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ABSTRACT

Pressurized metered dose inhalers (pMDI) produce large numbers of droplets with smaller sizes than
5 um to treat asthma and other pulmonary diseases. The mechanism responsible for droplet
generation from bulk propellant liquid is poorly understood, mainly because the small length scales
and short time scales make it difficult to characterize transient spray formation events. This article
describes the development and findings of a numerical atomization model to predict droplet size of
pharmaceutical propellants from first principles. In this model, the velocity difference between
propellant vapor and liquid phase inside spray orifice leads to formation of wave-like instabilities on
the liquid surface. Two variants of the aerodynamic atomization model are presented based on
assumed liquid precursor geometry: (1) cylindrical jet-shaped liquid ligaments surrounded by vapor
annulus; (2) annular liquid film with vapor flow in the core. The growth of instabilities on the liquid
precursor surfaces and the size of the subsequently formed droplets are predicted by numerical
solutions of dispersion equations. The droplet size predictions were compared with phase doppler
anemometry (PDA) data and the predictions were in good agreement with the number mean
diameter D;,, which is representative of the respirable droplets. The temporal behavior of droplet
size production was captured consistently well during the period of the first 95% of the propellant
mass emission. The outcome of our modeling activities also suggests that, in addition to saturated
vapor pressure of the propellant, its viscosity and surface tension are also key properties that
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govern pMDI droplet size.

1. Introduction

Pressurized metered dose inhalers (pMDI) are well
known for their ability to form aerosols with a large
numbers of therapeutic droplets predominantly in the
respirable size range 1-5 pm. The mechanism responsi-
ble for droplet generation from bulk formulation is
known to be transient, turbulent, and highly complex
(Finlay 2001).

Early experimental work by Polli et al. (1969) identi-
fied key factors affecting the particle size of pMDI
aerosols: propellant vapor pressure and spray orifice size,
as well as drug particle size, drug concentration, and
presence of surfactant in the suspension formulation.
Fletcher (1975) studied steady flows of flashing mixtures
of CFC propellants 11, 12, and 114 through a twin-orifice
system. A theoretical model of the propellant mass flow
rate and aerosol velocity was developed. Measurements

of the mass median diameter (MMD) of the aerosol par-
ticles for spray orifices with diameter of 0.25 and
0.58 mm yielded an empirical correlation relating the
MMD to the spray orifice diameter.

Studies of this type are very important for the
pharmaceutical industry and are routinely used in prod-
uct development and quality assurance procedures (FDA
1998). However, impactors characterize the final particle
size distribution, whereas the aerosol source produced by
a pMDI will contain significant quantities of propellant
liquid. More recent studies (Brambilla et al. 1999; Stein
and Myrdal 2004; Ivey et al. 2014) have developed
empirical correlations for the initial spray droplet size,
i.e., the spray source produced at the actuator orifice.
The models predict the initial droplet size at the spray
orifice exit from the residual droplet size measured by
cascade impactors assuming that (i) evaporation is the

CONTACT B. Gavtash @ b.gavtash@lboro.ac.uk @ Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University, Ashby

Road, Loughborough LE11 3TU, UK.

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/uast.

@ Supplemental data for this article can be accessed on the publisher’s website.

© 2017 American Association for Aerosol Research


https://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2017.1327121&domain=pdf&date_stamp=2017-07-13
mailto:b.gavtash@lboro.ac.uk
http://www.tandfonline.com/uast
https://doi.org/10.1080/02786826.2017.1327121
https://doi.org/10.1080/02786826.2017.1327121

only mechanism responsible for reduction of the droplet
size after emission from the pMDI and (ii) all volatile
formulation components are fully evaporated at point of
impaction.

Using an early version of these techniques, Clark
(1991) measured the droplet size of propellant aerosols
with known amounts of dissolved surfactants with an
aerodynamic particle sizer (APS). Assuming that the
cause of atomization of liquid ligaments in the spray ori-
fice was aerodynamic shear, Clark developed an empiri-
cal correlation for droplet size as a function of the peak
pressure developed in the expansion chamber p,. and the
vapor quality x,.. He obtained the following expression
for the mass median aerodynamic diameter MMAD (in
pum) of a pMDI spray droplet source:

C
MMAD = — [1]
x0.46 Pec _Pamb> '
ec Pamb

where p,y = ambient pressure.

Equation (1) captured the trends relating to the effects
of the volatility of the formulation on the MMAD of
pMDI aerosols by setting constant C = 8.02 for continu-
ous discharge and C =1.82 for metered discharge.

Dunbar and Miller (1997) compared Clark’s expres-
sion with a range of droplet size correlations for indus-
trial atomizers (Lefebvre 1989). The predictions were
validated against phase Doppler anemometry (PDA)
measurements of pMDI spray droplet size (Dunbar
1997). Equation (1) was found to be the most accurate if
used in conjunction with C =8.02 as the constant for
metered discharges. Wigley et al. (2002) measured the
droplet size of an HFA227 aerosol in the near-orifice
region of a pMDI with PDA and found a reasonable
match with droplet size predictions made using Equa-
tion (1) but with C = 1.82.

In summary, Clark’s atomization correlation is cur-
rently the best approach for the prediction of pMDI
droplet size. However, different values of the constant C
are needed for continuous and metered sprays; different
values are used by different groups modeling metered
sprays. Recent work by Gavtash et al. (2017) suggests
that case-by-case adjustment may be required for differ-
ent propellants. To the knowledge of the present authors,
there are currently no approaches capable of predicting
pMDI droplet size from first principles. This article
develops Clark’s aerodynamic atomization concept and
applies numerical models to predict the instability of pre-
cursor liquid ligaments in the spray orifice to determine
the size of the liquid fragments and droplets. The
approach is integrated with the model of propellant two-
phase flow inside a pMDI (Gavtash et al. 2017). Model
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predictions of droplet size are compared with four sets of
PDA data by Myatt et al (2015), Dunbar et al. (1997),
and Wigley et al. (2002).

2. Conceptual model of primary atomization
in pMDIs

Propellant expands from the metering chamber into the
expansion chamber. A vapor-liquid mixture moves into
the spray orifice, where the liquid precursor entities are
formed that eventually produce droplets at the spray ori-
fice. Fletcher (1975) described the flow regime as the
expanded propellant flow passes through the spray orifice
of a pMDI: dispersed liquid ligaments surrounded by a
continuous vapor flow. Clark (1991) developed atomiza-
tion model Equation (1) based on this conceptual model.
A mixture of liquid ligaments and propellant vapor enters
the spray orifice; the propellant vapor provides the force
to drive the flow through the spray orifice. The dominant
atomization mechanism of the pMDI was assumed to be
aerodynamic breakup similar to air-blast atomization.
The ligaments experience high aerodynamic forces due to
the faster-flowing vapor, which causes breakup of the liga-
ments into smaller fragments, which ultimately re-form
into small spherical droplets. This work builds on Clark’s
aerodynamic atomization concept and combines it with
numerical approaches to study instability and primary
atomization of liquid ligaments in the spray orifice. The
vapor and liquid phase will flow at different speeds. Aero-
dynamic forces between the vapor and liquid generate
wave-like instabilities on the vapor-liquid interface.
Amplification of these waves causes the liquid to break up
and fine droplets are produced.

Details of the two-phase flow regime in the spray ori-
fice of a pMDI are currently unknown. Fletcher (1975)
and Clark (1991) assumed that the liquid phase is dis-
tributed in the spray orifice as ligaments surrounded by
vapor. Versteeg et al. (2006) reported flow visualizations
in transparent models of a pMDI, which suggested the
existence of an annular liquid film with a vapor core in
the spray orifice during part of the spray event. This flow
configuration has recently been described by Honnery
et al. (2016). Below, two variants of liquid atomization
are developed on the basis of these two assumed liquid
precursor flow regimes.

e cVariant 1: liquid jet precursor

The first variant of the aerodynamic atomization
model assumes that the liquid phase takes the shape of a
liquid element traveling in the core of the spray orifice
surrounded by an annulus of vapor. The shape of the lig-
ament will be approximated by a cylinder (Figure 1la).
Velocity differences between the vapor and liquid phase
generate aerodynamic forces on the liquid cylinder,



1000 B. GAVTASH ET AL.

Spray orifice

!

gas annulus

gas annulus

<+—— expansion chamber

droplets

ol.

detached liquid

segment from
wave crest

unstable ligament

Figure 1. Schematic of droplet generation from cylindrical liquid jet, using Reitz and Bracco (1986) atomization model in pMDI.

which causes wave-like disturbances on the vapor-liquid
interface. These disturbances grow rapidly in amplitude
and fragment the cylindrical liquid jet into aerosol drops
(Figure 1b).

o Variant 2: liquid sheet precursor

The second variant of the aerodynamic atomization
model assumes that the liquid forms a thin annular sheet
along the walls of the spray orifice that surrounds a faster
moving vapor flow in the core (Figure 2a).This liquid
sheet experiences aerodynamic forces causing the growth
of instabilities at the vapor-liquid interface.

Amplification of unstable waves is responsible for
sheet disintegration and formation of unstable cylindri-
cal ligaments. These break up and contract into spherical
droplets (Figure 2b).

2.1. Mathematical formulation

Next, two numerical models are developed of aerody-
namic atomization of the precursor flows—cylindrical
liquid ligaments and annular liquid films. The insta-
bility of these precursor entities is studied using
Kelvin-Helmholtz (KH) model of the instability of
cylindrical jets (Reitz and Bracco 1986) and the linear
instability sheet atomization (LISA) model (Senecal
et al. 1999), respectively. Aerodynamic atomization is
strongly dependent on flow rate, velocity, and proper-
ties of fluid (Lefebvre 1989), so accurate prediction of
these flow parameters is essential. In this study, the

gas core

S
(v

homogenous frozen model (HFM) is used for the pre-
diction of flow rate and spray velocity, since it is the
most successful two-phase flow model in pMDIs
(Clark 1991; Wigley et al. 2002; Gavtash et al. 2014,
2017). All fluid properties are evaluated using
REFPROP V.7.0. (National Institute of Standards and
Technology, Gaithersburg, MD, USA).

2.1.1. Precursor liquid length scale and atomization
velocity scale

Aerodynamic atomization models based on the con-
ceptual models introduced earlier require as input the
length scale of the precursor liquid entities: the diam-
eter/radius of liquid jet (Variant 1) or thickness of
the annular liquid film (Variant 2). These precursor
length scales can be estimated if the void fraction of
the vapor-liquid flow inside the spray orifice is
known. Since the HFM is chosen for flow predictions,
the void fraction agso of the homogenous vapor-liquid
flow in the spray orifice is evaluated using the following
expression (Whalley 1987):

where x is the vapor mass fraction (or quality) and v is
the specific volume and subscripts | and g refer to the
liquid and the vapor phase, respectively.

perturbed sheet

diig

Figure 2. Schematic of droplet generation from annular liquid sheet, using LISA mechanism (Senecal et al. 1999) in pMDI.



As shown in Figures 1 and 2, the void fraction is
related to the precursor liquid length scale by the follow-
ing expressions:

A D\?
asp= 2 =1— <—l> for Variant 1 [3a]
Aso SO
A Dy \?
aso= 2 = (—g> for Variant 2, [3b]
Aso Dso

where Ago is the spray orifice cross-sectional area and
Dy is the spray orifice diameter; Ay is the cross-sectional
area occupied by the vapor; D, and D are corresponding
diameters occupied by the vapor phase and liquid phase,
respectively.

The radius R; of the liquid jet in Figure 1 and the
thickness H; of the annular liquid film in Figure 2 can be
found as follows:

D
R = 71 = Dsp v/ 1 — asp for Variant 1 [4]
Dso .
H = - (1 — \/aso) for Variant 2. [5]

Thus, the initial length scale of the liquid element
in a spray orifice can now be estimated using Equa-
tions (2)-(5) from the flow quality x and the specific
volumes of the liquid and the vapor phase, v; and v,
respectively. These quantities are all generated by the
HFM internal flow model (see Gavtash et al. 2017 for
further details).

The relative velocity between the liquid and vapor
phase is taken to be equal to two-phase flow velocity.
This is a common approximation made in phenomeno-
logical modeling of atomizers in cases where only one
flow velocity scale is available (Lefebvre 1989; Razzaghi
1989; Schmidt et al. 1999; Senecal et al. 1999).

2.1.2. Variant 1: Breakup of liquid jet

The precursor liquid entities in the first aerodynamic
atomization model are assumed to be cylindrical liga-
ments. The interaction between these ligaments and
the surrounding vapor flow is assumed to be similar
to the behavior of liquid jets. The disintegration of
liquid jets is predicted using the jet stability analysis
described in detail by Reitz and Bracco (1986), also
known as the Kelvin-Helmholtz (KH) model. The
theory develops and solves a dispersion equation for
the amplification of infinitesimal disturbances on the
vapor-liquid interface. The growth rates of waves are
evaluated as a function of their wavelength. The max-
imum growth rate, which represents the most unsta-
ble wave, is found for a given set of flow conditions.
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Reitz (1987) developed the following curve fits of
numerical solutions of the dispersion equation for the
maximum growth rate, .y, and the corresponding
wavelength, 4,4y

0.5 1.5
" oR? _ 0344038 Wery, o
"\ o (1 + Ohg)(1 + 0.4 Ta%6)

_ 902(1 + 0.45 Ohg, *°)(1 + 0.4 Ta’7)
R 7 (1 4 0.87 Wey,17)*°

imax

’ [7]

where the non-dimensional groups appearing on the
right-hand side of Equations (6) and (7) are defined as
follows:

pg V2R
Weg,R,z £ [83]

o1 V2R
Weyp =2 [8b]

2

M
Ohp, = 9
& PIOR; )

Ta, = Oth\/W€17R1, [10]

where p is the density, o is the surface tension, p is the
viscosity, and Ry is the radius of the cylindrical liquid
jet. As stated above, the relative velocity V between lig-
uid and vapor phase will be taken to be equal to the
velocity predicted by the HFM model.

The diameter of the droplets at the spray orifice exit
Dgso is proportional to the wavelength of the most
unstable wave:

DdA,SO = ZBoimum [1 1]

where B is a model constant set equal to 0.61 as recom-
mended by Reitz (1987).

2.1.3. Variant 2: Breakup of liquid sheet

In the second variant of the aerodynamic atomization
model, an annular liquid film on the spray orifice walls is
the precursor liquid entity from which respirable drop-
lets are subsequently formed (Figure 2). The radius of a
typical pMDI spray orifice is Rgo= 150-200 pm. Prelim-
inary estimates based on flow calculations and visualiza-
tions in transparent nozzles suggest that the liquid film
thickness H; is typically 15-20 pum. Taking the size of
small disturbances on the liquid film to be initially of the
order of tenth of the sheet thickness, say 2 um, the ratio
of the disturbance amplitude and spray orifice radius is
much smaller than unity. The instability of the thin
annular liquid sheet can be studied as a flat sheet to first



1002 (&) B.GAVTASHETAL.

approximation. The behavior of unstable annular sheets
has been studied by Jeandel and Dumouchel (1999).
A posteriori justification of this assumption is provided
in the online supplementary information (SI), Section
S.2.2.

The theory of disintegration and breakup of flat liquid
sheets involves a dispersion equation for the evolution of
initially small disturbances. Early analyses by York et al.
(1953) and Dombrowski and Johns (1963) formed the
basis of the linear instability sheet analysis (LISA) model
of Senecal et al. (1999) used in this work.

Solutions to the dispersion equation recognize two
wave-generation regimes (i) short waves that are domi-
nated by viscous and surface tension effects and (ii) long
waves, which are governed by inertial and surface ten-
sion effects. The regimes can be distinguished on the
basis of the gas-phase cut-off Weber number using the
liquid half sheet thickness of H;/2, as the characteristic
length (Senecal et al. 1999):

pgVZH

P [12]

Weg_,Hl =

e Short wave regime

If Wey p, > 27/16, then short waves are generated. In
this case, Senecal et al. (1999) give the following expres-
sion for growth rate:

w =

3
—2vk? + \/ 40+ TV — i, [13]
i

where I' is the density ratio between the gas and liquid
phase (i.e., p,/p;), v1 is the kinematic viscosity of the lig-
uid, and k ( = 27/2) is the wave number. Numerical
maximization of Equation (13) with respect to wave
number (dw/dk = 0) yields the maximum growth
rate, w,.x as a function of wave number, k. The wave
number corresponding to the maximum growth rate is
denoted by K..

The diameter of the ligament dj;, at the point of disin-
tegration is assumed to be linearly proportional to the
reciprocal of wave number K; :

chlig
K, '’

dlig = [14]

where Cjg is ligament constant, which takes a value of 0.5
(Hutcheson et al. 2008; Ghose et al. 2014).

® Long wave regime

If Wegn, <27/16, then long waves are generated. In
this wave generation regime, viscosity has negligible
effect on wave growth and Senecal et al. (1999) use the

results of the inviscid analysis of Squire (1953) to
determine the wave number K; of the most unstable
wave disturbances:

pgV?
20

K= [15]

The diameter of ligaments formed from the unstable
liquid sheet during long-wave breakup is obtained from
a mass balance by assuming that two ligaments are
formed per wavelength (Senecal et al. 1999):

8H;

e [16]

dlig =

Regardless of the responsible wave regime for
breakup, the diameter of the droplets can be obtained
based on capillary instability analysis of the initial liga-
ments (Senecal et al. 1999):

Daso= 188 djy (143 Ohy)"’*, [17]

where Ohy, denotes the ligament Ohnesorge number
defined as follows:

2

My
Ohyg =/ . 18
lig 010 diig (18]

2.1.4. Near-orifice droplet flashing

The aerodynamic atomization models will be wvali-
dated by comparison of the predicted droplet size
with Phase-Doppler anemometry (PDA) measure-
ments. PDA data can only be acquired at around
15 mm from the spray orifice exit. The HFM internal
flow model provides the two-phase properties includ-
ing the temperature of the propellant at the spray ori-
fice exit. This model suggests that the propellant
droplet emerging from the spray orifice will be super-
heated. Before the droplets are measured, the super-
heated propellant will flash in the near-orifice region
causing a reduction of the mass of newly formed liq-
uid droplets. This loss of mass has to be accounted
for, since it constitutes a further size reduction
mechanism.

Figure 3 shows a schematic of the spray in the near-
orifice region immediately downstream from the spray
orifice exit.

Evaporation of volatile formulation components will
bring the droplets to thermodynamic equilibrium with
its surroundings. Flash evaporation of droplets will occur
very quickly, so it is reasonable to assume adiabatic
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Figure 3. Schematic of spray development in near-orifice region
immediately downstream from spray orifice in choked conditions,
illustrating propellant flashing and associated droplet size
reduction.

conditions. Conservation of energy enables us to evaluate
the change in near-orifice quality Axyo as a result of
flashing:

_ hl,SO - hl,sat,amb [19]

hlg,sat,umh

In Equation (19), A is the specific enthalpy of the pro-
pellant liquid and hj, is the latent heat. The subscript SO
denotes conditions immediately outside the spray orifice,
subscript sat,amb denotes saturation state at ambient
pressure and subscript NO denotes conditions in the
near-orifice region (at the exit of the analysis volume in
Figure 3).

The final droplet mass mg4no in near-orifice region
after flash evaporation can be obtained from the mass of
droplets m, 5o emitted at spray orifice exit as follows:

mgno= (1 — Axno)maso, [20]
where
”Dfi SO
Mds0= ——— 21
’ 6vis0 21]

with Dy is the droplet diameter, v; is specific volume of
liquid phase.
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The size of the droplet after the flashing in near-orifice
region is calculated as follows:

6m v
Dino = ’ M ) 22]

This droplet size estimate will be compared with PDA
data from the literature in the next section.

3. Results and discussion

The near-orifice droplet sizes predicted by variants 1 and
2 of the aerodynamic atomization model are compared
with phase Doppler anemometry (PDA) data published
in Myatt et al. (2015a,b), Dunbar et al. (1997), and
Wigley et al. (2002). The relevant actuator/test parame-
ters for the data are summarized in Tables S1-S3 in Sec-
tion S1 of the SI. Before this comparison is made a priori
checks are performed to ensure that the assumed aerody-
namic atomization regimes in the theories of Reitz and
Bracco (1986) and Senecal et al. (1999) are applicable.
These checks can be made by post-processing results of
the internal flow models and the outcomes are reported
in the SI, Section S2.

3.1 Droplet size predictions

Figures 4a and b compare the results of the predictions of
near-orifice droplet sizes with D,y (arithmetic mean
diameter) and D5, (Sauter mean diameter) as function of
time from PDA measurements for HFAl34a and
HFA227 propellant system, respectively. D, is represen-
tative of the large number of small, respirable droplets
with size that is much smaller than 10 um. The mea-
sured Dj, values show large fluctuations, which are asso-
ciated with the much smaller numbers of very large
spray droplets (10-20 pm).

The temporal trends of the droplet size predicted by
both breakup models reasonably follow the measured
trend of DIt can be seen that measured and predicted
droplet size curves rapidly rise as two-phase propellant
mixture with high vapor content starts to flow through
the spray orifice. After a maximum is reached, the drop-
let size decreases gradually up to 100 ms for HFA134a
and up to 150 ms for HFA227. This temporal behavior is
associated with the filling and emptying of the expansion
chamber as the spray event proceeds. The flow velocity
experiences a corresponding reduction to a minimum
point whereupon an almost linear increase of the velocity
takes place (Dunbar et al. 1997; Wigley et al. 2002;
Gavtash et al. 2017). This inverse relationship between
droplet size and flow velocity is characteristic of
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Figure 4. Prediction of spray droplet size compared with PDA measurements of Myatt et al. (2015a,b) (test case parameters in Table S1).

(a) HFA134a; (b) HFA227.

aerodynamic atomization and was previously identified
by Clark (1991) and others (Dunbar et al. 1997; Gavtash
et al. 2014; Myatt et al. 2015a,b) in the context of pMDI
spray events. Another important feature of Figures 4a
and b is the prediction of smaller droplet size for
HFA134a propellant system compared with HFA227
propellant system, by both atomization model variants.
This trend was previously observed in several studies
such as Brambilla et al. (1999), Stein and Myrdal (2004),
and Myrdal et al. (2004), who measured the residual
droplet size issued from a pMDI. The trend is attribut-
able to higher saturated vapor pressure of HFA134a
compared with HFA227, providing greater energy source
for flow acceleration. Higher flow acceleration augments
the growth rate of disturbances on precursor liquid and
eventually leads to liquid fragmentation to smaller drop-
lets. This is not readily apparent from PDA traces in
Figures 4a and b as Dj, traces are largely unstable to be
used for accurate size magnitude comparison. Further-
more, D, values for both propellants are close in magni-
tude in the present data. This may be due to (i) errors
associated with PDA equipment and/or (ii) different
evaporation rates of HFA134a and HFA227 droplets.

Up to approximately 180 ms for HFA134a, and 230 ms
for HFA227, the prediction curves lie within the region
bounded by D;, and Ds,, suggesting that droplet size is
predicted correctly. These time points correspond to emis-
sion of approximately 95% of the modeled metering
chamber mass by the pMDI. The temporal size trend for
the remaining portion of the propellant emission involves
a large over-prediction of the droplet size. At this stage,
the predicted velocity decays rapidly due to adiabatic cool-
ing of the propellant in the HFM internal flow model.
This causes the predicted droplet size to overshoot. In
reality, heat transfer across the walls of the actuator can
supply additional energy to the flow to maintain atomiza-
tion during this phase of the spray event. This effect is
currently not included in the internal flow model, so the
predictions are poor for the final 5% of the emitted mass,
so the trends are shown as dashed lines.

The timings of the peaks of predicted curves do not
match exactly with the corresponding one for the mea-
sured Djo. The discrepancy may be due to high rate of
momentum transfer between the emerging plume and
the surrounding ambient air, leading to slow-down of
the plume. As a consequence, droplets arrive later at the
point of PDA measurement. This phenomenon was pre-
viously noted to cause a small time shift between pre-
dicted flow velocity curve and PDA measurement curve
(Gavtash et al. 2017). Evaporative size reduction due to
heating by entrainment of surrounding air may also
reduce the size of the measured droplets further. This
discrepancy becomes more dominant if the measure-
ment point is located further downstream.

The results of the atomization model are compared
against the PDA measurements of Dunbar et al. (1997)
for HFA134a, in Figure 5. The modeling parameters of
this test case are summarized in Table S2. The point of
measurement is at 25 mm from the spray orifice and the
time bin for PDA data averaging is 20 ms. As noted ear-
lier, the large distance and long averaging time will cause
smoothing of the variations in the measured droplet size.
The original measurements in Figure 5 reported the
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Figure 5. Comparison of predicted spray droplet size against PDA
measurements of Dunbar et al. (1997).



volume mean diameter Ds,. Dunbar and Miller (1997)
suggested that the measurements reasonably follow a
Rosin-Rammler curve with size parameter X ranging
from 8 to 12 um and distribution parameter of § = 4.8,
although without supporting data. An attempt was made
to reconstruct the corresponding D;, and Ds, values
using these parameters and the relations presented in
Bailey et al. (1983) for the Rosin-Rammler distribution.
However, the ratio Ds5,/D;, is much smaller than for the
other datasets, which suggests that the distribution
parameter is inaccurate, making the dataset only suitable
for order-of-magnitude comparison. In spite of these res-
ervations, Figure 5 shows that the temporal trend of the
predicted droplet size is broadly in line with the PDA
measurements. Important features of the trace such as
initial peak and gradual size reduction are observable in
both measurement and predictions.

Figure 6 shows model outcome comparison against
measurement of Wigley et al. (2002), for HFA227
propellant. The modeling parameters for this test case
are summarized in Table S3. The data were acquired at
2.6 mm away from the spray orifice and are averaged
over 5 ms time bins. The temporal profile is predicted
very well, the magnitude of the droplet size is close to the
measured Dj, curve. The predictions of both jet and
sheet breakup models falls between the measured
D,y and Dj,, over the first 63 ms of the actuation, which
represents 95% of the emitted propellant mass. The tim-
ing of the predicted droplet size peak is synchronized
with the measured peak (less than 2 ms difference). It
is likely that the good agreement with model predictions
is due to the fact that the PDA measurement point is
located very close to spray orifice. The droplets are also
less affected by heat gain from the entrained air. Since
the droplets arrive quickly at the measurement point,
size reduction due to evaporation is not significant.

15~

—8— PDA: D10 at 2.6 mm, Wigleyet al. (2002)

1

1
o | —®—PDAD32at 26 mm, Wigley et al. (2002)
95% mass emission '
1

Jetmodel

Sheetmodel (LISA)

Droplet size (um)

0 50 100 150 200
Actuation time (ms)

Figure 6. Comparison of predicted spray droplet size against PDA
measurements of Wigley et al. (2002).
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In the literature of industrial atomizers, outcomes of
Equations (11) and (17) are more commonly compared
with D, (Patterson and Reitz 1998; Senecal et al. 1999;
Larmi and Tiainen 2003; Park et al. 2009), which is more
widely used in spray applications. Figures 4-6 show that
the droplet size predictions by the jet and sheet breakup
models agree more closely with the measured D;, value.
As emphasized earlier, both D)y, and D, metrics are
important for pMDI sprays. The former is most repre-
sentative of the large number of respirable droplets,
whereas Dj, captures information relating to the much
smaller number of larger droplets, which are likely
impact in the mouth and throat. In summary, the present
comparison shows order-of-magnitude agreement
between droplet size predictions and PDA data and the
model predictions are more in line with D,,, which rep-
resents the bulk of the therapeutically useful, smaller
droplets produced by pMDIs emitted as part of 95% of
the pMDI propellant mass.

3.2. Additional investigations

3.2.1. Breakup time

In the proposed primary atomization model, the breakup
is assumed to occur within the spray orifice. In order for
fragmentation of the liquid to be complete at the orifice
exit, it is a necessary condition that the breakup time is
smaller than the convection time. The results of a poste-
riori checks of these conditions are reported in the SI,
Section S3. These confirm that the time required for suf-
ficient growth of disturbance on precursor liquid inside
the spray orifice is always less than the time required for
the droplet to travel to the PDA measurement point.

3.2.2. Near-orifice droplet size reduction due

to flashing

The ratio of the droplet size Dyo at the end of the near-
orifice flashing region (Equation (22)) and the droplet
size Dgo at the spray orifice exit (Equation (11) or (17))
is shown in Figure 7 for test case of Table S1. For
the sake of simplicity of visualization, the horizontal
time axis is normalized on its maximum value, to
provide identical axes range. The result shows that near-
orifice flashing is a significant secondary size reduction
mechanism, which can initially reduce the predicted
droplet diameter to 87% of its original size.

3.2.3. The effects of viscosity and phenomenological
model constants on droplet size predictions

The influence of viscosity on model predictions is inves-
tigated by comparing the predicted wavelength of most
unstable disturbance for viscous and inviscid cases for
test case data given in Table S1. The breakup of inviscid
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Figure 7. Ratios of near-orifice droplet size (after flashing) and
spray orifice droplet size (before flashing) for modeling parame-
ters of Myatt et al. (2015a,b), using HFA134a.

jets and sheets was evaluated by setting the dynamic
viscosity p; in Equation (9) and the kinematic viscosity
v; in Equation (13) equal to zero. For inviscid conditions,
Figure 8a shows that the wavelength of the most unstable
disturbance for the sheet model is predicted to be shorter
than the jet model during the first approximately
160 ms. Inclusion of the effect of viscosity increases the
wavelength of most unstable disturbances. This is a well-
known effect as was pointed out previously (Reitz and
Bracco 1986; Dumouchel 2008). Figure 8a shows that the
most unstable wavelengths for liquid jets and sheets are
predicted to be quite close when viscous effects are
included.

Figure 8b compares the temporal trends of the pre-
dicted droplet size after non-linear amplification of the
most unstable wavelength for inviscid and viscous condi-
tions. Even though the most unstable wavelength was
almost identical for viscous jets and sheets, the predicted
droplet size produced by the breakup of a viscous jet is
now larger than the corresponding size for a viscous
sheet. This difference is attributable to details of the phe-
nomenological models that predict the non-linear reor-
ganization of the products of unstable wave growth into
spherical droplets. More specifically, the difference in
predicted droplet size for jet breakup and sheet breakup
are attributable to differences in the values of the
phenomenological model constants By in Equation (11)
for jet breakup and Cj, in Equation (14) for sheet
breakup. Similar figures for the other modeling cases are
presented in Section S4 of SI. The theory of unstable
wave growth and droplet production used in the present
work has been most widely applied to air-assist and air-
blast atomization in the context of sprays of water and
fuel. Typical droplet sizes (30-100 pum) for these sprays
are an order-of-magnitude larger than pMDI aerosol
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Figure 8. Predictions of wavelength of most unstable distur-
bance and droplet size for inviscid/viscous sheet and jet models,
corresponding to test case in Table S1 using HFA134a propellant
(a) wave length (b) droplet size.

droplets. Further work to confirm the applicability of
aerodynamic atomization models will need to investigate
the need for a one-off adjustment of these phenomeno-
logical constants for pMDI sprays.

4, Conclusion

In this work, Clark’s aerodynamic atomization concept
was expanded by developing two variants based on
growing of infinitesimal disturbance leading to cylindri-
cal jet breakup (Reitz and Bracco 1986; Reitz 1987) and
annular sheet breakup (Senecal et al. 1999), respectively.
This enabled the prediction of the droplet size emitted
by a pMDI from first principles. It should be noted that
the most unstable wavelength from linear stability analy-
sis to predict the size of nonlinear structures resulting
from an instability is quite approximate since it ignores
nonlinear effects, e.g., due to large amplitude external



disturbances and even bypass transition. Nevertheless
comparison of model predictions with PDA measure-
ments suggests that the model outcome is order of mag-
nitude accurate.

Predictions of the atomization models were compared
with mean diameter D;, and Sauter mean diameter Ds,
of pMDI sprays measured with PDA. The models
correctly predicted the droplet size within the correct
range between D;, and D;, in all but one case. Compari-
sons with available PDA data showed that model predic-
tions are closest to the Dy, which is representative of the
large number respirable droplets, i.e., the therapeutically
useful portion of the pMDI spray. Moreover, the tempo-
ral behavior of droplet size was consistently captured
well during the initial period corresponding to emission
of approximately 95% of the propellant mass. An inverse
relationship between the droplet size and spray velocity
was observed in the model outcomes. This agreed with
previous experimental/theoretical studies (Clark 1991;
Dunbar et al. 1997; Wigley et al. 2002; Myatt et al.
(2015a,b) and suggests that the spray velocity is the
major source of droplet fragmentation.

The bulk of the spray generation was predicted to
take place in breakup regimes that are characterized
by formation of fast-growing short waves on the sur-
face of liquid segment resulting in the generation of
small droplets with size that is much smaller than the
initial liquid ligament or film. Differences between
the droplet sizes predicted by the two models were
found to be attributable to differences in the respec-
tive treatments of the final, non-linear liquid breakup
for jet and sheet breakup. Both models agree reason-
ably well with PDA data, but neither is conclusively
better. Rather than concluding on the basis of better
agreement with PDA data that either of the assumed
liquid precursor flow regimes in the spray orifice—
cylindrical ligaments or annular film—is superior, it
is recommended that this judgement be postponed
until better information about the state of the flow in
the spray orifice becomes available.

Comparison of the model results using inviscid and
viscous assumptions suggests that the inclusion of viscos-
ity leads to an increase in the predicted droplet size, par-
ticularly for the case of sheet model. This suggests that
viscosity—probably in conjunction with surface ten-
sion—plays a significant part in determining the final
droplet size. This was previously suggested by Smyth
(2003) and would imply that control of particle size may
be possible by careful adjustment of the viscosity of the
formulation. It is interesting to note that Brambilla et al.
(1999) have successfully managed to achieve such a
result by adding specific amounts of ethanol to pharma-
ceutical propellants. Ethanol is an excipient, which is
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thought to reduce the vapor pressure, but will also mod-
ify the surface tension and viscosity of the formulation.
The present theory only covers pure propellants. The
effects of composition of the formulation on atomization
of propellant-excipient mixtures clearly deserve future
attention.
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