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Abstract

Background: Aerosol drug delivery to the lungs is known to be very inefficient during all forms of noninvasive
ventilation, especially when the aerosol is administered simultaneously with high-flow nasal cannula (HFNC)
therapy. The objective of this study was to develop a new combination device based on vibrating mesh
nebulizers that can provide continuously heated and humidified HFNC therapy as well as on-demand phar-
maceutical aerosols with high efficiency.
Methods: The combination device implemented separate mesh nebulizers for generating humidity (humidity
nebulizer) and delivering the medical aerosol (drug nebulizer). Nebulizers were actuated in an alternating
manner with the drug nebulizer delivering the medication during a portion of an adult inhalation cycle. Aerosol
entered a small-volume mixing region where it was combined with ventilation gas flow and then entered a
heating channel to produce small particles that are desirable for nose-to-lung administration and potentially
excipient enhanced growth delivery. Three assessment methods (analytical calculations, computational fluid
dynamics [CFD] simulations, and in vitro experiments in three-dimensional [3D] printed devices) were used to
improve the mixer-heater design to minimize depositional drug losses, maintain a small device volume, ensure
sufficient droplet evaporation, and control the outlet thermodynamic conditions.
Results: For an initial configuration (Design 1), good agreement in performance metrics was found using the
three assessment methods. Based on insights gained from the CFD simulations of Design 1, two new designs
were developed and produced with 3D printing. Experimental analysis indicated that the new designs both
achieved <5% depositional loss in the mixer-heater even with cyclic operation and sufficiently dried the aerosol
from an initial size of 5.3 lm to an outlet size of *1.0 lm. A combination of the applied methods indicated that
the desired thermodynamic conditions of HFNC therapy were also met.
Conclusions: Multiple methodological approaches were used concurrently to develop a new combination
device for administering HFNC therapy and simultaneous on-demand pharmaceutical aerosols to the lungs with
high efficiency. The use of a small-volume mixer-heater (<100 mL), synchronization of the drug nebulizer with
inhalation, and small outlet particle size should enable high efficiency lung delivery of the aerosol.

Keywords: high efficiency aerosol delivery, high-flow nasal cannula, high-flow therapy, noninvasive ventilation,
pharmaceutical aerosols, respiratory drug delivery

Introduction

H igh-flow nasal cannula (HFNC) therapy is an
increasing popular form of noninvasive ventilation

(NIV) for both adult and pediatric patients with respiratory
failure or insufficiency.(1–4) Subjects receiving HFNC

therapy often have underlying lung conditions that may
benefit from treatment with inhaled pharmaceutical aero-
sols.(5,6) As with other forms of NIV, a convenient ap-
proach is to add the inhaled medication directly to the
inspired gas stream.(6,7) However, lung delivery efficiency
of pharmaceutical aerosols is low during all forms of
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NIV,(5,8) and is reported to be especially low during HFNC
therapy.(6,9,10) For example, Perry et al.(9) reported that
ex-cannula aerosol dose was <0.4% of the nominal dose at
typical adult HFNC flow rates of 20 L/min (LPM) and
above. Positioning a mesh nebulizer upstream of the HFNC
humidity unit, Reminiac et al.(11) achieved 2%–10% of
nebulized dose downstream of an in vitro nasal model. It is
expected that these low lung delivery efficiencies are due
to HFNC systems that were not originally designed for the
administration of pharmaceutical aerosols.

Our group has proposed a mixer-heater system for the
production of submicrometer pharmaceutical aerosols that
can be used during HFNC administration.(12) This unit
contained a large mixing region (aerosol reservoir) that was
intended to allow for continuous nebulization with a mesh
nebulizer, which avoids the need to synchronize aerosol
generation with inspiration. Based on the work of Longest
et al.,(13) a thin channel heating section was developed to dry
the initial droplets with diameters in the range of 5 lm to
submicrometer size and simultaneously heat the airstream.
The study of Golshahi et al.(14) considered the reservoir
mixer-heater system under steady-state HFNC conditions
and found lung delivery efficiencies as high as 80% of the
nebulized dose through the device, streamlined nasal can-
nula and a nose-mouth-throat (NMT) model.

The subsequent studies of Golshahi et al.(15,16) considered
cyclic patient inspiration and maximized lung dose by
passing airflow through the system only during inspiration.
With deep cyclic inspiration (tidal volume VT = 0.93 L) and
flows consistent with HFNC, lung delivery efficiency near
70%–80% of nebulized dose could be achieved. However,
efficiently emptying the large aerosol reservoir required
deep inspiration.

From our previous work, this reservoir-based mixer-heater
provides an efficient method to deliver pharmaceutical
aerosols during NIV and HFNC.(14–17) While successful, the
development process has also identified areas of potential
improvement. As noted above, holding the aerosol during
exhalation with minimal depositional loss requires a suffi-
ciently sized reservoir, which then requires deep inspiration
to empty the aerosol on the next inhalation. It was deter-
mined that timing the airflow was not easier than timing the
firing of the nebulizer. Furthermore, true HFNC therapy
support requires continuous delivery of humidified gas, even
during exhalation.(18) To provide continuously humidified
airflow with high efficiency aerosol delivery, a divided
cannula was devised with separate inlets for the aerosol
stream during inhalation and continuous HFNC gas sup-
port,(14) respectively. The addition of the reservoir mixer-
heater to the HFNC system creates a setup that may be more
complex than is necessary.

Current HFNC gas delivery systems are clearly inefficient
at delivering inhaled pharmaceutical aerosols, with lung
delivery efficiencies in the range of <0.4% to *10% of the
nebulized dose.(6,9–11) The intent of these systems is to
provide gas support at airflow rates of *10 LPM and above
in a continuous manner that is warmed and humidified.(2)

Using either a liquid chamber passover or porous filter-type
approach, current humidification systems achieve relative
humidity (RH) values of *100% and nasal inhalation
temperatures near 37�C.(1,2,19) These devices have been
shown to be clinically effective for respiratory gas support

in a number of situations.(1,2,4) However, the need for the
airstream to be fully saturated with water vapor (100% RH)
and at 37�C for nasal inhalation has not been established. In
fact, the inhalation of pure water vapor at 100% RH leading
to low osmolarity in airway surface liquid (ASL) is expected
to be irritating to the lungs.(20–22) DiBlasi(23) notes the
concerning collection of liquid in these highly humidified
nasal cannula interfaces leading to condensation rain-out
and sputtering of liquid onto the face and potentially into the
lungs of pediatric patients. Furthermore, the nasal surface
temperature in the nasal valve and anterior turbinate region
is reported to be in the range of 28�C–32�C (instantaneous
range during a breath cycle),(24) such that achieving 37�C
airflow temperature at the cannula outlet may not be nec-
essary and may be uncomfortable for some subjects.

It is observed that a new system is needed that can
provide HFNC therapy together with on-demand pharma-
ceutical aerosols at a high lung delivery efficiency. By de-
veloping a combination HFNC and pharmaceutical aerosol
device, it is expected that high efficiency lung delivery of
the pharmaceutical aerosol can be achieved. Moreover, it is
proposed that humidity can be provided by the evaporation
of isotonic saline droplets, which should help preserve the
ionic balance of the lungs. The new mixer-heater system
will therefore employ separate humidity (isotonic saline)
and drug mesh nebulizers to provide continuously humidi-
fied airflow, while pharmaceutical aerosols are delivered
only during a portion of inhalation. This approach avoids the
need for temperature cycling in the heating section. Fur-
thermore, a device providing humidity from isotonic saline
droplets is currently not available and has the potential to be
less irritating to the lungs compared with 100% pure water
vapor.(25)

To ensure high efficiency lung delivery of the pharma-
ceutical aerosol, the excipient enhanced growth (EEG) ap-
proach will be implemented.(26,27) In one form, EEG
approach consists of drying nebulized pharmaceutical drop-
lets to submicrometer size, to enable high efficiency lung
delivery. Once the pharmaceutical aerosol is within the air-
ways, water uptake by the included hygroscopic excipient
causes droplet size increase and enables deposition by sed-
imentation and impaction.(28–30) The proposed device can be
used to administer bronchodilators as a standard therapy.(5)

In addition, the use of the nasal interface and nebulizer de-
sign enables the continuous delivery of high-dose medica-
tions like inhaled antibiotics, mucolytics, and surfactants.(31)

The objective of this study is to develop a new device
based on vibrating mesh nebulizers that can provide con-
tinuously heated and humidified high-flow nasal cannula
therapy as well as on-demand pharmaceutical aerosols de-
livered with high efficiency using the nose-to-lung route. To
develop this device, a concurrent analytical, in vitro, and
computational fluid dynamics (CFD) approach(32,33) will be
used along with three-dimensional (3D) printing of rapid
prototyped physical models. Based on past experience and
analytical analysis, an initial mixer-heater is first proposed,
which uses a small-volume design and synchronized actu-
ation of the nebulizers instead of actuation of the airflow.
This initial design is assessed with analytical calculations,
CFD, and in vitro analysis. Comparisons of these three
methods leads to a validated CFD model that is used to
better understand device performance. The validated CFD
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model and in vitro experiments are then used to develop
new designs to achieve low aerosol loss within the device,
as well as targeted outlet temperature and RH conditions.
Using this concurrent analytical, in vitro, and CFD ap-
proach, the goal of this study is to develop a combination
device that achieves a high transmission efficiency of the
nebulized aerosol (‡90%) when operated cyclically, pro-
duces a small particle aerosol (with a mean particle diameter
of *1 lm), and can administer the inhaled medication si-
multaneously with HFNC therapy.

Materials and Methods

Mixer-heater design

In this study, a new small-volume mixer-heater design is
proposed and evaluated, which takes advantage of mesh
nebulizer actuation synchronized with the breathing cycle.
A primary characteristic of this design is a minimized size
of the mixing region, which will improve emptying of the
aerosol from the device. This improved emptying will re-
duce spread of the aerosol bolus over time compared with
the larger mixing region that was included in the previous
mixer-heater design.(12) Improved emptying should also
minimize the time delay between when the aerosol is gen-
erated and when it reaches the patient, thereby enhancing
the lung delivery benefits of synchronization.

For adults, passive inhalation durations are typically 1.5
seconds or greater.(34) As a target, the mixer-heater should
empty within 20% of this inhalation duration, providing an
emptying time of *0.3 seconds. To achieve this emptying
time at an HFNC flow rate of 20 LPM (or 333.3 cm3/s), the
system volume, including connective outlet tubing, should be
*100 mL or less. Similarly, at 30 LPM (or 500 cm3/s), an
emptying time of 0.3 second can be achieved with a system
volume of *150 mL or less. While reducing the system
volume appears beneficial from an emptying standpoint, it is
noted that the aerosol leaving the mesh nebulizer has ob-
servable momentum due to two-way momentum coupling.
Therefore, walls of the mixing region should remain suffi-
ciently far from the mesh nebulizer to minimize deposition.

A second primary characteristic of the small-volume
mixer-heater is the use of two vibrating mesh nebulizers.
A first nebulizer provides isotonic saline droplets used to
humidify the airflow, while maintaining ionic balance in the
lungs, and a second nebulizer provides a pharmaceutical
aerosol when needed (i.e., on demand). In a continuous
mode of operation, the humidity nebulizer runs continually
and the drug nebulizer is actuated when needed during a
portion of the inspiration. In alternating mode operation, the
humidity nebulizer is paused when the drug nebulizer is
actuated during a portion of each inhaled breath. While the
humidity nebulizer is off, water in the drug formulation is
used to humidify the airstream. Based on analytic estimates
in the Results section, the nebulizers in this study are op-
erated in alternating mode for the aerosol drug delivery
experiments described below.

Based on our previous studies,(12,13) it was determined that
a heating section with a rectangular (or elliptical) cross-
section was ideal for warming and evaporating a nebulized
aerosol. Tubular heating configurations required unreasonable
lengths, resulting in increased volume and aerosol deposition.
The rectangular cross-section design slows the airflow and

simultaneously provides a large surface area for heat transfer.
Based on the results of Longest et al.,(12) a channel height
(minimum dimension) and length (in the direction of flow)
of 0.7 and 12 cm may be acceptable for pharmaceutical
vibrating mesh nebulizers with liquid outputs in the range
of 0.2–0.4 mL/min. However, a longer heating section may
be required to ensure full evaporation of the aerosol.

The initial small-volume mixer-heater prototype was based
on previous studies, and is shown in Figure 1a with a 12-cm-
long heating section (Design 1). The mixing section was
based on the streamlined T-connector developed by Longest
et al.,(35) which reduced depositional loss for an Aeroneb Lab
mesh nebulizer (Aerogen Limited, Galway, Ireland) from
30.6% to 5.7% when operated at a flow rate of 30 LPM. This
design includes a perforated plate near the 1.0 cm ventilation
gas inlet to help unify the incoming airflow (but does not
require that the aerosol pass through the porous plate). As
with the streamlined T-connector, the exit of the mixing re-
gion extends along the top of the device, which was found to
provide a minor reduction in depositional loss. The bore di-
ameter of the initial mixing region was 2.4 cm, to be con-
sistent with the T-connector of Longest et al.(35)

As described above, the heating section had an elliptical
cross-section with a height of 0.7 cm, width of 5 cm, and
length of 12 cm and ended with a streamlined taper leading
to outlet tubing with a diameter of 0.635 cm. The approxi-
mate volume of the device starting at the center of the drug
nebulizer was 19 mL for the remainder of the mixing section
and 40 mL for the heating section, including the taper. In-
cluding an outlet tubing length of 50 cm, the total mixer-
heater volume traversed by the aerosol is 75.0 mL, which is
smaller than the 100 mL target volume.

Additional mixer-heaters considered in this study include
an improved design with a circular inlet (Design 2) and a
vertical design (Design 3), both with 16 cm heater lengths
(Fig. 1b, c). As described in the Results, these designs are
based on CFD and experimental analysis of the Design 1
case. Characteristics of Design 2 include a uniform inlet
velocity profile, larger 3.5 cm internal diameter mixing re-
gion, and longer (16 cm) heating section. To further reduce
mixer-heater depositional loss, Design 3 was also consid-
ered, which includes a 2.5 by 4.4 cm mixing region and a
90� rotation of the heating section. This arrangement is
expected to minimize changes in aerosol direction before
evaporation in the heating section. In contrast, the horizontal
mixer-heater is expected to improve spreading of the aerosol
over the heating channel.

The mixer-heater designs were produced using 3D
printing as shown for Design 1 in Figure 2 with Aerogen
Solo mesh nebulizers used as the separate humidity and drug
sources. Specifically, the rapid prototypes were produced
using an Objet�24� printer (Stratasys, Inc., Eden Prairie,
MN) and VeroWhite� (Stratasys, Inc.) material. For cases
where higher heat resistance was required, the heating sec-
tion was rapid prototyped by selective laser sintering in a
heat-resistant nylon material, DuraForm� PA (3D Systems,
Rock Hill, SC).

Nebulizer control and heating system

Actuation of the nebulizers and heating of the airstream
were managed with a control unit. Considering nebulizer
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actuation, a standard Aeroneb Solo driving signal was al-
ternated between the humidity and drug nebulizers with the
switching triggered by a 50-msecond 5 V Transistor-
Transistor Logic (TTL) pulse from the ASL 5000 Breathing
Simulator (IngMar Medical, Pittsburgh, PA) at the start of
each inhalation to initiate drug nebulization.

In this study, the nebulizers were actuated for set time pe-
riods to capture any potential transient effect of nebulizer
cycling over multiple breaths. To capture a wide range of
potential adult breathing conditions,(34) the drug nebulizer was
actuated for a period of 1.5 seconds (approximate inhalation
phase) followed by a 6-second pause in which the humidity
nebulizer was actuated (approximate exhalation phase). As

with conventional HFNC therapy, a constant flow rate of 20 or
30 LPM was passed through the system at all times.

The outer shell of the heating section, which is con-
structed in 3D printed material, contains parallel aluminum
heating plates, which are heated by Kapton� (Polyimide
Film) heaters (KHLV-105/5; Omega Engineering, Norwalk,
CT). The two heating plates are in direct contact with the
ventilation gas flow path, with the heaters positioned on the
back side of the plates next to the 3D printed material, which
forms an insulating layer. Approximately 1 cm from the
end of the lower plate, a K-type thermocouple (SA1-XL-
K; Omega Engineering) is adhered to the metal and is
connected to a temperature controller (TA4; MYPIN,

FIG. 1. Surface models of the mixer-heater portion of the combination HFNC and
pharmaceutical aerosol device (combination device) denoted as (a) Design 1, (b)
Design 2, and (c) Design 3. The mixer-heater is intended to produce <5% deposi-
tional loss of the nebulized dose and fully evaporate the aerosol into dried particles.
HFNC, high-flow nasal cannula.
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Guangdong, China). The temperature controller regulates
the heater power to attain the set point temperature at the
location of the thermocouple.

A majority of the supplied energy goes into evaporating
the aerosol due to the high heat of vaporization of water
(*16 W) with much less energy required to heat the air-
stream (*5 W). Because either the humidity or drug neb-
ulizer is active at all times, wide temperature swings in the
system are avoided as the drug nebulizer cycles on and off,
and the system can attain the thermocouple set point tem-
perature in a stable manner. Preliminary experiments indi-
cated that the initial VeroWhite material could maintain a
thermocouple set point temperature of up to 60�C, but not
higher due to heat damage.

Targeted delivery conditions

As described in several recent reviews, HFNC therapy
consists of air or blended oxygen delivered at a constant flow
rate >6 LPM and typically 20 LPM and above in adults.(2,4)

All modern HFNC systems heat and humidify the gas to
improve patient comfort and reduce thermodynamic burden
on the lungs.(2) While it is well known that heating and
humidifying the airstream is required for effective HFNC
therapy, the level of heat and humidity has not been objec-
tively assessed. Lindemann et al.(24) reported human in vivo
nasal mucosal surface temperatures measured using a rapid
response miniature thermocouple at different nasal locations
during inspiration and expiration. Surface temperature varied
at different locations and with the breathing cycle.

The most relevant region for considering gas exposure
from a nasal cannula is likely the nasal valve and anterior
turbinate area. In these regions, Lindemann et al.(24) report
instantaneous temperature profiles in the range of 28�C–
32�C with mean (time averaged) values of 30�C–32�C.
Effective HFNC therapy is intended to deliver warmed and
humidified gas to the patient. Therefore, a reasonable de-
livery temperature consistent with the anterior nasal tem-
perature to maintain patient comfort and provide warmed
respiratory gas is assumed to be 32�C – 2�C for this study.

Little is known regarding appropriate humidity values
during all forms of NIV, in which airflow does not bypass
the nose. Recommendations for invasive mechanical venti-
lation where the nose is bypassed are for 100% RH and

37�C, which is equivalent to 44 mg H2O/liter of air
(mg/L).(36) However, these delivery conditions are known to
cause condensation and liquid pooling, especially in the nasal
cannula and cooler (*30�C) anterior nasal regions.(23) For
NIV flows, ASTM International recommends at minimum
10 mg/L of water.(37) Therefore, a reasonable goal for HFNC
humidity is 10 mg/L of water vapor and above.

At temperatures of 30�C, 32�C, and 34�C, 10 mg/L of
water vapor at a flow rate of 30 LPM produces RH values of
32.8%, 29.5%, and 26.5%, respectively. Therefore, our
targeted RH range for HFNC therapy is approximately
>30%, which provides >10 mg/L of water vapor and is lar-
ger than the ASTM International minimum required value.
For perspective, 10 mg/L of water vapor delivered at 30
LPM at a room temperature of 21�C produces a RH of 55%.

In previous studies at steady-state operation and with
cyclic breathing, the reservoir-based mixer-heater emitted
70%–80% of the nebulized drug dose out of the cannu-
la.(14,15) With the advantages of the small-volume design, it
is expected that the new system can achieve <10% system
depositional drug loss. Optimized synchronization should
enable >80% ex-cannula drug dose. It is noted that mesh
nebulizers are expected to lose *5% of the nebulized dose
in the outlet skirt of the nebulizer device, which will not be
altered in this study to retain the FDA-approved commercial
nebulizer. Therefore, the mixer-heater device should pro-
duce *5% or less depositional loss (based on the nebulized
drug dose) to meet the <10% system depositional loss target.

Analytical analysis

An analytical analysis was used to calculate exit RH at
specific airflow rates and temperatures, as well as nebulizer
solution concentration versus monodisperse dried particle
size. Calculation of exit RH at full droplet evaporation re-
quires knowledge of water vapor mass fraction (Yv) and
saturated mass fraction (Yv,sat). The water vapor mass frac-
tion was calculated as follows:

Yv¼
_ml

_mlþ _mair

(1)

where _ml and _mair are the mass flow rates (g/s) of liquid
water from the nebulizer and input HFNC ventilation gas,
respectively. Inlet ventilation gas was at 0% RH. Yv,sat was
determined from the Antoine equation and ideal gas law, as
described by Longest and Hindle.(27) The resulting RH at a
specific temperature is then calculated as follows:

RH¼ Yv

Yv, sat

· 100% (2)

The fully dried final geometric particle diameter (dfinal)
based on an initial droplet diameter (dinitial) is predicted as
follows:

dfinal¼ dinitial Yinitial

qinitial

qfinal

 !1=3

(3)

where Yinitial is the initial total mass fraction of solutes in the
nebulizer solution and q represents initial and final densities

FIG. 2. Mixer-heater device (Design 1) produced with 3D
printing and positioned on top of the nebulization and
heating control unit. Separate nebulizers are used for hu-
midifying the airstream (humidity nebulizer) and providing
pharmaceutical aerosol when needed (drug nebulizer). 3D,
three-dimensional.
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of the droplet or particle. In this expression, the mass frac-
tion of drug in the solution (Yinitial) can be converted to an
initial w/v �qinitialð Þ typically used in preparing formulations
as follows:

�qinitial¼Yinitial � qinitial (4)

where the density is entered in g/cm3 and is assumed to be
1 g/cm3 in this study due to the very low initial solute
concentration values.

The final density (qfinal) of the dried particle is calculated
as follows:

qfinal¼ mwþmdrugþmex

� � qw

mwþ mdrugqw

qdrug
þ mexqw

qex

 !
(5)

In this expression, m and q are the masses and densities of
water (w), drug, and hygroscopic excipient (ex). The drug
and model excipient considered in this study were albuterol
sulfate (AS; qdrug = 1.340 g/m3) and sodium chloride (NaCl;
qex = 2.160 g/m3). The nebulized formulation was prepared
with 0.5% w/v combined solutes (solids) with a 50:50 NaCl
to AS weight ratio. It is noted that the analytically predicted
dried particle diameter is not intended to exactly match the
CFD predictions or in vitro measurements of final size, but
instead provides a theoretical minimum size that can be
achieved if full drying of the aerosol occurs.

Computational fluid dynamics

CFD simulations were used to analyze the initial small-
volume mixer-heater design and to develop improved ver-
sions. For the CFD simulations, a steady-state flow rate of
30 LPM through the system was considered, which is con-
sistent with HFNC therapy in adults. At this flow rate, the
Reynolds number range within the initial geometry is 300–
4060, indicating laminar, transitional, and turbulent flows.
The simulations captured the flow field, heat transfer from
the heating plates, mass transfer of water vapor, droplet
transport and evaporation with a hygroscopic solute, and
droplet/particle deposition. Droplet evaporation was limited
by the amount of available heat and air, making two-way
coupled simulations necessary.(27,38) The equations gov-
erning mass, momentum, and energy conservation, includ-
ing the effects of turbulence and two-way coupling, are
available in previous studies.(30,39,40) To model turbulence,
the Reynolds-averaged two-equation low Reynolds number
(LRN) k-x model with shear flow corrections was im-
plemented.(41)

Droplet and particle transport were simulated using the
Lagrangian tracking approach and included terms for dis-
crete element drag, sedimentation, and buoyancy.(42)

Droplet evaporation included the effect of the solute on the
droplet surface mass fraction of liquid. A complete de-
scription of droplet transport and evaporation is provided
in our previous studies.(27,30) Previous studies describing
two-way coupled simulations of droplet evaporation and
condensation include Longest et al.(12,27,43) In these stud-
ies, an iterative approach is used between the flow solver
and discrete element solver until convergence of the two-
way coupling is achieved. However, in this system, the use

of completely dry inlet gas caused the two-way coupling to
become unstable. As a result, the droplet tracking algo-
rithm was updated to limit the evaporation in each CFD
control volume to the amount of water vapor the control
volume could hold. This approach dramatically improved
stability and convergence of the two-way coupling ap-
proach. Turbulent dispersion of droplets was predicted
using an eddy interaction model. Anisotropic corrections
for near-wall turbulence were employed as previously
described.(44,45)

The commercial CFD package Fluent 16 (ANSYS, Inc.)
was employed to solve the governing equations in all cases
considered. User-supplied Fortran and C programs were im-
plemented for the calculation of initial flow and droplet
profiles, hygroscopic droplet evaporation, near-wall aniso-
tropic turbulence approximations, near-wall particle interpo-
lation,(46) as well as heat and mass sources and sinks during
two-way coupling. CFD best practices were employed, in-
cluding the use of second or higher order discretization,
hexahedral grids,(47) and double precision calculations. Grid-
converged results based on negligible change in the velocity
and temperature fields (<1% relative error) as well as negli-
gible differences in the outlet droplet size (<5%) and depo-
sition (<5%) were established for meshes consisting of
*760,300 to 840,000 hexahedral control volumes for the
small-volume mixer-heater geometries.

Inlet velocity profiles in each of the prototypes considered
were consistent with a 30 LPM steady-state flow rate. Initial
in vitro measurements confirmed that the incoming ventilation
gas (medical grade air) entered the mixer-heater at*24�C and
0% RH. In the mesh nebulizer, droplets are emitted from a
4 mm diameter mesh at a rate of *0.4 mL/min. The resulting
high-concentration droplet stream affects the momentum of the
surrounding gas creating a two-way momentum coupled sys-
tem. Simulating two-way momentum coupling is extremely
time intensive.(48)

As a previously developed approximation,(48) a small
amount of air was injected at the 4 mm mesh within the
nebulizer to approximate this momentum coupling effect.
The injected air had a temperature of 21�C and RH of 100%,
which are typical conditions in areas of high droplet con-
centration and largely eliminate the thermodynamic effect of
the injected air. The injected air velocity was based on high-
speed video images of the aerosol plume exiting the mesh
nebulizer, as reported in the Results section. The validity of
this approximation will be assessed through comparison of
the CFD result with in vitro experiments for droplet deposi-
tion, evaporation, and exiting thermodynamic conditions.

Walls of the mixer-heater geometry not including the
heating surfaces were assumed to be insulated (zero heat
flux) and dry (zero water vapor mass flux). The heating
surfaces were set to a constant temperature based on the
assumption that the aluminum plates evenly distributed the
energy from the film heaters.

In vitro—general

In vitro experiments were used to evaluate both the initial
and improved small-volume mixer-heater designs at flow rates
of 20 and 30 LPM. These experiments included determination
of outlet temperature and RH during cyclic operation of the
device, determination of aerosol depositional drug loss within
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the device, and determination of the outlet aerosol particle size
distribution at the exit of the mixer-heater. A rapid prototyped
version of the initial mixer-heater (Design 1) is provided in
Figure 2, which shows the humidity and drug nebulizers. The
drug nebulizer is positioned nearest to the heating section, to
minimize aerosol travel distance (device volume) and therefore
maximize delivery of the more valuable medication.

In all cases, the drug nebulizer was filled with a 0.25%
w/v AS and 0.25% w/v NaCl in water (0.5% w/v total solute
concentration) nebulizer formulation. The humidity nebu-
lizer was filled with isotonic saline (0.9% w/v NaCl in
water). The system was typically operated with the humidity
nebulizer on for 3 minutes to allow for heater warm-up and
stabilization. After the 3-minute warm-up period, the system
was operated in alternating mode with the drug nebulizer
actuated for 1.5-second increments followed by 6.0-second
increments of the humidity nebulizer.

In vitro—gas temperature and RH

Ventilation gas temperature (T) and RH were measured at
the outlet of the mixer-heater for the alternating operation
mode at flow rates of 20 and 30 LPM. To capture exiting
energy and humidity, a custom shell was prototyped to fit
around the temperature and humidity probe tip (HM70;
Vaisala, Woburn, MA), and the shell positioned the probe
tip parallel with the outlet of the mixer-heater. Temperature
and RH measurements were recorded over a 5-minute pe-
riod after the initial 3-minute startup period and time-
averaged values were calculated.

In vitro—depositional drug loss and aerosol particle
size distribution

Both the depositional drug loss within the mixer-heater
and aerodynamic particle size distribution of drug aerosols
at the outlet were determined using the alternating mode at
system flow rates of 20 and 30 LPM. The drug deposition
study was performed with a low resistance filter (Pulmo-
guard II�; Queset Medical, North Easton, MA) positioned at
the exit of the mixer-heater, which was connected to a
vacuum pump (30 LPM) to allow for total capture of the
emitted aerosol for mass balance purposes. The aerody-
namic particle size distribution was measured by replacing
the filter with an Andersen Cascade Impactor (ACI, Not-
tingham, United Kingdom) operated at 30 LPM.

Particle sizing experiments were performed in a controlled
temperature and humidity environment to prevent evapora-
tion or condensation of the emitted aerosol before sizing in the
impactor. The impactor was placed in a controlled tempera-
ture and humidity chamber and allowed to equilibrate before
each experiment. The environmental conditions were set to
the measured equilibrium temperature and humidity of the
emitted aerosol (determined above and shown in Table 5).

In both studies, the drug nebulizer was actuated 60 times
to ensure reliable dose collection. The apparatus was dis-
sembled after each run and AS was collected by rinsing the
outlet skirt of the drug nebulizer, mixer-heater, and filter or
ACI plates with known amounts of deionized water. The
drug nebulizer was weighed before and after the experiment
to calculate the nominal delivered dose. Samples were an-
alyzed with a validated high-performance liquid chroma-
tography (HPLC) method.

In vitro—inlet velocity and heating plate
temperature measurements

Mixer-heater inlet velocity was obtained using a custom-
made pitot tube assembly to relate differential pressure to air
velocity. A 14-gauge needle, attached to the high-side port
of a Sensirion SDP600-500 Pa pressure sensor, was placed
parallel to the flow direction and was attached to a linear
traversing system for positioning. Needle tip positions for
the different diameter inlets (2.4 vs. 3.5 cm) were calculated
based on a 6-point log-Tchebycheff method of air flow
testing. The inlet sections for Designs 1 and 2 were printed
to the start of the vertical plane at the beginning of the first
nebulizer to allow for pitot tube positioning. Pressure
readings were taken every 0.016 seconds at each point over
an approximate 4-second window before moving to the next
location. The average differential pressure readings at each
location were used to calculate the local inlet velocity.

During device development, the heating region was
thermally imaged and monitored with a Fluke Ti25 hand-
held infrared camera and Smartview 4.3 analysis software
(Everett, WA). Heating units used for thermal imaging had
rectangular sections of the 3D printed shell removed for
direct imaging of the heater plate metal surface.

Method summary

Figure 3 provides an overview of the three assessment
methods that were employed (analytical, in vitro, and CFD)
and highlights the characterization metrics from each method.
Metrics that were assessed from multiple methods are shown
in the overlap regions and are compared in the Results section.
The three assessment methods were first applied to Design 1
(initial design), which was developed based on insights from
previous studies. Knowledge gained from this analysis was
then used to develop Designs 2 and 3, which in combination
with heating modifications to Design 1 were then analyzed
using in vitro experiments and CFD simulations.

Results

Preliminary experimental data

Preliminary experiments were conducted to collect
necessary data for the initial analytical and CFD analyses.
Liquid nebulization rates of three new Aeroneb Solo neb-
ulizers tested three times each were determined on a
gravimetric basis. The nebulizers were filled with 2 mL of a
0.9% w/v NaCl in water solution and operated for 5 min-
utes. The mean (standard deviation; SD) liquid nebuliza-
tion rate was 0.4 (0.02) mL/min. The speed of the aerosol
plume exiting the Aeroneb Solo device at a position
*2 cm from the mesh (just below the nebulizer outlet
flange) was determined using high-speed video recordings.
The aerosol plume velocity was *3.8 m/s; however, es-
tablishing variability was difficult due to inherent transient
oscillations.

The droplet diameter exiting the Aeroneb Solo device was
predicted using the ACI operating with near 100% RH air
to prevent droplet evaporation, as previously described.(35)

The resulting mean mass median aerodynamic diameter
(MMAD) of the initial Aeroneb Solo aerosol was 5.3 (0.1)
lm with a geometric SD of 2.2 (0.4) lm.
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Analytical analysis

Table 1 provides analytically predicted outlet RH values
assuming full evaporation of the aerosol and no depositional
loss for specified outlet temperatures based on Eqs. (1 & 2).
As described, the target outlet thermodynamic conditions for
the mixer-heater are 32�C – 2�C with RH values >30%.
Actuation of one nebulizer is consistent with alternating
mode delivery, and actuation of two nebulizers is consistent
with continuous mode delivery during the period when both

nebulizers are operating. For all cases considered, the tar-
geted RH condition of >30% is achieved (Table 1). Lowest
RH conditions occur for alternating delivery at 30 LPM, and
were in the range of 35%–50%. Continuous operation at 20
LPM leads to fully saturated conditions (RH = 100%), in-
dicating that the droplets would not completely evaporate.
In contrast, RH in the range of 70%–97% can be achieved
with two nebulizers (continuous mode) operating at 30
LPM. As a result, the system is capable of providing a range
of RH conditions for patient comfort and can easily attain
the minimum requirement of >30% RH. Operating at an
outlet temperature of 32�C in alternating mode appears ideal
with RH conditions at 20 and 30 LPM of 58.6% and 39.3%,
respectively. As a result, analysis in the remainder of this
study will focus on alternating mode operation of the neb-
ulizers. Furthermore, a wide range of RH conditions can be
achieved with the two nebulizer design if higher RH values
are required in future applications.

Estimates of the fully dried (final) geometric and aero-
dynamic particle diameters are presented in Table 2, based
on an initially measured droplet MMAD of 5.3 lm, over a
range of drug nebulizer formulation total solute concentra-
tions containing a 50:50 mixture of AS:NaCl. With the 0.5%
w/v solute concentration used in the experiments, com-
plete drying of the droplets will result in a final geometric
diameter of 0.77 lm, which equates to a final aerody-
namic diameter of *1 lm (calculated particle density of
1.650 g/m3).

FIG. 3. Diagram illustrating the three assessment methods (analytical, CFD, and
in vitro experiments), characterization metrics (e.g., outlet aerosol size), and
overlap among the methods. Characterization metrics arising from more than one
method (e.g., RHexit) are compared in the Results section. CFD, computational
fluid dynamics; RH, relative humidity.

Table 1. Analytical Predictions of Relative

Humidity (%) if All Nebulized Liquid

Is Evaporated for Specified Outlet Temperatures,

Number of Nebulizers, and System Airflow Rates

Outlet temperature
(�C)

No. of
nebulizers

20 LPM
% RH

30 LPM
% RH

28 1 (Alternating) 73 49
30 1 (Alternating) 65 44
32 1 (Alternating) 59 39
34 1 (Alternating) 53 35
28 2 (Continuous) 100a 97
30 2 (Continuous) 100a 86
32 2 (Continuous) 100a 78
34 2 (Continuous) 100a 70

aValues limited to 100% indicate the occurrence of a partially
evaporated aerosol.

LPM, liters per minute; RH, relative humidity.
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CFD analysis of the initial design

CFD simulations of the initial small-volume mixer-heater
design are shown in Figure 4 for a gas flow rate of 30 LPM and
heating plate temperature of 60�C, which was the maximum
allowed for Design 1 constructed in VeroWhite material. To
match the measured aerosol inlet velocity at the outlet of the

nebulizer, a 3.8 m/s inlet velocity with 100% RH air stream
was applied to the 4 mm diameter nebulizer mesh. Applying
the injected air velocity over the 4 mm mesh resulted in an
additional flow of 2.9 LPM through the system, which is <10%
of the total flow for the CFD simulation (30 LPM ventilation
gas inlet) and not sufficient to appreciably change the heat
transfer characteristics of the downstream region.

Midplane and cross-sectional contours of velocity and
velocity stream traces indicate nonuniform flow in the
mixing region, which is initiated at the porous inlet plate
(Fig. 4a). Recirculation is observed to occur in the nebulizer
body and downstream of the junction between the drug
nebulizer and mixer-heater. Temperature contours indicate
rapid heating of the inlet 24�C air; however, the mixer-heater
outlet temperature of 29�C is lower than the targeted value
of 32�C (Fig. 4b) at the initial maximum plate temperature
of 60�C. Particle trajectories do not sufficiently spread over
the heating channel (laterally normal to the direction of
flow); however, near-full evaporation of the aerosol is
achieved with an outlet MMAD of 0.9 lm (Fig. 4c).

Predicted total aerosol particle deposition within the
nebulizer skirt and mixer-heater was 20.2% of the nebulized
dose, with significant concentrations of deposited drug
particles in the transition region at the heater inlet and near
the heater outlet (Fig. 4d). Based on the approximate inlet
condition used to capture momentum from the mesh nebu-
lizer, it was not possible to accurately differentiate between
deposition in the nebulizer skirt and mixer-heater.

Table 2. Solute Concentration (% w/v) for the

50:50 Drug Nebulizer Mixture of AS:NaCl Versus

Dried Particle Size and Drug (AS) Delivery Rate

for Initial Monodisperse 5.3 lm

Nebulized Droplets

Solute
concentration
(w/v)
%

Initial
droplet

diameter
(dinitial;

lm)

Final
geometric
diameter
(dgeo;
lm)

Final
aerodynamic

diameter
(dae;
lm)

Drug
mass

delivery
rate

(lg/min)

0.001 5.3 0.10 0.12 2
0.005 5.3 0.17 0.21 10
0.01 5.3 0.21 0.27 20
0.05 5.3 0.36 0.46 100
0.1 5.3 0.45 0.58 200
0.5 5.3 0.77 0.99 1000
1 5.3 0.97 1.24 2000
5 5.3 1.65 2.13 10,000

AS, albuterol sulfate; NaCl, sodium chloride.

FIG. 4. CFD analysis of Design 1 operated at 30 LPM with a constant plate temperature
of 60�C, including (a) surface contours and stream traces of the velocity field, (b) con-
tours of the temperature field, (c) droplet trajectories with an initial size of 5.3 lm and
colored based on geometric diameter, and (d) droplet deposition locations, including the
size of the droplets/particles at the point of deposition. LPM, liters per minute.
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Contours of RH, including the effect of the evaporating
aerosol on the thermodynamics of the gas stream (with two-
way temperature and mass coupling), are shown in Figure 5.
At 30 LPM, the mass-flow-weighted average RH of 42% at
29�C is similar to the analytically predicted range in
Table 1, giving confidence in the CFD model predictions.
However, the CFD-predicted value is *10% (relative dif-
ference) lower than the analytical prediction due to some
aerosol depositional loss occurring in the model when un-
evaporated droplets hit the geometry walls. In the CFD
calculations, particles are removed from the flow field at the
time of particle-to-wall contact and further contribution of
water vapor mass to the flow field is not considered.

In vitro analysis of the initial prototype

Experimentally measured temperature and RH values for
Design 1 with a 60�C thermocouple temperature are shown
in Table 3 for alternating mode delivery. Measured RH
values at 20 and 30 LPM are *10% (relative difference)
below analytically predicted values, likely because of
aerosol depositional loss occurring with the experimental
system. Agreement between the experimental and CFD-
predicted values at 30 LPM is excellent for both temperature
(28.7�C vs. 29.0�C) and RH (40.3% vs. 42.0%). As ob-
served with the CFD analysis, the desired outlet temperature
of 32�C was not attained in the experiments with a plate
thermocouple temperature of 60�C. With Design 1 and
VeroWhite material, increasing the thermocouple tempera-
ture above 60�C resulted in heat damage to the system.

Experimentally measured aerosol deposition fractions
(as a percent of nebulized dose) and the MMAD exiting the
mixer-heater for Design 1 and a 60�C plate temperature are
reported in Table 4. Experimental determinations of depo-
sitional loss in the mixer-heater at both flow rates are
*11%. Combining the nebulizer and mixer-heater deposi-
tion fractions at 20 and 30 LPM, respectively, results in total
depositional loss values of 19.3% and 17.3%.

In comparison, the combined deposition fraction (DF)
from CFD at 30 LPM was 20.2%, indicating good agreement
with the experimental system. As described, depositional
drug losses in the mixer-heater are considerably higher than
the desired 5% or less target values. Moreover, the experi-
mental measurements also indicate incomplete evaporation of
the aerosol, with an exit MMAD of 1.7 lm at 20 LPM and
1.6 lm at 30 LPM. The CFD model underpredicted the exiting
aerosol size in comparison with the experiments.

In vitro optimization and design improvements

Both CFD simulations and experiments identified short-
comings of Design 1 to be low exit temperature and depo-
sitional drug loss that was higher than targeted. Depositional
losses in the mixing region were associated with nonuniform
inlet flow and disturbed flow patterns. It was expected that
these flow patterns and associated depositional drug losses
could be reduced by (1) unifying the inlet flow and (2)
increasing the mixing region diameter to 3.5 cm. To improve
the inlet flow profile, a flow unifier was developed as de-
scribed below.

To verify nonuniform inlet flow as observed with CFD,
the pitot tube velocity measurement probe tip was traversed
across the inlet porous plate of Design 1 at an offset distance
of 1.4 cm corresponding to immediately upstream of the
humidity nebulizer. Sample velocity traces in Design 1
operated at 30 LPM are shown in Figure 6a with maximum
and minimum flow rate differing by a ratio of 15.5:1. These
velocity traces were taken on horizontal and vertical lines
(with respect to gravity) on the same axial plane. To unify
the inlet velocity profile within a compact volume, a 3D
mesh of rods was developed (Fig. 6b). The rods had a di-
ameter of 1.75 mm with an in-plane gap distance of 1.0 mm
and were contained centrally on 2-mm-thick circular inserts
with each insert rotated by 90�. Six circular inserts ending in
a filter media insert (Pulmoguard II; Queset Medical) were
used to construct the flow unifier. As shown in Figure 6a, the

FIG. 5. RH field of Design 1 producing an outlet RH of
42% with an outlet temperature of 29�C.

Table 3. Experimentally Measured Mean

(Standard Deviation) Temperature and Relative

Humidity Values for Design 1 with a 60�C

Thermocouple Temperature Operating

in Alternating Mode

20 LPM 30 LPM

Initial_12 cm
T (C) 26.6 (0.1) 28.7 (0.2)
RH (%) 61 (0.6) 40 (0.8)

T, temperature.

Table 4. Experimentally Determined Mean

(Standard Deviation) Aerosol Deposition

Fraction (% of Nebulized Dose) in Different

Regions for Design 1 with a 60�C Thermocouple

Temperature and Mean (Standard Deviation)

Mass Median Aerodynamic Diameter

of the Outlet Aerosol

20 LPM 30 LPM

Design 1
Nebulizer (%) 8.1 (0.2) 6.1 (0.8)
Mixer-heater (%) 11.2 (0.6) 11.2 (1.5)
Outlet filter (%) 78.0 (1.9) 76.6 (0.4)
MMAD (lm) 1.7 (0.1) 1.6 (0.0)

MMAD, mass median aerodynamic diameter.

HFNC AND PHARMACEUTICAL AEROSOL COMBINATION DEVICE 233



flow unifier reduced maximum to minimum inlet velocity
difference ratios to a value of 1.9:1.

The limitations of low exit temperature and incomplete
aerosol evaporation are interconnected and may be the result
of poor aerosol spreading over the heating section. To im-
prove heat transfer, the heating section length was increased
to 16 cm. Furthermore, it was not clear how the thermo-
couple temperature differed from the plate temperature field
under flow conditions. A thermal image of the heating

section for Design 1 with the plate operated at a thermo-
couple temperature of 60�C and flow rate of 30 LPM is
shown in Figure 7. The heated plate is observed to have a
highly variable temperature profile with visible temperatures
ranging from 59�C to 73�C.

To improve the heating conditions, two approaches were
taken. First, the heating section was constructed from a heat-
resistant nylon material (DuraForm PA; 3D Systems) that
could withstand the higher operating temperatures near the
heater strips. Second, the thermocouple temperature was
considered to be an adaptable set point for each mixer-heater
to achieve the desired outlet temperature of 32�C – 2�C. Based
on experimental measurements, the thermocouple set points
to achieve steady-state outlet temperatures of 32�C – 2�C
for Design 1, Design 2, and Design 3 were 93�C, 110�C,
and 134�C, respectively for 30 LPM airflow. It is noted that
these set point thermocouple temperatures are related to
the position of the thermocouple on the heating plate as
well as design of the heating plates. Therefore, the set point
temperatures do not necessarily represent the average plate
temperature.

CFD development and analysis of the improved
mixer-heater designs

CFD analysis of the Design 2 mixer-heater is shown in
Figure 8. Velocity fields and stream traces show signifi-
cantly less recirculation in the mixing region, as expected,
together with enhanced transport toward the lower heating
plate (Fig. 8a). Uniform inlet flow and the increased heating
length improve effectiveness of the heating region, resulting
in an outlet temperature of 32.4�C for a uniform wall tem-
perature of 55�C. Surprisingly, Design 2 spreads the aerosol
over the entire width of the heating section, resulting in full
evaporation of the aerosol and an outlet MMAD of 1.0 lm
(Fig. 8c). The associated CFD-predicted total depositional
loss (nebulizer and mixer-heater) is 10.6%, which is just
above the 10% total target, but could potentially be even
lower if deposition in the transition between the mixer and
heater regions was reduced (Fig. 8d).

To further reduce depositional loss, Design 3 was de-
veloped as shown in Figure 9. A flow unifier was also de-
veloped for Design 3 such that the CFD boundary condition
was again uniform inlet flow. While streamlines are highly
linear, the heat transfer region was less effective with a
60�C constant wall temperature required to produce an
outlet temperature of 31.5�C (Fig. 9b). Trajectories illustrate
a concentration of the aerosol along the top half of the
vertical heating region, resulting in incomplete evaporation
(MMAD = 1.1; Fig. 9c). However, the CFD-predicted total
depositional loss (nebulizer and mixer-heater) was further
decreased to 9.9%.

As described, all three geometries have volumes below
the 100 mL target (including 50 cm of outlet tubing).
However, trajectories and turbulence result in different
mean droplet transit times through the mixer-heater, as
shown in Figure 10. Each design has a mean transit time
of <0.3 seconds, as desired. Design 2 increases droplet transit
time from 0.23 to 0.27 seconds. However, due to flow
streaming through the middle and top half as well as reduced
turbulence, Design 3 has the fastest average droplet transit
time (texit = 0.18 seconds; Fig. 10c).

FIG. 6. Development of the inlet flow unifier device, in-
cluding (a) sample inlet velocity profiles in horizontal and
vertical directions without (Design 1) and with (Design 2)
the flow unifier, (b) assembled Design 2 flow unifier, in-
cluding a Pulmoguard II� (Queset Medical, North Easton,
MA) filter at the outlet.

FIG. 7. Thermal image of the heating plate taken with
rectangular sections of the outer nylon shell removed for the
Design 1 mixer-heater operated at 30 LPM with a thermo-
couple set point temperature of 60�C. Approximate ther-
mocouple location marked and labeled with software-
determined temperature.
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FIG. 8. CFD analysis of Design 2 operated at 30 LPM with a constant plate temperature
of 55�C, including (a) surface contours and stream traces of the velocity field, (b) contours
of the temperature field, (c) droplet trajectories with an initial size of 5.3 lm and colored
based on geometric diameter, and (d) droplet deposition locations, including the size of the
droplets/particles at the point of deposition.

FIG. 9. CFD analysis of Design 3 operated at 30 LPM with a constant plate temperature
of 60�C including (a) surface contours and stream traces of the velocity field, (b) contours
of the temperature field, (c) droplet trajectories with an initial size of 5.3 lm and colored
based on geometric diameter and (d) droplet deposition locations including the size of the
droplets/particles at the point of deposition.
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Experimental analysis of improved designs

For experimental testing, the heating sections of all three
designs were produced in heat-resistant DuraForm� nylon
resin. Set point temperatures of the heating plates in each
design were adjusted to achieve an outlet temperature of
32�C – 2�C after the 3-minute warm-up period. Experi-
mentally measured temperature and RH conditions at the
outlet of each heater system are reported in Table 5. In all
cases, the target outlet temperature of 32�C – 2�C was
achieved. Measured RH conditions were consistently lower
than predicted with the analytical model. Specifically, at 20

and 30 LPM, measured RH was 40% and 20% below (rel-
ative difference) analytically predicted values, respectively.
Furthermore, measured RH conditions were similar between
20 and 30 LPM cases.

Theoretically, RH conditions at 20 LPM should be larger
than at 30 LPM by a factor of 1.5-fold, assuming similar
depositional losses among the cases. As a final observation,
RH values are expected to be similar between designs at a
constant flow rate, assuming similar depositional losses, as
was seen at 30 LPM. However, larger variations in RH
values are observed at 20 LPM, with Design 2 having the
highest RH and Design 1 having the lowest RH. These
unexpected RH findings may arise from difficulty in mea-
suring water vapor content in a fast moving heated gas
stream that also contains a hygroscopic aerosol, which may
potentially deposit and collect on the RH probe.

Experimentally determined deposition fractions and
MMADs of the aerosols exiting the three systems are re-
ported in Table 6. Depositional loss was reasonably

FIG. 10. Droplet trajectories contoured by mixer-heater
residence time (starting at the point of injection from the
drug nebulizer) for (a) Design 1, (b) Design 2, and (c)
Design 3.

Table 5. Experimentally Measured Mean

(Standard Deviation) Temperature and Relative

Humidity Values for All Mixer Heater Designs

with a Targeted 32�C Outlet Temperature

Operating in Alternating Mode

20 LPM 30 LPM

Design 1
T (C) 32.7 (0.5) 32.2 (0.6)
RH (%) 33 (2.1) 32 (1.7)

Design 2
T (C) 32.8 (0.5) 32.0 (0.7)
RH (%) 39 (1.1) 30 (0.0)

Design 3
T (C) 32.7 (0.3) 32.4 (0.5)
RH (%) 35 (0.6) 30 (1.1)

Table 6. Experimentally Determined Mean

(Standard Deviation) Aerosol Deposition

Fraction (% of Nebulized Dose) in Different

Regions of All Mixer-Heater Designs

with a Targeted 32�C Outlet Temperature

and Mean (Standard Deviation) Mass Median

Aerodynamic Diameter of the Outlet Aerosols

20 LPM 30 LPM

Design 1
Nebulizer (%) 7.0 (0.7) 9.1 (0.7)
Mixer-heater (%) 11.4 (1.2) 11.1 (0.6)
Outlet filter (%) 71.1 (2.4) 71.2 (0.4)
MMAD (lm) 1.2 (0.1) 1.2 (0.0)

Design 2
Nebulizer (%) 7.2 (0.7) 7.0 (1.4)
Mixer-heater (%) 6.2 (1.6) 4.5 (1.6)
Outlet filter (%) 79.2 (4.1) 80.2 (3.4)
MMAD (lm) 1.3 (0.1) 1.2 (0.1)

Design 3
Nebulizer (%) 9.3 (1.6) 9.2 (3.9)
Mixer-heater (%) 4.4 (1.8) 4.1 (2.4)
Outlet filter (%) 80.5 (1.1) 85.5 (4.7)
MMAD (lm) 1.2 (0.2) 1.1 (0.1)
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consistent between 20 and 30 LPM, allowing for a focus on
conditions at the higher flow rate. Considering the mixer-
heater, *10% deposition in Design 1 was reduced to *5%
loss with Design 2 and <5% with Design 3.

However, in all cases, aerosol deposition in the skirt of
the nebulizer was *10%, making it not possible to achieve
<10% total deposition in the system. Combining the nebu-
lizer and mixer-heater depositional losses at a flow rate of
30 LPM, as with the CFD calculations, the system with the
lowest total loss was Design 2 (11.5%) followed by Design
3 (13.3%) and then Design 1 (20.2%). A similar rank order
in total depositional loss is observed at 20 LPM, but with
both Design 2 and 3 having a total loss of *13%. In all
cases, the measured MMAD was within the range of 1.1–
1.3 lm with a very small SD range (0–0.2) (Table 6).

Verification of CFD results in improved designs

System depositional losses (nebulizer and mixer-heater)
are compared between the experimental measurements and
CFD predictions in Figure 11 with a targeted 32�C outlet
temperature. In all cases, the CFD predictions fall within –1
SD of the mean experimental values. As described, the CFD
model could not capture the distribution of aerosol deposi-
tion between the nebulizer and mixer-heater. Nevertheless,
the CFD predictions accurately captured mean total depo-
sitional loss in the system, which implies accurate predic-
tions of system-emitted dose. In all cases, CFD-predicted
MMAD values of *1 lm were close to the measured values
of 1.1–1.3 lm.

Discussion

The improved mixer-heater prototypes, Designs 2 and 3,
both met the primary challenge of 5% or less depositional
loss. Surprisingly, the Aeroneb Solo mesh nebulizer had
*10% depositional loss in the nebulizer skirt region, which
was higher than previously observed in other systems using
the Aeroneb Lab and Pro nebulizers.(12,14,35,49) It is not clear
if this increase in depositional loss is due to the nebulizer
device or circulating airflow patterns arising from the cross-
flow design of the mixing region. At the primary flow rate of

interest (30 LPM), Designs 2 and 3 had total depositional
losses (nebulizer and mixer-heater) of 11.5% and 13.3% of
the nebulized dose, respectively, which are acceptably close
to the target of 10% system deposition. Reducing the system
flow rate to 20 LPM did not appreciably change performance.
Both devices provided adequate evaporation of the aerosol,
with Design 3 producing slightly more drying potential than
Design 2. However, Design 3 had a substantially faster
aerosol clearance time compared with Design 2. As a result,
both Designs 2 and 3 performed well with respect to aerosol
delivery and should be considered further in future realistic
aerosol delivery testing.

Considering device outlet temperature and RH measure-
ments, producing the heating section in heat-resistant ma-
terial enabled all designs to achieve the targeted temperature
range of 32�C – 2�C during aerosol production within the
first 3 minutes of operation. As described, the RH results are
less clear. Consistency was observed between RH mea-
surements, analytical calculations, and the CFD predictions
for the initial system (Design 1) with a plate temperature of
60�C. However, measured RH conditions were substantially
lower with increased outlet temperatures, did not agree with
the analytic calculations, and were not consistent with
thermodynamic concepts. It is expected that the current
measurement setup may not be able to capture the complete
RH of the small diameter (*0.7 cm) aerosol and gas stream
exiting the mixer heater. Still, measured RH values achieved
the 30% target value.

For high efficiency transnasal (i.e., nose to lung) aerosol
delivery, the mixer-heater is intended to evaporate a ma-
jority of the liquid from the droplets, producing an aerosol
size of *1 lm or below. These values were observed to be
close to the experimentally measured MMAD values exiting
the heater section, which were approximately 1.1–1.3 lm.
Based on the validated CFD predictions of Walenga
et al.,(50) at this aerosol size, depositional loss of *7% is
expected in a streamlined nasal cannula and average adult
nasal airway combined. Similarly, CFD predictions indicate
a fully dried aerosol with an MMAD of *1 lm at the device
outlet, which produces <4% depositional loss in the same
streamlined nasal cannula and nasal model. The CFD pre-
dictions were based on an initial monodisperse aerosol size,
but were similar when simulating the full polydisperse ini-
tial aerosol distribution. Both the experimental measure-
ments and CFD predictions satisfy the requirement of a
small aerosol with relatively little expected depositional
loss.

It is noted that the analytical estimates of particle size
represent a minimum that can only be achieved if complete
drying of the aerosol droplets into particles occurs. Partial
evaporation of the aerosol is viewed as a less controlled and
likely unstable state that will be associated with low gas
stream temperatures, on the order of *21�C; therefore, full
evaporation of the aerosol is desired. However, if partial
evaporation of the aerosol is to be predicted analytically,
then more advanced models of evaporation(38,43) that in-
clude two-way coupling are needed.

A primary advantage of using mesh nebulizers to provide
both the humidity source and drug aerosol is that one con-
stant temperature heating region can be implemented. This
approach simplifies the heating control, better evaporates
the aerosol, and helps to maintain a safe targeted inhalation

FIG. 11. Comparison of total deposition fractions (as a
percentage of nebulized dose) within the nebulizer and
mixer heater based on experimental data and CFD predic-
tions. Three trials of each experiment were conducted (n = 3)
and error bars denote –1 standard deviation of the experi-
mental data.
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temperature. For example, if the HFNC gas was composed
of water vapor and air (or an oxygen mixture), as with all
current commercial systems, *5 W of power would be
required to heat the flow stream from 24�C to 32�C. How-
ever, during periods when the drug nebulizer is actuated, a
total of 21 W of power is required to evaporate the aerosol
and heat the flow stream, due to the high latent heat of
vaporization of water. To provide this additional power
input, the heating section would need to cycle tempera-
ture up very quickly during periods of nebulizer actuation
to provide 21 W and then cycle temperature back down to
provide 5 W. Considering that the drug nebulizer is only
actuated for a portion of the inhalation period, which may
be under 1 second, the temperature cycling of the heating
section becomes difficult to control and will likely un-
derevaporate the aerosol at the start of drug nebulization
and then overheat the airstream at the end of nebulization.
If 21 W of power, which is required when the nebulizer
is actuated, is applied to a gas stream of air and water
vapor without aerosol droplets, the outlet temperature
will become *60�C (140�F), which is not safe for direct
inhalation. In contrast, the alternating nebulizer design in
which both nebulizers deliver the same liquid flow rate and
only one nebulizer fires at a time, allows the single heating
section to remain at one constant temperature with a constant
power input of *21 W.

In developing a high efficiency aerosol administration
system, it is also important to consider the drug formulation
delivery rate. The Aeroneb Solo mesh nebulizer was found
to nebulize an aqueous low-concentration formulation at a
rate of *0.4 mL/min. In this study, the drug aerosol nebu-
lizer was only actuated 20% of the time (with the humidity
nebulizer actuated the remaining 80% of the time). Con-
sidering the estimated 90% aerosol delivery efficiency, the
resulting delivery rate of the drug formulation out of the
combination device was 0.072 mL/min. During deep inspi-
ration, the drug delivery time may be increased to *50%,
resulting in a maximum drug formulation delivery rate
(assuming 90% delivery efficiency) of 0.18 mL/min. In-
creases in the nebulization rate are also allowable by as
much as twofold considering that the RH of the heated
aerosol stream was *30% at a flow rate of 30 LPM.

A number of other studies have evaluated aerosol de-
livery efficiency during HFNC therapy. Using commercial
components and Aerogen mesh nebulizers, estimated lung
doses are typically either less than *5% for small diameter
nasal cannula(9,51,52) or less than *15% for larger diam-
eter adult nasal cannula.(11,53) These previous studies have
seldom reported depositional losses in the delivery system
separate from lung delivery efficiency. One exception is
the in vivo study of Dugernier et al.,(10) who considered
mesh nebulizer aerosol delivery during HFNC therapy
using single-photon emission computed tomography in
humans. Total depositional loss in the delivery system was
58.2% of the nebulized dose with only 3.6% reaching the
lungs. Assuming small tubing and nasal cannula deposi-
tion, based on small particles and streamlined designs,(50)

the mixer-heater in this system is approximately five to six
times more efficient than the commercial system evaluated
by Durgernier et al.(10)

The transnasal pulmonary aerosol delivery (tPAD) device
considered by Zeman et al.(54) does not report device de-

livery efficiency, but includes a ‘‘spacer’’ to selectively filter
larger droplets from an Aerogen Pro mesh nebulizer, with an
estimated delivery rate of 0.4 mL/min(13) when actuated
continuously. From the reported ex-device delivery rate of
2 mL/h (or 0.033 mL/min),(54) it can be estimated that the
tPAD device has a delivery efficiency of *8% of the neb-
ulized dose. Hence, the mixer-heater device developed in
this study is significantly more efficient than commercial
and other experimental systems, and produces a significantly
higher drug formulation delivery rate.

In this study, an EEG formulation of 50:50 AS and NaCl
was employed as a test aerosol based on its safety profile
and well-developed characterization methods. As described
in our previous work, the EEG approach delivers a small-
particle aerosol that is composed of an inhaled medication
and hygroscopic excipient.(26,30) The small initial size of the
aerosol provides for low depositional loss in the delivery
system and extrathoracic airways. Once inside the lungs, the
presence of the hygroscopic excipient causes the particles to
take up water, increase in size, and deposit. The amount and
type of hygroscopic excipient, initial aerosol size, and in-
haled air conditions can all be used to control the rate of
particle size increase and, together with inhalation rate, can
be used to target the region of deposition.(28,29,43)

Considering AS and other bronchodilators delivered
during NIV, clinical benefit is frequently reported even
though the lung delivery efficiency is low (typically <10%)
and intersubject variability is high for conventional delivery
systems.(5,6,8,55,56) This is generally considered acceptable
because AS has a wide therapeutic window, relatively mild
side effects, and is relatively inexpensive. Nevertheless,
improved knowledge of the delivered dose may help to
lessen the potential beta-agonist side effects of atrial and
ventricular arrhythmias and tachycardia,(7,57,58) especially
when these medications are delivered in very high doses as
with acute severe asthma.

Beyond the administration of bronchodilators, we envision
the combination delivery device to be useful for respiratory
drug delivery in cases involving (1) high-dose nebulized
medications, (2) drugs with rapid absorption where continu-
ous delivery is beneficial, (3) medications that require uni-
form concentration in ASL, and (4) therapeutics targeted to
specific lung regions such as the tracheobronchial or alveolar
airways. One potential sample application that could benefit
from the combination delivery system and the EEG strategy is
the administration of nebulized antibiotics, which may re-
quire high doses and would likely benefit from uniform sur-
face concentration throughout the lungs. At the current
nebulized solution concentration of 0.5%, the combination
device delivers *0.9 mg/min of drug (with deep inspiration at
a liquid delivery rate of 0.18 mL/min). Increasing the solute
concentration to 3% would further increase the drug delivery
rate to 5.4 mg/min and would produce an *1.9 lm (aerody-
namic diameter) aerosol, which is still expected to have low
extrathoracic depositional loss. Tian et al.(28) previously con-
sidered nose-to-lung delivery of 1 lm EEG particles using a
complete-airway CFD model. Compared with conventional
static particle sizes, the EEG approach increased small tra-
cheobronchial airway deposition by a factor of *35-fold.(28)

This increase is approaching what is required to achieve uni-
form concentration in ASL (lg of drug/mL of liquid) based on
initial particle deposition site.
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A second application of the combination device may be
continuous or long-term administration of inhaled medica-
tions, perhaps during sleep. As described by Geller,(59) beta-
lactam antibiotics are effective based on the duration of time
the drug concentration remains above the minimum inhibitory
concentration of the bacteria, in comparison with other
concentration-dependent antibiotics. The long-term adminis-
tration of beta-lactams simultaneously with HFNC or other
forms of NIV may provide another option for the treatment of
respiratory infections that is not currently available. Zeman
et al.(54) describe the tPAD device for administration of hy-
pertonic saline to improve airway clearance in cystic fibrosis
(CF) subjects. However, clinical trials did not indicate an
improvement in clearance rate associated with overnight ad-
ministration of hypertonic saline,(60) which was likely due to
an insufficient delivery rate.(60) Based on hypertonic saline
oral inhalation studies, a target delivery rate for effective
improvement in clearance may be closer to 5.0 mg/min,(60)

whereas the tPAD device delivered 1.3 mg/min or less using a
7% saline formulation.(60) For NaCl as the therapeutic mol-
ecule in the combination device, increasing the concentration
to 3% will increase the drug delivery rate to 5.4 mg/min and
the dried aerodynamic particle diameter to 1.9 lm. The in-
crease in dried hygroscopic particle size would likely be ef-
fective in targeting the tracheobronchial region and especially
the lower tracheobronchial airways. However, it is not clear if
delivering dried particles with humidity, which then rehydrate
before deposition, will be more or less effective compared
with nebulizer delivery of standard 7% hypertonic saline for
improving airway clearance. Considering a third application,
the dual nebulizer setup may be useful for the administration
of different therapies simultaneously, potentially targeting
different regions of the lungs based on nebulizer timing, in an
effort to reduce treatment time and burden for subjects with
complex inhalation regimes, as with CF.

Several study limitations should be noted and addressed
before advancement of the combination device to human
subject testing. In this evaluation, the system lacked a nasal
cannula interface, which when included will result in addi-
tional depositional losses. However, in multiple previous
studies, we have described the development of streamlined
nasal cannula interfaces(12,35,61) that are designed for aerosol
administration and have very low depositional losses (<1% for
nebulized aerosol based on in vitro experiments(12)) when de-
livering particles on the scale of *1 lm at flow rates of *30
LPM. Compared with other HFNC systems, we propose that
RH values >30% (and in the range of 40%–60%) are acceptable
for HFNC therapy, based on ASTM standards for NIV.(37)

Moreover, by using an RH condition that is below 100%,
common HFNC problems of liquid sputtering(23) and nose
drippage may be avoided. The use of nebulized isotonic saline
is currently untested as a means to humidify the airways on a
long-term basis. We contend that delivering isotonic saline will
help to maintain the correct osmotic gradient in the lungs,
compared with the common practice of delivering humidity
from pure water vapor. Furthermore, the salt concentration can
be increased to enable simultaneous hypertonic saline admin-
istration, which is a known therapy for improving airway
clearance.(62) In this study, alternating actuation of the nebu-
lizers was simply cycled with an expected inhalation time
course. In future studies, breath monitoring will be added to the
system to enable active synchronization of the aerosol during a

portion of inhalation. It is expected that maximum delivery
efficiency can be achieved when the subject can execute a
‘‘slow and deep’’ inhalation together with active synchroni-
zation of the aerosol delivery.

Future in vitro studies will be conducted with variable
breathing scenarios to test the ability to sense flow and
synchronize actuation for a variety of nasal anatomies.
In vitro studies are also in progress to further test safety and
reliability of the heating system. Upon in vitro testing and
development of the combination system with synchronized
delivery, studies to determine the lung deposition of radi-
olabeled aerosol in human subjects are planned.

In conclusion, multiple approaches (analytical, in vitro
experimental, and CFD) were used concurrently to develop
a new combination device for administering HFNC therapy
and simultaneous ‘‘on-demand’’ pharmaceutical aerosols to
the lungs with high efficiency. Designs 2 and 3 both satisfied
the 5% or less mixer-heater depositional loss requirement
and produced small-particle aerosols with expected subse-
quent low depositional losses. Based on CFD and in vitro
assessment of an initial design, the validated CFD model
was used to guide development of the improved designs and
achieve the specified performance metrics. Rapid prototyp-
ing and experimental testing of the improved designs con-
firmed improved aerosol and outlet temperature performance.
Potential limitations of each approach were overcome with
comparisons to the other methods.

Further studies are needed to verify the expected analyt-
ical predictions of RH in all cases and resolve differences
between predicted and measured outlet particle size. A sys-
tem for synchronizing alternating actuation of the nebulizers
with inspiration is currently in development. Subsequent
studies will consider lung delivery efficiency during cyclic
respiration using realistic in vitro airway models and then
human subject testing.
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