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Abstract
Pressurized metered-dose inhaler sprays (pMDIs) are a prevalent means of delivering drugs to the lungs. Their
performance depends strongly on the properties of the drug particles produced from the evaporation of droplets in
the spray. The flow contains multiple species and phases and exhibits multiple modes of spray breakup. The rich
physics in this environment and the large number of variables make experimental measurements challenging. We
demonstrate how laser diagnostics and X-ray diagnostics can be combined to obtain new insights that were not
possible using any single technique. X-ray radiography, fluorescence, and ultra small angle X-ray scattering mea-
surements performed at the Advanced Photon Source at Argonne National Laboratory were combined with laser
scattering data from Monash University to estimate average droplet composition and species evaporation rates
for solution-based pMDIs containing ipratropium bromide in an ethanol co-solvent with two hydrofluoroalkane
propellants. Our approach exploits the relative sensitivities of these different methods to droplet composition and
density. Evaporation rate of the less volatile components in the droplets are much more significant in the near field
than previously expected. The methodology demonstrates the value of combining X-ray and traditional optical
diagnostics to obtain novel insight into complex multi-phase flows.

Introduction
Pressurised metered-dose inhalers (PMDIs) are a popular means of delivering drugs to the lungs, owing to their

low cost and portability [1]. The ideal operational principles of the PMDI are as follows. A target drug is mixed into
a liquid propellant and stored under pressure as a saturated mixture in a small canister. When the operator depresses
the canister into the moulded nozzle body, a shuttle valve releases a metered volume of the formulation into an
expansion chamber. The chamber exhausts through a small hole (typically 0.3 mm diameter) [2] as illustrated in
Figure 1a. The vapour pressure of the propellant inside the expansion chamber generates the pressure rise which
drives the spray. The spray ideally produces droplets with diameters of 1 – 10 µm. Droplets in this range produce
drug particles with aerodynamic diameters of 0.5 – 5 µm, which are inhaled and deposited in the lung [3].

In reality, the fluid mechanics of the PMDI are far more complex than described above. Most drugs are in-
soluble in ozone-friendly hydrofluoroalkane propellants, necessitating the use of a co-solvent composed primarily
of ethanol [4]. The spray is thus a binary mixture of two partially miscible fluids with different volatilities and
thermodynamic properties. The same is true for the droplets and the vapour field around them. This makes predict-
ing spray behaviour and droplet properties challenging. The multi-phase, multi-component flow makes the nozzle
boundary conditions ill-defined [5].

Additional complication arises as atomisation is not constrained to a single regime or mode. It can exhibit
characteristics of pressure-driven spray breakup (expansion of gas behind the nozzle forcing liquid out under
pressure), air-assisted atomization (multiphase flow inside the nozzle), and flash-boiling (due to the superheat of
the propellant) [6]. X-ray phase contrast imaging studies suggest that the nozzle alternates between states that are
characteristic of all these modes of spray breakup during a single spray event lasting about 250 ms [7].

Finally, the formation of the particles from the droplets is a complex process [8]. Recent research has shown
that particle structure can vary considerably with only small changes in the ambient conditions [9]. The mecha-
nisms driving this are not fully understood. The efficacy of the drug depends strongly on particle structure [10].
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(a) Simplified schematic of a PMDI, showing (1) formulation in can-
ister, (2) metering valve and chamber, (3) plenum chamber, (4) nozzle
and (5) spray.

(b) Simplified schematic of the electronically metered inhaler (EMI)
used in this study.

Figure 1: Simplified schematics of (a) conventional PMDI and (b) modified EMI used in this study.

The complexities described above result in drug delivery efficiencies as low as 10 to 20% [2]. Overcoming
these challenges requires accurate characterisation of the properties of PMDI sprays so that the relevant fluid
mechanical processes can be better understood. The primary driver for improving efficiency is that it could allow
pMDIs to be used for a wider range of drugs. Over the last 20 years, PMDIs have primarily been studied through
the use of laser diagnostics [11, 12], high speed imaging [5, 13] and post-hoc particle analysis [14]. Visible-light
measurements provide droplet size and velocity data in dilute regions of the spray. However, they are not well suited
to discriminating composition or quality in the dense near-field spray region. This is due to multiple scattering and
beam steering effects, and because the refractive indices do not vary appreciably with composition [15].

Recently, X-ray diagnostics developed for automotive sprays [16] have also been applied to the near-field
region of the PMDI spray. X-ray radiography [17] provides a quantitative line-of-sight integrated mass measure-
ment with high temporal and spatial resolution. These measurements provide insight into the temporal and spatial
structure of the dense regions of the spray. However, radiography is not well suited to discriminating phase or
composition in a multicomponent evaporative flow, as it measures only the total projected mass. The species’
absorption coefficients are too similar over the relevant energy range to discriminate them by varying the photon
energy. However, the drugs used in PMDI sprays often contain heavier elements such as bromine, and these can
be used as X-ray fluorescence tracers to independently measure the drug mass distribution [18].

Recent work has demonstrated the use of another X-ray technique for sprays; ultra small-angle X-ray scattering
(USAXS) [19]. For dense sprays with sufficiently small droplet size, USAXS provides an accurate, absolutely-
calibrated specific surface area measurement which can be combined with radiography to measure Sauter mean
diameter (SMD) in the near-field [20]. These measurements require the liquid composition to be known a priori.
However, if the SMD can be measured by another means (i.e. using laser scattering), then the droplet composition
can be determined. This paper demonstrates how laser scattering, radiography, fluorescence and USAXS measure-
ments can be combined to measure composition and species evaporation rates in a PMDI spray. The PMDI spray
is an ideal case for this multimodal approach. It is both small and dense enough to make X-ray measurements
feasible, but dilute enough in the near field to allow significant domain overlap with laser-based measurements.

Methodology
All the experiments were carried out in an electronically metered inhaler (EMI) test facility, as shown in Figure

1b. The primary difference between the stock PMDI (Fig. 1a) and the EMI are that the shuttle valve is removed,
and an electronic solenoid valve is instead used to provide an externally timed release of liquid into the nozzle.
This facility has been described in detail in previous publications [17, 18]. A co-flow of dry nitrogen at 30 SLPM
was used to simulate inhalation. A standard Bespak nozzle (diameter 0.33 mm) was cut from a PMDI and filed
back to allow optical access all the way up to the nozzle exit plane. It was fitted into a model mouthpiece with
kapton (polyimide) windows to allow both optical and X-ray access. The test facility was translated on a two-axis
stage (x, y) through a fixed optical setup for all the experiments.

Two formulations have been considered in this work. Both contain 1 µg/µL of ipratropium bromide (IPBr), a
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common bronchodilator drug, dissolved in 15% v/v ethanol as the cosolvent. The balance of the mixture was either
HFA-134a or HFA-227 propellant. The primary difference between the two formulations are the vapor pressures
of the propellants. At 20◦C, HFA-134a has a vapor pressure of 5.7 bar and HFA-227 is 3.9 bar. As a result, the
driving pressure behind the nozzle is lower for HFA-227. All measurements were conducted at room temperature.

The flow contains five distinct phases; propellant liquid and vapour, ethanol co-solvent liquid and vapour, drug,
and N2 coflow. Multiple measurements are required to account for these degrees of freedom. This study therefore
uses a range of techniques, all of which are described in detail elsewhere. Here, we give an overview of these
techniques as applied to the PMDI. The contribution of each technique is summarized as follows:

1. X-ray radiography measures the total line of sight integrated mass of vapor, liquid and drug together,

2. X-ray fluorescence measures the line of sight integrated mass of only the drug,

3. USAXS measures the specific surface area of the liquid phase as a function of composition, and

4. Mie scattering measures the droplet size distribution, from which an SMD can be determined.

X-ray radiography and fluorescence measurements
X-ray radiography [16] is used to measure the total line of sight integrated mass in the spray. The mea-

surements were performed at the 7-BM beamline of the Advanced Photon Source (APS) at Argonne National
Laboratory [21]. A monochromatic 6 keV X-ray beam focused to a 5 × 6 µm spot at the mid-plane of the nozzle
was used, and the transmitted intensity was recorded with a large-area PiN diode. Multiple time-resolved measure-
ments were made at a single point in the spray, and the spray was then translated through the beam to build up a
spatial distribution. Further details may be found in Mason-Smith et al [17]. At a given point in space and time,
the measured absorption Irad normalized against the nitrogen background (I0,rad) is related to the integrals of the
densities of each species i by the Lambert-Beer law for m species with mass absorption coefficents µi;

Irad
I0,rad

=

m∏
i=0

exp

(
−µi

∫
ρidz

)
. (1)

Typical values of µ for the constituents are shown in Table 1. The co-ordinate system is as shown in Fig. 1b; x
is the axial coordinate, y the transverse (into page), and z the beam direction. For any phase of any species, we
define the line of sight integrated mass M (units mass per area) and volume fraction v (units of length) as

Mi(x, y, t) =

∫
ρi(x, y, z, t) dz (2)

vi(x, y, t) =

∫
ρi(x, y, z, t)

ρ′i(x, y)
dz (3)

where ρi is the density of component i at any point, and ρ′i is the density of the pure substance in the given phase at
thermodynamic equilibrium (typically estimated at the propellant saturation condition). Liquid and vapour phase
volume fractions are indicated by vi,l and vi,v respectively.

X-ray fluorescence was used to measure the drug concentration in the spray. These experiments were also
conducted at APS 7BM, and are described in detail in Duke et al [18]. A monochromatic 15 keV X-ray beam
focused to 5 × 6 µm at the mid-plane of the nozzle was used to excite the emission of characteristic 11.9 keV
fluorescence X-rays from the K shell of the bromine atoms of the IPBr molecules. The Br acts as a natural tracer; its
mass concentration is always directly proportional to the drug concentration. A photon-counting energy-dispersive
detector placed at right angles to the incident beam recorded the emission. Corrections were employed to account
for incident beam intensity, solid angle of the detector and its response, re-absorption in the surrounding media,
and other factors [18, 22]. Post correction, the fluorescence intensity can be related to the line of sight integrated
mass of the drug, Md(x, y, t) (units mass per area). Further discussion of the fluorescence measurements are not
given in this paper for reasons of brevity. However, the fluorescence measurement is necessary for the development
of the composition model. Although the mass fraction of drug is very small (ng / mm2), its high molelcular weight
and scattering cross-section make it necessary to account for its effect on the composition measurement [18].

USAXS measurements
The USAXS technique measures the intensity of elastically scattered X-rays from a sample over very shallow

scattering angles. A simplified schematic of the experiment is shown in Fig. 2a. The scattering intensity is
determined by the contrast in electron density between the interior and exterior of the scattering surface over the
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Refractive X-ray mass absorption X-ray scattering contrast Density
Index (670 nm) coefficient at 6 keV (cm2/g) at 12 keV (1020 cm−4) g/cm3

Liquid R-134a 1.24 30.30 131.00 1.38
Vapor R-134a 1.00 26.39 1.68 × 10−5 5.2 × 10−3

Liquid R-227 1.22 31.43 159.40 1.54
Vapor R-227 1.00 29.02 3.47 × 10−5 8.3 × 10−3

Liquid ethanol 1.36 16.63 63.03 0.83
Vapor ethanol 1.00 14.48 0.11 0.04

Table 1: Key properties of typical constituent components of a PMDI spray in both saturated liquid and vapor
states. All properties are given at 1 bar pressure and are given relative to a background of N2 at STP. X-ray
coefficients are based on densities at the saturation temperature, refractive index data is at 20◦C due to lack of data.
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Figure 2: Simplified schematic diagrams comparing (a) USAXS and (b) Mie scattering measurements.

length scale defined by the wavevector q = 4π sin (θ) /λ, where the scattering angle is 2θ and λ is the X-ray
wavelength. For these experiments, λ =1.03 Å at 12 keV and the useful range of q for these sprays is 10−4 to
10−2 Å−1, thus 2θ is on the order of µrad to less than 1 mrad.

The measurements were conducted at the 9-ID beamline of the APS [19]. This beamline has two unique
characteristics which make it well suited for spray measurements. The Bonse-Hart configuration (Fig. 2a) permits
measurements at scattering angles an order of magnitude smaller than conventional X-ray scattering facilities.
This corresponds to being able to study droplets and features up to 10 µm in size. Secondly, USAXS provides an
absolutely calibrated measurement over several orders of magnitude in q and intensity. This allows the surface area
of the scatterers to be directly related to composition in weakly absorbing samples without the need for external
calibration or full characterisation of the entire scattering curve. This is ideal for large (i.e. > 1 µm) objects.

When the length scale of the measurement (i.e. 1/q) is much smaller than the diameter of the scatterers, as is
the case for the PMDI droplets, then the scattering intensity follows Porod’s law. If we assume spherical particles
with sharp interfaces, this takes the form

dΣ

dΩ
(q) = 2π∆ρ2Sq−4. (4)

Here, dΣ/dΩ is the differential cross section; it is determined through post-processing of the measured scattering
intensity as a function of position (x, y) and q [23]. S is the surface area per unit volume, averaged over the line
of sight of the beam and the beam cross-section area. In these experiments, a beam area of 0.8 mm (y) × 1.0
mm (x) was used. ∆ρ2 is the X-ray scattering contrast; it depends on composition. The sensitivity of USAXS to
composition is explained by the variation in ∆ρ2 in Table 1. The higher electron density of the heavier fluorine
atoms in the propellants results in a roughly 3× variation in ∆ρ2/ρl in the liquid phase as compared to ethanol.
Conversely, the radiography absorption coefficients, when weighted by density, vary by less than 10% between
ethanol and propellant. USAXS thus provides a means of measuring spatial variations in liquid phase composition.

Mie scattering measurements
The X-ray measurements were supplemented with Mie scattering measurements performed at Monash Univer-

sity using a Malvern Spraytec instrument [24]. The source is a collimated 670 nm laser beam with a diameter of 10
mm (5.9 mm full width at half maximum). A schematic of the setup is shown in Figure 2b. The transmitted beam is
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Figure 3: Planar laser sheet illuminated image of PMDI spray 25 ms after actuation, with overlay showing beam
profiles for the various measurement techniques. The colour scale is logarithmic and proportional to optical depth.

focused onto a transmission photodiode. Elastic scattering of light from the droplets is captured by 32 log-annular
spaced large area photodiodes. The scattering intensity was recorded at positions matching the USAXS data at a
sample rate of 2.5 kHz. The intensity function was converted into a size distribution with a Lorenz-Mie model
which employs a proprietary weak multiple scattering correction.

The time-series recorded at 32 scattering angles yields a time-resolved size distribution function averaged in
z with 32 bins in the range [1, 100] µm. From the size distribution, we can calculate a path-averaged Sauter mean
diameter (SMD) which corresponds to the equivalent path-integrated liquid volume to surface area ratio;

d32 = 6

∑m
i vi,l
S

. (5)

The projected surface area S (dimensionless) is defined as the line of sight (z) integral of the local surface area per
unit volume. The volume fraction of all the liquid species vi,l are as defined in Eqn. 3. Mie scattering can also be
used to estimate the volume fraction by extinction, but the measurement uncertainty becomes very large near the
nozzle due to excessive multiple scattering, so it is not used.

Results and Discussion
An image of the PMDI spray is shown in Figure 3. The light source here is a 532 nm pulsed laser sheet approx.

1mm thick, through the mid plane of the spray. The colour scale indicates log-scale optical depth. The dashed
line shows the outline of the mouthpiece. The circular region indicates the beam footprint of the Mie scattering
measurement; this is the lowest resolution of all the techniques and dictates the ultimate spatial resolution of the
combined measurement approach. The USAXS beam footprint (0.8×1.0 mm) is also shown. The radiography
and fluorescence probe is not shown as it is orders of magnitude smaller. Linear interpolation was used to map
the radiography and fluorescence data onto the spatial scale of the USAXS and Mie scattering measurements.
Measurements were made along the spray centerline at axial positions of -11, -10, -5 and +5 mm relative to the
exit plane of the mouthpiece. The -11mm measurement represents the exit plane of the nozzle.

The composition measurements were conducted during the steady-state period of the spray. The solenoid was
opened for 50 ms, generating a spray that lasted for 150 ms. Sample time-series data are shown in Fig. 4 for the
time-resolved X-ray radiography (black) and a simultaneous laser absorption measurement at 532 nm (blue), at
5mm downstream of the mouthpiece. The time history of the SMD from Mie scattering (red line) is also shown.
Error bars are given for all measurements; for the Mie scattering the error bar corresponds to the width of the
histogram bins for the size distribution. The steady state period of the spray considered in the following analysis
is 35–85 ms after start of injection for propellant 134a, and 70–90 ms after start of injection for propellant 227.
The USAXS measurements were averaged over these times during acquisition. During the steady state period, the
droplet size distribution remains relatively constant. The effect of variation in spray density (as indicated by X-ray
radiography) is incorporated into an uncertainty propagation calculation for the derived steady-state quantities.

Composition model
In order to calculate the average droplet composition, we combined the measurements into a unified model.

This is represented by the linear system u = Av where u are the experimental data and v is the vector of path-
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(a) Propellant 134a, 15% EtOH, 1 µg/µL IPBr. (b) Propellant 227, 15% EtOH, 1 µg/µL IPBr.

Figure 4: Comparison of laser absorption, X-ray radiography and Mie scattering SMD at the spray centerline,
5mm from the mouthpiece, for both propellants.

integrated volume fractions for the constituents. Nonlinearity is introduced because u is a function of v. This is due
to the dependence of USAXS on the liquid composition (via ∆ρ2, eqn. 4). Weak nonlinearity is also introduced
by the effect of temperature on the vapour phase densities, although in this study we have assumed that the spray
is at the propellant saturation temperature at 1 bar. For a single point at the centerline of the spray, the system is:

− ln
[
Irad/I0,rad

]
Mfluor

d32,Mie · Susaxs(vpl, vcl, vd)

0

Mvap(x)

 =


ρplµp ρpvµp ρclµc ρcvµc ρdµd

0 0 0 0 ρd

6 0 6 0 0

ρplMpc ρpvMpc −ρcl −ρcv 0

0 ρpv 0 ρcv 0



vpl

vpv

vcl

vcv

vd

 (6)

In eqn. 6, the first row represents the radiography measurement (eqn. 1), and the second the fluorescence mea-
surement. The third row is a liquid volume calculated based on the Mie scattering SMD (eqn. 5) with the specific
surface area being determined from USAXS as a function of composition (eqn. 4). The fourth row is a mass con-
servation argument, with the constant Mpc being the known mass ratio of propellant to co-solvent. The last row
describes the expansion of the evaporated vapor jet with the line of sight integrated vapor mass function Mvap(x).
This is based on a self-similar turbulent jet scaling argument. Penetration and spreading angle measurements from
Schlieren imaging have shown that this is an accurate model for the evolution of the vapor plume [5].

For a spatially-resolved system with n measurement positions, Equation 6 is expanded in block form with u
and v being of length 5n. The solution procedure for the system is as follows:

1. Make an initial guess for the volume fractions v (saturation conditions inside the canister).

2. Use radiography data to make an initial guess for the vapour jet expansion Mvap(x), assuming that both
species evaporate at approximately the same rate.

3. Use v and the values in Tab. 1 to determine the mass weighted X-ray scattering contrast ∆ρ2 of the droplets,
and combine this with the other experimental data to determine an estimate for u.

4. Find the global minimum solution of v for the linear system u = Av, such that the experimental measure-
ments agree to within their respective errors. Mass conservation is enforced explicitly.

5. Return to step 3, using the solution for v to update u, and solve iteratively until the error in the solution is
within experimental error, the solution residual is a global minimum, and the rate of change in the nonlinear
terms in v is within error.

The results are shown in Figure 5, with the propellant 134a data in blue and the propellant 227 data in red.
Fig. 5a shows a comparison in volume fraction (given in parts per million on log scale) using the Mie data (circles)
and the unified model with X-ray data (squares). While the Mie data provides an accurate droplet size distribution,
the volume fraction derived from the laser absorption fails close to the nozzle due to multiple scattering. The
advantage of using X-ray radiography to measure the volume fraction in the near field is evident.

Figure 5b shows the mass fraction of ethanol in the liquid phase as a function of axial distance from the
mouthpiece. The error bars represent an uncertainty propagation through the system in eqn. 6. At the nozzle
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Figure 5: Results of nonlinear unified model for both propellants 134a and 227.

(x = −11 mm), the liquid is primarily ethanol co-solvent. This is not surprising, as the propellant has a large
degree of superheat at the exit plane condition and will flash-boil. X-ray phase contrrast imaging reveals that phase
change also happens inside the device, and the fluid exiting the nozzle is a multiphase mixture [7]. However, we
also note that the mass fraction of ethanol rapidly drops as the spray evolves, particularly for the higher-pressure
134a propellant. This is counter-intuitive, as we would expect the ethanol to evaporate more slowly than any
residual propellant and thus for the ethanol mass fraction to remain high until no liquid remains.

The underlying reason for the unexpected drop in ethanol liquid mass fraction is shown in Figures 5c-d, which
show the individual species projected mass along the beam line of sight for both propellants. Error bars have been
hidden for clarity; they are at most 30% of the values shown. For both experiments, the total liquid mass fraction
(triangles) drops with increasing distance from the nozzle due to evaporation. The total mass of liquid ethanol (solid
circles) also drops as it evaporates. However, we see a slight increase and plateau in the amount of propellant in
the liquid phase (squares). This is unusual; we would expect any remaining liquid propellant to rapidly boil off
under atmospheric conditions. However, the data suggest that some of the propellant remains trapped in the liquid
phase inside the droplets for a long distance downstream, and that some limited recondensation of propellant may
be occurring. The reasons why this is so are a matter of ongoing research.

Conclusions
In this paper, we have demonstrated a novel application of multiple X-ray and optical diagnostic techniques

for evaporative PMDI sprays. A unified model has been used to combine the results of X-ray radiography, fluores-
cence and USAXS measurements with Mie scattering measurements made under identical conditions. For a binary
liquid mixture of ethanol and propellant with a dissolved drug, the five degrees of freedom imposed by the volume
fractions (liquid and vapor for each fluid plus drug) are determined using a nonlinear iterative method. Radiogra-
phy, fluorescence, USAXS and Mie scattering together provide three constraints, and the final two constraints are
imposed by mass conservation and a self similar scaling argument for the vapor plume.

This approach has a number of limitations and constraints. Firstly, resolution is restricted to the coarsest mea-
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surement. The large Mie scattering beam footprint limits the spatial resolution to mm scale. Further refinements to
the experimental methods will aim to address this. The time average nature of the USAXS measurement at present
limits the measurement to the steady state period of the spray only. The limited size of the USAXS dataset is also
a major constraint. Furthermore, the large number of measurements and the unsteadiness of the spray result in a
relatively large propagated uncertainty in the estimated composition (which can be up to 30%).

Despite these shortcomings, this proof of concept approach allows us to estimate for the first time composition
of the droplets in the PMDI spray, with surprising results. The relatively flat propellant liquid phase mass fractions
suggest that a small but appreciable amount of propellant is trapped inside the droplets as liquid while the less
volatile co-solvent evaporates at the droplet surface. The physical mechanism by which this occurs is yet to be
determined; both thermal and mass diffusion phenomena inside the droplet can play important roles at these scales.
These early findings have significant implications for drug particle formation. The drug is typically insoluble in
the propellant and will thus be concentrated in any liquid cosolvent that remains. Formation of the drug particle
will thus depend strongly on the heterogeneity of the droplets. Changes in drug particle shape due to heterogeneity
and evaporation rates will have implications for bioavailability.
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