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Pressurized metered dose inhalers (pMDIs) are devices widely used for drug delivery in the respiratory tract. In
this work, amathematicalmodel to predict the complete particle size distribution (PSD) of the aerosol generated
by a pMDI is developed. The model combines the equations developed by Clark in 1999 that describe the flow
within the inhaler, the Linear Instability Sheet Atomization (LISA) model and a method based on the Maximum
Entropy Principle (MEP). Mathematically it is found that the PSD can be represented by a lognormal function
with geometric standard deviation equal to 1.56. The model does not contain fitting parameters and is validated
with experimental information for a formulation containing salbutamol and HFA-134a as drug and propellant,
respectively. Simulations are performed to explore how the propellants HFA-134a and HFA-227ea affect the
PSD of the aerosol generated by the inhaler.
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1. Introduction

Inhalation therapy is fundamental for the treatment of respiratory
diseases. In particular, asthma is a chronic inflammatory disorder
whose symptoms include wheezing, coughing, shortness of breath and
chest tightness [11]. The number of affected patients is increasing expo-
nentially and by 2025 it is estimated that there will be around 400 mil-
lion people worldwide [20]. Two types of medications to treat asthma
are anti-inflammatories and bronchodilators. Anti-inflammatories de-
crease the inflammation and the mucus production [17]. On the other
hand, bronchodilators relax the airway smooth muscle, opening them
andmaking it easier to breathe and expel mucus [5].

Pressurized metered dose inhalers (pMDIs) are widely used devices
for drug delivery in the respiratory tract [36]. The pMDI is a small, cost-
effective and portable device that consists of an aluminum canister con-
taining a pressurized formulation of the therapeutically active pharma-
ceutical ingredient (API) dispersed or dissolved in propellants [18,31].
Surfactants, cosolvents, preservatives and flavorings can also be part of
the formulation [12]. When the canister (lodged in a plastic actuator)
is press down, the valve is opened and an aerosol containing the API is
expelled from the pMDI by the expansion of the propellant [26]. The
generated aerosol is polydisperse and its particle size distribution
ía Química – PLAPIQUI (UNS-
ca, Argentina.
arras).
(PSD) is a function of the pMDI geometry, physical properties of the for-
mulation and ambient conditions [33]. The PSDmeasurements are rou-
tinely used in product development and quality assurance procedures.
Mathematical models can provide information on the PSDs of aerosols
generated by pMDIs, allowing to reduce the number of experiments
needed to characterize aerosol plumes and, therefore, saving resources.

Clark [6] developed a mathematical model to describe the transient
change inmass, temperature, and outletflow frommetering and expan-
sion chambers. The model was capable of predicting the spray nozzle
exit conditions as a function of the geometry of the pMDI and the pro-
pellant thermodynamic properties. In addition, Clark [6] proposed an
empirical correlation to calculate a mean droplet size as a function of
the peak pressure developed in the expansion chamber and the vapor
quality. Dunbar [8] validated the Clark's correlation with Phase Doppler
anemometry (PDA) experimental data. Clark's atomization model is
considered the best approach for the prediction of mean particle size
generated in a pMDI, although it does not provide the complete particle
size distribution.

Smyth et al. [32] analyzed the factors that influence pMDI spray pat-
terns, such as orifice diameter, particle size, and particle size dynamics
in theplume. The results indicated that the spray patterns are ellipsoidal
and asymmetric, dependent on the inhaler orifice size andmay be influ-
enced by the fluid dynamics inside the pMDI. Furthermore, they con-
cluded that the particle size distributions may be related to the
evaporation and sedimentation processes of the particles that occur
after atomization.
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Kleinstreuer et al. [16] developed and experimentally validated a
computational fluid dynamic model (CFD) to simulate the airflow,
transport and particle deposition of an aerosol generated by pMDI.
They used amodel of the humanupper airways and analyzed the results
in different situations including different propellants (HFA-134a and
mixture of CFC-11 and CFC-12) and orifice diameters. The results
showed that the smallest particles, responsible for treatment efficacy,
are generated by the HFA propellant and smaller valve orifices.

Stein et al. [34] developed a model to predict particle size distribu-
tions of the plume generated by pMDI with a drug in suspension. They
considered that for inhalerswith high drug concentration ormicronized
particles, a fraction of them may contain multiple drug particles, in-
creasing the particle size distribution emitted. In this model for suspen-
sions, unlike the model for drugs in solution, the number of drug
particles contained in the droplet must be determined from the Poisson
statistical distribution function and then the size of the particlesmust be
determined by random sampling. This gives a more polydisperse distri-
bution where larger droplets are more likely to contain more than one
drug particle. Those droplets that do not contain drug have a final aero-
dynamic diameter proportional to the initial diameter and the diameter
of the drug-containing droplets is given by the mass of the drug parti-
cles. Furthermore, they showed that the concentration of drug particles
in suspension increases proportionally with the increase of the drug
concentration in the formulation and increases according to the third
power if the size of the drug decreases. They showed that the percent-
age of drops containing drug depends on the concentration in the sus-
pension and the initial size, being generally less than 10%.

Oliveira et al. [24] used CFD to characterize and simulate a pMDI
spray plume. Using a high-speed camera, they verified that the duration
of the spray is 0.1 s and that the spray angle is 17°. In the CFD model,
they considered the temperature, velocity, turbulence, particle tracking
and propellant evaporation. They showed that the atomization depends
on the inhaler pressure, so that the highest proportion of drug is re-
leased in the first instants.

Shaik and Versteeg [30], implemented a numerical model to predict
the mass flow, pressure, temperature and vapor quality in twin-orifice
of pMDI. In this model it is assumed that the propellant flow is in
three phases: vapor, saturated liquid and metastable liquid described
by the delayed equilibrium model (DEM). This model assumes that
evaporation does not occur instantaneously but that a fraction of the
propellant remains as ametastable liquid, so there is no thermodynamic
equilibrium. Furthermore, it assumes that droplet formation occurs by
instantaneous atomization due to the rapid acceleration of the mixture
at the spray orifice and the very large pressure drop.

The most used model to predict the spray breakup in atomization
systems is the linear instability sheet atomization (LISA) model, pro-
posed by Senecal et al. [29]. Fung et al. [10] combined the LISA spray
model with CFD simulations to study the delivery of drugs using
pMDIs. They found that the largest droplets tend tomove along the cen-
tral axis and moved with the liquid sheet direction due to inertial ef-
fects. On the other hand, small droplets are driven to disperse to
peripheral region. Gavtash et al. [13] implemented a CFD model of the
development of a pMDI aerosol plume and used the LISA model to pre-
dict the spray velocity and the temperature of the plume. They observed
that the plume slows down and reaches its final temperature quickly.
They also concluded that the particles obtain their final size of 3–5 μm
at the nozzle due to propellant evaporation. Later, these same authors
[14] compared three two-phase flowmodels to predict flow conditions
in pMDI: the slip equilibrium model (SEM), the homogeneous frozen
model (HFM) and the homogeneous equilibrium model (HEM). They
found that the HFM velocity prediction best matches the experimental
results of Doppler phase anemometry, while the liquid velocity pre-
dicted by SEM is well below the plume velocity.

Aiming to have a detailed representation of the aerosol produced by
a pMDI, in this work a mathematical model to predict the size of drop-
lets produced by pMDI is developed. Unlike other previously published
2

contributions, this mathematical model is capable of predicting the
complete particle size distribution (PSD) without the need for parame-
ter adjustment. Following the guidelines of Gavtash et al. [14], a repre-
sentative diameter of the aerosol is obtained by combining mass and
energy balances within the inhaler developed by Clark with the Linear
Instability Sheet Atomization (LISA) model [29]. Then, a method based
on the Maximum Entropy Principle (MEP) is proposed to obtain the
PSD of the aerosol restricted to the previously calculated representative
diameter. Themathematical model is validated with experimental data.
As shown in the next section, the developed model does not contain
fitting parameters. Simulations are performed to explore how the pro-
pellants HFA-134a and HFA-227ea impact the PSD of the aerosol gener-
ated by the inhaler.

2. Mathematical model

Fig. 1 shows a simplified schematic representation of a typical pMDI.
The pMDI has several components, each of which is important for the
correct performance of the entire device [23]. In particular, the actuation
system is formed by metering chamber, expansion chamber, metering
valve and nozzle orifice (Fig. 2). The effective delivery system consists
of two chambers, one for metering and one for expansion, which are
connected by ametering valve. Themetering valvemust deliver the for-
mulation accurately and reproducibly each time the device is actuated
[25]. In addition, themetering valvemust allow a representative sample
of the suspended drug and have an adequate seal due to its high-
pressure level [35].

The metering chamber has a measured volume that typically varies
between 25 and 100 μL and is connected to the formulation bulk.
When the actuator is pressed, the process of the metered discharge of
the supercooled liquid formulation begins [8]. The pressure difference
between the propellant and atmosphere causes the formulation to re-
lease through the valve orifice into the expansion chamber and over-
heat [27]. The expansion chamber is located between the valve orifice
and the nozzle orifice. Itsmain function is to provide the time necessary
for the pressurized propellant to begin to boil and to form a mixture of
liquid and vapor as it is released from thedevice [23]. At the outlet of the
inhaler is the nozzle orifice that allows controlling the atomization pro-
cess of the drug and the formation of the spray. Here the fluid is meta-
stable and as the liquid stream discharges outwards it accelerates. It is
in this zone where the high-speed gas flow breaks down into droplets
and the primary atomization process occurs [8].

The model of the pMDI is formulated based on the following as-
sumptions:

i. Both themetering and expansion chambers are perfectly mixed and
operate adiabatically and at non-steady state conditions [6].

ii. In themetering chamber, equilibrium conditions aremaintained [6].
iii. Based on the Homogeneous Frozen Model [9], the steam quality in

the nozzle is the same as that of the expansion chamber.
iv. At the pMDI outlet, the liquid forms a thin annular sheet along the

walls of the nozzle, surrounding the vapor flow moving in the core
[37]. Therefore, the LISA model [29] is valid to predict a representa-
tive diameter of the aerosol.

v. The relative velocity between liquid and vapor phases is equal to
two-phase flow velocity [19].

vi. The volume PSD of the generated aerosol is lognormally distributed
[31,39].

2.1. Metering chamber

When the actuator is pressed, the metering chamber is filled with
liquid, at conditions Pmc0 and Tmc0, which are considered equal to
those of the canister. Also, Tmc0 is considered equal to ambient
temperature. By pressing the actuator, the liquid-vapor mixture passes
from the metering chamber to the expansion chamber.
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Fig. 1. Schematic representation of a pMDI.
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The mass balance for the metering chamber is:

dmmc

dt
¼ − _mv ð1Þ

where mmc is the mass in the metering chamber and _mv is the mass
flowrate through the valve. Since initially the mixture in the metering
chamber is liquid, therefore the initial condition of Eq. (1) is:

mmc 0ð Þ ¼ ρl,mcVmc ð2Þ

where ρl,mc is the liquid density and Vmc is the metering chamber
volume.

_mv depends on the pressure difference between metering and
expansion chambers:

_mv ¼ ρmcCDvalveAvalve

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Pmc−Pecð Þ

ρmc

s
ð3Þ
A

Fig. 2. Schematic of the components of an MDI valve prior to actuat

3

ρmc is the density of the liquid-vapor mixture in themetering cham-
ber, CDvalve is the coefficient of the valve andAvalve is the area of the valve.
Pmc and Pec correspond to the pressure in the metering and expansion
chamber, respectively. Pmc is calculated as the vapor pressure of the
liquid-vapor mixture as a function of the chamber temperature:

Pmc ¼ Pv Tmcð Þ ð4Þ

The liquid-vapor mixture density is calculated as:

ρmc ¼
mmc

Vmc
ð5Þ

The temperature of the metering chamber is obtained from an
energy balance [6]:

Tmc ¼ Tmc0−
qmcΔHv,mc

qmccpg,mc þ 1−qmcð Þcpl,mc
ð6Þ
B

ion (A) and during actuation (B), adapted from Ivey et al. [15].
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ΔHv,mc, cpg,mc and cpl,mc correspond to the vaporization heat and the
specific heat of the gas and liquid, respectively, evaluated at metering
chamber conditions.

The mass fraction of vapor in the metering chamber is:

qmc ¼
1

ρmc
− 1

ρl,mc

1
ρg,mc

− 1
ρl

ð7Þ

where ρg,mc is the density of the vapor in the metering chamber, which
is obtained by the ideal gas law:

ρg,mc ¼
PmcMprop

RTmc
ð8Þ

2.2. Expansion chamber

The mass balance for the expansion chamber is:

dmec

dt
¼ _mv− _mn ð9Þ

where _mn is the flowrate through the outlet nozzle. Initially, the expan-
sion chamber is filled with ambient air. The initial air mass (i.e., initial
condition of Eq. (9)) is calculated as:

mec 0ð Þ ¼ PatmMair

RTamb
Vec ð10Þ

where Mair is the molecular weight of air and Vec is the volume of the
expansion chamber. Patm and Tamb are the atmospheric pressure and
ambient temperature.

According to hypothesis i, it is considered that the initial air leaves
the expansion chamber proportionally to its mass percentage within
the chamber:

dmair

dt
¼ −

mair

mec
_mn ð11Þ

_mn is calculated as:

_mn ¼ ρnCDnozzleAnozzlevn ð12Þ

ρn and vn correspond to the density and velocity at the nozzle (two-
phase flow), respectively, while CDnozzle and Anozzle are the discharge
coefficient and the nozzle area.

The pressure in the expansion chamber is computed by adding the
contributions of the vaporized propellant and the air:

Pec ¼ Pv Tecð Þ þ mairRTec

MairVg,ec
ð13Þ

where Vg,ec is the volume of the expansion chamber occupied with gas
phase:

Vg,ec ¼ Vec−
1−qecð Þmec

ρl,ec
ð14Þ

being qec the mass fraction of gas phase in the expansion chamber.
The expansion chamber temperature is obtained from an energy

balance:

meccpec
dTec

dt
¼ _mv qmccpv; mc;ecð Þ þ 1−qmcð Þcpl; mc;ecð Þ

h i
� Tmc−Tecð Þ− _mpvΔHv;ec ð15Þ
4

Where _mpv is themass flow rate of propellant being vaporized inside
the expansion chamber and cpv,(mc,ec) and cpl,(mc,ec) are the specific heat
of the propellant vapor and liquid, respectively, calculated at an average
temperature between those of the metering and expansion chambers.
ΔHv,ec is the vaporization heat evaluated at expansion chamber
conditions. cpec is the specific heat of the expansion chamber mixture:

cpec ¼ q0eccpv,ec þ 1−qecð Þcpl,ec þ qec−q0ec
� �

cpa,ec ð16Þ

The gas density is calculated from the ideal gas equation:

ρg,ec ¼
Pec mair þ q0ecmec
� �

mair
Mair

þ q0ecmec
Mprop

� �
R Tec

ð17Þ

where qec′ is the mass fraction of propellant vapor (that is, the
mass fraction of the gas phase in the expansion chamber without
considering the air):

q0ec ¼ qec−
mair

mec
ð18Þ

The mass fraction of the gas phase (vaporized propellant and air) is:

qec ¼
1
ρec

− 1
ρl,ec

1
ρg,ec

− 1
ρl,ec

ð19Þ

where ρl,ec is the liquid density in the expansion chamber and ρecis

ρec ¼
mec

Vec
ð20Þ

2.3. pMDI nozzle flow

The pressure at the nozzle depends on whether themixture reaches
the speed of sound:

Pn ¼ Patm if Patm > Pcrit subsonic conditionð Þ
Pcrit if Patm≤Pcrit sonic conditionð Þ

�
ð21Þ

The critical pressure Pcrit is calculated from the pressure in the
expansion chamber Pec and the critical factor rcrit:

Pcrit ¼ rcritPec ð22Þ

According to Clark [6], rcrit is:

rcrit ¼
2 1−qeð Þ

γ−1þ 2 1−qeð Þ
� 	 γ

γ−1

ð23Þ

where γ is the isentropic expansion factor. For subsonic flow, the veloc-
ity at the nozzle is obtained by solving the Bernoulli equation for a two-
phase system. If the flow is sonic, the velocity is that of sound for a two-
phase system [38]. Then:

vn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
1−qe
ρl

Pec−Patmð Þ þ 2qePec
1
γ

ρg,ec 1−
1
γ


 � Pec
1−1

γ−Patm
1−1

γ

� �vuuuut if Patm>Pcrit

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γqePec

ρg,ec 1−qeð Þ rcrit
1−1

γ

s
if Patm≤Pcrit

8>>>>>>>><
>>>>>>>>:

ð24Þ

The temperature and gas density at the nozzle are obtained consid-
ering adiabatic expansion:
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Tn ¼ Tec
Pn

Pec


 �γ−1
γ

ð25Þ

ρg,n ¼ ρg,ec
Pn

Pec


 �1
γ

ð26Þ

The two-phase flow density at the nozzle is calculated as:

ρn ¼ 1
qe
ρg,n

þ 1−qe
ρl

ð27Þ

According to the hypothesis iii, it is considered that the quality of
vapor qe in the nozzle is the same as that of the expansion chamber.

Senecal et al. [29] describes the aerosol mass flowrate as:

_mSO ¼ 2πρl;SOvnhb D−2hbð Þ ð28Þ

D is the diameter of the nozzle, ρl,SO is the liquid density in the spray
orifice and hb is the thickness of the annular liquid film at the breakup
point. Based on hypothesis iii, Gavtash et al. [14] found that hb can be
calculated as:

hb ¼ D
2

1−
ffiffiffiffi
α

p� � ð29Þ

where α is the volumetric fraction of vapor in the mixture:

α ¼ 1

1þ 1−qec
qec

ρg,n
ρl,n

ð30Þ

2.4. Representative diameter of the aerosol

The LISA (Linearized Instability Sheet Atomization) model was
developed by Senecal et al. [29] to simulate the primary atomization pro-
cess of the emerging liquid film from a high-pressure swirl nozzle. The
model is based on a linear stability analysis, according to which instabil-
ities that occur at thegas-liquid interfaceproduce ligaments,whichbroke
up into droplets. Senecal et al. [29] considered a two-dimensional liquid
sheet,where the instability ismainly due to aerodynamic interactions be-
tween the liquid and the gas. Unlike cylindrical liquid jets, surface tension
forces tend to stabilize a planar liquid sheet [3].

According to Senecal et al. [29], the droplet formation can occur in
two different regimes according to: (a) short waves that are dominated
by viscous and surface tension effects and (b) long waves, which are
governed by surface tension and inertial effects:

Weg,hb<
27
16

: long waves

Weg,hb≥
27
16

: short waves

8>><
>>: ð31Þ

Weg,hb
is the gas Weber number:

Weg,hb ¼
ρg:nvn

2hb
2σp

ð32Þ

where σp is the surface tension.
The diameter of ligaments is calculated as:

dL ¼

ffiffiffiffiffiffiffiffiffi
4hb
kmax

s
: long waves

2πCL

kmax
: short waves

8>>><
>>>:

ð33Þ
5

where by default it is considered CL=0.5. kmax is thewave number that
maximizes the wave growth rate. For long waves, Senecal et al. [29]
suggests calculating kmax as:

kmax ¼
ρg,nvn

2

2σ
ð34Þ

On the other hand, for short waves, kmax is the value of k that
maximizes the following expression of ω [2,29]:

ω ¼ −2νl,nk
2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4νl,n

2k4 þ Qvn2k
2−

σpk
3

ρl,n

s
ð35Þ

where:

νl,n ¼ μ l,n

ρl,n
ð36Þ

Q ¼ ρg,n

ρl,n
ð37Þ

μl, n is the viscosity of the liquid leaving the nozzle.
If Eq. (35) is derivedwith respect to k and the resulting expression is

set equal to zero, the following equation to calculate kmax is obtained:

4νl,nkmax−
16νl,n

2kmax
3 þ 2Qvn2kmax− 3σkmax

2

ρl,n

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4νl,n

2kmax
4 þ Qvn2kmax

2− σkmax
3

ρl,n

r ¼ 0 ð38Þ

For both regimes, a particle is formedwhen the amplitude of the un-
stable waves is equal to the radius of the ligament. According to Senecal
et al. [29], the most probable droplet diameter is:

dDso ¼ 1:88 1þ 3OhLð Þ16 dL ð39Þ

where OhL is the Ohnesorge number for the ligaments:

OhL ¼
μ l,nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρl,nσpdL
q ð40Þ

Gavtash et al. [14] consider that droplets flash evaporation occurs
very quickly as soon as the spray leaves the nozzle. The propellant
mass fraction lost by evaporation can be obtained from an energy bal-
ance:

Δxno ¼
cpl, n,ambð Þ Tn−Tambð Þ

ΔHv, n,ambð Þ
ð41Þ

cpl,(n,amb) and ΔHv,(n,amb) are evaluated at an average temperature
between Tn and Tamb. Then, from a mass balance for an aerosol
particle, the particle diameter after flash evaporation is [14]:

dDno ¼ dDso
ρl,so

ρl, sat,ambð Þ
1−Δxnoð Þ

" #1=3
ð42Þ

ρl,(sat,amb) is the liquid density evaluated at an average temperature
between that corresponding to saturation state at ambient pressure
and Tamb.

2.5. Particle size distribution

In other areas of application, the method of theMaximization of En-
tropy Principle (MEP) has been widely used to predict the size of the
droplets formed in atomization processes. The MEP method starts
from considering that the droplets formation is a random process [7].
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Besides, during the droplet formation occurs a transformation from one
equilibrium state in the outlet of the injector to another downstream
where droplets are formed from ligaments [22]. Then, according to ther-
modynamics laws, this state change involves an entropy increase until it
reaches a maximum value. Therefore, the distribution of droplets with
respect to internal coordinates (e.g., diameter, velocity) can be calcu-
lated by maximizing the entropy of the distribution (i.e., Shannon en-
tropy), as long as a series of constraints are satisfied. According to the
probability concept, one of these restrictions is that the total summation
of number fractions should be equal to unity. The remaining restrictions
are established from the conservation equation [21].

According to hypothesis vi, the volume droplet size distribution fol-
lows a lognormal function:

f v dð Þ ¼ 1
lnσ

ffiffiffiffiffiffi
2π

p
d
exp −

1
2

lnd− lndv50
lnσg


 �2
" #

ð43Þ

dv50 is the geometric mean diameter of the function and σg is
the geometric standard deviation which is a measure of the width of
the distribution. Eq. (43) is a density function that indicates the
probability of finding a certain volume of liquid with drops with
diameter d.

Since the maximization of entropy must be applied to a distribution
expressed in number of droplets instead of volume [7], it is necessary to
convert Eq. (43) to a density function in number. According to Allen [1],
the equivalence between the number and volume density function (fn
(d) and fv(d), respectively) is:

f n dð Þ ¼ dNV
d


 �3

f v dð Þ ð44Þ

where dNV is the number-volume mean diameter of the distribution.
Replacing Eqs. (43) in (44):

f n dð Þ ¼ dNV
3

lnσg
ffiffiffiffiffiffi
2π

p
d4

exp −
1
2

lnd− lndv50
lnσg


 �2
" #

ð45Þ

Considering the properties of the lognormal function, the dNV can be
written as [1]:

dNV
3 ¼ dv50

3e−
9
2 lnσgð Þ2 ð46Þ

Therefore, Eq. (45) can be rewritten as:

f n dð Þ ¼ dv50
3e−

9
2 lnσgð Þ2

lnσg
ffiffiffiffiffiffi
2π

p
d4

exp −
1
2

lnd− lndv50
lnσg


 �2
" #

ð47Þ

Gavtash et al. [14] found that the dDno predicted by the LISAmodel is
between the dSV (surface-volumemean or Sauter diameter) and the dNL
(number-lengthmean diameter). In this work, it is assumed that dDno is
equal to dSV. Then, the following relationship is considered [1]:

dDno ¼ dSV ¼ dv50e
−1

2 lnσgð Þ2 ð48Þ

Combining Eqs. 47 and 48 is obtained:

f n dð Þ ¼ dDno
3e−3 lnσgð Þ2

lnσg
ffiffiffiffiffiffi
2π

p
d4

exp −
1
2

lnd− lndDno− 1
2 lnσg
� �2

lnσg

 !2
2
4

3
5 ð49Þ

In Eq. (49), due to dDno is determined from Eq. (42), the only free
parameter that remains to be determined is σg. To obtain σg, the MEP
method is applied, which implies maximizing the Shannon entropy
[22,28]:
6

S ¼ −
Z∞
0

f n dð Þ ln f n dð Þ dd ð50Þ

Replacing the Eq. (49) in (50) and solving the integral, it is obtained:

S ¼ ln
ffiffiffiffiffiffi
2π

p
lnσg

n o
þ lndDno−

5
2

lnσg
� �2 þ 1

2
ð51Þ

The value of σg that maximizes S is obtained by deriving the Eq. (51)
with respect to σg and setting the resulting expression equal to 0. The
solution obtained is:

lnσg
� �2 ¼ 1

5
ð52Þ

Therefore, it is concluded that, if the volume droplet size distribu-
tion is represented by a lognormal function with geometric standard
deviation equal to σg ≈ 1.56. Furthermore, the volume droplet size
distribution expressed as a function of the parameters dDno and σg is:

f v dð Þ ¼ 1
lnσg

ffiffiffiffiffiffi
2π

p
d
exp −

1
2

ln d− ln dDno− 1
2 lnσg
� �2

lnσg

 !2
2
4

3
5 ð53Þ

In the appendix it is shown that, if Eqs. (48)–(53) are developed as-
suming that the diameter dDno is equal to dNL instead of dSV, a standard
deviation equal to 2.72 is obtained. This standard deviation produces a
very sparse droplet size distribution that does not make physical
sense, so it is not a reasonable hypothesis for applying the entropy
method.

3. Particle size measurement

Salbutamol pMDI (Ventolin, GlaxoSmithKline, UK) was used as the
reference product, since it is one of the most widely used drugs to
treat asthma in children and adults. The propellant contained in the se-
lected dosage form was HFA-134a. The PSD of the aerosol emitted by
pMDI was determined by laser diffraction (LD) using a Mastersizer S
(Malvern Panalytical, UK). This technique uses Mie's light scattering
theory assuming a volume-equivalent sphere model (See Fig. 3). The
pMDI actuator was positioned at 8 cm from the detector lens. Before
the test, pMDI was shaken for 5 s by hand and fired to discard at least
the first 3 spray. Then, it was shaken again and the actuation of the
spray to be measured was carried out. All measurements were made
at room temperature (24 °C) and at relative humidity close to 60%. Rep-
resentative particle size distributions and volume diameters were col-
lected using a LD software. PSD was measured in triplicate after one
actuation and the results were averaged.

The experimental results were analyzed by analysis of variance
(ANOVA) to determine the importance of the differences in the size dis-
tributions. Differences were considered significant if p < 0.05 with 95%
confidence intervals.

4. Results

In Fig. 4, the dDno predicted by the mathematical model for the HFA-
134a propellant is presented. For the calculation, the properties of HFA-
134a that were assumed independent of temperature are listed in
Table 1. Besides, Table 2 summarizes the correlations of thermodynamic
properties as a function of temperature, whichwere obtained from data
reported in the NIST database. The experimental values of dSV and dNL
are also shown in Fig. 4. In line with the results of Gavtash et al. [14],
the dDno varies most of the time in the range between dSV and dNL,
suggesting that the mean droplet size is calculated correctly., the
droplet diameter increases according to Eqs. (33), (39) and (42).



Fig. 3. Schematic diagram of laser diffraction system.
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The temporal trend of dDnoindicates that this diameter rapidly rises
to approximately 0.02 s and then gradually decreases down to 0.06 s
and then increases rapidly. As explained by Gavtash et al. [14], the
temporal behavior of dDno is related to the filling and emptying of the
expansion chamber. After 0.06 s, the dDno increases rapidly, resulting
in a non-physical overestimation from 0.1 s. However, according to
Fig. 5, for 0.1 s 97% of the aerosol has been emitted. This non-physical
behavior occurs because, when the expansion chamber is close to emp-
tying, the flow velocity at the outlet of the orifice decreases, which in
turn reduces the value of kmax (Eqs. (34) and (38)). Consequently, the
droplet diameter increases according to Eqs. (33), (39) and (42).

For a better comparison with the experimental mean diameters dSV
and dNL, in Fig. 4 a time averaged dDno is shown. It is observed that the
averaged dDno evolves up to 2.78 μm. Furthermore, starting at 0.03 s,
the time-averaged mean diameter varies by less than ±4% around the
final value.

In Fig. 6, the predicted PSD for a pMDI containing HFA-134a propel-
lant is comparedwith the experimental PSD of themarketed salbutamol
pMDI. The experimental particle size distribution corresponds to the av-
erage of the three measurements made. Error bars were added to show
the variation of the repetitions. It is observed that the three measure-
ments were similar. In addition, the results of the samples indicate
that dv50 = 3.58 ± 0.03 μm. The predicted PSD is calculated using the
time-averaged dDno value. Without using any fitting parameter, a good
agreement between the experimental and simulated values is found. It
is likely that the overestimation in the tail of fine particles is due to
the fact that the measurement point is located relatively far from the
spray orifice. Since it takes time for the droplets to reach the
measurement point, small droplets have more time to disperse and
may disappear if all the propellant evaporates.

In Fig. 7, the predicted PSD for the HFA-134a propellant is compared
with that for the HFA-227ea propellant. Tables 1 and 2 summarize the
physical properties used for each propellant. According to Fig. 7, the
PSD for HFA-227ea is located towards larger diameters than those for
HFA-134a propellant. This result is consistent with those obtained by
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Fig. 4. Comparison of the predicted dDno with experimental dSV and dNL.
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Brambilla et al. [4] and Gavtash et al. [14]. For HFA-227ea, the time-
averaged dDno is equal to 3.09, i.e., 10.3% greater than time-averaged
dDno for HFA- 134a. Fig. 7 also indicates that the PSD for HFA-134a is
narrower compared to HFA-227ea. This is due to the fact that, for the
same geometric standard deviation, a lognormal function is narrower
the smaller its geometric mean diameter (see Eqs. (43) and (48)).

Fig. 8 shows the temporal variation of the dv10, dv50 and dv90 for
propellants HFA-134a and HFA-227ea, which are obtained from the cu-
mulative size distributions. For both propellants, the simulation time co-
incides with 97% of the fraction emitted from the aerosol. As expected,
the trends for the dv10, dv50 and dv90 is similar to that of dDno (see
Fig. 4 for HFA-134a). According to Fig. 8, the PSD for HFA-134a becomes
wider until it reaches a time of 0.03 s. Then the PSD becomes narrower
down to 0.06 s. From this time the PSD becomes wider for HFA-134a.
The trends are similar for HFA-227ea, although occurring for longer
times.

In Fig. 9, fraction of particles in the respirable size range 0.5–5 μm
predicted for the propellants HFA-134a and HFA-227ea is shown. It
should be clarified that the respirable range should be obtained with
the aerodynamic diameter and not with the geometric one, however
the analysis performed is valid for a unit particle density. For HFA-
134a, the fraction of respirable particles is greater than 75% until
reaching a time of approximately 0.087 s (95% of the total fraction emit-
ted according to Fig. 5). However, for HFA-227ea, the fraction of respira-
ble particles is reduced to a minimum of 60% at 0.03 s. This result
indicates that the aerosol generated with the HFA-134a propellant has
a higher fraction of respirable particles compared to theHFA-227ea pro-
pellant. As mentioned above, HFA-134a propellant is almost totally
emitted (97%, see Fig. 5) in 0.1 s. Therefore, the respirable particles frac-
tion tends to zero for that time. The same behavior is observed for the
HFA-227ea propellant, which is almost totally emitted in 0.13 s. Around
the total emission time, the fraction of respirable particles decreases
rapidly. This is due to the non-physical overtimation observed in Fig. 4
(for HFA-134a propellant).
5. Conclusions

Amathematicalmodel to predict the particle size distribution gener-
ated in a pMDI has been derived mathematically. The mathematical
model has no fit parameters. The mean diameter dDno, predicted by
the LISA model and used by Gavtash et al. [14] was assumed equal to
the Sauter diameter of the PSD. From theMaximization of Entropy Prin-
ciple (MEP), it was found that the PSD is adequately represented by a
Table 1
Propellants properties at 298 K.

Property HFA-134a HFA-227ea

Chemical formula CH2FCF3 C3HF7
MW (kg/molg) 102 170
Surface tension (N/m) 8.10E-3 7.10E-3
Viscosity (Pa.s) 1.95E-4 2.40E-4
Liquid specific heat capacity (J/kg K) 1424.4 1388.2
Adiabatic coefficient 1.23 1.13



Table 2
Correlations of thermodynamic properties as a function of temperature (NIST).

Property HFA-134a HFA-227ea

cpg 0.0255T2 − 9.2076T + 1513.7 0.0091T2 − 1.6914T + 599.6
ρl −0.0068T2 + 0.3898T + 1697.6 −0.0076T2 + 0.4710T + 1923.6
ΔHv −0.2890T2 + 479.30T + 238407 −1.2513T2 + 206.22T + 161136
logPv 10.346 ln (T) − 45.494 10.672 ln (T) − 47.728
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lognormal function with geometric standard deviation equal to 1.56.
The PSD predicted by the model agrees with experimental data.

Due to the mathematical model depends on the physical properties
of the propellant used, the calculated PSD varies as a function of the pro-
pellant. The analysis of the fraction of respirable particles demonstrated
that the aerosol generated by the propellantHFA-134ahas a higher frac-
tion of particles in the range 0.5–5 μm in a longer time compared to the
propellant HFA-227ea. Although the model predicts DSD at a distance
close to the pMDI orifice, this result indicates that theHFA-134produces
more particles in the respirable size than HFA-227ea.
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In this contribution, the mathematical model was used with pure
propellants. Further work is needed to compare model predictions
with DSD experimental data corresponding to other formulations
(pure propellants and propellant-excipient mixtures). Special attention
deserves the requirement for green propellants, i.e., propellants with
lower global warming potentials. To contribute to this transition to-
wards less dangerous propellants for the environment, the developed
mathematical model can be used to analyze how the thermophysical
properties of new formulations impact the aerosol generation. This
pending study deserves further research.

Nomenclature

Anozzle Nozzle area [m2].
Avalve Area of the valve [m2].
CL Ligament's constant [−].
CDnozzle Discharge coefficient [−].
CDvalve Coefficient of the valve [−].
ΔHv Vaporization heat [J/kg].
hb Thickness of the annular liquid film at the breakup point [m].
cp Specific heat [J/kg K].
cpg Specific heat of the gas [J/kg K].
cpl Specific heat of the propellant liquid [J/kg K].
d Droplet/particle diameter [m].
dDno Particle diameter after flash evaporation [m].
dDso Most probable droplet diameter [m].
dL Diameter of ligaments [m].
dNL Number-length mean diameter of the PSD [m].
dNV Number-volume mean diameter of the PSD [m]
dSV Surface-volume mean diameter of the PSD [m]
dv50 Geometric mean diameter of the PSD [m].
D Diameter of the nozzle [m].
fn(d) Number droplet size distribution [%/μm].
fv(d) Volume droplet size distribution [%/μm].
k Wave number [1/m].
kmax Wave number that maximizes the wave growth rate [1/m]
m Mass [kg].
m
:

SO
Aerosol mass flow rate [kg/s].

m
:

n
Mass flowrate through the outlet nozzle [kg/s].

m
:

pv
Mass flow rate of propellant being vaporized inside the ex-
pansion chamber [kg/s].

m
:

v
Mass flowrate through the valve [kg/s].

Mair Molecular weight of air [kg/mol].
Mprop Propellant molecular weight [kg/mol].
OhL Ohnesorge number for the ligaments [−].
P Pressure [Pa].
Pcrit Critical pressure [Pa].
Pv Vapor pressure [Pa].
q Mass fraction of gas phase [−].
q′ Mass fraction of propellant vapor [−].
Q Ratio between ρg, n and ρl, n [−].
rcrit Critical factor for sonic condition [−].
R Ideal gas constant [J/mol K].
t Time [s].
T Temperature [K].
v Velocity of two-phase flow [m/s].
V Volume [m3].
Vg Volume occupied with gas phase [m3].
Weg,hb

Gas Weber number [−].

Greek symbols
α Volumetric fraction of vapor in the mixture [−]
γ Isentropic expansion factor [−].
Δxno Propellant mass fraction lost by evaporation [−]
μl,n Viscosity of the liquid leaving the nozzle [kg/m s]
νl,n Ratio between μl,n and ρl,n [m2/s].
9

ρ Mixture density [kg/m3].
ρg Gas density [kg/m3].
ρl Liquid density [kg/m3].
ρl, SO Liquid density in the spray orifice [kg/m3].
ρn Density of two-phase flow at the nozzle [kg/m3]
σg Geometric standard deviation [−]
σp Surface tension [N/m].

Subscripts
air Air in the expansion chamber.
amb Ambient conditions.
ec Expansion chamber.
mc Metering chamber.
n Nozzle.
(n,amb) Average temperature between Tn and Tamb.
(sat,amb) Average temperature between that corresponding to satura-

tion state at ambient pressure and Tamb.
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Appendix A. Appendix

If it is assumed que dDno is equal to dNL, the following relationship is
satisfied [1]:

dDno ¼ dNL ¼ dv50e−
5
2 lnσð Þ2 ðA1Þ

Combining Eqs. (47) and (A1) gives:

f n dð Þ ¼ dDno
3e−3 lnσð Þ2

lnσ
ffiffiffiffiffiffi
2π

p
d4

exp −
1
2

lnd− lndDno− 5
2 lnσð Þ2

lnσ

 !2
2
4

3
5 ðA2Þ

By replacing the Eq. (A2) in 50, it is obtained:

S ¼ ln
ffiffiffiffiffiffi
2π

p
lnσ

n o
þ lndDno−

1
2

lnσð Þ2 þ 1
2

ðA3Þ

The entropy S is maximized by deriving Eq. (A3) with respect to σ
and setting the resulting expression equal to 0. The solution obtained is:

lnσð Þ2 ¼ 1 ðA4Þ
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Therefore:

σ ¼ e≈2:72 ðA5Þ

Consequently, if the volume particle size distribution is represented
by a lognormal functionwhose dv10 is equal to the dDno predicted by the
LISAmodel, then the geometric standard deviation of the distribution is
σ≈ 2.72. As mentioned in the paper, this geometric standard deviation
is considerably large and generates a very wide PSD. For this reason, it
does not seem reasonable to assume that dDno is equal to the mean
diameter dNL.
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