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AEROSOL GENERATOR HAVING MULTIPLE HEATING
ZONES AND METHODS OF USE THEREOF

BACKGROUND OF THE INVENTJON

Field of the I .
The present invention relates generally to aerosol generators and, more
particularly, to aerosol generators able to generate aerosols without compressed gas

propellants and methods of making and using such aerosol generators.

Brief Descrintion of the Related

Aerosols are useful in a wide variety of applications. For example, it is often
desirable to treat respiratory ailments with, or deliver drugs by means of, aerosol
sprays of finely divided particles of liquid and/or solid, e.g., powder, medicaments,
etc., which are inhaled into a patient's lungs. Aerosols are also used for purposes
such as providing desired scents to rooms, distributing insecticides and delivering
paint and lubricant.

Various techniques are known for generating aerosols. For example, U.S.
Patent Nos. 4,811,731 and 4,627,432 both disclose devices for administering
medicaments to patients in which a capsule is pierced by a pin to release a
medicament in powder form. A user then inhales the released medicament through
an opening in the device. While such devices may be acceptable for use in
delivering medicaments in powder form, they are not suited to delivering
medicaments in liquid form. The devices are also, of course, not well-suited to
delivery of medicaments to persons who might have difficulty in generating a
sufficient flow of air through the device to properly inhale the medicaments, such as
asthma sufferers. The devices are also not suited for delivery of materials in
applications other than medicament delivery.

Another well-known technique for generating an aerosol involves the use of

a manually operated pump which draws liquid from a reservoir and forces it through
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a small nozzle opening to form a fine spray. A disadvantage of such aerosol
generators, at least in medicament delivery applications, is the difficulty of properly
synchronizing inhalation with pumping. More importantly, however, because such
aerosol generators tend to produce particles of large size, their use as inhalers is
compromised because large particles tend to not penetrate deep into the lungs.

One of the more popular techniques for generating an aerosol including
liquid or powder particles involves the use of a compressed propellant, often
containing a chloro-fluoro-carbon (CFC) or methylchloroform, to entrain a material,
usually by the Venturi principle. For example, inhalers containing compressed
propellants such as compressed gas for entraining a medicament are often operated
by depressing a button to release a short charge of the compressed propellant. The
propellant entrains the medicament as the propellant flows over a reservoir of the
medicament so that the proPellant and the medicament can be inhaled by the user.

In propellant-based arrangements, however, a medicament may not be
properly delivered to the patient's lungs when it is necessary for the user to time the
depression of an actuator such as a button with inhalation. Moreover, aerosols
generated by propellant-based arrangements may have particles that are too large to
ensure efficient and consistent deep lung penetration. Although propellant-based
aerosol generators have wide application for uses such as antiperspirant and
deodorant sprays and spray paint, their use is often limited because of the well-
known adverse environmental effects of CFC's and methylchloroform, which are
among the most popular propellants used in aerosol generators of this type.

In drug delivery applications, it is typically desirable to provide an aerosol
having average mass median particle diameters of less than 2 microns to facilitate
deep lung penetration. Most known aerosol generators are incapable of generating

aerosols having average mass median particle diameters less than 2 microns. It is
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also desirable, in certain drug delivery applications, to deliver medicaments at high
flow rates, e.g., above 1 milligram per second. Most known aerosol generators
suited for drug delivery are incapable of delivering such high flow rates in the 0.2 to
2.0 micron size range.

U.S. Patent No. 5,743,251, which is hereby incorporated by reference in its
entirety, discloses an aerosol generator, along with certain principles of operation
and materials used in an aerosol generator, as well as a method of producing an
aerosol, and an aerosol. The aerosol generator disclosed according to the ‘251
patent is a significant improvement over earlier aerosol generators, such as those
used as inhaler devices. It is desirable to produce an aerosol generator that is

portable and easy to use.

SUMMARY OF THE INVENTION

The invention provides a capillary aerosol generator comprising a flow
passage having an inlet, an outlet, a first heater in heat transfer communication with
a first zone of the flow passage adjacent the inlet, a second heater in heat transfer
communication with a second zone of the flow passage adjacent the outlet, and an
optional flow constriction in the flow passage between the first zone and the second
Zone.

The invention also provides a process of forming an aerosol from a liquid,
comprising the steps of supplying pressurized liquid to an upstream end of a flow
passage of an aerosol generator including a first heater positioned in heat transfer
communication with a first zone of the flow passage, a second heater positioned in
heat transfer communication with a second zone of the flow passage and an optional
flow constrictor in the flow passage between the first zone and the second zone;
measuring a parameter indicative of the mass flow rate of the fluid flowing through
the second zone; changing the temperature in the first zone based on the
measurement of the mass flow rate of the fluid through the second zone; and heating
the liquid in the second zone such that the liquid is volatilized and after exiting from

a downstream end of the flow passage forms an aerosol.
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Still other objects, features, and attendant advantages of the present invention
will become apparent to those skilled in the art from a reading of the following
detailed description of embodiments constructed in accordance therewith, taken in

conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention of the present application will now be described in more detail
with reference to preferred embodiments of the apparatus and method, given only by
way of example, and with reference to the accompanying drawings, in which:

FIG. 1 schematically illustrates an inhaler incorporating a multi-zone heating
apparatus in accordance with the invention;

FIG. 2 schematically illustrates an exemplary capillary aerosol generator
(CAG) system in accordance with the present invention;

FIG. 3 schematically illustrates another embodiment of a portion of the CAG
illustrated in FIG. 2;

FIG. 4 schematically illustrates another embodiment of a portion of the CAG
illustrated in FIG. 2;

‘FIG. 5 schematically illustrates another embodiment of a portion of the CAG
illustrated in FIG. 2;

FIG. 6 schematically illustrates an exemplary control scheme for a CAG in
accordance with the present invention;

FIG. 7 schematically illustrates another exemplary control scheme for a CAG
in accordance with the present invention;

FIG. 8 is a graph of power as a function of feed pressure of propylene glycol;

FIG. 9 is a graph of aerosol mass delivery for propylene glycol in a single
heating zone as a function of feed pressure of propylene glycol;

FIG. 10 is a graph of power as a function of feed pressure for a downstream
heater, upstream heater and both heaters; and

FIG. 11 is a graph of aerosol mass delivery for propylene glycol in a two

zone heater as a function of feed pressure of propylene glycol.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

‘When referring to the drawing figures, like reference numerals designate
identical or corresponding elements throughout the several figures.

According to one aspect of the present invention, a capillary aerosol
generator incorporates two heated zones. Each zone is heated by applying a voltage
across a resistive element. The resistive elements may be film heaters, such as Pt
heaters, applied to a supporting structure through which the fluid flows, e.g., flow
chambers such as cylindrical or rectangular flow passages incorporating the film
heaters. Fluid can be supplied to the generator, preferably at a substantially constant
pressure, from a fluid source upstream of the generator. Alternatively, the fluid can
be supplied at constant linear displacement rate by a syringe pump. The purpose of
the second zone is to vaporize the fluid as it is transported through the tube and after
exiting the tube forms an aerosol. Temperature in either heating zone can be
measured directly by thermocouples or calculated based on measurement of a
parameter such as the resistance of the heating element.

The resistive heating element of the second zone has a suitable temperature
coefficient (positive or negative) of resistance, which is preferably a high coefficient
of resistance. The second zone is heated by the application of power to the resistive
element while the resistance across the element is monitored. The monitored
resistance can provide an indication of the temperature of the heating element
because the resistance of the heating element varies as a function of its temperature.
For‘example, if the resistance heater is made of platinum, the temperature coefficient
of resistance of platinum is 0.00392 (°C)”". Using the relationship R=R,[1+a(T-
T,)], which defines the resistance value R where R is the resistance at Temperature
T, and T is the temperature for which R is calculated, a platinum heater having a
resistance of 5 ohms at 0°C, the resistance of the heater will vary linearly from
about 0.55 ohms at 20 °C to about 0.9 at 200°C. Thus, by controlling power to a
target resistance, the heater can be maintained at a precise target temperature and
thereby minimize the possibility pf thermally degrading the fluid or fluids being
heated.
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The resistance of the second zone’s heater element can be fed back in a
control scheme to meter power to the second zone, so that by metering the power to
the second zone a target resistance of the second zone heater element is achieved,
and therefore the average temperature of the second zone’s heater element can be
maintained at a target value. At the same time, the power supplied to the second
heater element is measured. This power usage data is a measure of the mass flow
rate of liquid to and through the second zone, and therefore through the generator as
a whole. In this way, power monitoring at the second zone serves as a mass flow
meter of the fluid flowing through the generator.

According to another aspect of the invention, it is possible to control an
aerosol generator to deliver a target total mass (e.g., a dose) of volatilized fluid. In
particular, a multi-zone heating arrangement in accordance with the invention can
provide a mass flow rate through the heating arrangement which is proportional to
the power usage of the heating arrangement. Further, with such a heating
arrangement, a total mass (e.g., dose) can be made to be proportional to the total
energy used by the heating arrangement. In a medical inhaler, control of the actual
dose can be obtained by controlling the fluid flow rate based on a target power level
which can be achieved by timing the period of power supply to attain the desired
total energy level. Alternatively, a target total energy level can be selected and the
fluid flow rate can be adjusted to achieve that target energy level in a present time.

As discussed briefly above, constant pressure fluid is preferably supplied to
the upstream, first zone of the generator. The rate at which liquid is delivered from
the first heating zone to the second heating zone is dependent upon the pressure drop
across the entire fluid channel downstream of the pressure source. According to yet
another aspect of the present invention, a segment of small bore tubing, a porous
pressure drop element, or other element which functions to throttle fluid flow, is
positioned between the outlet of the first zone and the inlet of the second zone. The
pressure drop across this element is designed to be a large fraction of the pressure
drop across the entire fluid channel downstream of the pressure source and is a

function of or depends upon the viscosity of the liquid, which in turn depends upon
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the temperature of the fluid. The application of power to the first zone is controlled
to control this temperature and thus the liquid flow rate through the first zone.

Power applied to the first zone is controlled to achieve a target power usage in the
downstream, second zone, required to maintain the second zone’s heater element at a
target temperature. In this manner, power control in the first zone serves as a mass
flow controller of fluid flowing through both of the first and second zones and
therefore the generator as a whole.

The feedback control scheme implemented is designed so that a target flow
rate through the generator is achieved when the temperature of the liquid exiting the
first zone is at a target temperature above the highest anticipated ambient
temperature in which the generator would be used. In this way, the mass flow rate
can be controlled to its target value independent of ambient temperature and
independent of the pressure applied to the liquid, because the temperature of the
liquid entering the second zone is substantially the same across a wide range of
ambient environmental temperatures and because the source of fluid supplies the
fluid at a substantially constant pressure. A generator according to the present
invention therefore is capable of reducing the likelihood of overheating the liquid,
and controlling the aerosol delivery rate in the presence of variations in ambient
temperature and pressure applied to the liquid.

One object of the present invention is to provide controlled heating along the
length of the capillary tube used to heat and vaporize a flowing liquid inside the
tube. There are numerous beneéfits which can be achieved through the use of this
approach to heating. As overheating the fluid is not desirable and if sections of the
tube walls become too hot due to localized vaporization or bubbles in the liquid
stream, the liquid materials may be thermally degraded. The present invention
instead provides multiple heated areas which can be easily monitored and readily
react to a control scheme. Furthermore, a generator according to the present
invention is thus capable of compensating for materials which are not delivered to
the tube at optimum temperatures. Further, a generator according to the present

invention is capable of reacting to or accommodating changes in flow rates and
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liquid density inside the tube after the fluid has been introduced into the generator,
and the several heating segments can actively respond to the output of sensors
independent of the other segments.

According to a first exemplary embodiment, a capillary aerosol generator
comprises a capillary tube having a inlet port, an outlet port, and a lumen extending
through the tube from the inlet port to the outlet port, a first heater in heat transfer
communication with a first zone of the tube adjacent to the inlet port, a second
heater in heat transfer communication with a second zone of the tube adjacent to the
outlet port, a flow constriction in the tube lumen between the first zone and the
second zone.

According to a second exemplary embodiment, a process of forming an
aerosol from a liquid comprises the steps of providing an aerosol generator including
a tube, a first heater positioned in heat transfer communication with a first, upstream
zone of the tube, a second heater positioned in heat transfer communication with a
second, downstream zone of the tube, and a flow constrictor in the tube between the
first zone and the second zone, supplying the liquid at a pressure to an upstream end
of the tube, measuring a characteristic of the tube indicative of the mass flow rate of
the fluid flowing through the tube in the second zone, changing the temperature of
the tube in the first zone based on the measurement of the mass flow rate of the fluid
through the second zone, and allowing the liquid to exit the tube at a downstream
end of the tube.

In developing capillary aerosol generators it is desirable to improve control
of the rate at which liquid is introduced into the capillary tube and the rate at which
power is metered to the capillary tube’s heater. Failure to correctly control these
parameters can result in overheating of the liquid, resulting in thermal degradation of
the liquid material and subsequent clogging of the capillary by the byproducts of this
thermal degradation.

One aspect of the present invention is the reduction in the likelihood that the
liquid in the capillary tube is improperly heated, by controlling the energy supplied

to a liquid vaporization zone (a downstream, second heating zone) to achieve a
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target temperature, while controlling the energy supplied or power metered to a
liquid flow rate control zone (an upstream, first zone) to achieve the target liquid
flow rate emerging from the aerosol generator. The capillary aerosol generator
according to the present invention includes heating elements and associated control
circuitry which function as heating elements as well as flow meters and flow
controllers.

According to a preferred embodiment, the present invention provides a
capillary aerosol generator which includes a system for heating an essentially
hollow, tubular structure using a series of heated zones to allow for different
temperatures and rates of heating along the length of the tubular structure. The
system includes a series of discrete heating elements along the length of the
structure, or alternative arrangement such as by segmenting a continuous resistive
heater using independent contacts along the length of the resistor. The resistive
array of single resistive elements can have purposeful spacing between the heated
sections and incorporate current, voltage, and/or temperature sensing devices along
the tube length that can passively sense or be part of an active control system. The
control system activates the individual heaters with a sequence of currents, voltages,
or both, which delivers electrical power to the tube. Additionally, the control system
can interact with and react to one or more of the sensors. Alternatively, the heaters
can be inductive heaters instead of resistive heaters. The heater materials can be an
integral part of the tube’s walls or independent elements added to the structure.

FIG. 1 shows an inhaler 500 incorporating a multi-zone heater 510 in
accordance with the invention. The inhaler 500 includes a first housing 520 having
a mouthpiece 522 and second housing 530 which includes power source and logic
circuitry as discussed in copending Application Serial No. 09/172,023, filed October
14, 1998, the disclosure of which is hereby incorporated by reference. An aerosol is
generated by a heated tube 540 incorporating the multi-zone heater 510. Liquid
from a pressurized source 550 passes through a valve 560 and into a first heated

zone Z1 of the tube 540 and the vapor is generated in a second zone Z2 of the tube
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540. The vapor mixes with air inside the housing 520 to form an aerosol and the
resulting mixture can be inhaled through the mouthpiece 522.

FIG. 2 schematically illustrates an exemplary capillary aerosol generator
(CAQG) system 600 in accordance with the present invention. CAG system 600
includes a source of pressurized fluid 604, a CAG 602, and a valve 606. Valve 606
controls the flow of pressurized fluid from source 604 to CAG 602, and can be
controlled either manually or, more preferably, under control of a controller, as
described in greater detail below. A controller 608 is also provided for controlling
the operation of CAG 602, and optionally also controls valve 606. Valve 606 can
alternatively be controlled by a separate controller (not illustrated).

CAG 602 1s divided into at least two heating zones: an upstream, first zone
Z1; and a downstream, second zone Z2. The two zones can be optionally separated
by an intermediate zone Z3. Each of zones Z1, Z2 includes an electrical heating
element which heats up upon the application of a voltage across and current through
the heating element, as will be readily appreciated by one of ordinary skill in the art.
Controller 608 is placed in electrical communication with and across both zones Z1
and Z2, as illustrated in FIG. 2, and selectively applies voltage across and current
through the heaters in the zones. Controller 608 can be provided with a memory 610
in which an instruction set for operation of the controller can be stored. Controller
608 can be a general purpose digital computer which operates under software
control, the set of software instructions being stored in volatile or non-volatile
memory 610, or optionally and alternatively controller 608 can be a specially
constructed, expert controller including discrete digital or analog components which
together embody the instruction set for controller 608. As the specific construction
of controller 608 will be readily appreciated by one of ordinary skill in the art upon a
complete reading of the descriptions herein, no further description of the specific
design of controller 608 will be undertaken.

FIG. 3 illustrates another embodiment of a CAG in accordance with the
present invention, CAG 612. CAG 612 includes a first, upstream tube 614 and a

second, downstream tube 616. First tube 614 includes a proximal inlet 618, a flow
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passage 620, and a distal outlet 622. Inlet 618 is in fluid communication with source
604, as described above, and directs a fluid, preferably a liquid, along a fluid
flowpath 624 downstream to outlet 622. Second tube 616 is positioned downstream
of outlet 622, and includes a proximal inlet 626, a flow passage 628, and a distal
outlet 630. As illustrated in FIG. 3, first tube 614 has a fluid flow cross section
which is greater than the fluid flow cross section of second tube 616, and inlet 626
is positioned at outlet 622, i.e., there are no structures between inlet 626 and outlet
622.

First tube 614 and second tube 616 include a heater element or elements
therein or thereon to which controller 608 is electrically connected. The heaters can
be made integral with the tubes, such as by forming the tubes themselves of a
material which is sufficiently electrically resistive to act as an electrical heater for
the fluid contents of the tube. Alternatively, tubes 614, 616 can include one or more
internal or external heaters mounted to the tubes which heat when a voltage is
applied to them, and which in turn heat the tubes and their fluid contents. Controller
608, in accordance with the instruction set contained in memory 610 or the logic of
its discrete elements, selectively applies a voltage to the heater associated with one
or both of tubes 614, 616. The voltage applied causes the heater element(s) to
increase in temperature, which in turn heats the fluid contents of the respective tube
by convection and/or conduction. As described in greater detail herein, one or both
of tubes 614, 616 and their fluid contents can be selectively heated. At the same
time, a parameter such as resistance of the heater element heating the tube 614 can
be measured to monitor the temperature of the tube 616 and the power used to heat
the tube 616 can be measured to determine the mass flow rate of fluid flowing
through the CAG.

As outlet 630 is the port from which vaporized fluid exits CAG612,itis
preferable that outlet 630 is unobstructed so that the flow of fluid out of CAG 612 is
not impeded at outlet 630. Furthermore, by providing a zone of reduced cross
section downstream of the first tube 614, a throttle is formed which induces a

pressure drop. This optional throttle or other constriction which causes a drop in
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fluid pressure in CAG 612 is located downstream of first tube 614 and is
substantially confined to zone Z3 (see FIG. 2). By forming a structure in CAG 612
which induces or causes a drop in fluid pressure in the flow passages of tubes 614,
616, it is possible to control the mass flow rate of fluid flowing through the CAG. It
is therefore preferable that tubes 614, 616 include no or substantially no source of a
reduction in fluid pressure along their lengths, so that the mass flow rate of fluid
through the CAG can be determined and maintained at a desired level by controller
608.

FIG. 2 and FIG. 3 illustrate that controller 608 is electrically connected to
first tube 614 to define first zone Z1, and electrically connected to second tube 616
to define second zone Z2. CAG 612, as with other embodiments of CAG 602
described herein, may optionally include a temperature sensing device 632 attached
to or formed in the distal end of second tube 616. Temperature sensor 632 can be a
thermistor or other temperature sensitive device which can provide a signal which
includes data representative of the temperature of the distal end of second tube 616.
Temperature sensor 632 can be in electrical communication with controller 608 so
as to provide a signal indicative of the temperature of the distal end of second tube
616 to the controller to provide a feedback signal for controlling the application of
power to first tube 614, second tube 616, or both, as described in greater detail
below.

Turning now to FIG. 4, yet another embodiment of CAG 602, CAG 640, is
illustrated. CAG 640 is similar in many respects to CAG 612, except that CAG 640
is formed as a monolithic, integral, unitary structure formed as a single piece. A
first, proximal, upstream portion 642 receives pressurized fluid from source 604, as
described above. An optional flow constrictor 644 is formed distally downstream of
portion 642, and creates a drop in fluid pressure. A second, distal portion 646 is
formed downstream of constrictor 644, and includes a distal exit port 648 from
which vaporized fluid exits CAG 640. Thus, zone Z1 includes portion 642, zone Z2
includes portion 646, and zone Z3 includes constrictor 644. Asin CAG 612, the
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heater elements for each of portions 642, 646 can be a portion of the walls of the
CAG, attached to the walls of the CAG, or combinations thereof.

FIG. 5 schematically illustrates yet another embodiment, CAG 660. Similar
to CAG 640, CAG 660 is preferably formed from a single piece of material and is
electrically connected to controller 608 to define zones Z1, Z2, and Z3, as described
above. Different from CAGs 612, 640, CAG 660 has a constant internal flow cross-
sectional area in zones Z1 and Z2, and an optional constrictor 662 is mounted or
otherwise provided in zone Z3 to cause a drop in fluid pressure. Preferably,
constrictor 662 is a porous plug formed of a material non-reactive to the fluid
intended to flow through CAG 660, and includes pores therein which allow the fluid
to flow through the plug and the CAG. Constrictor 660 is designed to provide a
drop in fluid pressure between zones Z1 and Z2 at a predetermined fluid pressure
and viscosity, in a manner well appreciated by one of ordinary skill in the art.

The function of controller 608 with CAG 612, 640, or 660 will now be
described with reference to FIG. 6. Throughout this description, several variables

will be discussed, as follows:

V(ZD)..ooercnen. voltage across zone Z1

V(Z2).couoeeienne voltage across zone Z2

P(Z1)..ooereunnn. electrical power used in zone Z1

P(Z2)....cceuuunee. electrical power used in zone Z2

T(Z1) v average temperature of CAG in zone Z1
T(Z2).coueeevrern. average temperature of CAG in zone Z2
T(Z3).coeoeeeeeenns average temperature of CAG in zone Z3
T(Z2").ccouveuenen temperature of CAG at distal end of zone Z2
T(Z1) e electrical resistance of portion of CAG in zone Z1
{27 BT electrical resistance of portion of CAG in zone Z2
Y/ OO mass flow rate of fluid

M(Z1).ceeennes mass flow rate of fluid flowing through zone Z1
M(Z2).....ccucvec. mass flow rate of fluid flowing through zone Z2

Pr(Z1).eeeennnene fluid pressure drop across zone Z1
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Pr(Z2)..ccueeene. fluid pressure drop across zone Z2
PI(Z3).ceireinne fluid pressure drop across zone Z3

Meeererrerrererinnens fluid viscosity
From the foregoing description, because there is no loss of fluid in the CAG
between zones Z1 and Z2, the mass flow rates through these zones are identical, or
M(Z1)=M(Z2)=M
As well appreciated by one of ordinary skill in the art, the electrical power (P) of an
electrical component, its resistivity (r), the current (i) flowing through the element,
and the electrical potential or voltage (V) across the element are interrelated,
according to well-known relationships:
V=ir
P=i’r
P=iV
P=V’/r
Additionally, because of the design of the CAGs of the present invention,
several other relationships can be used to measure and control electrical and physical
characteristics of the CAG and the fluid flowing therethrough. It has been found by
the inventors herein that the power consumed by the portion of the CAG in zone Z2
to maintain that portion of the CAG at a known temperature (the boiling point for
the liquid being aerosolized, for example) is a function of the mass flow rate through
the CAG:
P(Z2) = F(M)
The exact functional relationship between power and mass flow rate can be readily
empirically determined, as will be readily apparent to one of ordinary skill in the art.
Once this functional relationship is determined, it is used to form the instruction set
in memory 610, or to design the logic of controller 608, as described below.
The materials from which the CAGs are formed, along with the heater
elements themselves, are selected so that the average temperatures of zones Z1 and
Z2 are functions of the resistance of the portions of the CAGs which are in these

Zones:
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T(Z1) =F(x(Z1))
and

T(Z2) =F(x(Z2))
Many materials, e.g., copper, stainless steel, and platinum, exhibit this relationship
between temperature and resistance, and the function is linear over a wide range of
temperatures. Thus, the material out of which the CAGs are formed, or at least the
heater elements, is preferably selected to have a temperature-resistance function
which is well known, and preferably linear, over the range of temperatures in which
system 600 will be used and the fluid will be aerosolized at least in the case where
the resistance of the heater element is used to measure the temperature of the tube.

The CAG is preferably designed so that when controller 608 attempts to
maintain the power consumed by the portion of the CAG in zone Z2 at its target
level, P (target), the temperature of zone Z1 will be at a level, which is preferably at
or slightly above the highest ambient temperature at which it is anticipated that
system 600 would be used.

Additionally, the fluid to be aerosolized is preferably delivered to zone Z1 by
applying a constant pressure P. The fluid pressure drops across zones Z1 and Z2 are
preferably close to zero:

pr(Z1) = pr(Z2) ~ 0
in which case:
P = pr(Z3)
Furthermore, the pressure drop across zone Z3 is related to the mass flow rate of the
fluid flowing through the CAG and the viscosity, eta, of the fluid in zone Z3,
according to the relationship:
pr(Z3) =k*M/eta
where k is a constant dependent upon the geometry of the channel in zone (Z3) and
eta is the viscosity of the fluid in this zone, which viscosity is a function of the
temperature of the fluid, that is:
eta=F(T(Z3))

Therefore:;
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P ~ k*M/eta
or

M ~ P*eta/k
Thus, the mass flow rate of fluid through the CAG is determined by the applied
pressure and the viscosity of the fluid in zone Z3. This latter quantity is, in turn,
controlled by the temperature in zone Z3. It is for this reason that the flow
constrictor is preferably provided, i.e., so that the mass flow rate can be more
accurately controlled by adjusting the temperature in zone Z3.

These several functional interrelationships having been established, an
exemplary control scheme for controller 608 will now be described with reference to
FIG. 6. At the initiation of a cycle of generating a predetermined amount or bolus of
aerosolized liquid, valve 606 is opened, allowing liquid at a known and preferably
constant pressure to enter the CAG. At step 700, controller 608 applies and controls
voltages across Z1 and Z2 to raise the temperature of the fluid therein. At step 702,
the controller measures resistance r(Z2), to measure T(Z2). Alternatively, or as a
redundant méasurement, the controller measures T(Z2") at step 704 at the exit of
zone Z2 with the thermocouple or thermistor. At step 706, the controller then
compares the measured value of T(Z2), and adjusts V(Z2), and therefore P(Z2), to
achieve a measured, target r(Z2), and therefore a target T(Z2). As will be readily

appreciated by one of ordinary skill in the art, the temperature achieved can be

within a predetermined range and still satisfy this condition, i.e., a certain,
predetermined error is acceptable.

The controller then measures P(Z2) at step 708 which was needed to
maintain T(Z2) at (or acceptably near) the target value, which gives a measure of the
mass flow rate M of fluid flowing through the CAG, as discussed above. At step
710, the controller evaluates if the power measured to maintain the proper
temperature, P(Z2), is greater than the power necessary, P(target), from the
empirical relationship between power and mass flow rate. If so, the controller
decreases the voltage, and therefore the power, applied to zone Z1. This is because

when the mass flow rate is higher than desired, the fluid flowing through the CAG



10

15

20

25

30

WO 02/051468 PCT/US01/45257

-17-

will cool the zone Z2, requiring additional power to heat zone Z2 to the target
temperature. A decrease in the voltage applied across zone Z1 lowers the
temperature of the fluid therein, and therefore raises the viscosity, and therefore
lowers the mass flow rate through zone Z2. This has the effect of making zone Z1 a
flow controller for the CAG, and making zone Z2 a flow monitor for the CAG.
Similarly, at step 712 if the power measured across zone Z2 to achieve the target
temperature T(Z2) is less than the target power, the controller increases the voltage
across (and therefore the power used by) zone Z1 to increase the temperature of the
fluid flowing through zone Z1, and thereby raises the mass flow rate.

At step 714, the controller sums or integrates mass flow rate over time to
determine the total mass (m) delivered during the cycle. At step 716, the total mass
m delivered is compared with a predetermined desired value of m. If the total mass
actually delivered is less than the amount desired to be delivered, then the controller
returns to step 700. If the total mass delivered is equal to or greater than the total
mass desired, the flow of fluid from the source 604 is terminated by valve 606, and
the voltage(s) across zones Z1 and Z2 are set to zero.

FIG. 7 schematically illustrates a control scheme for controller 608 which
assists in determining if a fault condition exists in the CAG. The control scheme
illustrated in FIG. 7 can be integrated into the control scheme illustrated in FIG. 6
and described with reference thereto, or can precede or follow the control scheme of
FIG. 6. In step 730, the power consumed in zone Z2 is measured, which is a .
measure of the mass flow rate through zone Z2. The temperature of zone Z2 is then
measured in step 732, either by measuring the resistance of the heater element in
zone Z2, or by measuring the temperature T(Z2") at the thermocouple as at step 734.

At step 736, the controller determines whether the power consumption
measured at zone Z2 is less than P(target), and the controller increases the voltage
across (and therefore the power consumed by) zone Z1, to increase the mass flow
rate M. However, this action may fail to increase P(Z2) to P(target). A power
consumption measurement which is low for the temperature measured can be

indicative of a blockage in the flow passage of the CAG, which would lower the
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mass flow rate and the power P(Z2) required to achieve the target T(Z2). In this
event, an alarm could be sounded, and the apparatus shut down.

At step 738, the controller determines whether the power consumption
measured at zone Z2 is greater than P(target), and the controller decreases the
voltage across (and therefore the power consumed by) zone Z1, to decrease the mass
flow rate M. However, this action may fail to decrease P(Z2) to P(target). A power
consumption measurement which is high for the temperature measured can be
indicative of an overflow condition in the flow passages of the CAG, which would
raise the mass flow rate and the power P(Z2) required to achieve the target T(Z2).

In this event, an alarm could be sounded, and the apparatus shut down.

According to the invention, a control algorithm can be used to maintain a
downstream heater at a desired target resistance. Once steady state operation is
achieved (e.g., in less than 100 msec), the algorithm can calculate the energy
consumption (power) in the downstream heater based on an arbitrary time scan (e.g.,
32 msec average). The frequency at which the upstream heater is pulsed can be
adjusted up or down as a function of whether the downstream heater is operating at a
desired target power. If the power in the downstream heater is below the target
level, the time between the upstream heater pulses can be decreased to thereby
increase the temperature in the upstream heater zone.

Experiments in which energy consumption and mass delivery are compared
as a function of feed pressure are shown in Figures 8 and 9 wherein Figure 8 shows
power as a function of feed pressure of propylene glycol in the case where the
upstream heater is turned off, the run time is 10 seconds and the downstream
resistance target is 0.36 ohms. Figure 9 shows aerosol mass delivery under the same
conditions as used in Figure 8. Thus, Figures 8 and 9 show typical one heating zone
response to increasing feed pressure. As shown, the power usage and aerosol mass
increase in a linear fashion with increasing pressure.

In two-zone experiments, the downstream heater target power level was 2.6
watts, the upstream heater was turned off, and the feed pressure was 20 psi. The

initial setting for the upstream heater was to supply power to the upstream heater
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once every 8 msec. Further, pressure was varied from 6 to 30 psi and the energy
usage and mass deliveries were measured. Figure 10 shows power curves as a
function of pressure for the downstream heater, the upstream heater and both
heaters, the downstream heater target resistance being set at 0.36 ohms, the
downstream heater target power being set at 2.6 watts and the fluid being propylene
glycol.

Figure 11 shows the aerosol mass delivery for propylene glycol (PG) in a
two-zone heater wherein the run time was 10 seconds, the downstream heater target
resistance was 0.36 ohms, the upstream heater firing frequency was once every 8
msec and the downstream heater target power was 2.6 watts. Results for one-zone
heating was added to Figure 11 for comparison. As shown, the aerosol mass
delivery for the two-zone heating arrangement remains relatively constant over the
feed pressure range of 6 to 20 psi. Above 20 psi, the aerosol mass delivery tracks
the one-zone data because the target power level was set for the 20 psi case and the
upstream heater is unable to cool the PG to compensate for an increase in pressure
above this target. Accordingly, heating the PG to reduce its viscosity and increase
its flow rate can be used to compensate for pressure variations and/or temperature
variations. Moreover, these experiments demonstrate that power consumption of the
downstream heater can be used as a feedback signal to control the upstream heater
power. In the case illustrated in Figure 11, a 32 msec power average was used for
the downstream heater and the heating arrangement responded rapidly to achieve the

desired targets.

While the invention has been described in detail with reference to preferred
embodiments thereof, it will be apparent to one skilled in the art that various
changes can be made, and equivalents employed, without departing from the scope

of the invention.
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WHAT IS CLAIMED IS:
1. An aerosol generator comprising:
a flow passage having an inlet and an outlet;
a first heater in heat transfer communication with a first zone of the
flow passage; and
a second heater in heat transfer communication with a second zone of

the flow passage, the second heater being downstream of the first heater.

2. A capillary aerosol generator according to Claim 1, further
comprising a flow constriction in the flow passage between the first zone and the

second zone.

3. A capillary aerosol generator according to Claim 1, further
comprising a controller in electrical communication with the first heater and the
second heater, the controller selectively supplying a voltage across the first heater

and the second heater.

4. A capillary aerosol generator according to Claim 3, wherein the
controller selectively measures the resistance of the heater in the first zone and/or

the second zone.

5. A capillary aerosol generator according to Claim 3, wherein the

controller selectively measures the voltage across the first zone and the second zone.
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6. A capillary aerosol generator according to Claim 3, wherein the
controller comprises a memory including an instruction set which instructs the
controller when to measure resistance, when to measure voltage, and when to apply

voltage to the first zone, the second zone, or both.

7. A capillary aerosol generator according to Claim 1, wherein the flow
passage comprises a first tube including the inlet wherein the first heater is in heat
transfer communication with the first tube and a second tube including the outlet

wherein the second heater is in heat transfer communication with the second tube.

8. A capillary aerosol generator according to Claim 7, wherein the flow
passage in the first tube has a first inner diameter and the flow passage in the second
tube has a second inner diameter, the first inner diameter being greater than the

second inner diameter.

9. A capillary aerosol generator according to Claim 7, wherein the

second tube is partially mounted in the first tube.

10. A capillary aerosol generator according to Claim 2, wherein the flow
passage is in a monolithic, single-piece element, and the flow constrictor is

integrally formed in the flow passage.
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11. A capillary aerosol generator according to Claim 2, wherein the flow

constrictor comprises a porous plug positioned in the flow passage.

12. A capillary aerosol generator according to Claim 1, further
5 comprising a temperature sensor in heat transfer communication with the flow

passage in the second zone.

13. A system useful for generating an aerosol, comprising:
a capillary aerosol generator according to Claim 1;
10 a source of pressurized fluid; and
a valve between the source of preésurized fluid and the capillary

aerosol generator.

14. A system according to Claim 13, wherein the valve is an
15 automatically controllable valve, and further comprising a controller in electrical
communication with the first heater, the second heater, and the valve, the controller
selectively supplying a voltage across the first heater and the second heater, and the

controller operative to selectively open and close the valve.

20 15. A process of forming an aerosol from a liquid, comprising the steps
of:
supplying pressurized liquid to an upstream end of a flow passage of

an aerosol generator including a first heater positioned in heat transfer
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communication with a first zone of the flow passage and a second heater positioned
in heat transfer communication with a second zone of the flow passage, the second
zone being downstream of the first zone;

measuring a parameter indicative of the mass flow rate of the fluid

5 flowing through the flow passage in the second zone;

changing the temperature in the first zone based on the measurement
of the mass flow rate of the fluid through the second zone; and

heating the liquid in the second zone such that the liquid is volatilized
and sprayed from a downstream end of the flow passage in the form of an aerosol.

10
16. A process forming an aerosol according to Claim 15, wherein the

liquid passes through a flow constrictor in the flow passage between the first zone

and the second zone.

15 17. A process of forming an aerosol according to Claim 15, further
comprising the steps of:
measuring the temperature in the second zone; and
adjusting a voltage across the second heater based on the temperature
measured in the second zone.
20
18. A process of formiﬁg an aerosol according to Claim 15, wherein the

step of changing the temperature in the first zone comprises the steps of:
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comparing the power consumed in maintaining the temperature of the
second heater at a predetermined temperature (P(Z2)) to a target power level
(P(Target));
decreasing the power applied to the first heater if (P(Z2)) >
(P(Target)); and
increasing the power applied to the first heater if (P(Z2)) <

(P(Target)).
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