the liquid upon exiting either the 
?rst ?uid supply means or the pressure chamber vaporizes to 
a gas on exit. Such is not the general situation. NotWith 
standing these different combinations of liquid-gas, and 
liquid-liquid, the invention is generally described With a 
liquid formulation being expelled from the supply means 
and interacting With surrounding gas ?oWing out of an exit 
of the pressure chamber. Further, the exit of the pressure 
chamber is generally described as circular in cross-section 
and Widening in a funnel shape (FIG. 1), but could be any 
con?guration, such as cylindrical, or have other shapes 
consistent With an entrance and an exit, Which entrance 
represents the exit point of the pressure chamber. 

[0067] Referring to the ?gures a cross-sectional schematic 
vieW of the nozzle 1 is shoWn in FIG. 1. The nozzle 1 is 
comprised of tWo basic components Which include the 
pressure chamber 2 and the ?rst ?uid supply means 3. The 
pressure chamber 2 is pressurized by the second ?uid 10 
?oWing into the pressure chamber via the entrance port 4. 
The ?rst ?uid supply means 3 includes an inner Wall 5 
de?ning an inner passage Wherein the ?rst ?uid 9 ?oWs. The 
?rst ?uid supply means 3 can have any composition and 
con?guration, including layers of dissimilar materials, 
voids, and the like, but is preferably a tube constructed of a 
single material. The inner Wall 5 of the ?uid supply means 
3 is preferably supplied With a continuous stream of a ?rst 
?uid 9 Which ?rst ?uid 9 can be any liquid or gas but is 
preferably in the form of a liquid, suspension, or emulsion. 

[0068] The pressure chamber 2 is continuously supplied 
With a pressurized second ?uid 10 Which can be any liquid 
or gas but is preferably a gas, or a supercritical ?uid. The 
inner Wall 5 of the ?rst ?uid supply means 3 includes an exit 
point 6. The pressurized chamber 2 includes an exit point 7, 
Which marks the entrance to the discharge opening 15. The 
exit point 7 of the pressure chamber is preferably positioned 
directly doWnstream of the ?oW of ?rst ?uid exiting the exit 
point 6. The pressure chamber 2 includes channel 13 sur 
rounding the exit 6 of supply means 3. The ?rst ?uid supply 
means exit 16, the channel 17, and the exit 18 of the pressure 
chamber 2 are con?gured and positioned so as to obtain two 
effects (1) the dimensions of the stream exiting the ?rst ?uid 
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9 supply means 3 are reduced by the second ?uid 10 exiting 
the channel so that a focused stream 14 is formed; and (2) 
the ?rst ?uid 9 exiting the ?rst ?uid supply means 3 and the 
second ?uid 10 exiting the channel 13 undergo a violent 
interaction to form much smaller particles 8 than Would 
form if the stream of ?rst ?uid in reduced dimensions 
underWent normal capillary instability, e. g. formed spherical 
particles approximately 1.89 times the diameter of the ?rst 
?uid stream. 

[0069] The position of the exit port 18 could be in any 
location that alloWs the e?icient “violent mode” atomiZation 
of the ?rst ?uid and e?iciently delivers the resulting par 
ticles, but preferably, the exit port 18 of the chamber 2 is 
substantially directly aligned With the ?oW of ?rst ?uid 
exiting the ?rst ?uid supply means 3. An important aspect of 
the invention is to obtain small particles 8 from the inter 
action of the ?rst ?uid 9 and the second ?uid 10, the ?rst 
?uid 9 ?oWing out of the exit port 16 of the ?rst ?uid supply 
means 3. The desired formation of particles 8 is obtained by 
correctly positioning and proportioning the various compo 
nents of the ?rst ?uid supply means 3 and the pressure 
chamber 2 and thus correctly proportioning the channel 13 
as Well as the properties of the ?uids, including but not 
limited to the pressure, viscosity, density and the like, 
determining the mass ?oW, momentum ?oW, and energy 
?oW of the ?rst ?uid ?uids Which ?oWs out of both the ?rst 
?uid supply means 3, of the second ?uid Which ?oWs 
through the channel 13, and of the resultant mixed ?oW of 
combined streams of ?rst and second ?uids that ?oW out of 
exit 18, the result being particles 8. Speci?cally, there are 
some important geometric parameters that de?ne the noZZle 
1 of the present invention. Those skilled in the art Will adjust 
those parameters using the information provided here in 
order to obtain the most preferred results depending on a 
particular situation. 

[0070] Preferably, the ?rst ?uid 9 is held Within an inner 
Wall 5 Which is cylindrical in shape. HoWever, the inner Wall 
5 holding the ?rst ?uid 9 may be tapered (e. g. funnel shaped) 
or have other varying cross section, asymmetric, oval, 
square, rectangular or in other con?gurations including a 
con?guration Which Would present a substantially planar 
?oW of ?rst ?uid 9 out of the exit port 16. Thus, the noZZle 
of the invention applies to all kinds of con?gurations that 
have a channel for the second ?uid 10 surrounding the ?rst 
?uid means exit 16. Accordingly, the ?gures, including FIG. 
1, are used only to de?ne the variables but are not intended 
to imply any restrictions on the type of geometry or the 
speci?c details of the design of the noZZle 1 of the present 
invention. There are many degrees of freedom of design. For 
example, comers Which are shoWn as sharp could be 
rounded or ?nished in different Ways. Similarly, solid sur 
faces Which are shoWn straight in the ?gures, could be 
curved, and could be patterned or admit different types of 
?nishes, in order to obtained certain additional effects or 
optimiZe the design. 

[0071] The focusing of the stream of ?rst ?uid 9 and its 
ultimate particle formation are based on the violent focusing 
experienced by the ?rst ?uid 9 on passing through and out 
of exit 16 and through exit 18 of the pressure chamber 2 
Which holds the second ?uid 10. 

[0072] Without being limited to any one theory, creation 
of particle 8 may occur as folloWs. The particular arrange 
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ment of the channel 13 causes a focusing of the ?rst ?uid 9 
stream, as Well as possibly a vena conlracla of the second 
?uid stream, and a breaking up of the ?uid stream into 
particles: 

[0073] A) Focusing of ?rst ?uid 9 stream: The second ?uid 
10 attains a large momentum per unit volume in channel 13 
exit at points 6 and 7. This rate of momentum ?oW can be 
described by the total momentum carried by the second ?uid 
10 per unit time at the exit of channel 13, Which can be 
expressed in units of (kg/ s) times (m/s), and be estimated as 
the product of the total mass ?oW rate (kg/s) of second ?uid 
times the average speed (m/ s) of second ?uid at channel exit 
(de?ned in FIG. 1 by points 6 and 7). 

[0074] Because a momentum per unit time received by an 
object represents a force on that object, and the second ?uid 
10 stream is incident on the ?rst ?uid 9, a portion of said rate 
of momentum ?oW is experienced by ?rst ?uid 9 as a force 
exerted by the second ?uid 10 exiting channel 13. HoWever, 
the net momentum of the Whole of the second ?uid 10 
stream exiting channel 13 has a vectorial sum of Zero or 
nearly Zero in the plane of second ?uid motion, because said 
?uid ?oW toWard the ?rst ?uid 9 is evenly distributed around 
all sides surrounding the ?rst ?uid 9. Each portion of second 
?uid 10 having a speci?c direction of motion in channel 13 
carries momentum, and thus exerts a force on the portion of 
?rst ?uid 9 that said portion of second ?uid impinges on. The 
net effect is a distributed force onto each portion of ?rst ?uid 
9 toWards inWards, resulting in a squeeze inWard of the ?rst 
?uid 9 stream. Such squeezing actions combined With the 
steady supply of ?rst ?uid results in a focused stream 14 of 
?rst ?uid 9, such as the one illustrated in FIG. 1. In addition, 
the second ?uid creates shears on the ?rst ?uid as it rushes 
over that ?rst ?uid. Such shear forces also tend to accelerate 
the ?rst ?uid aWay from the ?rst ?uid supply means, and this 
acceleration thus also tends to reduce the cross section of the 
?rst ?uid 9 stream, as shoWn by focused stream 14 in FIG. 
1. 

[0075] B) Vena conlracla of second ?uid: As the stream 
lines of second ?uid 10 that graZe point 7 and bound the 
second ?uid stream leave channel 13, a component of their 
velocity points toWards the ?rst ?uid 9, and these stream 
lines detach from the Walls of the channel at exit point 7. 
After detachment, the stream of second ?uid 10 sloWs doWn 
in the direction of the channel 13 and accelerates in the axial 
direction (?rst ?uid 9 ?oW direction), but the total Width of 
the second ?uid 10 stream surrounding the ?rst ?uid 9 
stream becomes narroWer than the Width of the pressure 
chamber exit port 7. We are referring to this reduced cross 
section as the vena conlracla of second ?uid. As a result of 
the reduced cross section associated With such vena con 
Zracla, the average speed of second ?uid is greater than the 
loWer speed that Would result if the second ?uid stream 
could ?ll the entire Width of the pressure chamber exit port 
7. This augmented speed is associated With an augmented 
?oW of momentum, and therefore, is more effective than a 
loWer speed at breaking up the ?rst ?uid 9 into particles 8. 

[0076] Based on the above it Will be understood that When 
a vena conlracla of second ?uid 10 is present, con?guring 
the system to have an angle betWeen the second and ?rst 
?uid streams of about 90 degrees has the advantage over 
other con?gurations having a much smaller angle. It Will be 
further understood that the stream of second ?uid carrying a 


















