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Abstract

The CAG is being developed for pulmonary drug delivery. Liquids are pumped, heated and vaporized by the CAG, whence
they nucleate and condense to form aerosols. This study characterized the effect of energy on the aerosolization process. With
increasing energy, the CAG produced an increasing fine particle fraction (FPF) until “optimal aerosolization” was achieved
between 40 and 45 J; this energy range agreed with that theoretically required to vaporize the dose of PG. Further increases
in energy above this optimal range did not improve PG’s aerosolization efficiency. Based on the energy, FPF and temperature
profiles, it was possible to deduce the nature of the liquid flow-boiling during aerosol generation. The aerosol particle size went
through a minimum, as energy was increased through the “optimal range.” In the “energy excess” region, where additional
energy increased PG vapor temperature and velocity, droplet sizes were increased primarily due to changes in the nucleation
rates and supersaturation ratios affecting the nucleation and condensation processes occurring within the vapor jet. The in vitro
MMAD of the PG aerosol changed as a function of the applied energy, suggesting that for any pharmaceutical application, the
choice of applied energy is critical to deposition profile of the aerosol.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The capillary aerosol generator (CAG) is being de-
veloped as a novel aerosol generator for pharmaceu-
tical inhalation drug delivery (Howell and Sweeney,
1998). In vitro studies with an early prototype version
produced sub-micron condensation aerosols (Hindle
et al., 1998). To enable site targeted pulmonary drug
delivery, the particle size distributions of CAG gen-
erated aerosols could be controlled and modified us-
ing reservoir chambers (Hong et al., 2002). Typical
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formulations used with this device consist of a drug
dissolved in a propylene glycol vehicle (PG). Propy-
lene glycol is a GRAS excipient and has been used
previously in nebulizer inhalation formulations. The
mechanisms involved in generation of CAG aerosols
include boiling, vaporization, nucleation, condensa-
tion and coagulation. To initiate aerosolization, the
liquid formulation is electrically heated as it is si-
multaneously pumped through a micro-capillary tube.
Multi-phase flow-boiling occurs as the liquid is car-
ried through the capillary (Carey, 1992; Frankum et
al., 1997; Lahey and Drew, 2001). The vapor jet exits
the capillary and entrains and mixes with cooler sur-
rounding air; supersaturation of the vapor then occurs
and leads to nucleation, condensation and coagulation
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to form the aerosol (Lesniewski and Friedlander, 1995;
Vatazhin et al., 1995; Ristovski et al., 1998).

Clearly, for the CAG, one of the most critical con-
trol parameters should be the amount of thermal en-
ergy supplied to boil and vaporize a known mass of
liquid formulation. The energy supplied to the capil-
lary, together with the formulation’s mass flow rate,
should determine the resultant capillary temperature
profile, exiting vapor jet velocity and temperature. For
efficient aerosolization, sufficient energy is believed to
be required to produce a complete conversion of the
liquid formulation into its gaseous state. In addition,
it may also be desirable to achieve this phase change
using the minimal amount of thermal energy to pre-
clude unwanted thermal degradation. Therefore, it is
necessary to find an energy window sufficient to va-
porize the formulation but avoiding overheating.

In the simplest case, of a vehicle only formulation
of propylene glycol, given its heat capacity and its va-
porization enthalpy, the theoretical minimum energy
required to heat a mass of liquid from room tempera-
ture to its boiling point, and completely convert it into
vapor, can be calculated using the following equation
(Perry et al., 1997):

Energy=
∫ BP

RT
mCp(T) dT + m�HV (1)

where BP, RT,m, Cp(T ), T, and�HV are boiling point,
room temperature, mass, heat capacity at temperature,
T, and the vaporization enthalpy at the boiling point,
respectively.Eq. (1) served as a useful starting point
for determining the amount of energy required by the
capillary aerosol generator to aerosolize propylene
glycol formulations. While solute or drug addition to
vehicle is known to elevate the boiling point (Barrow,
1979) even heating PG alone by the CAG involves
a number of additional “sensible” energy losses. The
CAG operates in a dynamic flow-boiling mode as the
liquid formulation is pumped through the capillary
tube and the precise pressure regimes within the cap-
illary are unknown. Furthermore, heat losses to the
environment must be countered by performing ex-
perimental studies to determine total energy require-
ments. Extensive studies have investigated similar
heat transfer and multi-phase flow-boiling phenomena
in larger pipe systems for use in the nuclear power
industry (Kwon and Chang, 1999; Bartel et al., 2001;
Lahey and Drew, 2001; Yang et al., 2001). These

have shown that flow within the channel is dependent
upon a complex mix of the size and orientation of the
channel, the mass flow rates of liquid and gas phases
and the fluid properties of the system, together with
the heat flux. The relevance of these macro studies to
the micro-capillaries used in the CAG is unknown.

In this paper, we present an investigation of the
effects of energy on the capillary aerosol generator’s
aerosolization efficiency for PG alone, using in vitro
aerosol performance as the end-point, and temperature
profiling to deduce and characterize some effects of
varying the energy supply.

2. Materials and methods

2.1. Materials

Propylene glycol (USP) was obtained from Fisher
Scientific Co., Fair Lawn, NJ (boiling point=
188◦C).

2.2. Aerosol generation

Fig. 1 shows a schematic diagram of the capillary
aerosol generator. The system was equipped with a
CAG capillary heater unit consisting of a 28 gauge
stainless steel capillary (i.d. ≈ 180�m) with a 44 mm
heating zone and a plastic outer jacket designed to
minimize thermal losses to the environment. The tip
of the capillary was held flush with the end of the
jacket. PG was pumped through the capillary at a
mass flow rate of 3.5 mg/s for 10 s, thereby deliv-
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Fig. 1. Schematic diagram of the capillary aerosol generator. Values
shown above the 44 mm capillary heating zone are distances (mm)
from the positive power supply point.
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ering 35 mg to the capillary in all experiments. The
experimental run time of 10 s was selected to enable
sufficient mass of PG to be delivered for analytical
purposes. The wall of the stainless steel capillary was
electrically heated by passing direct current through
it from a power supply (0–8 V, 0–20 A). Conductive
heating of the PG occurred as it flowed through the
heated capillary. Upon exiting the capillary, the vapor
jet entrained and mixed with ambient air producing an
aerosol. All experiments were performed at ambient
room temperature (21–24◦C) under relative humidity
conditions ranging 14–60%.

2.2.1. Resistive heating
Control of the energy supply to CAG employed

automated resistance-control and the relationship be-
tween the electrical resistance of a conductive heating
element (the capillary itself) and temperature (Tuma,
1983):

RT = R0 + R0α0T (2)

where the resistance,R, changes as a linear function
of the temperature,T, and the material’s temperature
coefficientα0, determined at 0◦C, respectively. In the
present CAG format, the operator specifies a target
resistance for maintenance during an aerosol genera-
tion experiment. DC current is chopped and supplied
over computer-regulated durations to heat the cap-
illary rapidly (typically ≤0.5 s) and subsequently to
maintain the target resistance during the experiment.
Selection of different target resistances produces the
variation of power supply to the capillary. In order
to investigate the effects of energy (power× time) on
the aerosol characteristics of PG, the target resistance
was varied between 0.90 and 1.01�, corresponding
to total power in the range of 3.3–8.4 W or 33–84 J of
energy over each 10 s experiment. System resistance
and supplied electrical energy were monitored as
functions of time in each experiment. In separate ex-
periments performed at a range of target resistances,
propylene glycol aerosols were generated and the ex-
terior wall temperature of the capillary was recorded
using thermocouples (#5SC-TT-K-36–36, Omega En-
gineering Inc, Stamford, CT) placed 5, 10, 20, 30,
40, and 45 mm along the heating zone length of the
capillary measured from the left;Fig. 1). In these ex-
periments, thermocouples were also fixed in position
1, 15, and 30 mm from the capillary exit, on the vapor

jet exit centerline, to measure the vapor jet tempera-
ture. Additionally, at selected energies, the tempera-
ture was recorded on the vapor jet centerline where
the first visual appearance of aerosol was observed.

2.2.2. Energy corrections
Energy consumption in experiments in which ther-

mocouples were applied to CAG is not reported
here because small, but finite, sensible losses are
contributed by application of the thermocouple(s).
Furthermore, while the majority of the electrical en-
ergy supplied to the CAG was transferred to the PG,
a fraction was expended heating the capillary wall
and the air jacket surrounding the capillary. These
energy losses were determined by performing a series
of sham experiments (without PG presence or flow)
at each target resistance and recording energy con-
sumption. The energy consumed by the flowing PG
was subsequently calculated by subtracting sham en-
ergy consumption from total energy supplied during
aerosol generation at each target resistance.

2.3. Aerosol characterization

The MOUDI cascade impactor (MSP Corporation,
Minneapolis, MN) was used to measure the aero-
dynamic particle size distribution of CAG aerosols
(Marple et al., 1991). Aerosols were introduced into
the MOUDI impactor operating at 30± 2 l/min via
the USP stainless steel induction port positioned 3 cm
from the capillary exit. After sampling, the impactor
was disassembled and impaction substrates were an-
alyzed gravimetrically to determine the total aerosol
mass distribution using an analytical balance (Model
AP250D, OHAUS Corporation, Florham Park, NJ).
PG droplet size distributions were reported as the total
aerosol mass distribution recovered from the MOUDI.

2.4. Data analysis

The fine particle fraction was defined as the aerosol
mass with aerodynamic diameters less than 5.6�m.
Fine particle fraction was expressed as a percentage
of nominal PG dose (35 mg) and used as a measure
of aerosolization efficiency. The mass median aero-
dynamic diameter (MMAD) was defined as the parti-
cle size at the 50 percentile on a cumulative percent
mass undersize distribution (D50) using linear inter-
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polation. Geometric standard deviation (G.S.D.) was
calculated as (D84/D16)1/2 where D84 and D16 were
determined similarly.

3. Results and discussion

3.1. Energy consumption and aerosol formation

During all experiments the target resistance was typ-
ically achieved≤0.5 s after liquid supply was initiated.
After this time, the mean measured resistance varied
with coefficients of variation of≤0.1% until, at 10 s,
power to both the liquid pump and the CAG heater was
switched off; heater resistance then returned rapidly
to its resting (room temperature) state. Target resis-
tances and measured average resistance agreed within
<0.001� in all experiments. During the 10-s pumping
period, aerosols of PG were generated (see, for exam-
ple, Fig. 6); in each case, cumulative energy supplied
to the heater was recorded. Collected aerosols, sized
by cascade impaction, were log-normally distributed
in all cases with relatively narrow size distributions
(δg values fell between 1.3 and 1.7). When sufficient
or excess energy was supplied to completely vaporize
the delivered PG bolus dose, the gravimetric recover-
ies of PG in the MOUDI were approximately >60%
throughout and consistent with vapor losses during the
0.5 l/s aerosol sampling regime (∼12% was expected
to remain in the vapor phase;Perry et al., 1997) and
non-sampled surface losses known to occur in this cas-
cade impactor and its induction port (Marple et al.,
1991), together with losses on the capillary holder.

In order to estimate the thermal energy supplied
to the PG during aerosolization, the energy con-
sumed due to sensible loss during sham experiments
was determined in the absence of PG over a range
of target resistances. Typical results are shown for
a thermocouple-instrumented CAG inFig. 2, along
with the resultant mean (external) capillary wall tem-
perature at 30 mm along the heater in length (Fig. 1).
Increasing the target resistance increased both the
energy supplied to counteract sensible losses and the
capillary temperature; the linear relationship between
capillary temperature and target resistance (Eq. (2),
Fig. 2) confirmed that the capillary heater unit re-
sponded well to “resistive control.” When PG was
pumped through the heated capillary (Fig. 1), it acted
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Fig. 2. The mean energy supplied to heat a thermocou-
ple-instrumented capillary in a series of 10 s runs performed at
different target resistances. Mean capillary exterior wall tempera-
tures were measured 30 mm along the heater length (Fig. 1; error
bars represent S.D.s,n = 3).

as a coolant so that extra energy, in addition to that
supplied during sham experiments was demanded, in
order to maintain the selected target resistance. This
extra energy was supplied to heat the liquid, convert
it to vapor and, if the selected resistance target was
high enough, to heat the vapor itself. Over the range
of resistances studied, the sham energy, representing
heat lost to the apparatus and the environment, was an
effectively constant proportion (17.6 ± 1.3%) of the
total supplied during the aerosolization of PG. Thus,
energy supplied to PG during aerosolization studies
(plotted inFigs. 4 and 5along with the corresponding
resistance targets) was calculated by subtracting the
sham energy determined at the same target resistance
from the total supplied during the experiment. These
calculated energies were used to more closely reflect
the amount of energy consumed by the flowing PG in
the remainder of this discussion.

Assuming that boiling occurs homogeneously at
1 atm pressure, that heat flux is uniform over time and
space, and that both phases are incompressible fluids
(Delmastro et al., 2001), a theoretical calculation of
the energy required to vaporize the constant mass of
propylene glycol (35 mg) used in this study was per-
formed usingEq. (1), where values for the heat capac-
ity and vaporization enthalpy of propylene glycol were
as reported byPerry et al. (1997); assuming a boiling
point of 188◦C and a room temperature of 22◦C va-
porization should consume 43 J (18 J to heat the liquid
to 188◦C and 25 J to effect the phase transformation).
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Fig. 3. The capillary exterior wall temperature measured during
the application of 31.3, 40.4, and 55.9 J to PG during each 10 s
experiment at 5, 10, 20, 30, 40, and 45 mm along the heated
capillary (Fig. 1; error bars represent S.D.s).

3.2. Capillary characteristics as a function of energy
supplied to PG

Simultaneous inspection ofFigs. 3–5show that the
theoretical, 43 J, energy requirement to raise the tem-
perature of each 35 mg bolus of PG, and vaporize it,
was in agreement with the measured parameters in
this study. Discontinuities in PG aerosol size, vapor
jet temperature, and capillary heater temperature pro-
files were all apparent at or near this energy supply
value. Values for fine particle fraction (an indicator
of complete vaporization) reached a plateau, MMAD
values passed through a broad minimum and the gra-
dient, with which the temperature of the PG vapor
jet changed with energy, increased sharply. This latter
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vs. energy supplied to PG. Also plotted was propylene glycol
vapor jet temperature measured 1 mm from the capillary exit vs.
energy supplied to PG.
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discussed in the text.

phenomenon, taken with the appearance of the aerosol
formation process (Fig. 6; note that the aerosol cloud
formation occurred further from the jet as energy was
increased) was consistent with excess energy being
used to heat the vapor. Within the capillary, concur-
rent changes in its temperature profile (Fig. 3) were
broadly indicative of a liquid-to-vapor transition which
occurred earlier in the capillary (Fig. 1) as the energy
supply was increased. This vapor is heated to a greater
extent, the earlier in the capillary it is produced. The
net effect is, that a superheated vapor nucleates and
condenses at distances further from the capillary tip as
it takes longer for the vapor to cool from these elevated
temperatures (Fig. 6). Notably, control of the overall
resistance of the heater corresponded to control of its
temperature “average” (Fig. 2) although temperature
variations along its length could be influenced by PG
flow and CAG design. InFig. 3, at 45 mm, the ther-
mocouple was placed beyond the 44 mm heating zone
in this CAG design manifestation (Fig. 1), and wall
temperatures were generally low and independent of
the energy supply at the exit of the capillary. At low
energies, in which incomplete vaporization was indi-
cated (Figs. 4 and 5), temperature profiles were flat
and roughly consistent with the continuous contact of
boiling PG passing through the capillary heater. As the
power supply was increased, wall temperatures devi-
ated from this “boiling plateau,” indicating the inter-
nal presence of an increasing vapor content, at points
earlier in the heating zone (Fig. 3). These deviations,
and the significant temperature elevations close to the
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Fig. 6. Typical vapor jet images of CAG aerosol generated at
increasing energies. The angle formed by the jet boundaries var-
ied in the range of 20–30◦, comparable to the 26◦ reported by
Lesniewski and Koch (1998)for a turbulent jet. At higher energies
higher vapor exit temperatures and velocities pushed the conden-
sation process further downstream as shown by asterisk (∗).

exit of this capillary design were consistent with the
combined effects of boiling point elevations associ-
ated with increased internal pressures and superheat-
ing of the vapor during its passage to the open end of
the capillary.

Efficient aerosol generation was thus dependent
upon the complete vaporization of the liquid for-
mulation; once the minimum amount of energy re-
quired was exceeded, aerosol characteristics could be
changed (Fig. 5). Due to the ultrafine characteristics
of CAG aerosols (usually<3�m), the fine particle
fraction will not change once sufficient energy is
supplied to enable complete liquid–vapor transition.
A maximal FPF will be achieved once all the liquid
has been vaporized. However, the aerosol particle
size is still subject to changes due to the superheating
of the vapor within the capillary, which will alter its
nucleation and condensation mechanism on exiting
the capillary. Superheating of the vapor can only take
place when all the liquid has been vaporized within the
capillary. Heating of the formulation as it is pumped
through the capillary can probably be visualized by
considering the formulation flow inside the capillary
as flow segments in a continuum; as a flow segment
travels along the capillary, it increases in temperature
through convective heating. As long as liquid remains
in contact with the capillary wall, the wall temperature
should be related to the temperature of the liquid. For
any segment, the liquid closest to the capillary wall
should be heated more efficiently than the flow stream
in the center of the capillary, and thus it is this portion
of a segment that should vaporize first (Carey, 1992).

3.3. Aerosol characteristics as a function of energy
supplied to PG

Three broad regions of the MMAD versus energy
profile for this capillary design are shown graphically
in Fig. 5as A, B, and C. These corresponded, in terms
of the energy demand of PG to “energy starved,” “en-
ergy sufficient,” and “energy excess” situations, re-
spectively. In region A, the “energy starved” situation,
simultaneous pumping (while heating sub-optimally),
ensured partial vaporization along with some “heated
spray formation.” This effect was observed most read-
ily in Figs. 4 and 5as a gradual increase in fine droplet
formation and a decrease in MMAD as increasing en-
ergy supply reduced the aerosol fraction formed as a
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“heated spray.” Collectively, the mean (S.D.) MMAD
of region A was 1.21 (0.10)�m. The mean MMAD is
presented for comparative purposes of region A with
other regions, however, it should be noted that the aim
of these studies was not to investigate aerosol per-
formance reproducibility at specific applied energies,
rather to investigate the continuum effects of increas-
ing the applied energy. The aerosols generated at these
lower applied energies, could be favorably compared
to conventional technologies such as MDI’s and DPI’s,
CAG aerosol FPF’s ranged from 40–60%, with a mean
MMAD of 1.21 �m. Finally, in this “energy starved”
region, the apparent jet exit temperature was effec-
tively constant and consistent with the known boiling
point of PG (Fig. 4).

The “energy sufficient” region B (Fig. 5) showed a
nadir in MMAD but it was only at the upper end of the
region, and the commencement of region C, that the
fine droplet formation truly began to plateau (Fig. 4).
The mean (S.D.) MMAD of region B was 0.90 (0.04)
�m, there was a statistically significant decrease from
that of region A (P < 0.05; Mann–Whitney Rank Sum
Test). Such an energy regime may be considered op-
timal, given that this produced the maximum fine par-
ticle fraction at the lowest applied energy (thus min-
imizing adverse thermal effects on both the vehicle
and any active ingredient). Pulmonary deposition ef-
ficiencies for a 0.9�m aerosol would be expected to
be high. In the capillary design employed for these
experiments, there appeared to be a need to employ a
temperature profile (e.g.Fig. 3; 40.4 J) in which the
PG vapor was sufficiently heated, at the capillary exit,
to avoid losses at its cooler tip, and on the stainless
steel induction port leading to the MOUDI cascade im-
pactor (Marple et al., 1991; Stein and Gabrio, 2000).
Lower temperatures were observed at each end of the
capillary employed in these experiments, due to the
presence of heat sinks at the electrical joints on the
capillary.

In the “energy excess” region C, PG became com-
pletely vaporized and, due to the poor heat transfer
coefficient and low heat capacity of the vapor, signif-
icant increases in wall temperature were seen which
were indicative of the extent of “dryout” in the capil-
lary, and the degree of superheating to which the vapor
was exposed (Fig. 3) (Caira et al., 1995; Castrogio-
vanni and Sforza, 1997). Because the volume of each
flow segment was confined by the capillary wall and

flow segments immediately ahead and behind, the in-
ternal pressures must also increase with increasing en-
ergy supply. As a result the adiabatic vapor expansion
which occurs at or within the capillary exit, acceler-
ates the vapor to form a jet. Continuing to apply fur-
ther energy, in excess of that required for vaporization,
thus increased capillary wall temperature, the vapor
exit temperature, velocity (Fig. 6) and aerosol MMAD
(Fig. 5). For comparative purposes, the mean (S.D.)
MMAD in this region was 1.34 (0.23)�m, this was
a statistically significant increase in aerosol MMAD
compared to region B (P < 0.05; Mann–Whitney
Rank Sum Test).

Energy induced aerosol particle size changes have
been described, in which the CAG generated aerosol
particle size was observed to first decrease and then in-
crease when the applied energy was increased through
the optimal applied energy range. Although not the
specific aim of this study, also of interest, is the repro-
ducibility of the CAG to generate aerosols under a con-
stant energy condition. The mean (%R.S.D.) MMAD
and %FPF are reported at discrete energy values in
region A, B, and C, respectively. In region A, at 27.2
(S.D. = 0.1) J (n = 6), the mean (%R.S.D.) MMAD
and %FPF were 1.3�m (1.8%) and 36.7 % (3.8%).
Similar values for region B, at 36.6 (S.D. = 0.4) J
(n = 5) were 0.9�m (2.2%) and 61.1 % (2.9%), re-
spectively. Finally, for region C, at 66.6 (S.D. = 1.2)
J (n = 5) were 1.6�m (1.9 %) and 80.5 % (2.1%),
respectively. It should be noted that the reproducibil-
ity of CAG aerosolization is a function of the position
on the energy profile and hence the efficiency of the
liquid–vapor transition.

3.4. Propylene glycol aerosol formation and size
evolution in regions B and C (Fig. 5)

To comprehend the changes in aerosol particle size
as a function of energy, it is essential to consider the
complex processes that take place during the vapor
to droplet phase transition in the vapor and aerosol
jet expelled from the heated capillary. PG aerosol for-
mation in this region produced clouds of increasing
median size as the energy supply to the CAG was in-
creased (Fig. 5). Although coagulation effects could
not be excluded, it was highly unlikely to be responsi-
ble for the size changes given the PG mass flow rate,
sampling air flow rate and the aerosol transition time
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from capillary tip to the MOUDI stages. These condi-
tions favored a nucleation dominated aerosol forma-
tion mechanism rather than a coagulation dominated
process (Lesniewski and Koch, 1998). Another pos-
sible confounding factor, given the hygroscopic prop-
erties of propylene glycol was the possibility that the
measured particle size distribution was affected by
the ambient relative humidity. However,Hong et al.
(2002)showed previously that at relative humidities in
the range of 24–70% RH, there was no significant ef-
fect on the measured aerosol particle size (Hong et al.,
2002). The observed changes in particle size could
best be explained based on the effectively linear de-
pendence of nucleation rate on supersaturation ratio
(Hinds, 1982; Kane and El-Shall, 1996) for homoge-
neously nucleating and condensing PG in vapor jets
with different temperature profiles (generated at dif-
ferent CAG energy supply settings). Based on the po-
sition in the jet, at which the aerosol cloud formation
commenced (the distance from the exit increased with
increasing energy supply), effective nucleation rates
appeared to decrease by a factor of about 5.6, as the
energy supply to each PG bolus was increased from
40 to 66 J. The reasoning that follows, while neces-
sarily speculative, was based on the relevant literature
and the critical experimental observations made in this
study as shown inTable 1andFigs. 5 and 6.

To begin, observe that the vapor-to-droplet conver-
sion in the jet escaping from the capillary exit involves
adiabatic expansion, turbulent mixing and resultant
cooling, due both to expansion and dilution with en-

Table 1
Relationships between aerosol nucleation, temperature, and distance in PG vapor jets formed by the CAG in the “energy sufficient and
excess regions” B and C ofFig. 5

Energya (J) T0.1
b (◦C) Tnucl

c (◦C) Xnucl
d (cm) [PG]nucl

e MMAD/MMAD min
f RSRg RNRh

40 180 114 0.3 0.98 1.0 1.0 1.0
50 260 115 0.7 0.19 1.3 0.18 0.42
66 370 103 1.2 0.06 1.8 0.10 0.18

a Supplied to PG, experimentally determined.
b Temperature at jet centerline 0.1 cm from exit (Fig. 4), experimentally determined.
c Temperature at nucleation position on jet centerline, experimentally determined.
d Horizontal distance along jet centerline,X, for nucleation.
e Relative PG vapor concentration at position of nucleation (assuming volume elements increase as a linear function ofX2 and a diverging

jet angle= 26◦).
f Relative mass median diameter (Fig. 5).
g Relative saturation ratio (RSR), calculated based on PG vapor pressure atTnucl and [PG]nucl.
h Relative nucleation rate (RNR), calculated based on experimental MMAD (Fig. 5) and the observation of constant PG recovery (Fig.

4), monodispersity of the aerosol was assumed to allow simplified calculation.

trained room air. Reynold’s numbers in the vapor at the
capillary exit are of the order of 2000 or more (Gupta
et al., 2003) and these increased with the exit tempera-
ture of the vapor (Fig. 4), because of its increasing lin-
ear vapor velocity at the exit (ranging approximately
70–100 m/s between 40 and 66 J). Vapor cooling from
CAG is primarily due to turbulent mixing with cool
air (adiabatic expansion has only a small effect) and
it is known that condensation aerosol formation in
circumstances such as these is complete within 20–50
nozzle diameters (Nicolaon et al., 1971), 4–10 cm in
this case, using an effective nozzle diameter of 0.2 cm.
The classic work ofHinze and Van Der Hegge Zijnen
(1949)on turbulent gas jet mixing with quiet air, fol-
lowing discharge from a rectangular orifice, can also
be applied directly. Those workers showed that tem-
peratures measured at the centerline of a similar gas
jet remained close to the vapor’s exit temperature,T0,
for 3–4 nozzle diameters, after which turbulent mixing
with entrained cooler air caused an exponential decay
of temperature,T, falling to around ambient, at 40 noz-
zle diameters. Temperatures measured radially from
the jet centerline, at any fixed distance from the noz-
zle, were also shown to decrease exponentially toward
that of the environment. These steady-state tempera-
ture profiles are formed within the zone of turbulent
mixing between the hot vapor and the entrained air in
an expanding cone with an angle between 20 and 30◦
(this study,Fig. 6); a result consistent with the 26◦ an-
gle reported for a turbulent jet (Lesniewski and Koch,
1998). Clearly, PG vapor concentration also de-
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creases with distance from the exit, in this case in
inverse proportion to the square of the increasing
distance,X2 (because the volume of each “jet cone
element” must increase with the square of the jet’s
diameter).

Following this preamble, the likely nucleation rate
versus energy supply relationship shown inTable 1
can be interpreted mechanistically. The distance from
the exit,Xnucl, at which aerosol formation began, ap-
peared to be a linear function of the energy supplied
to the formulation, and an indicator of the position at
which the critical supersaturation ratio was exceeded,
thereby enabling PG aerosol nucleation and conden-
sation (Hinds, 1982). The validity of this statement
presumes that heterogeneous nucleation due to room
air particulates (103–105 cm−3) was negligible while
homogeneous nucleation due to supersaturation and
growth of PG was dominant (Bricard and Pradel, 1966;
Gupta et al., 2003; Hindle et al., 1998). It followed
that for the observed increase in aerosol median
diameter with increasing energy supply (Table 1),
that the relative nucleation rate (RNR; proportional
to total number concentration) must fall, given the
effectively constant recovery of PG seen in regions
B and C (Fig. 5) of this study. In the energy range
shown inTable 1, both the temperature and the con-
centration of PG at the observed point of aerosol
formation, Tnucl and [PG]nucl, respectively, brought
about changes in the critical supersaturation ratio at
which homogeneous nucleation occurred. It is inter-
esting to note that the values ofTnucl were similar,
calculated values for the relative supersaturation ra-
tio, RSR (Table 1) fell in line with the decrease of
RNR and corresponding increase in MMADs (Hinds,
1982). The decrease of RNR is apparently correlated
with the decreasing visual aerosol jet density caused
by the increase of applied energy, the aerosol jet den-
sity can be better differentiated by paying attention
to the darkness of its shadow (Fig. 6). The numer-
ical values relating relative supersaturation ratios to
nucleation rates appeared to agree relatively well in
Table 1, the supersaturation dependency of nucleation
was consistent with the results, showing that there
was little reason to doubt the domination of homo-
geneous nucleation as the main mechanism for PG
aerosol formation from CAG, and that this was the
mechanism of control for aerosol size at different
applied energies.

4. Conclusion

The CAG generated aerosol particle size was ob-
served to first decrease and then increase when the
applied energy was increased through the optimal
applied energy range. Increasing the applied energy
also improved the fine particle fraction of the formed
aerosols at lower applied energies. This study also il-
lustrated that through adjusting the applied energy in-
put, it may be possible to modulate the CAG aerosols
to target a particular particle size distribution. Ad-
ditionally, through the auxiliary capillary wall and
vapor temperature profiles investigations, this study
explored and elucidated the CAG aerosol formation
mechanism, this enhances the understanding of CAG
aerosol generation.
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