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Abstract
An experimental and theoretical investigation of transient spray properties of pressurised metered-dose inhalers (pMDI) has been conducted. Synchrotron x-ray diagnostics were applied to these sprays for the first time, and provided measurements in
regions previously inaccessible to experiment. Quantitative measurements of spray
projected mass and drug concentration, and visualisations of the internal flow structure, were obtained.
Synchrotron x-ray radiography was used to measure profiles of the ensemblemean time-variant projected mass of sprays from a pMDI and a pMDI analogue.
Transverse integration of these profiles demonstrated that the spray in the nearnozzle region is low density, consistent with a highly vaporised spray. Dominant
sources of uncertainty were identified.
Phase contrast imaging was used to visualise the vapour-liquid structure of the
internal flows of drug-free pMDIs with and without ethanol. The inclusion of ethanol
was found to affect these structures; increased ethanol concentration is associated
with a decrease of the scale at which vapour is distributed within the liquid. Visualisations also showed that large droplets, which likely contribute to oropharyngeal
deposition in suspension pMDIs, are produced internally.
Visible light diagnostics were used for the measurement of downstream properties of pressurised metered-dose inhalers. The measurements showed an improved
spray steadiness with ethanol addition. This finding was consistent with the flowstructural effect of ethanol observed with phase contrast imaging.
The experimental results were used to advance thermodynamic modelling of
pMDIs. A comparison of x-ray radiography data of propellant-only pMDI sprays
with thermodynamic model predictions indicated that metastability effects are significant in the nozzle flows of pMDIs. A thermodynamic model was also developed
for the modelling of multicomponent liquids that more realistically represent formulations used in drug-containing pMDIs.
The combination of high-fidelity near-nozzle measurements and phenomenological modelling provides a way forward for the performance prediction of pressurised
metered-dose inhalers.
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Chapter 1
Introduction & Background
1.1

The pressurised metered-dose inhaler

Since its invention in 1956, the pressurised metered-dose inhaler (pMDI) has been
medically and commercially successful in treating respiratory illnesses. The aerosol
formed from the device is inhaled by the user, and deposits in the respiratory system
predominantly by inertial impaction and sedimentation. For these deposition mechanisms, the particle and droplet size is a governing parameter (Carvalho, Peters,
and Williams III 2011). Flash atomisation, which is the operative principle of the
pMDI, is an effective way to produce fine sprays at low injection pressures (Sher,
Bar-Kohany, and Rashkovan 2008).
The pMDI is the most widely used medical inhaler for the treatment of asthma
and chronic obstructive pulmonary disease (COPD). These conditions are widespread
and debilitating; depending on how it is defined, an estimated 65 million people suffer
from moderate to severe COPD (World Health Organisation 2018). Both prevalence
of and morbidity due to COPD are higher in poorer populations (Mannino and Buist
2007), where poverty is a significant barrier to accessing treatment.
The success of the pMDI has been achieved despite a comparatively low delivery
efficiency (De Backer et al. 2010). Significant oropharyngeal deposition occurs with
1
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many inhalers (Bell and Newman 2007). This results in not only wasted drug, but
can also result in side effects (Roland, Bhalla, and Earis 2004), including oral candidiasis (Salzman and Pyszczynski 1988). The hoarseness and discomfort resulting
from oropharyngeal deposition of inhaled corticosteroids, beyond being problems in
their own right, can impact patient adherence to their treatment plans (Roland,
Bhalla, and Earis 2004).
Improvements to pMDI design could reduce oropharyngeal deposition, and increase their efficiency and ease of use. These benefits could lead to the use of
pMDIs in dose-critical applications, where oropharyngeal deposition and dose variability currently prohibit their use. Increasing the efficiency of pMDIs would reduce
their cost, which is a significant factor driving their continued use over alternative
inhaled drug delivery devices, such as dry powder inhalers and soft mist inhalers
(Stein et al. 2014).

Propellants
Chlorofluorocarbon (CFC) refrigerants were used as propellants in pMDIs from 1956
until the 1980s. This state of affairs was disrupted by the regulatory response to
ozone depletion caused by CFCs (Thiel 1996):
A big bombshell struck in 1987. CFC propellants were going to be
banned! The Montreal Protocol was signed in September of 1987. Propellant, or rather refrigerant manufacturers, said that they would cease
production before the turn of the century. Of course, they moved that
date up to January 1996.
Although exemptions were included in the Montreal Protocol for pMDIs to continue using CFCs, it became apparent that their continued use would be impossible
while other industries transitioned away from them (Thiel 1996):
[M]ajor CFC manufacturers said that they could not supply propellants
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to us because it would be un-economic to do so. Their production plants
were so large that one or two day’s production would supply all of the
needs for MDI’s for a year.
For the refrigeration industry, replacement refrigerants were sought that had
similar thermophysical properties to CFCs, such as their pressure-temperature relationships, and chemical compatibility with existing componentry (Cavallini 1996).
Hydrofluoroalkanes (HFAs) quickly became the front runners for these applications.
For pMDIs, the additional requirements of drug dispersion and/or solution meant
that reformulation to use HFA propellants would not be straightforward. As described by Thiel (1996, emphasis mine):
After much cajoling of propellant manufacturers, we were able to obtain
a sample bottle of HFA 134a in late spring of 1988. It was then that
we discovered that our faithful old dispersing agents, that had served us
so well for more than 30 years, would not work in HFA 134a. [...] Conversion would not be a simple matter. After some stumbling around, it
became apparent that a patient-focused systems engineering approach—
a new paradigm—for MDI development would be required to develop
suitable MDI’s with the new propellants. It was just like starting over—
almost as if MDI’s had never been invented. Iterations through drug
specific formulation, valve and actuator design are now required in order
to develop an MDI that truly meets the needs of the patient.
In this way, the Montreal Protocol acted as a catalyst for substantial research
into pMDI development. This ‘new paradigm’ is perhaps best exemplified by the
work of Clark (1991), who was the first to investigate the thermodynamics of the
metered discharge process that occurs in pMDIs. The result of this investigation
was a thermodynamic model of the metered discharge process. Clark (1991) also
developed a correlation for the droplet size of pMDI sprays, as a function of the
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pressure and quality in the expansion chamber. These combined to form the first
phenomenological model of spray formation from pressurised metered-dose inhalers.
This history holds important lessons for pMDI developers today (Santayana
1905). Amendments have recently been made to the Montreal Protocol to include
HFAs as banned substances, due to their high global warming potentials (GWP)
(Sharadin 2018). Some automotive manufacturers have replaced HFAs with hydrofluoroolefins (HFOs); HFO1234yf is a straightforward replacement for HFA134a
in refrigeration and air conditioning (Lee and Jung 2012). Its flammability (Minor
and Spatz 2008) raises doubts about its suitability for pMDIs. If history is any
guide, it is unlikely that pMDI manufacturers will be unaffected by the global shift
away from HFAs.

Motivation
The tools available to pMDI designers today are largely unchanged from those of
the past, and empirical approaches remain widespread. A lack of high-fidelity experimental data regarding the spray formation process is a contributing factor in the
difficulty of adopting a phenomenological approach to pMDI development. Typical
measurements are conducted far downstream of the atomising nozzle, often after
particle formation has occurred. Considering the limited experimental data available for its development, it is not surprising that Clark’s correlation is insufficient
to account for the diversity of formulations and geometries currently in use.
This thesis concerns the application of synchrotron x-ray diagnostics to sprays
from pressurised metered-dose inhalers. These techniques have the capacity to measure spray properties in regions previously inaccessible to the investigator. These
new measurements, and insights gained from their application, are used to advance
the phenomenological approach to pMDI development.
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Development of pMDIs

The development of metered-dose inhalers has largely been achieved through the
use of empirical correlations developed from experimental particle size data (Finlay
2001). These correlations take a parametric approach to particle size prediction,
and determine a ‘best-fit’ relationship between device and formulation variables and
the final particle size (Ivey et al. 2014). This approach treats the inhaler as a ‘black
box’. Many of the functional relationships between inhaler and formulation variables
and drug particle sizes for HFA-propelled pMDIs have been empirically determined,
and the resulting correlations enable design within a limited window of operation
(Finlay 2001). Much of this data is not in the public domain.
The parameter space associated with metered-dose inhalers makes the empirical
approach difficult. The range of formulation and geometric variables available to the
designer is enormous; some of these are outlined in Table 1.1 (adapted from Newman
(2005)). A schematic of a typical pMDI is also shown in Figure 1.1. Parametric
studies have shown that spray properties, including droplet sizes and spreading
angles, are sensitive to even small changes in device variables, and that there are
strong interactions between device variables (Smyth et al. 2006). This empirical
approach may be insufficient to further increase the efficiency of pMDIs. Should
pMDIs need to be reformulated to use low GWP propellants, reformulation will
require the development of new correlations, likely at great expense.
Phenomenological models have greater flexibility than empirical correlations, and
use a limited set of sub-models for phenomena to predict the atomisation process.
Since the pioneering work of Clark (1991), thermodynamic modelling has been used
by a number of researchers to predict spray dispersion (Dunbar, Watkins, and Miller
1997), spray velocities (Ju, Shrimpton, and Hearn 2010; Gavtash et al. 2017b) and
droplet sizes (Gavtash et al. 2017a) of pMDI sprays. These models treat the pMDI
as a series of connected control volumes, across which the conservation of mass
and energy are applied. Some of the assumptions used to complete these mod-
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Table 1.1: Device and formulation variables that influence drug delivery from pressurised metered-dose inhalers (adapted from Newman (2005)).
Component

Details

Container
Propellants

Internal coating
Type and mixture
Vapour pressure
Ambient temperature
Suspension versus solution
Presence of surfactants
Presence of ethanol and other excipients
Drug concentration
Drug particle size in suspension formulations
Volume of metering valve
Valve design
Elastomers
Time since last actuation
Orientation during storage
Expansion chamber size and shape
Nozzle diameter
Nozzle path length
Mouthpiece length and shape
Breath-actuation/breath coordination
Spray velocity modification
Spacer attachments

Formulation

Metering valve

Actuator

els are uninformed by experiment. These models are computationally inexpensive,
permitting exploration of wide parameter spaces. Thermodynamic models can be
combined with empirical correlations (Clark 1991) or atomisation models (Gavtash
et al. 2017a) to form a phenomenological model that predicts droplet, and ultimately particle (Stein and Myrdal 2004), sizes. As the model output depends upon
the assumptions used, experimental data plays an important role in both model
development and assessment.
At the other extreme of complexity, computational fluid dynamics (CFD) can be
used to simulate pMDI sprays. The real flows of pMDI sprays are inhomogeneous,
three-dimensional and unsteady; unlike one-dimensional thermodynamic models,
CFD may be able to account for some of these effects. The computational costs
of CFD simulations have prevented their widespread adoption as tools for pMDI
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Figure 1.1: Schematic of typical pressurised metered-dose inhaler (reprinted from
Newman (2005)).

development (Ruzycki, Javaheri, and Finlay 2013). CFD has been used to simulate
the ex-nozzle spray and dispersion of CFC and HFA pMDIs with and without spacers (Kleinstreuer, Shi, and Zhang 2007), and showed that HFA pMDIs have lower
oropharyngeal deposition than CFC pMDIs. Accurate specification of the boundary
conditions for ex-nozzle pMDI spray simulations is challenging; Dunbar and Miller
(1997) used a thermodynamic model to predict the nozzle exit conditions, and used
CFD to model the ex-nozzle spray dispersion. No 3D CFD modeling of pMDI internal flows has yet been published. Methods have recently been developed for the
simulation of internal nozzle flows of flashing cryogenic liquids (Lyras et al. 2018).
Large-eddy simulations (LES) have also been performed for cavitating multicomponent flows (Duke et al. 2013). Although 3D CFD is not explored in this thesis,
it will undoubtedly play an increasing role in pMDI development as computational
power continues to increase.
Though the basic processes are well understood, much is unknown about the
operative mechanisms of pressurised metered-dose inhalers. The performance prediction of flash atomisers, even with geometries and boundary conditions far sim-
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pler than the pMDI, is difficult. This is especially true when the formulation to be
atomised comprises multiple components (Bar-Kohany and Levy 2016), as it does
in pMDIs. A solid theoretical foundation for the processes that lead from metered
formulation to drug particle formation and deposition in the body is lacking, in
large part due to the difficulties of obtaining experimental data associated with
the spray. The flow has micrometre length scales, microsecond time scales, and is
transient, turbulent, multiphase and multicomponent, with heat and mass transfer
between phases. The absence of a detailed mechanistic understanding prevents a
first-principles engineering approach to pMDI design.

1.3

Experimental measurement of pMDI sprays

Particle sizing measurements
Cascade impactor particle size measurements are widely used for the characterisation of pMDI sprays, and are a standardised procedure for in vitro testing of
pMDIs (U.S. Pharmacopoeia 2018). Cascade impactor measurements partition the
delivered dose into stages that are indicative of different regions of the respiratory
system. The technique provides no temporal or spatial resolution; the entire spray
is averaged into a single measurement. Other issues include particle ‘bounce’, regional segregation on impactor plates, and calibration (Mitchell and Nagel 2003).
Cascade impactor testing is also time-consuming (De Boer et al. 2002). Although
cascade impactor measurements provide a measure of the particle size distribution,
arguably the spray property most relevant to deposition in the respiratory system,
alternative measurement techniques are sought that provide spatial and temporal
resolution, for informing and validating models.
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Visible-light diagnostics
Visible-light diagnostics have been established as useful tools for the measurement of
sprays from pMDIs (Dunbar, Watkins, and Miller 1997). Optical imaging (Chigier
1991) has been used (Dunbar, Watkins, and Miller 1997; Versteeg, Hargrave, and
Kirby 2006) to visualise dynamic features of the spray boundary in the near-nozzle
region, and the spray in the dilute region downstream. Laser diagnostics, such as
laser diffraction and phase-doppler anemometry (PDA) (Myatt et al. 2015; Dunbar,
Watkins, and Miller 1997), have also been used to measure droplet velocities and
sizes in sprays from metered-dose inhalers.
These diagnostics are restricted in their application to dilute spray regions. The
spray is optically dense in the near-nozzle region (Finlay 2001), and becomes dilute only after a large number of nozzle diameters. For laser diagnostics, this high
optical density creates measurement issues due to beam steering and multiple scatter (Kastengren and Powell 2014). Dunbar, Watkins, and Miller (1997) found that
PDA measurements of propellant-only sprays closer than 10 mm from the nozzle
exit (x/D = 20) had exceedingly high concentrations, which led to data rejection.
Similarly, Myatt et al. (2015) performed PDA measurements of propellant/ethanol
mixtures 15 mm from the nozzle (x/D = 30) for this reason, and to avoid multiple
scatter. For optical imaging, the near-nozzle spray cannot be observed in detail; the
observable spray feature is the spray boundary. Imaging systems enable the effects
of device and environment variables (such as the nozzle diameter and the ambient
pressure) on this spray boundary to be measured.
Further downstream, where the spray is dilute, optical imaging and laser extinction can be used to measure the optical density, and to obtain instantaneous
snapshots of the spray structure. Planar Mie scattering can also be used to perform
particle image velocimetry (PIV) (Crosland, Johnson, and Matida 2009). Although
the near-nozzle region of the pMDI is challenging to probe, optical diagnostics remain powerful tools for the measurement of spray properties. In the present work,
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visible-light diagnostics are used to probe dilute spray regions, allowing the investigation of dynamic spray features that are unattainable with point measurements.
These investigations are reported in Chapter 2 and Appendix B.

Synchrotron x-ray diagnostics
To overcome the problems associated with visible-light diagnostics in dense spray
regions, fuel spray researchers developed synchrotron x-ray diagnostics (Kastengren and Powell 2014). There is established precedent of x-rays in multiphase flow
measurement, notably by Reocreux (1976) who non-intrusively measured the void
fraction in a flashing pipe flow. The low fluxes of laboratory x-ray sources prohibit
their use in applications where short exposure times are required. For applications
where a monochromatic beam is advantageous, monochromators further reduce the
x-ray flux, meaning that a very high flux light source is required (Halls et al. 2017).
Synchrotron x-ray sources have photonic fluxes orders of magnitude greater than
laboratory sources (Kastengren et al. 2012), allowing instantaneous measurements
of transient phenomena in fuel injection (MacPhee et al. 2002).
X-rays have high penetrating power, low refraction and scatter, making them
well-suited for sprays, which are characterised by steep refractive index gradients
and high optical depths. These diagnostics provide spray measurements in regions
where optical diagnostics fail (MacPhee et al. 2002), including inside the nozzle
(Duke et al. 2014). Importantly, these measurements paint an entirely different
picture of the spray structure to that which may be interpreted from schlieren and
back-illumination imaging; quantitative mass measurements show that fuel sprays,
which appear uniformly dark in conventional spray imaging (Naber and Siebers
1996), comprise a narrow spray core surrounded by a low density droplet cloud
(MacPhee et al. 2002; Pickett et al. 2014).
Synchrotron x-ray diagnostics have matured into an established range of techniques for spray measurement (Lefebvre and McDonell 2017). A number of different
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techniques are available, and each provides a distinct piece of information regarding
the spray under investigation. For pMDIs, in which much remains unknown about
the operative mechanisms and the spray’s initial formation, synchrotron x-ray techniques are a promising tool that may be used to investigate these devices. Data
from x-ray diagnostics are capable of providing experimental validation of model
outputs, and of guiding the assumptions used in the development of spray models.
The combination of high-fidelity experimental data and new phenomenological modelling approaches may assist in the development of more efficient, more consistent
and easier-to-use inhalers, as will be required for the pMDI to remain a preferred
treatment option. These synchrotron x-ray techniques are outlined below.
Quantitative x-ray radiography
Quantitative x-ray radiography uses the attenuation of an x-ray beam to probe
dense sprays. Scattering, which occurs with visible light and small droplets, is
negligible at typical x-ray wavelengths (Kastengren and Powell 2014), meaning that
the attenuation of the beam is almost entirely due to absorption. This allows the
spray’s projected mass, or path-integrated spray density, to be measured.
The reduction in intensity of an x-ray beam as it passes through a spray is a function of the spray’s composition, and the length of spray along the beam path. This
relationship is described by the Beer-Lambert law, which is a solution to the differential equation of light absorption (Kastengren and Powell 2014). The projected
mass M (µg mm−2 ) is obtained from the transmission
 
1
I
M = − loge
µ
I0

I
:
I0

(1.1)

where µ is the absorption coefficient (mm2 µg−1 ), I is the photonic flux (photons/s)
and I0 is the photonic flux in the absence of spray. The projected mass is equivalent
to a path-integrated density along the beam. If a monochromatic beam is used, the
absorption coefficient is a function only of the compound being sprayed, the photon
energy of the x-ray beam, and the mass of ambient gas displaced by the spray. In
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non-vaporising sprays, these properties are easily obtained; additional uncertainty
arises for vaporising sprays.
Radiography can be performed in several ways for sprays. When a monochromatic beam is used, it is typically focused to a small spot, allowing a spatiallyresolved measurement of the projected mass, which is determined from the intensity
drop as measured by a single photodiode. The beam and detector are then rasterscanned through the spray, with several repeat sprays at each point (Kastengren
et al. 2012). The resulting time series can be combined to provide an ensembleaveraged time-resolved representation of the spray projected mass.
Quantitative x-ray radiography allows dense sprays to be compared in terms of
physically meaningful parameters. For the near-nozzle region, this is in contrast to
visible light imaging, in which the spray is defined by an image boundary that is
a function of both the imaging system and image processing used (Arai 2017). In
an investigation by Pickett et al. (2014), the near-nozzle region (x/D = 0.5) of fuel
sprays was probed with radiography and back-illumination imaging. While little
information could be obtained from optical imaging in this region, radiography was
capable of quantifying the projected mass with high spatial and temporal resolutions.
Radiography was then performed tomographically to obtain the time-variant liquid
volume fraction across the spray cross-section.
The nozzle exit sets the boundary condition for the downstream spray development. For pMDI sprays, this plays a large role in the deposition within the
respiratory system. The ability to probe dense spray regions is of great value in
understanding how the spray forms, and it is for this reason that radiography is
used in the present study. The work resulting from this is presented in Chapters 3
and 4.
The ensemble averaging used and the point measurement approach mean that
the projected mass field is determined from a large number of separate, uncorrelated
sprays. The instantaneous spray structure, which is not apparent in a time-variant
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ensemble mean, may have important effects on the spray development. These instantaneous spray structures can be revealed with phase contrast imaging.

X-ray phase contrast imaging
X-ray phase contrast imaging is a powerful visualisation technique that has been
extensively used in a range of fields (Snigirev et al. 1995). For sprays, phase contrast
allows full-field images of the structure of the gas-liquid interface to be obtained.
The high penetration power of x-rays means that, for some injectors, images can be
obtained inside the nozzle, which is inaccessible to optical diagnostics. Transparent
inhaler analogues permit the outer layer of the gas-liquid interface to be visualised
with visible light; the high penetration power of x-rays allows additional details in
the interior to be observed.
Phase contrast arises from diffraction occurring at refractive index gradients
(Willmott 2011). When the imaging sensor is placed downstream of the object
under investigation, diffraction effects propagate and give rise to fringes. The fringe
pattern obtained is a function of the energy of incident radiation, the spot-size of the
x-ray source and the sample-to-image plane distance (Kastengren and Powell 2014).
The images obtained combine phase contrast and absorption contrast (radiography)
in a single image; at higher beam energies, phase contrast dominates, while at lower
beam energies absorption dominates. For multiphase flows, in which liquid-vapour
(and liquid-gas) interfaces give rise to refractive index gradients, phase contrast is a
technique capable of imaging the flow structure.
Advantages of synchrotron x-ray phase contrast imaging include the short time
resolution obtainable. Motion blur is a common problem in visualising high-speed
fluid flows. A simple criterion (Chigier 1991) for the permissible exposure time to
image a feature of characteristic length L moving at a velocity U with a permissible
motion blur, expressed as a relative displacement k (k =
texp =

kL
U

∆L
)
L

is:
(1.2)
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If a k value of 0.1 is used, a 10 µm feature travelling at 10 m s−1 would require
an exposure time of 100 ns or less to be imaged without motion blur. Synchrotron
sources operating in ‘hybrid singlet’ mode enable exposure times of 150 ps full-width
at half-maximum (FWHM) (Moon et al. 2016). Using this light source, a feature
with L = 12 µm moving at the re-entry speed of a space shuttle (U ≈ 7500 m s−1 )
will pass this motion blur criterion.
The technique is limited in its ability to provide information in regions of very
high feature density along the beam axis, due to the interaction of diffraction patterns produced (Linne 2012). However, this shortcoming is shared by all current
line-of-sight optical techniques (Kastengren and Powell 2014), and images are capable of being interpreted with ease when the interfaces occurring along the beam path
are relatively few. Phase contrast has been used as a method for the visualisation
of internal and near-nozzle flows in cavitating (Duke et al. 2014) and flashing (Jeon
et al. 2018) sprays.
For pressurised metered-dose inhalers, x-ray phase contrast imaging is capable
of providing visualisations of liquid/vapour structure in regions where imaging with
visible light is not possible. The internal flows of pMDIs, which are known to
comprise a complex multiphase structure (Versteeg, Hargrave, and Kirby 2006),
can be imaged at high-speed inside real pMDIs, without the need for transparent
analogues. Furthermore, the high penetration power of x-rays permits visualisation
of the entire flow structure along the beam path, rather than the outermost surface.
Phase contrast imaging complements quantitative radiography well, as it provides snapshots of the instantaneous flow structure rather than the ensemble-average.
For this reason, phase contrast imaging is used in the present investigation. Images
of the internal flows of propellant-only and ethanol-containing pMDIs are provided
in Chapters 4 and 5.
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X-ray fluorescence spectroscopy
X-ray fluorescence spectroscopy provides a method for direct concentration measurement (Kastengren and Powell 2014). For pMDI sprays containing drugs that
have elements with suitable emission edges in the soft x-ray range, x-ray fluorescence allows the drug concentration to be measured with high temporal and spatial
resolution.
The basic working principles of x-ray fluorescence spectroscopy are described
here. Sufficiently energetic photons from an x-ray source can remove electrons from
a sample. As higher shell electrons transition to fill the hole, a process on the order
of 100 fs (Willmott 2011), a fluorescence photon may be released. The characteristic energies of these photons depend on the levels of the transition; the energy
differences between electron shells in a particular element are distinct, giving rise
to narrowband fluorescence emission (Willmott 2011). In this way, peaks in the
fluorescence emission spectrum can be measured to determine the concentration of
a target species in the sample. For sufficiently energetic electron relaxations, the
fluorescence photon is itself an x-ray, meaning it can penetrate the sample. These
high energy x-rays can be detected with photon counters, allowing the wavelength
to be determined on a per-photon basis without filters (Lechner et al. 2001). With
either a calibration or a first-principles approach, the fluorescence signal can be used
to determine the concentration within the sample.
Fluorescence and spectroscopy both have established precedent in fluid mechanics research. Laser-induced fluorescence is used for the investigation of scalar transport in single-phase turbulent flows (Tokumaru and Dimotakis 1995), where fluorescent dye is used to track mixing. X-ray fluorescence has similarly been used to
quantitatively measure mixing in impinging jet atomisers (Halls, Meyer, and Kastengren 2015), a complex multiphase flow field.
Typical measurements of the drug distribution in pMDI sprays with cascade
impactors use particle filtration devices far downstream of the atomising nozzle,
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and lack spatial and temporal resolution. Laser diagnostics provide both spatial
and temporal resolution of the spray, however the information provided is typically
limited to the geometry of droplets, and no information on composition is obtained.
X-ray fluorescence provides a method for detecting the drug concentration in the
spray directly, irrespective of its state. In this thesis, x-ray fluorescence spectroscopy
is used to directly detect the concentration of a bromine-containing drug in sprays
from a pMDI analogue. This work is reported in Appendix D.

1.4

Phenomenological modelling of pMDIs

Phenomenological modelling can be used for the prediction of pMDI performance.
These models typically incorporate a thermodynamic model for the internal flow,
mass flow rate models, and atomisation models. Until very recently (Gavtash et al.
2017a), Clark’s correlation (Clark 1991) was the main method by which the droplet
size in pMDI sprays could be predicted; this correlation was developed with aerodynamic particle size data taken far downstream, and extrapolated to the nozzle.
Ideal measurements for model validation would be obtained in those regions where
the thermodynamic model predicts: inside or at the atomising nozzle exit. This
eliminates the need to extrapolate the experimental data to the model, which introduces a source of uncertainty. The measurements obtained with synchrotron x-ray
diagnostics reported here are used in two ways to advance thermodynamic modelling
of pMDIs. These are described below.

Mass flow rate modelling
pMDI thermodynamic models incorporate multiphase mass flow rate models. These
models predict different conditions at the nozzle exit depending upon the flow phenomenology between the reservoir and the nozzle (Gavtash et al. 2017b). For flashing flows, these effects include slip and thermal non-equilibrium between phases
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(Brennen 2005). Different spray properties are predicted depending on the extent of
thermal non-equilibrium between liquid and vapour phases (Downar-Zapolski et al.
1996). Restricting our attention to homogeneous flow models, in which the liquid
and vapour phases are treated as sufficiently mixed so as to preclude any relative
motion, this non-equilibrium is represented at its extremes by the homogeneous equilibrium model (HEM), where both liquid and vapour are in thermal equilibrium, and
the homogeneous frozen model (HFM), in which the liquid is metastable and does
not undergo phase change during depressurisation. Misty or dense bubbly flows can
approach homogeneity; dispersed phase relaxation times become extremely small
for small dispersed phase elements (Brennen 2005). Comparison with experimental
data is necessary if these mass flow rate models are to be assessed in terms of their
predictive power for pMDIs. Gavtash et al. (2017b) used turbulent jet theory to
extrapolate PDA droplet velocity measurements taken in the dilute spray region
(Myatt et al. 2015) to the near-nozzle region, allowing them to be compared with
predictions of pMDI thermodynamic models. In this comparison, the HFM was
found to more closely agree with experiment than the HEM. Gavtash et al. (2017b)
also used PDA measurements of droplet velocity in the near-nozzle region (Wigley,
Versteeg, and Hodson 2002); potential issues with beam steering and multiple scatter raise doubts as to the validity of the data. The extent of vaporisation prior to
the nozzle exit affects the atomisation and dispersion of formulation in pMDI sprays
(Gavtash et al. 2017a), and determining the influence of formulation and geometric
parameters on these properties is of practical importance.
X-ray radiography measurements taken in the near-nozzle region are a high fidelity observable which can be compared with model predictions, providing additional assessment of the predictive power of homogeneous flow models for pMDI
sprays. For this reason, a thermodynamic model of propellant-only internal flows
was developed in this research program, and was compared with the radiography
measurements reported in Chapter 4. This model and comparison are the subjects
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of Chapter 6.

Non-equilibrium internal flow
Previous thermodynamic modelling approaches permit the prediction of nozzle exit
conditions of pressurised metered-dose inhalers. However, the internal flow structure
is assumed to be homogeneous, contrary to experimental observations in real pMDIs
(Chapters 4 & 5). To investigate the role of the internal structure on the flow rates
from pMDIs, the prior art in thermodynamic modelling of pMDIs is insufficient.
Prior models (Dunbar and Miller 1997; Ju, Shrimpton, and Hearn 2010; Gavtash et
al. 2017b) assumed equilibrium states in the expansion chamber, as determined from
a pair of enthalpy-mass state variables. This assumes that conditions are at all times
saturated for both liquid and vapour, meaning that vaporisation and interphase
heat transfer instantaneously restore the system to thermodynamic equilibrium after
removal of mass. Non-equilibrium effects in the expansion chamber were considered
for the propellant-only case by Clark (1991). No attention has yet been given to
non-equilibrium conditions with multicomponent formulations. To incorporate these
effects, a non-equilibrium thermodynamic model was developed and compared with
the estimated near-nozzle density from experiment. This model and comparison are
presented in Chapter 7.

1.5

Summary

This thesis concerns the application of synchrotron-based x-ray diagnostics to the
investigation of sprays from pressurised metered-dose inhalers. These techniques
provide insights and quantitative measurements that have the potential to improve
our capacity to develop treatments that are affordable and effective. With these
x-ray techniques, we may be able to get away from the empirical approach and take
a mechanistic, phenomenological approach to pMDI development.

Chapter 2
Pressurised metered-dose inhaler
spray structure
2.1

Introductory statement

As will be demonstrated in later chapters, the internal flow structure of metered-dose
inhalers is a strong determinant of the external spray characteristics. Without x-ray
diagnostics or a suitable transparent analogue, the experimentalist is restricted to
investigating the external spray structure, and must infer what they can regarding
the upstream flow state.
This chapter is concerned with the application of visible-light techniques to
the spray formation in pMDIs. A number of visualisation experiments (Dunbar,
Watkins, and Miller 1997; Versteeg, Hargrave, and Kirby 2006; Ju et al. 2012)
noted that the structure of pMDI sprays is variable, and argue that the spray is
highly unsteady. This variability had not been quantitatively investigated, nor had
it been investigated with ethanol-containing formulations. Spray unsteadiness is associated with intermittent coarse atomisation (Jedelsky and Jicha 2008) which, in
the case of the pMDI, may contribute to oropharyngeal deposition.
In this work, laser extinction was used to measure spray optical depth (here
19
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termed ‘effective mass’). Due to multiple scatter effects, the produced data is not
proportional to the spray projected mass, accordingly a distinction is drawn between mass and optical depth. The technique was applied to sprays from an unmetered ‘electronic metering inhaler’, a device developed for application to x-ray
spray measurements (Chapter 3 and Appendix D). This provided a spray that
was free from metering chamber transients, and was nominally steady-state after a
start-of-injection transient.
In addition, particle image velocimetry had been applied by Crosland, Johnson,
and Matida (2009) to sprays from pMDIs. Previous PIV investigations of pMDI
sprays (Crosland, Johnson, and Matida 2009) reported their results in terms of empirical spray profiles for different inhalers. In the present work, PIV was performed
on several formulations sprayed from identical inhaler bodies. This was intended to
assess whether spray profiles are functions of formulation variables. The spray velocity field was then examined through the lens of turbulent jet theory (Abramovich
1963). Key to this understanding is that, after sufficient distance from the nozzle outlet, turbulent jets spread in a manner that allows their velocity profiles to
be collapsed in terms of local parameters. The application of turbulent jet theory
to sprays was thought to have some relevance, as a substantial mass of vapour is
discharged in pMDI sprays.
Particle image velocimetry is typically applied to flows of a single continuous
phase. A dispersed phase is introduced to track the motion of the continuous phase
(Raffel et al. 2013). A key distinction between these tracer-embedded flows and
sprays is the relationship between the velocity of the continuous phase and the
dispersed phase, nominally considered in terms of the Stokes number (Mitchell,
Honnery, and Soria 2011). Sprays are polydisperse, with droplets of different sizes
travelling at different velocities. This raises questions about the applicability of
particle image velocimetry, where windowed cross-correlation of Mie scatter images
is used to determine the velocity of a continuous phase, for spray measurement.

2.1. INTRODUCTORY STATEMENT
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Vapour is discharged in sprays from pMDIs (Buchmann et al. 2014), and the small
droplets are expected to have minimal slip with this continuous vapour phase. As
such, it is likely that droplet size and velocity are correlated in pMDI sprays. If the
droplet size and velocity are uncorrelated, the velocity estimated by PIV will be the
mean droplet velocity. If not, the velocity estimated by PIV will be biased towards
large droplets, due to their greater contribution to the cross-correlation function.
In spite of these limitations to its application, PIV provides a velocity estimate
of sprays that have some relevance (Ikeda, Yamada, and Nakajima 2000), due to
the role of inertial impaction in unrespirable mass in pMDIs (Gabrio, Stein, and
Velasquez 1999).
The work is presented in the form of a conference paper presented at the Ninth
International Symposium on Turbulence and Shear Flow Phenomena 1 .

1
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ABSTRACT

When the canister is depressed, the liquid suspension or solution is forced out of the canister by the vapour pressure
of the propellant and is expelled from an atomising nozzle,
forming a spray that is inspired by the user. Evaporation
of liquid propellant and cosolvent as the droplets convect
downstream results in the formation of an aerosol of drug
particles, which are intended to deposit in the lung. Efficiency of pMDIs is typically low, with the majority of the
delivered drug depositing in the mouth of the user. This
is the result of droplets with large aerodynamic diameters
and high initial velocities, which cannot trace the inspired
flow into the lung of the user. Ivey et al. (2014b) reviews
research into the effects of device and formulation parameters on pMDI performance. Ethanol is a cosolvent typically
used to improve drug solubility in hydrofluoralkane propellants, however its effect on atomisation and deposition can
be significant and detrimental to efficient delivery (Stein &
Myrdal, 2006).
Sprays from pMDIs have been observed to have a pulsatile behaviour, with large variation of ejected spray density and cone angle at a frequency of around 1000 Hz. This
frequency has been estimated in prior studies by observing the distance between large pulsatile bursts in the spray
(Ju et al., 2012) or from high-speed visualisations (Dunbar
et al., 1997; Versteeg et al., 2006). Visualisations of a transparent expansion chamber showed the formation of large
bubbles, with the pulsation attributed to their formation and
collapse (Versteeg et al., 2006). However, only a single formulation was tested, and the expansion chamber and nozzle
used were scaled up from typical pMDI geometries.
Prior studies have attempted to characterise the ve-

Sprays with and without ethanol issuing from a pressurised metered-dose inhalers (pMDI) are studied with Mie
scattering, particle image velocimetry and laser extinction.
Preliminary PIV measurements in the sagittal plane show
that axial velocities are lower immediately downstream of
the mouthpiece for ethanol-containing sprays at 50 ms after the start of actuation; further downstream, the velocity appears equal for both formulations. Vertical profiles
of axial velocity collapse to a single curve when nondimensionalised by peak velocity and distance from the
atomising nozzle, suggesting that outside the mouthpiece
the mean spray behaves like a self-similar turbulent jet.
High turbulence intensities for the axial and vertical velocity fluctuations are measured, and found to decay with increasing axial distance from the nozzle. Laser extinction
measurements downstream of the mouthpiece reveal an intermittent high amplitude fluctuation in spray density, an
observation consistent with conjectures from prior studies
of pMDIs with less temporal resolution. Propellant-only
sprays are found to have higher fluctuations in absorption,
indicative of a higher amplitude pulsation taking place in
the nozzle.

BACKGROUND

The pressurised metered-dose inhaler is an extensively
used drug delivery device and is predominantly used for
the treatment and management of respiratory diseases. In
a pMDI canister, a drug is kept in solution or suspension in
a propellant liquid, often with a cosolvent to aid stability.

1

locity field of the spray with particle image velocimetry
(Crosland et al., 2009; Harang, 2013) amongst other techniques, including phase doppler anemometry (Dunbar et al.,
1997). These studies noted the high value of turbulent fluctuations, with estimates of peak turbulence intensity greater
than 50% (Harang, 2013).
We present measurements using particle image velocimetry to characterise the velocity field for ethanolcontaining and ethanol-free formulations. Time-resolved
laser extinction measurements are used to explore pulsatile
spray behaviour.

pMDI Device

Camera

EXPERIMENTAL METHODOLOGY
Particle image velocimetry measurements were performed with a double shutter camera, dual cavity pulsed
laser and a simple Mie scattering arrangement, as shown in
Figure 1. Velocity measurements were performed by cross
correlating images of the droplets issued from the pMDI,
with no additional tracer particles added. This introduces
a difficulty in estimating velocity in regions where turbulent fluctuations give rise to intermittent spray presence. For
this reason, velocity measurements are only shown for regions where the spray is consistently present. Experimental
and processing parameters are summarised in Table 1. For
the cross-correlation, errant vectors were determined using
a maximum displacement difference of 5 pixels between
windows, and were replaced by interpolation. Images were
preprocessed with a dynamic histogram clipping technique,
removing the highest 2.5% of pixels.

Mirror

Figure 1. Schematic of the experimental apparatus for
Mie scattering, consisting of PILS laser, 45 degree mirror,
automated pMDI device and PCO 4000 camera. Coordinate system shown is used for the PIV and laser extinction
measurements.
tion coefficient µ

M=

Table 1. Imaging and processing parameters for particle
image velocimetry measurements.

Parameter

Value

Camera

PCO 4000

Laser

PILS Nd:YAG

Interframe time (µs)
px 
Magnification mm

10

Field of view (mm x mm)

77 x 51

Aperture

f 2.8, f 4

Focal length (mm)

105

Window size (px x px)

48 x 48

Window overlap (px)

16
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Details of the data acquisition parameters are summarised in Table 2. The laser sheet was aligned with the
centreline of the spray axis. A region of interest of 360 by
12 pixels in the axial and vertical directions was used. A
reference intensity I0 image was obtained by ensemble averaging 100 images in which no spray was present. After
normalising the obtained image sequence by the reference
intensity image, the sequence was binned in the vertical direction to provide a line measurement of extinction. Uncertainty on absorption measurements in optically dense sprays
is considered to be comparatively high, as much of the attenuation of the incident light is a result of scatter and refraction from phase boundaries rather than direct absorption
(Kastengren & Powell, 2014). For the present results, laser
extinction is used as a visualisation technique and not as a
tool for measuring spray mass.
Four placebo formulations were used for the measurements, two of which contained only propellant and two
of which contained a mixture of propellant and ethanol
(EtOH), which is a common cosolvent used in commercial
pMDIs. Propellant-only canisters consisted of either 100%
HFA134a or HFA227. Effects due to the presence of the
drug are considered negligible for this study. Table 3 details
the formulations used, their vapour pressures pv and liquid
densities ρl in the canisters. The vapour pressures presented
for the ethanol-containing formulations are molar-weighted
averages of the constituent vapour pressures (Ivey et al.,
2014a).
Two spray devices were used for measurements. A
linear solenoid-driven pMDI actuator was used for PIV

52

Laser extinction was used to obtain time-resolved information about fluctuations in spray density. Where multiple species are present, the intensity drop is the product of
the contributions from each component. An estimation of
the absorption coefficient is made difficult by the change in
concentration of the propellant and ethanol as evaporation
occurs at different rates. The laser extinction results are presented as an ‘effective mass’
 M,
 the non-dimensional ratio
kg
d2 m
of mass per unit area dxdy
normalised by the absorp2
m

Laser

2

Table 2.
ments.

Imaging parameters for laser extinction measure40
HFA 134a
HFA 134a w/ EtOH

35

Value

Camera

MotionPro X3

Exposure time (µs)

10

Frame rate (FPS)

40,000

15

28.9

10

30

Magnification

px 
mm

25
20

Field of view (mm x mm)

12.5 x 0.4

Aperture

f 2.8

Focal length (mm)

105

Radiometric resolution

8-bit

Table 3.
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Figure 3. Maximum mean axial velocity against axial distance for the HFA 134a spray, 50 ms after actuation.

Placebo formulations used in the study.





kg
m3

Formulation (w/w)

pv Pa × 105

HFA 134a

5.76

HFA 227

3.90

1408

HFA 134a 85% EtOH 15%

4.16

1116

HFA 227 85% EtOH 15%

2.39

1258

ρl

1206



measurements, and has previously been used to study the
spray plume from a pMDI using schlieren (Buchmann et al.,
2014). Canisters were installed in a Bespak inhaler body,
which had a nozzle diameter of 0.3 mm and a distance
of 20 mm from the nozzle to the end of the mouthpiece.
The inhaler was actuated by an externally triggered linear
solenoid, and was held at a 15 degree angle to the vertical to orient the mouthpiece in the horizontal plane. An
electronic metering inhaler (EMI) (Lewis, 2013) with expansion chamber attachment was used for laser extinction
measurements. The EMI uses an unmetered canister capable of continuous operation and an electric solenoid capable
of dispensing microlitre liquid quantities. The expansion
chamber attachment was used with a Bespak 0.3 mm diameter nozzle. No coflow was used for the presented measurements.

VELOCITY MEASUREMENTS

Particle image velocimetry measurements were obtained for each of the canisters, however for brevity we
present results for canisters with and without ethanol, for
a single propellant. The ensemble average velocity magnitude fields for HFA134a canisters at 50 ms after actuation
are shown in Figure 2.
Several features are observable for the mean velocity
magnitude field. The spray is inclined to the horizontal
axis. Prior studies (Buchmann et al., 2014) have shown
that a coflow directs the spray downward; in the absence
of a coflow, we find the spray from the Bespak inhaler to be
directed upward at an angle of 5 degrees. The velocity magnitudes are higher for the propellant-only canisters, which is
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expected to be a result of the higher vapour pressure.
For the presented velocity fields, the maximum mean
axial velocity is obtained for each axial location of the velocity field, and is shown in Figure 3. Um appears to follow
c
a relation Um ∝ x+a
for some constants c and a, which is
consistent with the self-similar turbulent jet described by
Abramovich (1963). Notably, these values are approximately a factor of three higher than those obtained at 50
ms after actuation with propellant-only HFA 134a sprays
by Harang (2013), however this may be the result of different apparatus delays, resulting in measurements being taken
at different times in the spray.
To test whether the velocity field outside the mouthpiece is self-similar, vertical profiles of axial velocity U are
normalised by the maximum axial velocity Um for each x.
Self-similar velocity profiles collapse with a characteristic
width of the spray, typically the half-width or full-width
half-maximum (Rajaratnam, 1976), which is proportional
to the axial distance from the nozzle if a constant cone angle θ is assumed. Figure 4 shows the velocity profiles for
the two formulations, normalised by Um and the axial distance (x + a) where a = 20mm which is the distance from
the atomising nozzle to the mouthpiece exit. The horizontal axis for the velocity profiles is (y − b), where b is the
vertical location of Um .
The vertical profiles of velocity, when appropriately
non-dimensionalised, collapse onto each other, suggesting
that the spray behaves like a self-similar turbulent jet in the
region studied. Non-dimensional profiles are similar for
the ethanol-containing and ethanol-free cases, suggesting
that mean spreading rates are comparable with and without
ethanol.
A further property of a self-similar turbulent jets is a
constant turbulence intensity along the line of Um , such as
that found over the range (x/d) = 50-97.5 for a Reynolds
number on the order of 105 by Wygnanski & Fiedler (1968).
Axial and transverse turbulence intensities for the spray
from the ethanol-containing canister are shown in Figure
0
5. As x/d increases, urms /Um has a gradual decaying trend
0
v
rms
while
/Um increases, suggesting that the spray does not
satisfy this criterion. This trend towards lower turbulence
intensity may be an artifact of the measurement technique.
Larger droplets have a disproportionate influence on the
cross-correlation used in PIV, and it is possible that further from the mouthpiece where the finely atomised droplets
have evaporated, comparatively large droplets remain and
the velocity measurement is biased towards droplets with
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Figure 2. Ensemble average velocity magnitude field 50 ms after actuation for HFA 134a (top) and HFA 134a with ethanol
(bottom) sprays. Mean fields are generated from 121 velocity fields. Masking is applied in regions where the spray is inconsistent (shown in gray).
tive mass for an individual spray
 event Mi (x,t) and its centreline residual Mi (t) − M(t) , all normalised by the maximum centreline mean effective mass M max. The normalised

residual is only plotted for regions where M(t) /M > 0.25.

0.4

′
u′rms vrms
,
Um Um

0.35
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Prior studies have treated the spray as consisting of
three main phases: a start-up transient, a steady state spray,
and a decay for the end of the spray. Our results with unmetered canisters show that a steady state case is reached
rapidly, relative to typical metered dose discharge times.
The propellant-only case does not reach its steady state as
rapidly as those with ethanol. The effective mass is seen to
peak for the ethanol-containing formulations around 50-60
ms, and maintains at a quite constant value. For the ethanolcontaining formulations a steady state spray is achieved by
approximately 40 ms; the propellant only spray develops
more slowly, reaching a steady state around 70 ms.
The measurements for individual spray events exhibit
very large fluctuations in absorption, and the convection of
these structures is observed in the (x,t) plots as diagonal
lines. The normalised residuals are much larger for the
propellant-only case, indicating that ethanol serves to reduce the magnitude of density fluctuations in the spray. The
measurement is integrated across the width of the spray in
the z-direction, consequently large fluctuations in the measurement are likely to be coherent across the cross-section
of the spray.
To observe whether the variation is laser extinction is
related to pulsatile ejection from the nozzle or a turbulent
fluctuation about the centreline of the spray, crossplanar
Mie scattering images of sprays from the pMDI are shown
in Figure 7. At 50 ms after actuation and 5 mm downstream
of the nozzle mouthpiece, the Mie scattering images vary
greatly in their intensity, indicating the large differences in
spray density that occur in the spray. Reductions in inten-
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Figure 5. Axial and vertical turbulence intensities for HFA
134a & ethanol spray, downstream of the mouthpiece at 50
ms after actuation.
high inertia and poor flow tracing ability.

ABSORPTION MEASUREMENTS

Mean absorption x − t plots were generated from 20
separate spray events for each formulation presented. As
there appeared to be high frequency fluctuations, a centreline mean absorption M(t) was generated by applying a
simple moving average with a kernel width of 2.5 ms, or
100 samples, to the mean effective mass at the centre of
the region depicted. For each formulation, effective masses
M are normalised by the maximum value of the centreline
mean absorption M max .
Figure 6 shows plots of the mean effective mass
M(x,t), the centreline mean effective mass M(t), the effec-
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Figure 4. Non-dimensional velocity profiles for sprays from HFA 134a canisters with and without ethanol (left and right,
respectively). The collapse of velocity profiles onto a single curve demonstrates self-similarity of the mean axial velocity for
the region of interest studied.
sity in the laser extinction measurements are the result of
reductions in spray mass across the entire cross-section of
the spray, rather than a fluctuation in the spatial distribution
about the spray centreline.
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CONCLUDING REMARKS

Sprays from pressurised metered-dose inhalers were
studied with particle image velocimetry and laser extinction. Propellant droplets are observed many diameters
downstream of the nozzle, and can be used to obtain velocity measurements with particle image velocimetry. Large
fluctuations in velocity are observed, however mean axial velocity profiles appear to be self-similar. Laser extinction showed that density fluctuations in sprays from a
propellant-only formulation are higher than sprays containing ethanol. Mie scattering showed that the absorption fluctuations in the extinction measurements appear to be the result of large axial variations in cross-sectional mass, rather
than a turbulent fluctuation about the jet centreline.
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CHAPTER 2. PMDI SPRAY STRUCTURE

2.2

Concluding statement

A number of findings emerged from the visible light experiments conducted.
Laser extinction measurements showed that high magnitude optical depth fluctuations occurred in unmetered sprays from the electronic metering inhaler. Propellantonly sprays of HFA227ea had optical depth fluctuations with a high coefficient of
variation, relative to sprays of both HFA134a and HFA227ea with 15% ethanol by
weight. This indicated that ethanol reduces the amplitude of these fluctuations.
This observation is consistent with optical depth variations of metered pMDI sprays
under back-illumination imaging (Appendix B). This was also examined with an
acoustic method, described in Appendix C.
The different variances of optical depth suggest that the upstream conditions of
ethanol-containing and propellant-only pMDI sprays are distinct. The internal flow
structure is investigated with x-ray phase contrast imaging in Chapter 4.
Particle image velocimetry measurements showed that mean velocity profiles
collapsed with relatively good agreement when scaled by local jet half-width and
centreline velocity. Second-order statistics did not collapse in the manner expected
of turbulent jets—nor should they, given the flow under study is not a jet. It has
since been shown that the scaling approach shown here causes both HFA134a and
HFA227ea profiles to collapse onto each other (Versteeg et al. 2017).
Performing PIV measurements of pMDI sprays revealed a number of issues related to its applicability in these sprays. As noted in the introductory statement,
particle image velocimetry is a technique for measurement of the velocity of a continuum fluid by introducing flow tracers. The suitability of these tracers is largely
governed by their Stokes numbers, which relate particle relaxation times to the time
scales of the flow (Mitchell, Honnery, and Soria 2011). In a spray, which comprises
droplets of varying diameters, a large range of Stokes numbers are encountered.
Furthermore, the velocities of these droplets are governed by their initial velocities,
and their interaction with the surrounding gas and vapour. For this reason, in each
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interrogation window there may be a range of droplets with distinct velocities; this
was observed during analysis. Assigning a single velocity per interrogation region is
a simplistic way of representing the correlated droplet size-velocity distribution of
pMDI sprays.
Furthermore, the measurement of the spatio-temporal velocity distributions of
pMDI sprays was found to be a significant experimental challenge. This was due to
the enormous amount of data required. In sprays with constant reservoir conditions
during injection, such as the temperature, pressure and vapour quality, the transient
spray process may be approximated as a nominally statistically-stationary process,
bounded by start-of-injection and end-of-injection transients (Bendat and Piersol
2010). For a nominally statistically-stationary process, it is possible to obtain an
accurate statistical description from either a sufficiently long single record (Piersol 1965) or an ensemble of records taken at arbitrary time during the stationary
process (Bendat and Piersol 1993). For the pMDI, in which the injection pressure,
temperature and void fraction vary throughout the injection (Ju, Shrimpton, and
Hearn 2010), a statistical description of the velocity field requires an ensemble of
measurements at a sufficient number of times to characterise the transient process.
If these various samples cannot be obtained in the one spray event, the number
of sprays required rapidly grows. Furthermore, the non-axisymmetric geometry of
the inhaler upstream of the atomising nozzle (Figure 1.1) further increases the data
requirements, due to the need for measurement from multiple directions if the spray
is not axisymmetric.
Although experimental challenges represent the opportunity for new insights, the
conceptual problems with PIV application to pMDI sprays meant that it was not
examined further during this research program.

Chapter 3
Insights into Spray Development
from Metered-Dose Inhalers
Through Quantitative X-ray
Radiography
3.1

Introductory statement

Quantitative x-ray radiography permits the measurement of the projected mass of
samples with known absorption coefficients. This technique has been applied to
diesel sprays under non-evaporating conditions. The technique provides a quantitative mass measurement which can be performed tomographically to obtain a
quantitative measure of entrainment (Kastengren and Powell 2014).
In this chapter, quantitative radiography is applied to an analogue pMDI for
the first time. Due to interspray variability and the low signal-to-noise ratio of
radiography measurements, a number of repeats were obtained at each point and
ensemble-averaged to produce an ensemble-mean time-variant projected mass distribution. This ensemble-averaging required all sprays to be set against a common
31
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time base, meriting a spray device with low jitter. An electric solenoid valve-driven
pMDI analogue was used for the experiments reported in this chapter. This achieved
high precision in timing and eliminated this possible source of error.
Measurements were made at a number of axial locations, and transverse integration of these profiles was used to find the total mass in the cross-section at these
axial locations. The transverse integrated mass increases with downstream distance,
which is consistent with spatial accumulation in the cross-section due to deceleration. Extrapolation of this trend toward the nozzle, which is predicated on a linear
entrainment assumption, predicts that the nozzle exit density is substantially below that of pure liquid and shows that a substantial fraction of the nozzle exit is
occupied by vapour.
Radiography measurements are most straightforward when the liquid density and
absorption coefficient are known. A correction must be made for the ambient gas
displaced by the spray; this is straightforward at non-evaporating conditions. The
uncertainty of the absorption coefficient under vaporising conditions, such as those
in pMDI sprays, had not been established. This source of uncertainty is explored
in this chapter, and informs the application of quantitative radiography to a real
pMDI in Chapter 4.
The work is presented in the form of a journal article published in Pharmaceutical
Research 1 . This article is reprinted by permission from Springer: Pharmaceutical
Research, “Insights into Spray Development from Metered-Dose Inhalers Through
Quantitative X-ray Radiography”, Mason-Smith, Nicholas, Daniel J. Duke et al.
© 2016.
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ABSTRACT
Purpose Typical methods to study pMDI sprays employ particle sizing or visible light diagnostics, which suffer in regions of
high spray density. X-ray techniques can be applied to pharmaceutical sprays to obtain information unattainable by conventional particle sizing and light-based techniques.
Methods We present a technique for obtaining quantitative
measurements of spray density in pMDI sprays. A monochromatic focused X-ray beam was used to perform quantitative
radiography measurements in the near-nozzle region and
plume of HFA-propelled sprays.
Results Measurements were obtained with a temporal resolution of 0.184 ms and spatial resolution of 5 μm. Steady flow
conditions were reached after around 30 ms for the formulations examined with the spray device used. Spray evolution
was affected by the inclusion of ethanol in the formulation and
unaffected by the inclusion of 0.1% drug by weight.
Estimation of the nozzle exit density showed that vapour is
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likely to dominate the flow leaving the inhaler nozzle during
steady flow.
Conclusions Quantitative measurements in pMDI sprays allow the determination of nozzle exit conditions that are difficult to obtain experimentally by other means. Measurements
of these nozzle exit conditions can improve understanding of
the atomization mechanisms responsible for pMDI spray
droplet and particle formation.
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SLPM

Electronic metering inhaler
Ethanol
Hydrofluoroalkane
Ipratropium bromide
Phase doppler anemometry
Pressurised metered-dose inhaler
Standard litres per minute

INTRODUCTION
Pressurised metered-dose inhalers are widely used for the
treatment of asthma and other pulmonary diseases. These
devices rely on the vapour pressure of a propellant, typically
a hydrofluoroalkane (HFA), to drive liquid containing a drug
in suspension or solution through an atomising nozzle to form
an aerosol. The solubility of many drugs in HFA propellants is
poor, and cosolvents such as ethanol are often used to ameliorate this problem (1).
The devices suffer from a well-documented low delivery
efficiency, with the majority of drug deposition in the oropharynx (2). This is the result of inertial impaction and turbulent
deposition, with many droplets unable to trace the bulk flow
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through the oropharynx and trachea into the lung. Attempts
to improve deposition efficiency have been stymied by a lack
of understanding of the underlying spray physics and droplet
formation processes. Both experimental and numerical fluid
mechanics techniques have been utilized in attempts to address this knowledge deficit. The influence of device and formulation variables on the spray structure has been studied by
several authors (3,4).
Metered-dose inhaler sprays have historically been
characterised using intrusive particle sizing measurements,
such as cascade impaction (5) or aerodynamic particle sizing
(6). The final particle size is then used as an indicator of initial
droplet size, assuming that the formulation is well-mixed.
These studies are limited in that spatial or temporal effects
are not considered. The flow is multiphase, turbulent and
transient, with evaporation of multiple constituents at different
rates (7). Because droplet sizes change as the cosolvent and
propellant evaporate, formulations with equivalent final particle size distributions may have significantly different deposition characteristics in vivo due to different evaporation rates (8).
Due to the limitations of intrusive techniques, investigations of pMDI spray structure have been conducted with a
variety of visible light diagnostics. Phase doppler anemometry
(9) permits investigation of droplet size and velocity
characteristics in interrogation regions well downstream of
the nozzle. Wigley (10) obtained measurements in the nearorifice region from an ensemble of spray events and
characterised some of the rapid transient events in metereddose inhalers, and these measurements were used to validate
numerical spray simulations. A scaling model for spray
penetration and tip velocity (11) was validated against experimental data obtained using an optical technique.
Despite the success of these studies, visible light diagnostics
suffer severe drawbacks when probing multiphase flows such
as those issuing from pMDIs. Refractive index gradients are
very high between the droplets, vapour components and
inspired airflow. These refractive index gradients arise from
differences in phase at droplet surfaces, differences in gaseous
refractive index where the propellant mixes with the
surrounding air, and from thermal gradients that result from
propellant and cosolvent evaporation. Refraction of incident
light adds uncertainty on the measurement domain in PDA (9)
and can add significant uncertainty for absorption-based measurements with visible light.
These same challenges also occur in the study of other
dense sprays, such as in automotive fuel injection. For these
other applications, novel solutions have been developed which
can be equally applied to the study of pMDI sprays. X-rays
from a high-flux synchrotron source have been used for some
time to measure dense sprays. They can penetrate highdensity materials and scatter very weakly, allowing them to
overcome many of the limitations of conventional diagnostics
(12). Of most interest here is X-ray radiography, as it provides

a direct measurement of mass in the spray. Importantly, the
small X-ray beam cross-section and high flux enable highly
resolved, transient measurement of the mass distribution in
the spray (12,13).
In this paper, we make use of X-ray radiography to measure
the time resolved mass distribution in sprays issuing from a purpose designed pressurised metered-dose inhaler. Two propellants (HFA134a and HFA227) containing ipratropium bromide
and ethanol, as well as test cases of propellant only and argon gas
are examined. In addition to providing insight into spray dynamics, we demonstrate how these measurements can yield important detail on the liquid-vapour state of the fluid leaving the
inhaler nozzle. This work demonstrates the capacity of the Xray radiography technique to pierce into the core of the dense
spray leaving the pMDI, providing the first quantitative insight
into the spray characteristics there. These insights can lead to the
development of models better capable of predicting the downstream drug particle distribution, and thus to the design of devices that can yield a higher deposition efficiency.

EXPERIMENTAL METHODOLOGY
Experimental Facility
The 7-BM beamline at the Advanced Photon Source at
Argonne National Laboratory was used for spray measurements
presented in this paper. A brief summary of this facility is given
below; further details can be found in Kastengren et al. (14).
A monochromatic beam with mean energy of 6 keV, 4% ΔE
E
was focused to approximately 6μm by 5μm. The beam passed
through the spray chamber (Fig. 1) and illuminated a photodiode, the measured current of which is a function of the
incident light. The recorded signal gave a point measurement
for each spray injection, and the beam was raster scanned to
generate transverse profiles at five axial locations.
When light interacts with matter, it can be absorbed,
reflected, scattered or transmitted (15). In the X-ray regime,
absorption and transmission dominate. The transmission τ of
light that passes through an absorptive medium is given by the
Beer-Lambert law:
τ¼

I
¼ e −μM
I0

ð1Þ

where I is the detected radiant flux (photons/s), I0 is the incident flux (photons/s), μ is the absorption coefficient of the
material (mm2/μg) and M is the projected mass of absorbing
material (μg/mm 2). The projected mass is obtained by
rearranging Eq. 1:
M ¼−

 
1
I
ln
μ
I0

ð2Þ
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Fig. 1 Side cutaway view of spray
chamber and apparatus.

The projected mass can alternatively be expressed as the
path-integrated spray density along the length of the beam
from the source to the detector:
Z
ð3Þ
M ¼ ρs dz
where y is the spray axis, x is the transverse direction and z is
the beam propagation direction (Fig. 1).
A high sampling rate and small beam size were used because
the projected mass is nonlinearly related to the transmission, and
spatial or temporal averaging during a sampling period can bias
the measurement (16). Data acquisition was performed at
1 MHz with a digital oscilloscope, giving many independent
samples. The recorded signal was binned in the time domain
to reduce noise while retaining adequate temporal resolution of
0.184 ms. Fifteen sprays were recorded at each point and ensemble averaged to eliminate the effect of shot-to-shot variation.
Projected mass uncertainty arises from transmission measurement error and absorption coefficient uncertainty.
Measurement error of the technique as applied to
monocomponent non-vaporising sprays is discussed in detail
elsewhere (16). Shot noise introduced an error on the transmission measurement, and the uncertainty from this source
was estimated at approximately 0.06 μg/mm2. This is only a
minor contribution to overall measurement uncertainty.
Absorption coefficient uncertainty is large in vaporising multicomponent sprays such as these, and is explored in more
detail in BExperimental Methodology^ section.
Absorption coefficients, densities and latent heats of the
compounds used are shown in Table I. Absorption coefficients

are obtained from Saloman (17), and are weighted averages of
elemental absorption coefficients for the molecules used.
Formulation absorption coefficients are mass-weighted averages of constituent absorption coefficients. Densities, vapour
pressures and latent heats of propellants, nitrogen and argon
are obtained from various sources (18–22); for ethanol, the
vapour pressure is obtained from Ambrose (23), the liquid
density is obtained from Khattab (24) and the gaseous density
is approximated from the gas law. Densities and latent heats
are calculated at the facility ambient temperature of 298 K.
Spray Apparatus
The apparatus developed for the presented experiments
(Fig. 1) is intended to be analogous to a pressurised metereddose inhaler, and was used in place of an actual pMDI due to
the need for repeatability of timing for the raster-scan
Table I Absorption Coefficients at 6 keV, Liquid and Vaporous Densities
and Latent Heats of Vaporisation for Constituents of Pressurised Metered
Dose Inhaler Canisters
 2
 
 
 
kJ
ρv mkg3
ρ1 mkg3
hfg kg
μ cmg
Canister constituent
HFA134a

30.30

5.2593

1376.7

177.93

HFA227
Ethanol
Nitrogen
Argon
Ipratropium bromide

31.44
15.05
17.70
258.2
47.57

8.4936
2.06
1.145
1.634
–

1542.7
785.8
–
–
–

111.44
920.6
–
–
–
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radiography technique. Electro-mechanical actuation of
pMDIs suffers from non-negligible variation of the start of
injection timing. The Chiesi electronic metering inhaler
(EMI) (25) uses unmetered canisters and an electronic solenoid valve to form sprays with accurate and precise timing,
and was used as the basis of the current experimental rig.
Modifications were made to the Chiesi device so that a
Bespak pMDI inhaler nozzle could be used (Fig. 1). Similar
to a pMDI, the nozzle, with orifice diameter 0.3 mm, was
attached to a purpose built valve stem, connected in turn to
the solenoid via a 0.8 mm diameter, 16.5 mm long
connecting pipe (Fig. 2). The total volume making up the
space between the nozzle and solenoid valve exit was 38
μL, comparable to typical commercial expansion chamber
volumes of around 10–30 μL. The nozzle was aligned with
the chamber axis to ensure symmetry about the sagittal
plane.
The expansion chamber attachment was coupled with a
pMDI mouthpiece analogue. A nitrogen coflow of 30 SLPM
was used. The mouthpiece was fitted with polyimide film windows, which allowed spray measurements to be obtained close
to the nozzle (the film is highly transparent to X-rays). The
pMDI analogue assembly was mounted to a spray chamber
with polyimide windows. The spray and coflow were ducted
through a particle filter and exhausted. The spray was oriented downward, in order to take advantage of the polarisation of
the incident X-ray beam; this allowed placement of detectors
in the x-z plane where elastic scattering is minimised.
Measurements were made with the major axis of the mouthpiece parallel to the z axis.

Table II Canister Formulations, Percentage by Weight of HFA Propellant
(HFA), Ethanol (EtOH) and Ipratropium Bromide (IPBr), and Injection
Pressures
Formulation

% HFA

% EtOH

% IPBr

pinj(Pa × 105)

134a-E-I

85

15

0.1

4.78

134a-E
134a

85
100

15
0

0
0

4.78
6.62

227-E-I
227-E
227

85
85
100

15
15
0

0.1
0
0

3.28
3.28
4.53

Argon jet

0

0

0

6.62

in Table II; for sprays, injection pressure corresponds to the
formulation vapour pressure at the facility ambient temperature as calculated with Raoult’s law.
Large scale variability in line-of-sight mass necessitated a
large number of samples to obtain a measurement with low
uncertainty. Sprays were generated at a repetition rate of
0.2 Hz. Phase change of the propellant during discharge cools
the nozzle, and a high repetition rate may alter nozzle flow
processes if the nozzle does not maintain a constant temperature. Canister temperature was monitored during data acquisition; little variation was found during operation. The temperature of the nozzle and expansion chamber were not monitored during injection. Any reduction in temperature at the
nozzle is expected to be mitigated by the thermal mass and
conductivity of the aluminium expansion chamber attachment, the use of small injections and the flow of nitrogen
through the system.

Canisters
Several formulations were studied, as per Table II. For drugcontaining formulations, a batch solution of drug and ethanol
was made then dispensed by pipette to individual canisters.
Canisters were then crimped and filled with propellant to a
target weight. The estimated uncertainty on the ethanol/
propellant ratio was 3.4%. Injection pressures are specified

Fig. 2 Detail view of volume between solenoid valve and nozzle orifice.

RESULTS
Comparison of Sprays and Jet
Due to the aforementioned complexity of multiphase sprays,
the technique is first demonstrated on a simpler canonical jet
flow. Argon was discharged through the pMDI nozzle to generate a gaseous jet with the same nozzle geometry as the
pMDI spray. Figure 3 contrasts the temporal evolution of
the argon jet with pMDI sprays at several distances relative
to the mouthpiece lip.
Though sprays from metered dose inhalers exhibit some
similarities to turbulent gaseous jets, following scaling laws to
good agreement (11), certain important differences exist between liquid sprays and gaseous jets. As the gaseous argon jet
and liquid sprays are initiated by the opening of the solenoid
valve, they will have a transient before steady flow is
established. The argon jet rapidly reaches a steady state, with
constant projected mass and jet width from approximately
10 ms onward for all axial positions shown. The startup
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Fig. 3 x-t evolution of (a) argon
jet, (b) 134a-E-I spray and (c) 227E-I spray at y = (top) -15 mm,
(middle) 5 mm and (bottom) 25 mm
from mouthpiece. Black vertical lines
indicate end of injection.

transients for the 134a-E-I and 227-E-I sprays have much
longer durations, with a low mass region preceding the peak
spray mass around 40 ms. Once the flow from the solenoid
valve ceases, the mass of the gaseous argon jet drops off rapidly, whereas the spray projected masses continue to rise,
reach a peak value some time later, and slowly decay back
to zero.
This difference in behaviour between the gaseous jet and
the propellant sprays is a result of the type of fluid filling the
volume between the solenoid valve and nozzle. As the density
of the liquid forming the spray is significantly higher than that
of the pressurised argon, there is the possibility of greater mass
filling the volume in the case of the spray. Factors which control the rate at which the fluid mass leaves the volume through
the nozzle are pressure, the phase of the fluid (liquid
or gaseous), and the ratio of specific heats in the case of the
flow being choked (3,4,26).
For the argon jet, the pressure is such that critical conditions will occur at the nozzle exit; the flow is choked, and the
exit velocity will correspond to the speed of sound for argon.
For the spray, if the flow is dominated by liquid leaving the
nozzle, the nozzle exit conditions will be directly determined
by the square root of the pressure in the valve stem. If dominated by vapour, critical conditions will occur giving rise to
choked flow in the nozzle. An additional factor for the spray is
that nozzle conditions could vary as the flow transitions from
the starting transient to being steady as the balance between
liquid and vapour changes in the valve stem volume (4).

Absorption Coefficient Uncertainty
The measured transmission is converted to a projected mass
using the Beer-Lambert law in Eq. 1, however a correction is
required. The I0 measurement is the flux transmitted through
the air between the source and detector, polyimide windows
and the nitrogen in the spray chamber. Though the air and
windows remain constant, the nitrogen in the beampath is
reduced when the spray is present.
The correction can be made by use of a spray absorption
coefficient μs,c that accounts for the displaced nitrogen. The
corrected absorption coefficient is a function of the spray and
nitrogen absorption coefficients (μs and μN 2 respectively) and
their densities (ρs and ρN 2 ):
 
ρ
ð4Þ
μs;c ¼ μs −μN 2 N 2
ρs
For evaporating sprays such as those from a pMDI, the
spray density ρs depends on the extent of evaporation in the
spray, which varies temporally and spatially (ρs = f(x, t)). The
flow is multiphase, and could consist of both liquid and vapour, and this introduces an uncertainty in the corrected absorption coefficient. The disparity in evaporation rates between the propellant and the ethanol co-solvent offer further
complication. By way of an example, the temporal evolution
of 30 ms ethanol and drug-containing sprays propelled by
HFA134a and HFA227, 25 mm downstream of the mouthpiece lip, are shown in Fig. 4, with different assumptions about
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Fig. 4 Time traces of (left) 134a-EI and (right) 227-E-I sprays at
y = 25 mm, x = 0 mm with different absorption coefficients based on
propellant and ethanol state. Lower
bound corresponds to liquid state,
upper bound to vaporous state, and
white line to vaporous propellant
and liquid ethanol. Vertical dashed
lines indicate end of injection.

the phase of the propellant and ethanol. The presented lines
represent the projected mass, with the corrected absorption
coefficient assuming three different cases: liquid propellant
and ethanol; vaporous propellant and ethanol; and vaporous
propellant and liquid ethanol.
There is an uncertainty in the measurement which cannot
be eliminated without additional information on the proportion of each phase of each constituent at the measurement
point. Furthermore, the temporal dependence of ρs means
that the true projected mass may follow a trace that is not a
simple interpolation between these upper and lower bounds.
The temperature of the gaseous phase affects its density, and
the densities chosen correspond to typical pMDI plume temperatures (27). Heat transfer between the spray and entrained
air will warm the plume and reduce the vapour density, however this has a small (<5%) effect on the uncertainty associated
with the absorption coefficient correction over the relevant
temperature range.
In addition, the uncorrected absorption coefficient μs is
uncertain because the spray has multiple constituents. The
approach used assumes that at the measurement point, the
relative concentration of ethanol to propellant along the beam
path and in the formulation are equivalent, meaning that the
spray is well-mixed. For the well-mixed case, μs is simply the
mass-weighted average of the constituent absorption coefficients. Complementing these measurements with a spectroscopic technique based on laser-induced fluorescence (28) or
X-ray fluorescence (29,30) could indicate whether systematic
spatial or temporal variations in relative concentration exist
and eliminate this uncertainty. If the spray is well-mixed,
Fig. 4 demonstrates that spray phase variation may dominate
the measurement uncertainty.
Injection Duration
The radiography experiments required a very large number
of spray events. To minimize canister consumption, a reduced

injection duration compared to a standard pMDI device was
used. To allow for this optimization of canister use, the effect
of varying spray duration was investigated. This established
the length of the transient start-up spray phenomena, as well
as the nature of the discharge after the solenoid is no longer
actuated. Figure 5 shows time traces of M for both HFA 134a
and HFA 227 with ethanol and ipratropium bromide, using
sprays of varying injection duration.
Three dominant stages are apparent in the projected mass
traces shown in the figure. For the 50 ms injection, the start
and end transients bracket a steady state period indicated by
almost constant projected mass. The relatively long steady
period is only evident for the 50 ms injection; the 30 ms injection reaches a maximum value similar to that of the 50 ms
injection, although it does so only for a very short period. The
maximum projected mass of the 15 ms injection is much lower, and never reaches a steady flow condition.
The time traces for ethanol- and drug-containing HFA227
sprays do not show such strong agreement as the HFA134a
sprays during the time of spray injection. In additional to this,
an interesting feature of the starting transient for all cases is a
period of near constant projected mass commencing at
around 7.5 ms. For HFA134a, this lasts for only around
2.5 ms, while for HFA227, it lasts for almost 15 ms. It is
possible that this results from the evacuation of the gas in the
valve stem volume as this volume fills with fluid on actuation
of the solenoid valve. The vapour pressure of the HFA227 and
ethanol solution is considerably lower than that of HFA134a
and ethanol. Sprays were generated at a rate of 0.2 Hz, which
may not be adequate to entirely rid the valve stem volume of
the prior solution.
There is a considerable delay between the end of actuation
for the 15 ms spray and its divergence from the time traces for
the 30 and 50 ms sprays. Similarly, the projected mass time
series for the 30 ms spray follows the trend of that for the
50 ms spray until approximately 45 ms. Comparison with
measurements made further upstream (Fig. 3, y = − 15mm)

MDI Spray Development Through Quantitative X-ray Radiography
Fig. 5 Time traces of (left) 134a-EI and (right) 227-E-I sprays at
y = 25 mm, x = 0 mm with variable injection duration (indicated).
Vertical dashed lines indicate end of
injection for each injection duration.

show a similar time delay between the end of injection and the
turning point in projected mass, suggesting it is likely the continued discharge of mass from the valve stem volume is responsible for this effect.
Critically, Fig. 5 demonstrates that 30 ms injection is sufficient to achieve the same steady peak mass as observed in the
50 ms spray event, suggesting that this peak in the 30 ms
injection is equivalent to a steady flow event. On this basis,
the data presented in the remainder of the paper is for 30 ms
spray durations.
The temporal evolutions of projected mass for the 30 ms
sprays for three different measurement positions are shown in
Fig. 3. The starting transient, near steady middle section and
end transient are clearly evident, as are minor differences between the formulations.
Formulation
The inclusion of ethanol in the formulation is necessary to
achieve dissolution of the drug. It is well established that the
presence of ethanol significantly affects the behaviour of the
spray (1). The radiography technique can offer further insight into these effects. Figure 6 compares time traces for six
spray formulations: two propellants, propellants with ethanol and propellants with ethanol and drug. The addition of
the drug to the propellant and ethanol mix is seen to make
no difference within the uncertainty bounds of the experiment; given the very low drug concentrations, no fluid mechanical effect would be expected. The addition of ethanol
to the propellant has a more noticeable influence on the
dynamics of the spray; the vapour pressure driving the
spray is reduced so the initial reduction in mass is expected,
if ethanol inclusion does not introduce other effects. Well
after the end of injection, the effect of ethanol varies significantly between the two propellants: an increase in the mass
trace is observed for HFA134a, while a reduction is observed for HFA227. The mechanism behind this variation

is not yet clear; this behaviour serves to highlight the complexity of the metered dose spray process.
Nozzle Exit Conditions
One of the long-standing questions regarding pMDI
spray mechanisms concerns the nature of the flow at exit
from the nozzle. Competing theories about the manner
in which the spray atomizes have been developed, generally based on limited experimental evidence. A consideration of the mass at the nozzle exit has the potential to
offer some further insight into the flow regime in the
region where atomization occurs, which strongly influences the droplet size and is a significant determinant
of drug deposition.
Mass profiles can be integrated across the spray (31), yielding the ‘transverse integrated mass’ M ′ (μg/mm):
Z
M 0 ð y; t Þ ¼ M dx
ð5Þ
This is equivalent to the axial gradient of spray mass m:
M0 ¼

dm
dy

ð6Þ

Figure 7 depicts the transverse integrated mass as a function of distance from the nozzle y ′, which is the distance from
the mouthpiece y plus the distance from the end of the mouthpiece to the nozzle exit orifice (Fig. 1). The graphed M ′ values
are the maxima obtained with 30 ms 134a-E-I and 227-E-I
sprays and are at or near the steady flow condition. For the
argon jet, the M ′ values in Fig. 7 are 10 ms after spray penetration and are shown with a secondary axis (Fig. 7, right).
M ′ increases as a function of downstream distance due to
aerodynamic drag between liquid droplets and the surrounding air, and the consequent deceleration of the spray.
Accompanying this is an entrainment of the surrounding ni:
trogen into the spray. The mass flux m through a cross-section
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Fig. 6 Time traces of spray
projected mass at y = 25 mm,
x = 0 mm with different
formulations (indicated). Vertical
dashed lines indicate end of
injection.

is equal to the product of the transverse integrated mass and
the mass-averaged axial spray velocity:
M 0 ð yÞ ¼ m: ð yÞ=uðyÞ

ð7Þ

The growth in M ′ with increasing distance from the nozzle
is indicative of the drop in mass-averaged spray velocity ū.
Upstream extrapolation of the plots of M ′ provides indicative
values of M ′ at the nozzle exit orifice. As M ′ is related to the
mean spray density by the area occupied by the spray mass:
M 0 ¼ ρs A

ð8Þ

it is possible to estimate the mean density ρs ð0Þ of the mass of
formulation discharged from the nozzle, using the known area
of the nozzle exit of diameter do:
ρs ð0Þ ¼

4M 0 ð0Þ
πd 2o

ð9Þ

It is important to note that entrainment and atomisation
behave nonlinearly in the near nozzle region (32); even for
sprays as complex as these, a potential core region near the
nozzle could be expected to exist. Higher near nozzle spatial
resolution would resolve these effects and improve the estimation of the extrapolated value. Although present, this nonlinearity is not expected to greatly alter the value of M ′ extrapolated from the downstream values.
Estimated M ′ (0) and ρs ð0Þ values for the sprays and argon
jet are tabulated in Table III. The argon case has an estimated
density at the nozzle of 6.4 kg/m3, which corresponds approximately to the density of argon at the injection pressure. For
the sprays, the indicated densities are very low relative to the
liquid density of the propellant and ethanol mixture. For each
of these cases, the results correspond to a gas/liquid ratio by
mass of 94% for 134a-E-I and 93% for 227-E-I. This suggests
the flow leaving the nozzle under steady flow conditions is
dominated by vapour.
An important additional observation is that as the nozzle
exit diameter is the same as that of the pipe connecting the
nozzle to the valve stem volume, vapour is also likely to dominate the flow in this small connecting pipe. As the area of the
solenoid valve is around 7 times larger than the nozzle exit
area, the valve stem volume is expected to fill with fluid as the
nozzle is the controlling orifice. Based on our estimates, a
30 ms injection would provide sufficient liquid to fill around
60% of the valve stem volume for the 134a-E-I formulation,
and around 50% for 227-E-I formulation, assuming no flow

Table III Estimated Nozzle Densities for Sprays and Argon Jet from M ′
Measurements
 
 μg 
M 0 ð0Þ mm
ρs ð0Þ mkg3
Spray/jet

Fig. 7 Transverse integrated mass M ′ as a function of distance from the
nozzle y ′ for argon jet, 134a-E-I spray and 227-E-I spray. A separate axis is
used for argon M ′

134a-E-I
227-E-I
Argon

5.27
6.70
0.452

75
95
6.4
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from the nozzle during injection. Vapour is therefore likely to
make up a large fraction of the fluid in the valve stem volume.
We have previously noted that the device used here is not
identical to a pMDI; a pMDI device could give rise to nozzle
exit conditions that are different from those found here. While
injection times for typical pMDI metered doses are longer
than the injection period used here, the mass discharged from
a pMDI, although metered to a set dose, is also higher. If the
vapour state dominates the flow from the nozzle during much
of the pMDI injection period, it is interesting to speculate on
the consequences for the formation of droplets and ultimately
precipitation of the drug particle in the spray. Under these
circumstances, ethanol is likely to form a large fraction of the
liquid flowing from the nozzle. If this is the case, droplet formation could be an aerodynamic process driven by the high
speed vapour stripping droplets from the liquid flow before, in
and external to the nozzle. Other X-ray techniques have the
capacity to reveal flow structures inside the nozzle (33) and
canister, and could resolve the atomization mechanism in
pMDIs.

CONCLUSIONS
Through this preliminary set of experiments, we have shown
that it is possible to yield time resolved measurement of the
mass in the spray issuing from an inhaler nozzle. For the
electronic metering inhaler used here, we find that steady flow
conditions are reached after around 30 ms for the two formulations examined (HFA134a and HFA227). HFA134a was
found to produce a spray with greater repeatability than
HFA227, although it is as yet uncertain as to whether this is
a product of the experimental system used or a property of the
propellant. Analysis of the spray mass revealed that vapour is
likely to dominate the flow leaving the nozzle of the inhaler
used during steady flow rather than liquid. If similar conditions are confirmed for pMDIs, this could yield insight into the
mechanism controlling droplet formation and ultimately precipitation of the drug particle in these sprays.
X-ray radiography offers many benefits to the study and
development of pharmaceutical sprays. The quantitative measurements allow for the development and validation of far
more accurate numerical models than have previously been
possible. These models, with sufficient validation, can be used
to predict nozzle discharge conditions that are very difficult to
measure experimentally. The nozzle exit conditions can be
used to predict the particle size distribution as a function of
formulation and geometry. The technique can also be used in
a more direct diagnostic manner; the operation of new pMDI
designs can be clearly elucidated by measurement. The power
of the technique is most clearly demonstrated in its ability to
reveal the state of the flow in the near nozzle region.
Understanding the atomization processes in this region is of

critical importance to the design of new, more efficient pMDI
devices. The radiography technique for the first time allows
the mechanics of this near-nozzle region to be studied directly.
By understanding the inception of the spray and the primary/
secondary atomization processes involved in droplet formation, more accurate prediction and control of final drugparticle size will be possible.
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Concluding statement

This paper is the first to explore the use of radiography for the quantitative measurement of properties of pressurised metered-dose inhaler sprays.
Reviewer comments led to the expansion of the manuscript into the form that
appears here. The original manuscript contained a less detailed discussion of the
sources of uncertainty that exist in applying quantitative radiography to pMDI
sprays. It was considered appropriate to expand the discussion of uncertainty to
benchmark the technique and acknowledge its limitations, particularly as it represented the first application of the technique to a pMDI.
Reviewers also noted that the high repetition rate used could result in significant
cooling of the pMDI nozzle over a number of sprays. This cooled condition represents
a departure from the true conditions encountered in pMDI sprays. Due to limited
beamtime and the need for many samples, high repetition rates were required, and
a compromise between repetition rate and nozzle cooling was encountered. This
was investigated for pMDIs using thermal imaging (Chapter 4) and was mitigated
in later experiments with a heat exchanger (Chapter 4).
This work showed that the transverse integrated mass of sprays from metereddose inhalers grows almost linearly with increasing downstream distance. When this
linear trend is extrapolated to the nozzle exit, a vapour concentration fraction of
more than 90% is predicted for both HFA134a and HFA227ea formulations at all
times during the 30 ms sprays from the spray device used, indicating that the spray
is highly vaporised. Having established the capacities of radiography for pMDI
spray investigation, radiography experiments performed on a pMDI (Chapter 4)
were conducted as close as possible to the nozzle exit.

Chapter 4
Revealing pMDI Spray Initial
Conditions: Flashing, Atomisation
and the Effect of Ethanol
4.1

Introductory statement
“The greatest value of a picture is when it forces us to notice what we
never expected to see.”
— Tukey (1977, vi)

Previous work in this thesis (Chapter 3) established the capacity of x-ray radiography as a technique for the quantification of spray mass in metered-dose inhalers.
Laser extinction additionally showed that ethanol-containing HFA sprays have lower
optical depth fluctuations than propellant-only sprays (Chapter 2), suggesting a difference in their upstream conditions.
The initial conditions of sprays from metered-dose inhalers are not well understood. Internal flow visualisations of transparent inhaler analogues (Fletcher 1975;
Versteeg, Hargrave, and Kirby 2006) demonstrated the presence of vapour at large
45
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scales in propellant-only flows. The low penetration power of visible light, due to
refraction and reflection at liquid-vapour phase boundaries, meant that the internal
structure of this two-phase flow could not be studied in detail. As this transient
internal flow is not well understood (Finlay 2001), flow visualisations were expected
to assist in developing the collective understanding of these flows.
Furthermore, radiography measurements of a pMDI analogue indicated that it
had a nozzle exit that was dominantly occupied by vapour (Chapter 3). These measurements had not been performed with a real metered-dose inhaler. Consequently,
the nozzle exit conditions of real pMDIs are not known. It had been known for some
time that substantial vaporisation occurred upstream of and inside the atomising
nozzles of pMDIs (Finlay 2001); radiography is a way to quantitatively investigate
this vaporisation and these nozzle exit conditions.
In this chapter, quantitative radiography and phase contrast imaging are used
to investigate spray formation in pMDIs, and how it is affected by the inclusion
of ethanol. The work is presented as a journal paper published in Pharmaceutical
Research 1 . This article is reprinted by permission from Springer: Pharmaceutical
Research, “Revealing pMDI Spray Initial Conditions: Flashing, Atomisation and
the Effect of Ethanol”, Mason-Smith, N., Daniel J. Duke et al. © 2017.

1

Pharmaceutical Research rankings for 2017 are unavailable; it ranked at 87/252 in JCR Impact
Factor rankings in Pharmacology & Pharmacy in 2016, placing it in Q2.
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ABSTRACT
Purpose Sprays from pressurised metered-dose inhalers are
produced by a transient discharge of a multiphase mixture.
Small length and short time scales have made the investigation
of the governing processes difficult. Consequently, a deep understanding of the physical processes that govern atomisation
and drug particle formation has been elusive.
Methods X-ray phase contrast imaging and quantitative radiography were used to reveal the internal flow structure and
measure the time-variant nozzle exit mass density of 50 µL
metered sprays of HFA134a, with and without ethanol
cosolvent. Internal flow patterns were imaged at a magnification of 194 pixels/mm and 7759 frames per second with
150 ps temporal resolution. Spray projected mass was measured with temporal resolution of 1 ms and spatial resolution
6 µm × 5 µm.
Results The flow upstream of the nozzle comprised large volumes of vapour at all times throughout the injection. The
inclusion of ethanol prevented bubble coalescence, altering
Electronic supplementary material The online version of this article
(doi:10.1007/s11095-017-2098-2) contains supplementary material, which is
available to authorized users.

the internal flow structure and discharge. Radiography measurements confirmed that the nozzle exit area is dominantly
occupied by vapour, with a peak liquid volume fraction of
13%.
Conclusion Vapour generation in pMDIs occurs upstream of
the sump, and the dominant volume component in the nozzle
exit orifice is vapour at all times in the injection. The flow in
ethanol-containing pMDIs has a bubbly structure resulting in
a comparatively stable discharge, whereas the binary structure
of propellant-only flows results in unsteady discharge and the
production of unrespirable liquid masses.

KEY WORDS phase contrast imaging . pressurised
metered-dose inhaler . radiography . synchrotron radiation
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Despite a long period of use, much remains unknown about
the physical mechanisms driving atomisation in pressurised
metered-dose inhalers (pMDI). The general understanding
of the device is thoroughly reviewed by Ivey et al. (20), who
note that much of the existing knowledge base used for pMDI
development is empirical. Understanding of the mechanisms
that determine droplet size and velocity, which are the dominant parameters governing deposition in vivo, is necessary for
development of improved devices. The internal flow in

Mason-Smith et al.

pMDIs is transient, turbulent, multiphase and multicomponent, with both heat and mass transfer between phases.
The atomisation mechanism of propellant-only pMDI
sprays was the subject of experimental and numerical
investigations by Clark (9) and Dunbar (13). Summaries of
these works often state that Clark (9) suggested an airblast
atomisation mechanism was responsible for droplet formation, whereas Dunbar (13) attributed atomisation to flash
evaporation upstream of the nozzle. A close reading suggests
that the distinction between the two is commonly overstated.
The source of vapour in the pMDI nozzle flow is from flash
boiling, and one nozzle flow pattern of flash boiling sprays is
an annular liquid film with a vaporous core (38) which is
functionally identical to the flow pattern in some twin-fluid
airblast atomisers (35). Furthermore, these mechanistic investigations of propellant-only sprays are applicable to suspension
pMDIs that do not contain excipients, but are of limited applicability to current marketed solution pMDIs, in which
cosolvents are added to the propellant to aid drug solubility
(50). Flows of such multicomponent mixtures can differ considerably from propellant-only flows (36,43), which may alter
the atomisation mechanism. For these reasons, it is pertinent
to investigate where atomisation occurs in the pMDI, and how
the atomisation is affected by inclusion of cosolvent.
Visible light techniques are poorly suited to near-nozzle
measurements of many spray systems. The difficulty of studying the near-nozzle region in these systems arises from strong
refraction at gas–liquid interfaces, beam steering due to temperature gradients and multiple scattering in dense droplet
fields (23,25,39). X-ray spray techniques have been developed
that overcome these difficulties. These techniques include
phase contrast imaging for visualisation of the internal flow
and quantitative radiography for spray mass measurement. A
review of synchrotron radiation techniques for fluid mechanics is given in Kastengren and Powell (24). The spray density
of a pMDI analogue was measured at a number of stations
downstream of the nozzle with quantitative radiography (33).
Analysis of the spatial distribution of peak mass indicated that
the nozzle exit orifice was predominantly occupied by vapour.
Direct drug concentration measurements in sprays from this
metered-dose inhaler analogue were performed with x-ray
fluorescence by Duke et al. (12). The density of the nozzle exit
mixture in pMDIs has not been measured experimentally,
and knowledge of the internal two-phase flow structure has
to date been limited by the need for transparent analogues
and by poor light penetration into the mixture (32). X-ray
phase contrast imaging provides full-field time-resolved
visualisations of dense flowfields through both absorption
and weak refraction of x-rays at gas–liquid interfaces (16,40),
and also enables visualisation of multiphase flows inside
opaque materials (11).
In this paper we present x-ray phase contrast imaging of the
internal and near-nozzle flows of a pressurised metered-dose

inhaler. We show that the volume directly upstream of the
nozzle is dominantly occupied by vapour. Nucleation occurs
well upstream of the nozzle orifice and the structure in all
regions visualised is a mixture of liquid and vapour. The internal flow is sensitive to the inclusion of ethanol, with a substantial change in the flow structure and dynamics resulting from
this addition. The findings from the phase contrast
visualisations are quantified with radiography measurements
directly downstream of the nozzle exit orifice, which are used
to estimate the mixture density at the nozzle exit. The density
measurements enable determination of volume fractions of
vapour and liquid, and reveal that the dominant component
in the nozzle by volume is vapour. Commentary is provided on
atomisation in pMDIs, and the differences between propellantonly sprays and those containing cosolvents. These findings
indicate a new way forward for understanding the atomisation
mechanisms of suspension and solution pMDIs.

EXPERIMENTAL METHODOLOGY
Spray Apparatus
The spray apparatus used for these measurements was an
inhouse rig to simulate pMDI use during a normal dosage
event. A linear solenoid was used to insert metered canisters
into a Bespak pMDI nozzle. The geometry of the pMDI is
shown schematically in Fig. 1. The solenoid was actuated for
350 ms to inject 50 µL of metered formulation. Measurements
of canister weights demonstrated that this injection duration
was sufficient to discharge more than 95% of the mass

Fig. 1 Schematic of pMDI metering chamber, valve stem and atomising
nozzle cross-section.
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contained in the metering chamber. No coflow was used.
Propellant and ethanol were evacuated from the test section
with a suction exhaust duct located approximately 300 mm
downstream of the nozzle exit.
A modified Bespak nozzle with its bowl removed was used
for radiography. This allowed measurements to be obtained
one nozzle diameter downstream of the nozzle exit orifice. To
estimate the density of the nozzle exit flow, Mason-Smith et al.
(33) measured the transverse integrated mass at several axial
positions and extrapolated to the nozzle. For the present experiments, the approach used was to measure the transverse
integrated mass as close as possible to the nozzle exit orifice.
Comparison of phase contrast images for the flow in the modified and unmodified nozzles showed that bowl removal had
no discernible effect on nozzle discharge, but was expected to
affect downstream spray spreading (6). Canister and nozzle
dimensions are given in Table I.
A heat exchanger was used to warm the nozzle between
injections during the radiography measurements. The radiography technique required sprays to be generated at high repetition rates. Both depressurisation and phase change of the
formulation removed heat from the inhaler nozzle and if uncorrected had the potential to substantially cool the nozzle.
The desire to replicate typical operation by a patient merited
maintaining the nozzle temperature at standard room conditions. Water at 37.5ºC in a temperature-controlled bath was
circulated through an aluminium heat exchanger block. The
pMDI nozzle was held in place in this heat exchanger block
with conductive paste on its rear and side surfaces, across
which heat was transferred. As the amount of cooling induced
by each formulation used was different, different dwell times
were used, as shown in Table II. Dwell times were determined
from thermal imaging of the valve stem and nozzle, and were
chosen to allow the nozzle front surface and external surface of
the valve stem to reach the ambient temperature with a tolerance of 5K (Fig. 2). A level of thermal inhomogeneity in the
nozzle was expected to exist with the water bath temperature
and repetition rates used, and could have been reduced at the
expense of repetition rate. A number of priming shots were

rapidly fired before data acquisition to cool the nozzle to the
operational condition.
For phase contrast imaging, an unobstructed path was required between the x-ray source, nozzle and detector.
Accordingly, the heat exchanger was not used and a comparatively long dwell time of 1 min was used.
Formulations
Formulations used for this study are given in Table II. Both
formulations used propellant HFA134a, and one formulation
contained 15% ethanol by weight. Neither formulation
contained any drug; Mason-Smith et al. (33) found that inclusion of 0.1% dissolved drug by weight had no significant effect
on spray projected mass for HFA134a sprays with 15% ethanol by weight. The propellant-only formulation was representative of an excipient-free suspension pMDI and the ethanolcontaining formulation was representative of a solution pMDI.
Aluminium canisters (Prespart, UK) were manufactured
with 50 µL metering valves (Bespak, UK) and contained approximately 10 g of propellant. Ethanol was pipetted to individual canisters, which were then crimped and filled with propellant to a target weight. Uncertainty of the ethanol/
propellant ratio was 3.4%. Solution vapour pressures pv were
estimated using the correlations developed in Gavtash et al.
(15), which account for non-ideality of the solution (45).
Specific heats of liquid were obtained using Lemmon et al.
(29) and Andreoli-Ball et al. (1). The experiment hutch pressure and temperature were maintained at 1 atm and 25ºC
respectively.
Advanced Photon Source
The 7-ID and 7-BM beamlines of the Advanced Photon
Source (APS) at Argonne National Laboratory were used for
phase contrast imaging and radiography experiments respectively. Experimental layouts for phase contrast and radiography measurements are shown in Fig. 3.
Phase Contrast Imaging

Table I

Canister and Nozzle Dimensions

Dimension

Size (mm)

Nozzle orifice diameter (d no )
Nozzle orifice length (l no )
Valve stem diameter, inner (d vs;i )
Valve stem diameter, outer (d vs;o )
Valve stem length (l vs )
Valve orifice diameter (d vo )
Metering chamber diameter (d mc )
Metering chamber length (l mc )

0.3
0.6
2.0
3.2
12
0.6
5.0
4.2

X-ray phase contrast imaging was used to obtain time-resolved
visualisations of the internal flow structure of the pMDI. Phase
contrast imaging exploits refraction at phase boundaries and
uses free space propagation to enhance these features, making
it a viable candidate to image the internal flow structure of
pMDIs. The resulting images are path-integrated representations of the combined beam absorption and refraction through
the sample. Imaging results are presented for the sump, nozzle
and valve stem. Further details of the ID beamline and phase
contrast imaging can be found in Moon et al. (34). The experimental layout is depicted in Fig. 3 (left).
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Table II Radiography Dwell
Times, Thermophysical and Optical
Properties of Formulations Studied.
Data Presented at Saturation
Conditions at 298.15 K

Formulation

Dwell time
(s)



ρl kg=m3

HFA134a

20

HFA134a 85% Ethanol 15%
w/w

11

The beamline used an undulator to produce a high intensity
‘white’ (polychromatic) beam. The white beam was passed
through the test section and was incident on a fast response
scintillator plate. The scintillator converted some of the x-ray
radiation into visible light which was imaged with a Photron
FASTCAM SA4 at 7759 frames per second. Use of microscope
objective optics enabled a magnification of 194 pixels/mm, and
the imaged area corresponded to the full size of the x-ray beam,
approximately 5 mm × 3 mm. Two-point calibration (21) was
used to correct for inhomogeneous spatial illumination. Short
exposure times, on the order of nanoseconds, were necessary to
prevent motion blur of small dynamic features (8). Experiments
were performed during the ‘hybrid-singlet’ mode of the APS, in
which a single bright pulse of x-rays containing four times the
flux of a normal bunch lasting 150 ps is generated every 3.68 µs.
The camera was time gated to capture the singlet light pulse,
resulting in an effective exposure time of 150 ps (48).

X-Ray Radiography
Extensive details of the 7-BM beamline can be found in
Kastengren et al. (26). A polychromatic beam was passed
through a multilayer monochromator, generating a monochromatic x-ray beam with a mean energy of 6 keV and a



μ mm2 =μg

pv
(bar)

cp;l ðkJ=kg:KÞ

1207

6.65

1.42

3:00  103

1118

5.95

1.57

2:77  103

bandwidth of 4% ΔE
E full-width at half-maximum (FWHM).
This monochromatic beam was focused and shaped to a 5 ×
6 µm (FWHM) spot using a pair of x-ray focusing mirrors and
slits. The beam was passed through the spray in the horizontal
plane orthogonal to the spray axis and was incident on a high
speed PiN diode detector (Fig. 3, right). The detector was connected to an analog antialiasing filter with a cutoff frequency of
1 MHz. The filtered output was then recorded by a Yokogawa
oscilloscope at a sample rate of 2.5 MS/s. Fifteen spray records
were obtained at each of 37 points spaced 83 µm apart across
the nozzle exit. Spray mass traces were synchronised by monitoring start of injection timing with a freefield microphone,
and were then ensemble averaged and decimated to 1 kS/s.


The spray projected mass M μg=mm2 along the path of
the x-ray beam is obtained from the detector output with the
Beer-Lambert law:


1
I ðx; y; t Þ
ð1Þ
M ðx; y; t Þ ¼ − ln
μ
I0


where μ is the absorption coefficient mm2 =μg , I is the
incident intensity (photons/s) and I 0 is the incident intensity in
the absence of spray (photons/s). The projected mass can be
expressed as an equivalent liquid length l eq by dividing by the
formulation liquid density:
l eq ðx; y; t Þ ¼

M ðx; y; t Þ
ρl

ð2Þ

Integration of the projected mass profiles gives the transverse integrated mass TIM (µg/mm):
Z∞
TIMðx; t Þ ¼

M ðx; y; t Þdy

ð3Þ

−∞

Division of the transverse integrated mass by a crosssectional area gives a spray mixture density. This mixture
density takes on meaning at the nozzle exit orifice where the
cross-sectional area is known:
ρm ð0; t Þ ¼
Fig. 2 Temporal trace of nozzle and valve stem surface temperatures with
HFA134a 100% sprays at 20 s dwell time. Gray region indicates ambient
temperature 5 K .

4 T I M ð0; t Þ
πd 2no

ð4Þ

where d no is the nozzle orifice diameter. The average exit
density can be expressed as volume fractions of vapour and
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Fig. 3 Experimental layouts for
(left) phase contrast imaging and
(right) quantitative radiography (not
to scale).

liquid. The volume fraction of vapour αv is obtained by the
following equation:
αv ¼

ρl −ρm
ρl −ρv

ð5Þ

and the liquid volume fraction αl is ð1  αv Þ. These volume
fractions are meaningful where ρm > ρv , as the nozzle is filled
with air at the start and end of injection.
Absorption coefficients for the formulations were obtained
using data from Berger et al. (5) and are given in Table II. The
absorption coefficient is a function of the composition of the
spray along the beam path, as well as a correction for the
ambient gas displaced by the spray (33). Due to the small spray
width in the near-nozzle region, the uncertainty associated
with absorption coefficient correction for ambient gas displacement was less than 1%.
Electromagnetic interference created by the solenoid affected the radiography results. Although small in amplitude,
the inteference could not be eradicated by ensemble averaging
as it was not uncorrelated noise (4). This introduced an uncertainty of approximately 0.5 µg/mm2 for M. The mixture density ρm was estimated using an integration over the full 3 mm
measured domain, giving an uncertainty for ρm of 20 kg/m3.
When estimating the mixture density, the transverse integrated mass was filtered with the empirical mode decomposition
of Huang et al. (19) and reconstructed using the five lowest
frequency modes. This removed high-frequency noise associated with the solenoid and retained the spray mixture density
variation which occurs on comparatively long time scales (22).

RESULTS
Phase Contrast Visualisations
Phase contrast images of the flow in the valve stem, sump and
nozzle are shown in Fig. 1. The images are path-integrated
representations, meaning that refraction at all phase

boundaries and absorption through all matter along the beam
path contribute to the resulting image. Phase boundaries are
sharp edges in the images. Due to differential absorption, liquid features show up as darker, and vapour regions as lighter,
enabling bubbles and droplets to be distinguished.
Interpretation of phase contrast images can be difficult for
highly three-dimensional flows, and for regions where large
numbers of phase boundaries may obscure each other (24,30).
Images are presented for the propellant-only formulation
in Fig. 4 and the ethanol-containing formulation in Fig. 5. The
valve stem is shown in the left column, and the sump and
nozzle region in the right column. A mounting bracket obscured part of the valve stem, and appears as a black wedge at
the top left of the valve stem images. Images are shown at
different times after the start of injection. High-speed movies
are also available online (youtu.be/R6Y66F4FlvY).
The propellant-only flow is a mixture of liquid and vapour
with a structure that varies throughout the injection. The flow
establishes a structure with a large vaporous core that extends
from the valve stem into the sump. Liquid propellant is observed to accumulate at the base and rear face of the sump.
Polydisperse bubbles exist in the liquid phase and coalesce
with each other and the vapour core. Several bubbles and
droplets, distinguishable by their different levels of absorption,
pass through the valve stem (Fig. 4, middle and bottom, left).
Video sequences show that some bubbles nucleate at the walls
of the stem and sump and coalesce with the vapour core and
larger vapour bubbles.
The ethanol-containing formulation has a very different
flow structure. Vapour-liquid interfaces occur on a much
smaller scale than for the propellant-only case, and there is
no continuous vapour core in the valve stem. Circular phase
boundaries at early stages in the spray are indicative of spherical bubbles, and consequently continuous liquid separating
the bubbles. Bubble size increases throughout the injection,
from much smaller to larger than the nozzle orifice diameter,
and ultimately to a foam-like structure (28) as the bubbles
interact with each other and distort. Although nucleation of
new bubbles plays a role in contributing to the increased
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Fig. 4 Phase contrast images of HFA134a flow in (left) valve stem and (right) sump and nozzle (top) 5 ms, (middle) 30 ms and (bottom) 90 ms after start of
injection. Regions are shown schematically at the bottom of each column. A mounting bracket obscures the top-left corner of the valve stem images.

vapour volume at later stages of the spray, the dominant contribution is from bubble expansion. Bubbles nearest the nozzle
are highly distorted as they enter the nozzle orifice. When
ethanol is included in the propellant, bubbles do not readily
coalesce and the internal flow structure differs from the
propellant-only case. Bubble coalescence can be reduced or
entirely prevented by raised mixture surface tension (7) and by
Marangoni stresses which are driven by surface tension gradients normal to the bubble surface (41,47,49).

For both formulations, much of the volume upstream of
the pMDI nozzle orifice is occupied by vapour. The flow
structures for each formulation differ considerably from each
other. Although occassional droplets are seen in the valve stem
and sump, the bulk of the liquid upstream of the nozzle exists
as a continuous phase. Atomisation of the liquid, which determines the drug particle sizes, is initiated on entering the nozzle. To highlight some features of the flow inside the nozzle
and immediately outside the nozzle orifice exit, images are
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Fig. 5 Phase contrast images of HFA134a/Ethanol flow in (left) valve stem and (right) sump and nozzle (top) 5 ms, (middle) 30 ms and (bottom) 90 ms after start
of injection.

shown of flows in the modified nozzle in Fig. 6. This nozzle is
selected for these visualisations as the contrast in the nearnozzle region is enhanced with the reduced number of scattering surfaces along the beam path in this region. The dynamic range has been reduced to enhance the liquid-vapour
boundaries and absorption through the liquid.
Propellant-only sprays of HFA134a have a Sauter mean
diameter that is much larger than its number mean diameter
(36), indicating the presence of large droplets. These large
droplets have also been observed experimentally [31]. The
phase contrast imaging reveals that these droplets are produced when large masses of liquid are discharged through
the nozzle. An example is shown in Fig. 6 (left), where a large
amount of liquid lines the lower half of the nozzle. At this time,
continuous liquid feeds from the lower part of the sump, similar to the continuous liquid from the sump in Fig. 4 (right,
bottom). The spray pattern and droplet volume mean diameter of HFA134a sprays from pMDIs are sensitive to the sump

depth (46), suggesting that cyclic accumulation and discharge
of liquid propellant in the base of the sump is the source of
the large droplets. For the ethanol-containing case, this process is largely suppressed and the discharge is more consistent.
This is also reflected in the similarity of the number mean and
Sauter mean diameters for ethanol-containing sprays (36).
Phase contrast imaging shows that the flow upstream of
and within the nozzle of the pMDI is occupied dominantly
by vapour, and suggest that the atomisation mechanism is
altered by the inclusion of ethanol. To quantify the extent of
vaporisation in the nozzle, quantitative radiography is used
and results presented in the next section.

Spray Projected Mass
The radiography technique used provides the ensemble mean
time-variant spray properties. Random fluctuations, such as
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Fig. 6 Phase contrast images of
(left) HFA134a and (right) HFA134a/
Ethanol flow from nozzle exit
orifice.

those produced by the passage of large droplets through the
nozzle, are removed by averaging.
The ensemble mean temporal evolution of the spray
projected mass at x = 0.3 mm is shown in Fig. 7, with the
transverse direction y on the vertical axis and time on the
horizontal axis. The peak projected mass occurs for both formulations approximately 30–40 ms after the start of injection.
Peak values of projected mass are located on the spray
centreline and are approximately 12–15 µg/mm2. Using the
formulation liquid densities, this corresponds to an equivalent
liquid length l eq of around 10–12 µm, or l eq =d no = 0.03. This is
much shorter than the liquid lengths for single-phase liquid
sprays from plain-orifice nozzles; by way of an example, at x=
d no = 1.1 for a diesel spray l eq =d no is approximately 0.85 (27).
The low values of projected mass for pMDI sprays relative to

Fig. 7 y-t plots of spray projected mass M for (top) HFA134a and (bottom)
HFA134a/Ethanol sprays at x ¼ 0:3 mm.

fully liquid sprays indicate that at this very short distance
downstream of the nozzle orifice exit there are large voids,
and only a small segment of the spray cross-section is occupied
by liquid. In the near-nozzle region where little entrainment of
air has occurred, it is expected that the remaining volume is
occupied with vapour discharged from the spray orifice.
The estimated average nozzle exit flow mixture density ρm
is shown as a function of time in Fig. 8. The results were
obtained by applying Eqs. 3 and 4 to the transverse mass
profiles in Fig. 7. The nozzle orifice flow density shows several
distinct stages for both formulations: a rapid increase in density that is representative of a filling process (0–30 ms), a
pseudo-steady state (30–60 ms) and a decrease in density indicative of an emptying stage (60–175 ms). After this emptying
stage, the density holds approximately constant at 25 kg/m3
for the propellant-only case, whereas it continues to zero for
the ethanol-containing formulation.
Peak nozzle exit flow mixture densities are 165 kg/m3 for
the propellant-only formulation and 135 kg/m3 for the
ethanol-containing formulation. Volume fractions of vapour
and liquid are estimated with Eq. 5, using the saturated liquid
density ρl;sat and an estimated density based on the homogeneous frozen model (HFM) (10). The vapour density depends

Fig. 8 Nozzle orifice flow mixture density ρm against time.
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on its degree of expansion at the nozzle. The HFM treats the
vapour and liquid as a homogeneous mixture with no relative
velocity, no heat or mass transfer between phases and the
liquid dispersed as infinitesimal elements in the vapour.
Treating the vapour as an ideal gas, the vapour density at
the nozzle exit orifice ρv is:

 −1
ðγ −1Þ γv −1
ρv ¼ ρv;sat 1 þ M a2 v
2

ð6Þ

where γv is the propellant ratio of specific heats cp =c v and M
a is the vapour Mach number:
Ma ¼

Um
cv

ð7Þ

The Mach number is the ratio of the mixture velocity U m
to the speed of sound of the vapour, cv . Assuming the vapour
pressure is sufficient to choke the flow, the mixture velocity U m
is the mixture speed of sound cm :
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


αv
ð1−αv Þ
cm ¼ ðρv αv þ ρl ð1−αv ÞÞ
þ
ρv c2v
ρl c 2l

−1

not uniform across the bubble. The liquid films separating
them are likely to break under this strain. For those droplets
generated on entry to the nozzle, governing parameters would
include the bubble size relative to the nozzle diameter and the
thickness of the liquid film.
Bubble nucleation and expansion can rupture the liquid
phase in flashing sprays, giving rise to atomisation. This
mechanism was proposed by Dunbar (13) as the atomisation
mechanism in pMDIs. Direct observation of bubble nucleation and liquid phase rupture within the nozzle of the
pMDI requires spatial and temporal resolutions higher than
those of the presented measurements.
For both formulations, atomisation is initiated upon entry
to the nozzle and progresses throughout. The inclusion of
ethanol has the added effect of stabilising the spray. The filling
and discharge of large volumes of liquid in the propellant-only
case is substantially reduced in the ethanol-containing case. As
large droplets in pMDI sprays contain large masses of drug
and ultimately deposit in the oropharynx, suppression of their
formation is of practical interest.

ð8Þ

Equations 5, 6, 7 and 8 can be solved iteratively to find ρv ,
M a, c m and α. Speeds of sound of the propellant vapour and
liquid are obtained from Lemmon et al. (29). Peak values of αl
are 0.12 for HFA134a and 0.10 for HFA134a/ethanol.
At all times during the injection, the dominant volume
component in the nozzle of the pMDI is vapour, confirming
the findings of previous researchers (9,13,33).

DISCUSSION
Atomisation Mechanisms
Drug particles in pMDI aerosols are formed from droplets
that are generated by atomisation of the sump’s multiphase
flow. Many of the droplets produced by the pMDI, with number mean diameters on the order of 5 µm (36), are at or below
the resolution of the phase contrast images. Consequently,
direct observation of their formation is not possible. For both
formulations, the flow is dominantly atomised prior to the
nozzle exit, though contiguous liquid is at times seen to extend
outside the nozzle.
Atomisation upstream of the nozzle exit orifice can occur
by a number of mechanisms. Shear driven by a velocity difference at liquid-vapour interfaces can produce droplets
(2,18). Atomisation can also occur by strectching and rupture
of bubbles and liquid as they enter the nozzle. Bubbles in the
flow of the ethanol-containing formulation undergo a very
large acceleration at the nozzle entry, and this acceleration is

Absorption Coefficient Error
For the radiography measurements published here and in
Mason-Smith et al. (33), the absorption coefficient used is a
mass-weighted average of the formulation components. It is
implicitly assumed in this method that the beam pathintegrated mass concentrations of propellant and ethanol are
equivalent to those of the formulation. This assumption is not
always reasonable; multicomponent mixtures have liquid and
vaporous phases with different compositions depending on the
relative volatility of each component. This is the principle of
distillation (17). For the ethanol-containing discharge, the vapour will be almost entirely propellant and the liquid will have
a higher ethanol concentration than the formulation. A change
in composition is also associated with a change in absorption
coefficient. Here we investigate the potential bias error associated with the absorption coefficient to ensure the finding of
high vapour volume fraction in the nozzle is not dependent
on the use of the formulation absorption coefficient.
Absorption coefficients of the liquid and vapour phases of
equilibrium saturated mixtures of HFA134a and ethanol at
298 K are shown in Fig. 9. The vapour is almost entirely
composed of propellant for wl;eth up to 0.95, due to the large
difference of relative volatilities for HFA134a and ethanol.
Depending on the liquid-vapour mass fractions along the
beampath, the projected mass estimated with Eq. 1 using
the formulation absorption coefficient may not predict the
true mass. The true absorption coefficient is bounded by the
absorption coefficient of pure propellant, at most a 10% error
for the formulation studied, and the absorption coefficient
associated with the liquid, which will deviate from the
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condition, and entropy generation in the flow (42). For sharpedged orifices such as that for the nozzle entry here, if contraction effects are dominant, the ideal discharge coefficient is
π=ðπ þ 2Þ (3,37), which is 0.61.
Applying this ideal value of C D , the mass flowrate can be
estimated from the volume fractions and the vapour density.
The discharged spray mass can be predicted by timeintegration of mðt Þ:
Zt
m ðt Þ ¼

⋅
mðt Þdt

ð11Þ

0

Fig. 9 Absorption coefficients μl and μv of liquid and vapour phases of
HFA134a/ethanol equilibrium saturated mixtures against liquid phase
ethanol mass fraction wl;eth . Data presented at 298.15 K.

formulation by small amounts near the start of injection and to
a greater extent at late stages in the spray when flash boiling of
propellant has reduced its concentration in the liquid phase.
Within these bounds, the nozzle exit area is always dominantly
occupied by vapour.
Mass Flowrates
Radiography provides a quantitative concentration measurement which can be related to the mass flowrate through a
multiphase flow model. The mass flowrate is an important
spray parameter that is difficult to measure directly.
A number of models exist for discharge of flashing sprays
(44). Applying the homogeneous frozen model (HFM), a mixture speed of sound cm is obtained using Eq. 8. For the results
presented here, a constant vapour pressure and saturated liquid density are used. The vapour pressure gradually reduces
as propellant flashing cools the mixture, and very late in the
injection the pressure is insufficient to choke the flow (9,14,22).
Applying the above assumptions, the mass flow rate m becomes:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
πd 2no u
ðt ÞÞ
u ðρl ð1−αv ðt ÞÞþ ρv ðt Þαv
m ðt Þ ¼ C D
ð9Þ
1
u0
4 u
1−αv ðt Þt
u α v ðt Þ
A
t@
þ
ρv ðt Þc2v
ρl c2l

and the total mass discharged is m(t) at end-of-injection,
which was chosen to occur when αv ¼ 1. The mass flowrate
of the vapour phase is obtained by multiplying the mass
flowrate by the quality q, which is equivalent to mass fraction
for a homogeneous mixture:
qðt Þ ¼

m⋅ v ðt Þ ρv ðt Þαv ðt Þ
¼
ρm ðt Þ
m⋅ ðt Þ

The estimated mass flowrate and the cumulative mass
discharged of each phase as functions of time are shown in
Fig. 10. The ratio of vapour-to-liquid discharged during the
injection is 0.7 for HFA134a and 0.6 for the HFA134a/
Ethanol mixture. For both formulations, 50% of the liquid
discharge occurs during the first 60 ms.
The spray mass m was measured experimentally for each
formulation by weighing canisters before and after 55 sprays.
Table III lists the measured and predicted discharge mass for
each formulation, and shows good agreement. If the C D for
sharp-edged orifices is applicable over the time-varying conditions of this flow, the mixture speed of sound predicted with
Eq. 8 is a reasonable estimation of the ideal nozzle discharge
velocity. This also suggests the radiography measurements can
be used to provide a time-variant mass flowrate, a very difficult parameter to measure.

where C D is the nozzle discharge coefficient:
CD ¼

m⋅
m⋅ ideal

ð10Þ

Discharge coefficients account for the deviation between
the measured flowrate and an idealised flow rate. Deviations
from ideality arise from vena contracta effects reducing the
effective discharge area, cavitation and/or flashing reducing
the nozzle discharge density relative to the upstream chamber

ð12Þ

Fig. 10 Mass flowrate m and discharged mass m against time.
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Table III

Measured and Predicted Spray Mass m

Formulation

Measured (mg)

Predicted (mg)

HFA134a
HFA134a/Ethanol

59.71  0.02
53.80  0.02

57.7
49.0

Experimental validation is necessary to ensure thermodynamic models of pMDI sprays capture the relevant physics.
The thermodynamic model of Clark (9) was validated with
experimental pressure and temperature measurements inside
the expansion chamber, and Dunbar (13) used phase-doppler
particle analysis in the dilute spray regions far downstream of
the nozzle. More recent efforts at extending thermodynamic
modelling to multicomponent pMDI sprays (22) would benefit
from experimental validation with measurements of physical
spray parameters. The measurements and visualisations presented here have quantified the spray mass and revealed the
internal flow structure, enabling the development and validation of a new multicomponent pMDI spray model.
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Concluding statement

In this chapter, phase contrast imaging was used to visualise the internal flow structures of propellant-only and ethanol-containing pMDI sprays. These visualisations
revealed the internal flow in detail, and showed that the flow structure was a strong
function of the formulation. Vapour is distributed within the liquid, and the scale
at which it is distributed differs in the propellant-only and ethanol-containing cases.
Many bubbles are present in the ethanol-containing case, whereas they coalesce in
the propellant-only formulation and ultimately form a large vapour annulus in the
valve stem. Determining whether this vapour annulus runs all the way to the nozzle
exit, as has been suggested (Versteeg, Hargrave, and Kirby 2006), is difficult with
path-integrated data.
Quantitative x-ray radiography measurements showed that, at all times during
the injection, the nozzle exit of pMDIs is dominantly vapour by volume. Experimental uncertainty attributable to the absorption coefficient reduced the confidence in
the specific value determined, but did not change the finding of vapour-dominated
exit conditions. This behaviour is consistent with that determined from the pMDI
analogue used in Chapter 3.
Reviewers highlighted that the original manuscript did not substantially distinguish between suspension and solution pMDIs. This was based on suggestions in the
original manuscript that propellant-only sprays were not representative of pMDIs,
and could not be used for study of realistic pMDI formulations. Importantly, there
is a distinction between solution pMDIs, in which a cosolvent or excipient is added
to the propellant, and suspension pMDIs, in which micronised drug particles are
kept in suspension. The manuscript was revised to more accurately reflect this distinction, and states that the propellant-only case is representative of a suspension
pMDI, while the ethanol-containing case is representative of a solution pMDI. This
revision strengthened the paper considerably.
Reviewers also noted that the original manuscript was unclear with regard to the
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mechanism by which the observed differences in internal structure may occur. As
there are several mechanisms by which bubble coalescence could be prevented in the
ethanol-containing formulation, and these are not investigated independently, it was
necessary to acknowledge each of these as potential contributors to the phenomenon.
These include a greater energy barrier to coalescence, due to a higher mixture surface
tension, and Marangoni stresses driven by surface tension gradients normal to the
bubble surfaces (Takagi and Matsumoto 2011). The manuscript was revised to
acknowledge both of these as possible explanations for the observed behaviour.
The measurements obtained in this work are the first of their kind. The understanding of the internal flow properties of pMDIs that had been obtained from visualisations of transparent analogues (Fletcher 1975; Versteeg, Hargrave, and Kirby
2006; Myatt et al. 2015) is built upon by using both a real pMDI nozzle and a
technique with high penetration through the vapour-liquid structure. This high
penetration allowed the internal structure to be revealed in detail.
The inhomogeneity of the internal structure, and the substantial differences between propellant-only and ethanol-containing sprays, are of practical importance in
understanding the atomisation characteristics of suspension and solution pMDIs.
These differences are explored further in Chapter 5.
The radiography measurements obtained suggest a highly vaporised spray at the
measurement location, very near to the nozzle exit. The measurements also provide
profiles of the spray width, and projected mass distributions. These data can be
compared with outputs of thermodynamic modelling. In Chapter 6, a theoretical
approach is used to link the nozzle exit conditions to those after expansion to atmospheric pressure for propellant-only sprays. The model outputs are compared with
the radiography measurements presented here.
Having established the internal flow behaviour for suspension and solution pMDIs,
and having obtained quantitative data in the near-nozzle region, these data are used
to develop a model of multicomponent pMDI internal flow in Chapter 7.

Chapter 5
High-speed X-ray Imaging of
Pressurized Metered-dose Inhaler
Sprays with Variable Ethanol
Content
5.1

Introductory statement

In Chapter 4, phase contrast images of propellant-only and ethanol-containing pMDIs
were shown. These images detailed the internal flow structure, and highlighted the
differences that occur when ethanol is added to the propellant. The highly inhomogeneous internal structure of propellant-only flows was demonstrated.
Backlit spray imaging (Appendix B) and phase doppler anemometry (Versteeg
et al. 2017) of pMDIs have shown that these sprays contain large liquid droplets,
with diameters of approximately 100 µm. The poor flow tracing ability of these
droplets is expected to result in their deposition in the oropharynx. Although small
in number, these large droplets likely contain substantial masses of drug, each one
the equivalent to thousands of small droplets, based on the third power dependence
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of the droplet volume. For this reason, it is important to identify the sources of
these large droplets and whether methods for mitigating their formation exist.
Furthermore, determining the trend of vapour/liquid scale with ethanol addition
requires more measurements than those presented in Chapter 4. From the two cases
previously presented, it is not possible to determine whether the inclusion of ethanol
has a highly nonlinear effect on the flow morphology, and specifically whether this
modification occurs at low ethanol concentrations. Nonlinear behaviour is exhibited
in binary liquids containing surfactants, where even a small concentration of a second liquid can radically alter the flow morphology (Takagi and Matsumoto 2011).
To understand the trend of vapour/liquid scale with ethanol concentration, phase
contrast images were obtained that covered a broader range of ethanol concentrations. Knowledge of this trend is required to incorporate internal flow inhomogeneity
into thermodynamic models of pMDIs.
In this chapter, phase contrast imaging results are presented that extend the
work shown in Chapter 4. Images are shown of internal flow structures in the sump
at different times, and for an additional ethanol concentration. Higher magnification
images of the two-phase flow structures at the atomising nozzle inlet and outlet are
also presented. These images permit a discussion of the sources of unrespirable
droplets in pressurised metered-dose inhaler sprays.
The work takes the form of a peer-reviewed conference paper presented at Institution for Liquid Atomization & Spray Systems Asia 2017 1 .

1

“ILASS-Asia 2017 is the 19th Annual Conference organized by ILASS-Asia that was formed in
1991 as a part of the International Council of Liquid Atomization and Spray Systems (ICLASS).
This conference provides a forum to exchange technical information and to promote friendship
between the members of each ILASS bodies [sic] in the Asia region.”

ILASS–Asia 2017
Oct. 18-21, 2017, Jeju, Korea

High-speed X-ray Imaging of Pressurized Metered-dose
Inhaler Sprays with Variable Ethanol Content
N. Mason-Smith1,*, D.J. Duke1,2, A.L. Kastengren3, D. Edgington-Mitchell1, D.R. Honnery1
1

Laboratory for Turbulence Research in Aerospace and Combustion, Department of Mechanical and
Aerospace Engineering, Monash University, Australia
2
Energy Systems Division, Argonne National Laboratory, Illinois, USA
3
X-ray Science Division, Argonne National Laboratory, Illinois, USA

Keywords: x-ray imaging; synchrotron radiation; flash atomization

1. Introduction
There is a need to understand the atomization
mechanisms of medical inhalers if we are to improve
their low efficiency. Pressurized metered-dose inhalers
(pMDI) form a spray of a drug-containing solution or
suspension,
and
are typically driven
by
hydrofluoroalkane propellants. An obstacle to
development of higher efficiency inhalers is a lack of
knowledge of the spray’s initial conditions. The
pressure, temperature and void fraction of the flow
entering the atomizing nozzle all vary during the
transient injection. There has been a dearth of
experimental data regarding the internal flow state,
which determines the properties of the aerosol. Hence
the need for this work.
We used high-speed x-ray phase contrast imaging to
visualize the two-phase flow inside pressurized
metered-dose inhalers. These images point toward
sources of low efficiency in existing inhalers. We found
important differences between propellant-only and
ethanol-containing flows, and offer interpretations of
the produced data.
2. Research Method and Procedure
2.1 Phase contrast imaging
We performed phase contrast imaging at the 7-ID
beamline of the Advanced Photon Source (APS) at
Argonne National Laboratory (ANL). The technique is
discussed in detail in [1]. Phase contrast images are
line-of-sight projections that combine the effects of
absorption and diffraction at phase boundaries.
Measurements were performed during ‘hybrid
singlet’ mode at the APS. We were able to set the
camera shutter to acquire light from a single bunch,
resulting in an effective exposure time of 150 ps [2].
Interpretation of phase contrast images is most

straightforward in the Fresnel diffraction regime,
where diffraction patterns associated with phase
boundaries are clearly rendered [3]. The regime’s lower
limit of characteristic size 𝑎𝑎 is determined by the
wavelength of light 𝜆𝜆 and the free-space propagation
distance 𝑍𝑍0 [3]:
𝑎𝑎 > �𝑍𝑍0 𝜆𝜆
Based on a dominant photon energy of 20 keV and
the free-space propagation distance used for our
experiments, features of interest in our images fall
within the Fresnel regime.
A linear solenoid-driven device was used to remotely
generate pMDI sprays. The nozzle orifice diameter is
300 µm. A schematic of the pMDI is shown in Figure
1. Drug-free formulations were used and contained
either propellant HFA134a or HFA227ea, mixed with
ethanol at mass concentrations of up to 30%.

Fig. 1. Schematic of pMDI metering chamber and
nozzle geometry (adapted from [2]).

3. Results and Discussion
3.1 Multiphase flow morphologies
Nozzle flow, atomization and the choking condition
at the nozzle outlet are affected by the structure of the
multiphase flow entering the nozzle inlet [4].
Visualizations of the vapor-liquid structure in the sump
of the pMDI, directly upstream of the nozzle orifice,
are shown in Figures 2 and 3. Images in Figure 2 were
taken 45 ms after start of injection, and Figure 3 shows
images taken 90 ms after start of injection. White
vertical lines at the nozzle inlet are artefacts associated
with two-point calibration background correction [5].

Fig. 2. Instantaneous images of internal flows of (top)
HFA134a propellant-only, (middle) HFA134a/ethanol
(5% by weight) and (bottom) HFA134a/ethanol (15%
by weight) formulations. All images are 45 ms after
start of injection. Flow enters at top of frame and exits
to the right as indicated by arrows.
Propellant-only flows (Figures 2 & 3, top) consist of
a liquid/vapor mixture with a large characteristic size.
Individual liquid-vapor boundaries are observable,
indicating the presence of bubbles and droplets. The

inclusion of ethanol at the low concentration of 0.5%
by weight had no discernible effect in the presented
measurements. At an ethanol concentration of 5% by
weight, the structure is modified, resulting in a bubbly
flow with different characteristic lengths (Figures 2 &
3, middle). At the higher concentration of 15% ethanol
by weight, the number density of bubbles is greatly
increased, to the point where individual boundaries are
almost imperceptible (Figure 2, bottom). At later times
in the injection the void fraction is increased and the
number density of bubbles is reduced (Figure 3).

Fig. 3. Instantaneous images of internal flows of (top)
HFA134a propellant-only, (middle) HFA134a/ethanol
(5% by weight) and (bottom) HFA134a/ethanol (15%
by weight) formulations. All images are 90 ms after
start of injection. Flow enters at top of frame and exits
to the right.
A consideration that arises is whether the change in
flow morphology is attributable to the mixture surface
tension. Bubble coalescence is expected to be less
prevalent in higher surface tension liquid mixtures. In
addition, Marangoni stresses, associated with surface
tension gradients, may play a role in inhibiting bubble
coalescence and contribute to the change in flow

morphology in pMDIs [6]. Predicting the mixture
surface tension is not straightforward, particularly for
non-ideal mixtures [7]. HFA/ethanol mixtures are nonideal, as evidenced by a positive deviation from
Raoult’s law [8]. Experimental measurements of the
surface tension of HFA/ethanol mixtures would assist
in understanding the mechanisms that give rise to the
observed changes in flow morphology.
3.2 Nozzle orifice inlet
A number of atomization mechanisms are expected
to be present in metered-dose inhaler sprays. Phase
contrast imaging allows us to observe the patterns of
features entering and exiting the atomizing nozzle of
the inhaler. Flows in these regions are threedimensional; accordingly, flow behavior implied by
these images must be interpreted with caution.
To highlight some of the phenomena associated with
the passage of these bubbly flows through the steep
pressure gradient at the nozzle inlet, a short image
sequence of a propellant-only flow is shown at the
nozzle inlet in Figure 4. In the first image, two bubbles
are elongated toward the nozzle inlet. These bubbles
move into the nozzle, and in the subsequent frame
circular fronts are apparent. These appear to be related
to rapid expansion of the bubbles in the nozzle,
consistent with a steep pressure gradient at the nozzle
inlet.
Large droplets and ligaments are also observed in the
valve stem and sump. A large liquid mass entering the
nozzle inlet is shown in Figure 5. Visible light imaging
of the near-nozzle region of pMDIs [9,10] have noted
the presence of large droplets, some as large as 100 µm.
Phase Doppler anemometry results have also indicated
the presence of large isolated droplets in this size range
[10]. Phase contrast imaging of the internal flow
structure of propellant-only flows shows that discrete
masses of continuous liquid with large length scales
pass into the atomizing nozzle. The large liquid
droplets and ligaments present in the vapor phase inside
the sump are expected to be one source of large droplets
in the spray, which are of practical importance for
pMDIs as they contribute to oropharyngeal deposition.
Simultaneous internal and external imaging was not
possible at this magnification; determining whether
these large liquid masses create unrespirable droplets
remains an open question.

Fig. 4. Instantaneous images of internal flows of
HFA134a propellant-only internal flow at the nozzle
inlet 71 ms after start of injection. Flow travels from
left to right.

Fig. 5. Instantaneous image of internal flow of
HFA134a propellant-only 76 ms after start of injection.

3.3 Nozzle orifice outlet
An instantaneous image of an ethanol-containing
spray at the nozzle exit is shown in Figure 6. Several
large ligaments are observable, one of which appears to
undergo vibrational breakup. These features are similar
to ligaments produced by fuel dribble at end-ofinjection in diesel injection [11]. The droplets produced
by these ligaments are expected to contribute to the
unrespirable mass of the spray.
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4. Conclusion
This paper focused on the imaging of pMDI sprays
and internal flows with high speed x-ray phase contrast
imaging. Key findings are as follows:
1. The distribution of liquid and vapor is highly
inhomogeneous in metered-dose inhaler
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Concluding statement

In this work, we investigated the scale of vapour distribution in ethanol-containing
pMDIs. The scale at which the vapour is distributed in the liquid decreases with
increasing ethanol concentration, and increases with increasing time after start of
injection. Establishing this trend is necessary to model vapour/liquid inhomogeneity
in thermodynamic models of pMDIs.
High magnification imaging revealed a number of sources of large droplets. These
large droplets were observed to occur upstream of the atomising nozzle in propellantonly pMDIs. Additional large droplets were seen to shed from liquid pools formed
on the bowl at the nozzle outlet.
Droplet sizing experiments on drug-free pMDI sprays (Myatt et al. 2015) have
shown that drop size distributions in ethanol-containing pMDI sprays are narrower
than those in propellant-only sprays. The large droplets in the sump of propellantonly pMDIs reported here, and the intermittent liquid accumulation and discharge
observed in Chapter 4, provide a possible explanation for this reduction in droplet
size distribution as ethanol is added.
The observed trend in vapour/liquid scale presented in this chapter is used
to phenomenologically model flow inhomogeneity in thermodynamic modelling of
pMDIs. The development and findings of this model are described in Chapter 7.

Chapter 6
A comparison of quantitative
radiography and a propellant-only
phenomenological model
6.1

Motivation

The radiography measurements obtained in Chapter 4 provided transverse profiles of
the time-variant projected mass one nozzle diameter downstream of the nozzle exit.
This projected mass can be predicted with phenomenological thermodynamic models, and the predicted value is a function of the model assumptions. One parameter
of importance is the extent of in-nozzle vaporisation, which can be represented by
the thermal non-equilibrium between the liquid and vapour phases. Phase change is
a non-instantaneous process, and as such the system is not always in thermodynamic
equilibrium. This vaporisation is important in determining the initial droplet size
(Gavtash et al. 2017b), from which the drug particles precipitate in solution pMDIs.
In this way, radiography measurements can provide insight into the in-nozzle behaviour of pMDIs.
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Nomenclature

A - Area (m2 )
D - Diameter (m)
L - Length (m)
M - Projected mass (µg mm−2 )
P - Pressure (Pa)
R - Gas constant (J kg−1 K−1 )
T - Temperature (K)
V - Volume (m3 )
W - Axial velocity (m s−1 )
TIM - Transverse integrated mass (kg m−1 )
a - Amplitude parameter of Gaussian density profile (kg m−3 )
c - Speed of sound (m s−1 )
cP - Mass-specific heat capacity at constant pressure (J kg−1 K−1 )
h - Specific enthalpy (J kg−1 )
m - Mass (kg)
s - Specific entropy (J kg−1 K−1 )
v - Specific volume (m3 kg−1 )
x - Quality
y - Coordinate perpendicular to spray axis
z - Coordinate parallel to spray axis

Greek letters
ρ - Density (kg m−3 )
η - Thermal non-equilibrium parameter
ηisen - Nozzle isentropic efficiency (J kg−1 /J kg−1 )
σ - Standard deviation of Gaussian density profile (m)
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γ - Ratio of specific heats

Subscripts
l - Liquid
v - Vapor
ml - Metastable liquid
sl - Saturated liquid
mv - Metastable vapour
sv - Saturated vapour
e - Expanded condition
t - Throat
0 - Reservoir condition
vo - Valve orifice
no - Nozzle orifice
mc - Metering chamber
ec - Expansion chamber
sat - Saturation
eq - Equilibrium

6.3

Analysis methodology

If the pMDI internal flow, and the near-nozzle spray, are treated as homogeneous
two-phase mixtures, it is possible to use the one-dimensional approach that is common in gasdynamics (Liepmann and Roshko 1957). Homogeneous flows are multiphase flows in which there is no relative velocity between phases (Wl = Wv ). The
assumption of homogeneity is reasonable for flows in which one phase is dispersed
in the other at a very small scale. Recent investigations have applied homogeneous
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Figure 6.1: Schematic of pMDI geometry used in the thermodynamic model.

flow modelling to superheated fuels and refrigerants (Lyras et al. 2018), and assume that inertial forces dominate surface forces; that is, that the Weber number
is high. Although the real flow is inhomogeneous, the analytical simplicity of the
homogeneous flow assumption is the reason for its use here.
For a one-dimensional homogeneous flow model, an equation of state and/or thermodynamic property tables are used in place of the ideal gas equation of state, and
a non-equilibrium model is used to describe the relationship between phases. This
non-equilibrium model governs the change in quality x, which is the mass fraction of
vapour in the vapour-liquid mixture, during depressurisation and acceleration from
the expansion chamber to the near-nozzle region, where radiography measurements
were obtained in Chapter 4.
Following the traditional approach (Clark 1991; Dunbar 1996; Ju, Shrimpton,
and Hearn 2010; Gavtash et al. 2017b), for this model the pMDI is treated as
two chambers; the metering chamber and expansion chamber. These are connected
by a valve orifice, and the flow leaves the expansion chamber through the spray
nozzle orifice. In this approach, the mixture in each chamber is treated as spatially
homogeneous in temperature and quality, meaning that its thermodynamic state can
be described with a pair of state variables (Callen 1960). This geometry is shown
schematically in Figure 6.1.
A number of assumptions are required to develop this phenomenological model.
The assumptions used are:
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1. One-dimensional variable-area flow
2. The two-phase fluid is homogeneous (no relative velocity between phases) and
spatially homogeneous in each chamber
3. Adiabatic flow
4. Quasi-steady flow

∂
∂t

∂
 W ∂z



5. Conditions in each chamber can be represented by stagnation conditions
6. No gravitational effects
7. Propellant-only flow
Treating the flow in this way reduces the system of partial differential equations
to a system of ordinary differential equations. The system of equations for the time
derivatives of the propellant-only thermodynamic model is given in Appendix A.
Pressure-enthalpy state variables are used to represent the two-phase mixture in
each chamber.
These assumptions introduce many approximations; the real flow field is threedimensional, non-axisymmetric, turbulent, inhomogeneous and non-adiabatic. As
a method for investigating the significance of the projected mass distributions obtained from radiography, the approach provides a starting point for more exhaustive
analyses.
To estimate the near-nozzle flow properties, two steps are required: a flow model
to determine the expansion from stagnation conditions to the nozzle exit, and an
expansion from the nozzle exit to atmospheric pressure in the near-nozzle region.
These are discussed in turn.

Homogeneous flow models
To complete this system of equations, models are required for the predicted mass
flow rate. In this work, only homogeneous flow models are considered. The flow
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models considered are the homogeneous direct evaluation (HDE) model of Travis,
Koch, and Breitung (2012), which incorporates the homogeneous equilibrium model
(HEM), and the homogeneous frozen model (HFM). These are described below for
isentropic flows. Non-isentropic flows are accounted for with isentropic efficiencies,
which are described later in the methodology section.

Homogeneous direct evaluation
The homogeneous direct evaluation (Travis, Koch, and Breitung 2012) is a method
for determining properties of homogeneous flows, accounting for thermal non-equilibrium
between phases. The approach is based on the assumption that the vapour phase is
at all times saturated, limiting metastability to the liquid phase. This is consistent
with an energy barrier to vapour nucleation in liquid, while vapour condensation
faces no such energy barrier (Skripov 1974, 1–3). The method is summarised below.
If the vapour phase is assumed to be saturated, its temperature Tv is equal to
the fluid’s saturation temperature at the given pressure P :
Tv = Tsat (P )

(6.1)

Thermal inhomogeneity between phases is permitted with a parameter η:
Tml = η · T0 + (1 − η) · Tsv (P )

(6.2)

where Tml is the temperature of the metastable liquid and Tsv is the saturated vapour
temperature. When η = 0, Tml = Tsv (P ); this is the well-known homogeneous
equilibrium model. At high values of η, metastability effects are significant for
the liquid, and its temperature approaches that of an isentropic expansion from
reservoir conditions. Phase change continues to occur even at high η values due to
the condensation of vapour during depressurisation (Brennen 2005).
Having established a relationship between the pressure and the individual phase
temperatures, finding the mass flux then reduces to finding conditions that satisfy
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the steady one-dimensional adiabatic energy equation:
h0 = (1 − x) · hml (P, Tml ) + x · hsv (P ) +

W2
2

(6.3)

where h is the specific enthalpy, and given the expansion is assumed to be isentropic:
s0 = x · ssv + (1 − x) · sml

(6.4)

where s is the specific entropy.
If the flow is critical, the velocity at the throat is equal to the two-phase speed
of sound c:
Wt2 = c2


∂P
2
c =
∂ρ s

(6.5)
(6.6)

where ρ is the mixture density. Pressure waves propagate at low speed through
homogeneous two-phase mixtures due to the large specific volume change for pressure perturbations. Details on calculating two-phase speeds of sound are given in
Appendix A.
The system of equations, coupled with an equation of state, allows for the pressure and quality at the throat to be determined, providing the necessary information
for the critical mass flow rate.
If the pressure downstream of the throat is sufficiently high that choking does not
occur, a subsonic flow results. Calculating the properties of this subsonic two-phase
flow follows the same methodology, except the exit static pressure is known.

Homogeneous frozen model
At the other extreme from the HEM, the homogeneous frozen model (HFM) assumes
that the quality remains unchanged during expansion. For this model, phases are
insulated from one another, and no heat or mass transfer occurs. It is most suitable
for short nozzles in which phase change does not have sufficient time to occur (Wallis
1980). A similar approach to the homogeneous direct evaluation can be used. The
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approach detailed here does not require the commonly-used assumptions (Fletcher
1975; Gavtash et al. 2017b) that the vapour phase obeys the ideal gas law, and that
the liquid phase is incompressible.
If both liquid and vapour are assumed to be metastable, and no interphase mass
transfer occurs, the downstream quality is equal to that in the reservoir. If the
expansion is isentropic, the individual phase entropies remain unchanged:
sml (T, P ) = s (T0 , x = 0)

(6.7)

smv (T, P ) = s (T0 , x = 1)

(6.8)

x = x0

(6.9)

where smv is the specific entropy of metastable vapour.
Additionally, by the one-dimensional adiabatic energy equation:
h0 = x · hmv + (1 − x) · hml +

W2
2

(6.10)

Again, at choked conditions, the velocity is equal to the two-phase speed of sound:
2

W =



∂P
∂ρ



(6.11)

s

The flow conditions at the nozzle exit satisfy the conservation of entropy for
each phase, and at critical conditions have a velocity equal to the two-phase speed
of sound. The method for determining the two-phase speed of sound is given in
Appendix A. For subcritical flows, the exit pressure is known and the determination
of the exit properties is straightforward.

Near-nozzle expansion
For the model to be compared with the experimental data, which is obtained one
nozzle diameter downstream of the nozzle exit, a theoretical link must be established
between the flow in the nozzle, which is choked throughout much of the injection,
and after expansion to atmospheric pressure. A control volume analysis is used
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to relate the conditions at the nozzle exit to those after expansion to atmospheric
pressure.
Gavtash et al. (2017b) argued, following Fletcher (1975), that the choked flow
in the nozzle undergoes a rapid acceleration as it expands from the throat pressure to the ambient pressure. The velocity increase during this expansion can be
approximated with an axial momentum balance over a diverging control volume
by assuming that entrainment is negligible over the length required for the flow to
expand to atmospheric pressure Le (Gavtash et al. 2017b). Taking this approach
allows the near-nozzle properties of homogeneous flows to be estimated.
The near-nozzle structure will in reality be more complicated; underexpanded
jets are not one-dimensional flows, and are characterised by a series of ‘shock cells’
through which the flow expands to the ambient pressure (Edgington-Mitchell et al.
2014). The pressure across the jet cross-section may not match the ambient pressure until some diameters downstream, by which time entrainment effects may be
significant. If the approximation is accepted, the time-variant transverse integrated
mass measured by radiography at z/Dno = 1 can be compared with the near-nozzle
transverse integrated mass predicted by phenomenological modelling.
Consider the control volume surrounding the nozzle orifice (throat) and the
downstream spray shown in Figure 6.2. The control volume diverges sufficiently
that the pressure on the upper and lower surfaces is equal to the ambient pressure,
and there is no mass flow through the top and bottom surfaces—spray or entrained
air.
By continuity:
ρt Wt At = ρe We Ae

(6.12)

where At is the cross-sectional area at the throat and Ae is that after expansion.
If the flow expands as a free jet, and the transfer of momentum to entrained air is
negligible, the conservation of axial momentum becomes:
(Pt − Pa ) · At − (Pe − Pa ) · Ae = ρe We2 Ae − ρt Wt2 At

(6.13)
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Figure 6.2: Control volume used for analysis of near-nozzle flow.
Combining the continuity and momentum equations, and assuming that Pe = Pa
gives (Gavtash et al. 2017b):
We = Wt +

(Pt − Pa )
ρt Wt

(6.14)

The transverse integrated mass, as was determined from radiography, is the
area-integrated spray density:
TIM =

Z

ρ dA

(6.15)

For the one-dimensional flow modelling used, the transverse integrated mass downstream of the throat is equal to that at the throat, divided by the velocity ratio:
TIMe =

ρt At Wt
We

(6.16)

If this expanded transverse integrated mass is normalised by the throat area, this is
the nozzle exit density predicted with the methodology adopted in Chapters 3 and
4:
TIMe
Wt
= ρt
At
We

(6.17)

In summary, the area-integrated density of the expanded state can be estimated
from the throat conditions and the conservation of mass and axial momentum.
This insight from the preceding analysis permits a comparison of homogeneous flow
models and the experimental data reported in Chapter 4.
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The spray density and area can also be obtained with the energy equation. A
family of solutions are obtained for non-equilibrium conditions. For prediction of
the density and area, the internal flow models are extended to the near-nozzle region. Although the area and density obtained depend on the post-nozzle phase
non-equilibrium, it is important to recognise that the transverse integrated mass
remains unaffected, provided that the flow is adiabatic and there is negligible entrainment.
The steady one-dimensional adiabatic energy equation is:
We2
h0 = he +
2

(6.18)

The velocity has been determined with the control volume analysis in the previous
section. The specific enthalpy of the expanded flow, he , is a function of the quality
and the specific enthalpy of each phase:
he = hml · (1 − x) + x · hv

(6.19)

For both the HDE and the HEM, Tv = Tsat (Pa ). The η parameter from Equation
6.2 is again used to determine the metastable liquid temperature, and Equations
6.18 and 6.19 can be solved to determine the quality. When the HFM is used, the
quality is unchanged during expansion to atmospheric pressure.
Having obtained the quality, the density of the mixture can then be found:
−1

1−x
x
+
(6.20)
ρe =
ρv (Pa ) ρml (Tml , Pa )
where ρv is either saturated or metastable, depending on which flow model is used.
Similarly, the area is then obtained from continuity:
Ae =

ρt Wt At
ρe We

(6.21)

Notably, many combinations of density and area are possible, depending on the
conditions after expansion. The real flow is a spray, not a jet, and the mean spread
may be greater than that predicted with the quasi one-dimensional approach. This
is used to advantage in reconciling the model predictions with experimental results.
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Axisymmetric projected mass
Further comparison between modelling and radiography can be made if the projected
mass is used. In Chapter 4, time-variant ensemble-mean projected mass plots were
shown for pMDI sprays. If the quasi one-dimensional approach used above holds,
the expanded conditions downstream of the nozzle exit have a cross-sectional area
that is a function of time, and a uniform density across this cross-section. Treating
the flow as cylindrically axisymmetric, a projected mass M can be obtained from
this density with the forward Abel transform (Dasch 1992):
Z ∞
ρ (r, t) · r
p
dr
M (y, t) = 2
r2 − y 2
y

(6.22)

where ρ (r, t) is the radial density distribution as a function of time and y is the
coordinate perpendicular to the spray axis. Different density distributions will have
different projected masses, as the integral changes. Information on the Abel transform, and examples of different radial distributions and their corresponding transverse distributions, are given in Appendix D.
The assumption of axisymmetry allows the obtained plots to be compared with
radiography results. The assumption of uniform density is relaxed in accounting
for differences between the experimental and model results. Specifically, a radial
Gaussian distribution is also considered. The expressions for projected mass as
functions of TIM and a shape factor σ are derived below.
The transverse integrated mass TIM is the area-integrated density. For an ax-

isymmetric density distribution:
Z∞
TIM = 2π · ρ (r) · r dr

(6.23)

If the radial density distribution ρ (r) is Gaussian:
  
r 2
ρ (r) = a · exp −
σ

(6.24)

0

Using integration by substitution, it can be shown that:
a=

TIM
π · σ2

(6.25)
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and, using the Abel transform to obtain the projected mass M :

TIM · exp − (y/σ)2
√
M (y) =
σ· π

(6.26)

For a uniform density distribution with a radial extent of R from the spray axis:



ρ 0 0 ≤ r ≤ R
ρ (r) =
(6.27)


0 r > R
the Abel transform gives the projected mass M :

p


2 · ρ 0 · R 2 − y 2
M (y) =


0

0≤r≤R

(6.28)

r>R

Nozzle isentropic efficiency

Discharge coefficients are used in one-dimensional phenomenological models (Clark
1991; Gavtash et al. 2017b) to account for the discrepancy between experimentallyobserved mass flow rates and those predicted by isentropic analyses. The effect of
entropy generation on flow properties other than the mass flux, such as the density,
pressure and velocity at the throat, are not explicitly determined with a discharge
coefficient; the discharge coefficient accounts only for the product of the velocity
and the density. As concentration-based flow properties are used to compare the
model with experiment, a different approach is needed.
The physical phenomena that lead to reduced flow rates in real nozzles, relative
to isentropic predictions, include the formation of a vena contracta at the nozzle
inlet (Ward-Smith 1979) and cavitation in the nozzle (Nurick 1976). For critical
flows of compressible fluids through square-edged cylindrical nozzles, several flow
regimes are possible. These are shown in Figure 6.3 (adapted from Ward-Smith
(1979)). For a sharp-edged orifice (as L/D approaches zero), the flow is sonic at the
vena contracta, which increases in size with decreasing pressure ratio P/P0 (Deckker
and Chang 1965). When a vena contracta occurs at the nozzle inlet and the nozzle is
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Figure 6.3: Basic flow patterns for square-edged cylindrical nozzles as the choked
condition is reached: (left) marginally reattached flow, (middle) fully reattached flow
with vena contracta choking, and (right) fully reattached flow with outlet (Fanno)
choking (adapted from Ward-Smith (1979)).
long enough for the flow to reattach, choking occurs at the vena contracta. Intuition
suggests that the vena contracta may behave like a converging-diverging nozzle;
this is consistent with the in-nozzle schlieren results of Weir, York, and Morrison
(1956), who observed a series of oblique shocks downstream of the vena contracta
and expansion waves at the nozzle outlet. For nozzles of greater length, the specific
volume increase due to frictional pressure loss in the pipe may be sufficiently great
for choking to occur at the nozzle outlet, rather than the region of smallest crosssectional area at the vena contracta. This is Fanno choking (Shapiro 1953). In
addition, the one-dimensional approach ignores velocity and density gradients across
the nozzle, which affect the predicted area-integrated mass flow rate. This discussion
is intended to highlight the complexity of flows through square-edged orifices, and
the inadequacy of discharge coefficients in describing all of the above processes.
Here, an isentropic efficiency is used to reduce the mass flow rate. This is done
under the assumption that Fanno choking occurs, and vena contracta choking does
not. Although this approach is also simple, it is consistent with the one-dimensional
adiabatic modelling approach, and allows flow properties other than the mass flow
rate to be determined.
The isentropic efficiency of a nozzle is defined as the ratio of the specific kinetic
energy during an adiabatic expansion to that of a reversible adiabatic expansion to
the same final pressure (Shapiro 1953, 98–100):
ηisen =

h0 − h (P )
h0 − h (P, s0 )

(6.29)
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For a clearer understanding of the characteristics of non-isentropic choked flows, a
brief overview of choked flows of calorically-perfect gases is given.
For calorically-perfect gases, the enthalpy change can be expressed with total
temperatures (Cohen, Rogers, and Saravanamuttoo 1996):
ηisen =

T0 − T (P )
T0 − T (P, s0 )

(6.30)

For choked flows of calorically-perfect gases, the effect of entropy is to increase the
specific volume and reduce the pressure at the throat. The specific kinetic energy
at the throat is unaffected, because the solution of the one-dimensional adiabatic
energy equation (Equation 6.18) and the critical flow condition:
W2 = γ · R · T

(6.31)

is, for a calorically-perfect gas, independent of the entropy. In this equation, γ is
the ratio of specific heats and R is the gas constant. For unchoked flows, the throat
pressure is fixed, and entropy generation reduces the throat velocity and increases
the specific volume. For both choked and unchoked calorically-perfect gas flows, the
mass flux decreases with decreasing isentropic efficiency.
For flows that are not calorically-perfect gases, such as two-phase systems, the
enthalpy is not solely a function of the temperature. The speed of sound is a function
of both the enthalpy and the entropy; consequently, the increase in entropy changes
both the quality, if the flow is not frozen, and the speed of sound. As a numerical
approach to the problem, a root-finding algorithm is used to determine the throat
pressure that satisfies:
h0 = h +

W2
2

(6.32)

W =c

(6.33)

h = h0 − ηisen · (h0 − h (P, s0 ))

(6.34)

and:

The non-isentropic choked flows have lower throat pressures, higher qualities and,
in general, different velocities than isentropic choked flows from the same reservoir
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conditions. For frozen flows, the quality remains unchanged, however other flow
properties change in the same manner. For subcritical flow, the specific enthalpy at
the throat can be directly determined from the reservoir conditions, exit pressure,
and the nozzle isentropic efficiency.

Implementation
The system of equations described above was developed as a Python program. These
were numerically integrated using the LSODA scheme from the ODEPACK numerical integration package (Hindmarsh 1983). Dynamic adjustment of both the integration scheme and time step size is achieved by monitoring the error between
the integration scheme and a higher-order integration scheme, similar to the RungeKutta-Fehlberg method (Moin 2010). As time step monitoring was achieved within
the program, the effect of time step on the solution was not investigated.
The model required a large number of thermophysical fluid properties, including
partial derivatives. Modern approaches for thermodynamic property estimation use
Helmholtz energy-explicit multiparameter equations of state (Bell et al. 2014), which
allow determination of these properties to high accuracy. Fluid property programs
that use these equations of state include the proprietary REFPROP (Lemmon, Huber, and McLinden 2002) and open-source CoolProp (Bell et al. 2014). For this
program, CoolProp was used to determine all thermophysical properties.
Thermophysical properties were also required for metastable fluids. These can
be determined by integrating the equation of state from the saturation line. Using
the specific enthalpy of metastable liquid as an example:
hml (T, P ) = hsl (T ) +

ZP 

Psat

∂h
∂P



dP

(6.35)

T

where the derivative follows the equation of state in the saturation region. Metastable
fluid properties were determined by approximating the integral with a second-order
Taylor series expansion from the saturation line. Again, using the specific enthalpy
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as an example:
hml (T, P ) = hsl (T ) + ∆P ·



∂h
∂P



T

(∆P )2
+
·
2



∂ 2h
∂P 2



T

+ O (∆P )3



(6.36)

where ∆P = P − Psat (T ), and the partial derivatives are evaluated at the saturation line. Parameters other than the temperature can be held constant, provided
the appropriate derivatives are obtained. For arbitrary processes in which no single
variable is held constant, a two-dimensional Taylor series expansion can be used.
Two-dimensional Taylor series expansions were used to determine the thermodynamic properties of metastable liquid and vapour in the non-isentropic homogeneous
frozen model.
For liquid temperatures closer to the critical point, or with alternative propellants, the error introduced by determining metastable properties with second-order
Taylor series expansions may become significant. This is especially true if the liquid
expansion crosses the spinodal and enters the unstable region, where homogeneous
nucleation occurs (Callen 1960). For HFA134a and HFA227ea at typical operating
conditions, the error introduced by the method adopted is small (Thorade 2014).

Initial conditions
For the cases studied here, the initial conditions and modelling parameters are summarised in Table 6.1. Note that the expansion chamber, which in reality will initially
contain air and/or superheated propellant vapour from priming sprays, is modelled
as initially containing saturated propellant vapour at 1 atm.
In the model, the valve orifice is assumed to be completely open at start of injection. Unpublished phase contrast image sequences of the metering chamber show
that the valve opening time for the apparatus used in the radiography experiments
was approximately 1 ms. For this reason, it is assumed that the valve opening rate
has a small effect on both the radiography and modelling. In reality, valve opening
is not instantaneous (Harang 2013), due to the finite user actuation force.

86

CHAPTER 6. A COMPARISON OF RADIOGRAPHY AND MODELLING
Table 6.1: Initial conditions and modelling parameters.
Variable

Value

Propellant HFA134a
T∞
298.15 K
Vmc
50 µL
Vec
50 µL
P∞
1 atm
Dno
300 µm
Dvo
600 µm
xmc (t = 0)
0
xec (t = 0)
1
Tmc (t = 0)
T∞
Tec (t = 0) Tsat (P∞ )
ηisen,no
0.7
ηisen,vo
0.7

6.4

Results

The results of the thermodynamic model are compared with the experimental radiography data. For the comparison to be made, the radiography data presented in
Chapter 4 was smoothed with a temporal Gaussian filter that had a standard deviation of 5 ms. This allowed a more direct comparison of transverse profiles of the
projected mass, which contained high-frequency variability prior to smoothing. This
variability was due to two sources: interference from the experimental apparatus;
and the comparatively large confidence interval of the experimental propellant-only
projected mass. No filtering was performed in the transverse direction. Temporal
filtering reduced, but did not eliminate, interference from the experimental apparatus, which is the dominant contributor to measurement uncertainty. Accordingly,
the uncertainty on the projected mass M is estimated at ±0.5 µg mm−2 , and the
uncertainty on TIM/At is estimated at ±20 kg m−3 .

Transverse integrated mass
Results for the transverse integrated mass per unit throat area TIMe /At are shown
in Figure 6.4. The values predicted depend on the flow model, and the peak values
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Figure 6.4: Time series of TIMe /At for experiment (z = 0.3 mm) and thermodynamic
models.
differ by more than a factor of three, depending on which flow model is chosen. For
the maximum value of TIM, HFM overpredicts the experimental result, while the
HEM underpredicts it. The η parameter of the HDE is a lever between these two
bounds; the model peak magnitude can be made to match that of the experiment if
a value of η = 0.95 is selected. All models predict that peak TIM occurs much earlier
than was observed during the experiment; this may result from a reduced flow rate
at start of injection due to spatial inhomogeneity of the internal flow, which was
observed in high-speed phase contrast images (Chapter 4). It is noteworthy that
the transverse integrated mass to which the models converge is very similar to that
observed experimentally.

Projected mass
The transverse integrated mass is a subset of the information obtainable from the
radiography measurements. Further comparison can be made with the time-variant
projected mass. Plots of the y − t projected mass distribution are shown in Figure
6.5, assuming a uniform density across the spray cross-section for the models. To
reduce the dynamic range, the colourmap is clipped to the maximum projected mass
from the HDE; the transverse and temporal trends for the HFM, which are obscured
by clipping in Figure 6.5, can be more clearly seen in Figure 6.6.
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Figure 6.5: y − t plots of projected mass from (left, top) experiment (z = 0.3 mm),
(right, top) HDE (η = 0.95), (bottom, left) HEM and (bottom, right) HFM. Dynamic range is reduced by clipping to the colour range of the HDE.

Predicted projected mass values for both non-equilibrium models differ from the
experimentally-observed ensemble-mean time-average. While the peak transverse
integrated mass for HDE with η = 0.95 matches that of the experiment, the projected mass distribution does not. Peak projected mass values are over 30 µg mm−2
for both HDE and HFM (Figure 6.6, top), while the peak HEM projected mass is
similar to that of the experiment. The width of the experimental projected mass distribution is much larger than that predicted with quasi-one-dimensional modelling.
Transverse profiles of projected mass, and the centre line projected masses, are
shown in Figure 6.6. All transverse profiles are obtained at the time of maximum
TIM. The transverse profiles of projected mass in Figure 6.6 (bottom) show that
the spray width measured experimentally is much larger than those predicted by
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Figure 6.6: Experimental (z = 0.3 mm) and modelled projected mass M (top) centre
line (y = 0 mm) time series and (bottom) transverse profiles at peak TIM.
.
modelling. Asymmetry of the experimental projected mass profile is apparent; the
half-width half-maximum (HWHM) of the experimental data is 0.37 mm for y < 0,
while it is 0.22 mm for y > 0. This profile asymmetry was also observed in the
ensemble-mean time-variant optical depth (Appendix B) and radiography of the
pMDI analogue (Chapter 3).

Spray asymmetry
The asymmetry in projected mass distribution can be more clearly observed if the
profile is separated into two halves. If transverse integration is performed on each
half of the profile to provide full-nozzle equivalent TIM values, this asymmetry in
spray density can be quantified. These are shown in Figure 6.7.
For y > 0, the full-nozzle peak TIMe /At is around 125 kg m−3 , while for y < 0 it
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Figure 6.7: TIMe /At for (top) y > 0 and (bottom) y < 0.

is approximately 200 kg m−3 . Reasonable agreement with the experimental profile
for y > 0 can be obtained with the HDE if η = 0.8. Peak TIM is similar for the
experimental data below the spray axis (y < 0) and the HFM.

Spray profiles
For the model results, many density-area combinations are consistent with a given
TIM, the magnitude of which is predicted by throat conditions and the ambient
pressure. Using a Gaussian profile with a time-varying width:

σ (t) = σ0 ·

s

Ae (t)
At

(6.37)

allows the spray width to be modelled as a function of a single width parameter σ0 ,
corresponding to that of subcritical flow, and the area ratio from Equation 6.21.
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Figure 6.8: Experimental (z = 0.3 mm) and modelled projected mass M profiles
with σ0 /Dno = 0.75.
.
Transverse profiles and time series of the projected mass with η = 0.8 and
σ0 /Dno = 0.75 are shown in Figure 6.8. The η parameter in this case was set to
0.8 to provide a comparable TIM to the experimental data over y > 0. The σ0
parameter was adjusted to find a width at which both the peak projected mass and
transverse profile showed reasonable agreement with the experimental data.
For this combination of η and σ0 , the model captures the peak M reasonably, but
overpredicts M for 0.2 < y < 0.5 as the experimental data is more strongly peaked
than the modelled profile. For y < 0, the modelled profile deviates significantly from
the experimental data.
If it is assumed that this σ0 value is representative of the profile for y > 0 across
the entire spray duration, a Gaussian modelled projected mass can be obtained.
This is shown in Figure 6.9, and appears to capture the trends of both spray width
and projected mass magnitude.
For the lower half of the spray profile, the transverse integrated mass most closely
agrees with that predicted by the homogeneous frozen model. The profiles and time
series in Figure 6.10 are obtained when σ0 /Dno = 1.25. The peak projected mass
is matched by the HDE with η = 0.95 at this condition. Projected mass plots
for y < 0 are shown in Figure 6.11. Although reasonable agreement between the
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Figure 6.9: y − t plots of M (y > 0) for (top, left) experiment (z = 0.3 mm), (top,
right) HDE (η = 0.8), (bottom, left) HEM and (bottom, right) HFM. For all modelled profiles, σ0 /Dno = 0.75. Dynamic range is reduced by clipping to the range of
the experimental data.

HDE and the experimental data exist over the range −0.5 mm < y < 0 mm, the
experimentally-observed off-axis projected mass at y < −0.5 mm is not present in
the modelled results.

6.5

Discussion

Considering that the radiography y − t plots of projected mass comprise many
independent spray measurements, the agreement between model outputs, which
are tuned to this experimental data with two parameters, is good. The η and σ0
parameters are used to empirically constrain the spray width and peak projected
mass, but do not otherwise constrain the predicted projected mass, which arises
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Figure 6.10: Experimental (z = 0.3 mm) and modelled projected mass M profiles
with σ0 /Dno = 1.25.
.

Figure 6.11: y − t plots of M (y < 0) for (top, left) experiment (z = 0.3 mm), (top,
right) HDE (η = 0.95), (bottom, left) HEM and (bottom, right) HFM. For all
modelled profiles, σ0 /Dno = 1.25.
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from the phenomenological model. Given this, thermodynamic modelling appears
to capture some of the essential aspects of the metered flow through the pMDI.
If this model does capture these essential aspects, comparison of the experimental and numerical results suggests that thermal non-equilibrium between liquid
and vapour is significant in sprays from pMDIs. This finding corroborates that
of Gavtash et al. (2017b). Transverse integrated masses predicted by HEM and
HFM bound that observed experimentally, and the HDE with η = 0.8 shows good
agreement with the experiment for y > 0.
The experimental transverse profile of projected mass is dominated by asymmetry. One-dimensional modelling cannot capture this asymmetry; it is inconsistent with the assumptions used. Phase contrast imaging (Chapter 4) and backillumination imaging (Appendix B) showed that large masses of liquid propellant intermittently pass through the nozzle (Chapter 4), and produce large liquid droplets.
These have also been observed in phase doppler anemometry measurements of
propellant-only pMDI sprays (Versteeg et al. 2017), and pooling on the nozzle can
occur. This raises questions as to the significance of the high projected mass off the
spray axis at y < 0.
For concentration-based spray measurements, such as radiography, slow-moving
droplets have a large effect on the measurement, even though they may contribute
little to the total mass flux (Edwards and Marx 1996). At an extreme, a static sample
in the beam path contributes to the radiography measurement, and contributes
nothing to the mass flux. The projected mass obtained from modelling assumes
that all mass travels at a single axial velocity, with no spatial variation in residence
time in the beam. Given the one-dimensional assumption, a conflict between the
experimental measurements and modelling exists.
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Concluding remarks
The assumptions used for model development are numerous and substantial. Crucial
to the prediction of TIMe /At is the assumption that the flow expands to atmospheric
pressure within the distance from the point of choking to the point of measurement,
and that entrainment is negligible. The assumption of expansion to atmospheric
pressure meant that the gauge pressure on the outlet surface was zero; as a result,
the estimated We was independent of its area (refer to Figure 6.2 and Equation 6.14).
If the expansion is incomplete, TIMe /At will be higher for all models, meaning that
a lower η value would more closely match the experimental data. However, the large
width of the experimental measurements suggests that the expansion is significant
over the short axial distance from the nozzle to the measurement points. Simulation
of the near-nozzle flow with two- or three-dimensional modelling would provide
more information about the modelled near-nozzle structure. For the quasi-steady
homogeneous flow assumed, the axisymmetric two-dimensional flow field could be
predicted with the method of characteristics (Liepmann and Roshko 1957).
The homogeneous flow assumption is inconsistent with the experimental observations in Chapter 4. Given that the real flow is not homogeneous, interphase slip
is likely to occur. Gavtash et al. (2017b) found that the homogeneous frozen model
showed better agreement with PDA measurements of pMDI sprays than did the slip
equilibrium model. A slip frozen model, or slip non-equilibrium model, may better
capture the relevant physics. The high-resolution near-nozzle radiography data of
Chapter 4 could be used to examine this further.
The HDE is a phenomenological model of non-equilibrium two-phase fluid flow
that uses a tunable parameter. In this work, a single value of η was used per case;
however, η may be a function of properties, like the upstream quality. Alternative
non-equilibrium homogeneous flow models that do not require tuning parameters
exist. The homogeneous relaxation model (HRM) (Downar-Zapolski et al. 1996) is
one such model, and uses a quality-dependent relaxation to equilibrium. Its recent
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use (Lyras et al. 2018) for simulating flows of R134a through square-edged cylindrical nozzles suggests that it may also be applicable in thermodynamic modelling of
pMDIs.

Chapter 7
A non-equilibrium thermodynamic
model of multicomponent pMDIs
7.1

Motivation

Radiography measurements were obtained for pMDI sprays both with and without
ethanol cosolvent. A source of uncertainty for the ethanol-containing spray measurements is the unknown composition of the formulation throughout the spray event. A
multicomponent thermodynamic model can provide an estimate of this composition
change.
Thermodynamic models of pMDIs have been developed that allow the prediction of spray properties of cosolvent-containing pMDIs. Such models have previously
been developed by Ju, Shrimpton, and Hearn (2010), who modelled the vapour and
liquid as separated flows. Very recently, Gavtash et al. (2018) developed a phenomenological model of ethanol-containing pMDIs. In their approach, the vapour
phase concentration of ethanol was assumed to be zero, due to its low volatility. A
flexible model that allows for arbitrary formulations cannot use this overly restrictive assumption. For formulations with alternative propellants or propellant blends,
cosolvents may be used with non-negligible volatilities.
97
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This chapter details the development of a thermodynamic model that permits

formulations with a range of volatilities, assists with the interpretation of radiography measurements, and provides boundary conditions for droplet and spray models.

7.2

Nomenclature

D - Diffusion coefficient (m2 s−1 )
L - Length (m)
MW - Molar mass (kg mol−1 )
M - Projected mass (µg mm−2 )
P - Pressure (Pa)
R - Gas constant (J kg−1 K−1 )
S - Area of liquid/vapour interface (m2 )
T - Temperature (K)
TIM - Transverse integrated mass (µg mm−1 )
V - Volume (m3 )
Y - Concentration
W - Velocity (m s−1 )
a - Activity
cP - Mass-specific heat capacity at constant pressure (J kg−1 )
d - Diameter (m)
h - Specific enthalpy (J kg−1 )
m - Mass (kg)
v - Specific volume (m3 kg−1 )
w - Mass fraction
x - Quality
y - Coordinate perpendicular to spray axis (m)
y - Mole fraction

7.3. ANALYSIS METHODOLOGY

99

z - Coordinate parallel to spray axis (m)
Greek letters
Θ - Relaxation time (s−1 )
Ω - Collision integral in Chapman-Enskog theory
α - Void fraction
ηisen - Nozzle isentropic efficiency
ρ - Density (kg m−3 )

σ - Collision diameter in Chapman-Enskog theory (A)
ϕ - Ratio of pressures used in homogeneous relaxation model
Subscripts
sv - Saturated vapour
sl - Saturated liquid
ml - Metastable liquid
veq - Equilibrium vapour
σ - Saturation curve value
g - Gas
l - Liquid
eq - Equilibrium
0 - Reservoir conditions

7.3

Analysis methodology

The approach to modelling largely follows that described in Chapter 6. The pMDI
is treated as two control volumes. The solution methodology developed is a nonequilibrium two-fluid equation set (Massoud 2005), which requires constitutive models for mass transport and interphase heat transfer. In the form presented, the
equation set permits two liquids and vapours—propellant and ethanol—and a sin-
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gle non-condensible gas. This allowed the expansion chamber to be filled with air at
start of injection, in contrast with the model in Chapter 6. The differential equations
are derived and discussed in Appendix A.

Mass flow rates
For this model, the mass flow rate is determined using a homogeneous frozen model.
The homogeneous frozen model adopted here was developed with reference to Gavtash et al. (2017b) and Fletcher (1975), who assumed liquid phase incompressibility,
and assumed that the vapour phase behaved as an ideal gas with constant properties. The same approach is used, except that here an isentropic efficiency is used
to permit the concentration-based radiography measurements to be compared with
model predictions. Extending the homogeneous equilibrium model, and/or the homogeneous direct evaluation model, to multicomponent mixtures remains an open
task.
The method for determining the mass flow rate with the multicomponent nonisentropic homogeneous frozen model is described in Appendix A.

Interphase heat and mass transfer
Phase change is a non-instantaneous process; barriers to nucleation exist, and metastable
states can occur (Callen 1960). Although it considers non-equilibrium states in nozzles, the model described in Chapter 6 uses equilibrium states in the metering and
expansion chambers. As a result, interphase heat and mass transfers instantaneously
restore the system to equilibrium.
It was thought that the internal flow visualisations of real pMDIs shown in
Chapters 4 and 5 could inform the development of a model that more accurately
reflects the internal processes of the pMDI. To this end, the two-fluid model used
here allows thermal non-equilibrium in the metering and expansion chambers, and
requires constitutive models for boiling and diffusion rates. For diffusion, the rate
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terms are affected by the internal flow structure. These constitutive models are
described below.

Boiling
The homogeneous relaxation model (HRM) (Downar-Zapolski et al. 1996) is a model
for non-instantaneous mass transfer in two-phase flows of a single component fluid.
The model relies on empirical correlations developed from experimental measurements of two-phase flashing flows obtained by Reocreux (1974), and has been used
for non-equilibrium flow modelling (Lyras et al. 2018). The boiling process is modelled as a relaxation of a fluid particle’s quality x towards its equilibrium quality x̄
with a characteristic time Θ:
x − x̄
Dx
=−
Dt
Θ

(7.1)

where it is assumed that the relaxation to equilibrium occurs at constant pressure:
x̄ =

h − hsl (P )
hsv (P ) − hsl (P )

(7.2)

The rate constant Θ is related to the fluid and flow properties by an empirical
correlation (Downar-Zapolski et al. 1996):
Θ = Θ0 · α−0.54 · ϕ−1.76

(7.3)

Psat −P
.
Pcrit −Psat

Following Duke et al. (2013),

where α is the local void fraction and ϕ is

for multicomponent formulations the bubble point pressure is used rather than the
saturation pressure; the distinction is small at low values of quality. The constant
term Θ0 has been measured for water flows (Downar-Zapolski et al. 1996), but not
for HFA propellants. In the absence of a value of Θ0 for HFA propellants, the Θ0
value obtained from flashing water flows is used. This approach has been adopted
elsewhere (Lyras et al. 2018).
By the assumption of spatial homogeneity in each chamber, the material derivative in Equation 7.1 becomes a time derivative (W (∂x/∂z) = 0), and the rate of
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change of quality can be expressed as:
dx
hml − hsl (P )
1
= (1 − x) ·
·
dt
hsv (P ) − hsl (P ) Θ

(7.4)

Treating the total mass as quasi-static, the boiling source term for vaporisation is:
dmv
hml − hsl (P )
1
= ml ·
·
dt
hsv (P ) − hsl (P ) Θ

(7.5)

The expression above is adapted to determine the boiling rate for a binary liquid.
This is achieved by using the liquid phase specific enthalpy, and a latent heat of
vaporisation based on the equilibrium vapour concentration:
dmv
cP,l · (Tml − Tsat (P, yl ))
= ml ·
dt
(hsv,p − hsl,p ) wp,eqv + (hsv,e − hsl,e ) we,eqv

(7.6)

where Tsat (P, yl ) is the bubble point temperature, and wi,eqv is the mass fraction
of component i in the vapour that is at concentration equilibrium with the liquid. These mass fractions are obtained from Dalton’s law and the mixture vapour
pressure.
Boiling occurs when the vapour pressure of a liquid sufficiently exceeds its pressure. In Equation 7.6, the rate of vapour generation is proportional to the superheat.
To model subcooling caused by the air that fills the expansion chamber at start of
injection, the superheat is converted to a pressure by approximating it with the
saturation curve derivative

dP
:
dTσ

Tml − Tsat (P, y) ≈ (Psat (hml , y) − P ) ·

dTσ
dP

(7.7)

.
The rate of change of enthalpy of the liquid phase is equal to the mass of each liquid boiled multiplied by the specific enthalpy of equilibrium vapour at the metastable
liquid temperature:
(ṁh)flash =

dmflash
hv (Tl )
dt

This completes the description of the multicomponent boiling model.

(7.8)
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Figure 7.1: Visual representation of dynamic vapour-liquid equilibrium (adapted
from Feynman, Leighton, and Sands (2011)).

Evaporation and condensation
In addition to flash boiling, phase change also occurs due to evaporation and condensation. The dynamic equilibrium of evaporation and condensation is depicted
graphically in Figure 7.1 for subcooled water in contact with humid air. Clearly, the
structure of the vapour/liquid interface is a determining factor of the evaporation
rate.
The phenomenological model for evaporation and condensation satisfies the following criteria:
• The mass transfer rate is proportional to the liquid surface area
• The mass transfer rate is proportional to the spatial concentration gradient
• The mass transfer rate is a monotonically increasing function of the temperature
This approach models evaporation as a purely diffusive process, as per the Maxwell
equation (Sazhin 2014). The mass flow rate due to this diffusion process is given by
(Cussler 2009):
dY
dmevap
= −ρv D12
S
dt
dz

(7.9)
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where D12 is the binary mass diffusivity (m2 s−1 ),

dY
dz

is the spatial concentration

gradient (m−1 ), S is the surface area (m2 ) and ρv is the vapour density (kg m−3 ).
If the liquid and vapour phases are not in equilibrium, diffusive transfers of
propellant and ethanol tend to restore the system to equilibrium. If evaporation
and condensation for each component is modelled as a flow of a particular species at
a particular enthalpy, there are four fluxes for propellant/ethanol blends. For each
flow, using Equation 7.9, the concentration varies from unity to zero. Accordingly,
the evaporation rate is:
dmevap
ρ
= · D12 · S
dt
L

(7.10)

with a diffusion length scale L (m).
The equilibrium density for evaporation from the liquid phase is determined from
the individual phase densities of saturated vapour and the activity:
ρvi,eq,evap = ρi (Tml , x = 1) · ai

(7.11)

Condensation modelling is achieved using the same approach, with an equilibrium density based on the temperature of the vapour/gas phase:
ρvi,eq,cond = ρi (Tv , x = 1) · ai

(7.12)

To complete the evaporation/condensation model, estimates are required for
the diffusion coefficient and the surface area of the vapour-liquid interface. The
structure of the vapour-liquid interface is a strong function of the ethanol concentration (Chapters 4 and 5), with vapour distributed at smaller scales in the liquid at
higher ethanol concentrations. This is modelled phenomenologically by introducing
a vapour-liquid interfacial area S that is a function of the ethanol concentration.
The vapour is modelled as comprising a number of bubbles of a characteristic
size d0 . Rather than consider diffusion in a spherical geometry, the process is simplistically treated as the diffusion into a medium between two parallel plates. Under
this simplification, the appropriate length scale for diffusion is d0 /2, and the surface
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area is 6Vv /d0 . Accordingly, the evaporation rate becomes:
12Vv
dmdiffusion
= ρ · D12 · 2
dt
d0

(7.13)

Phase contrast imaging (Chapters 4 & 5) revealed that, in the mean, the characteristic bubble diameter increases monotonically with time and decreases monotonically with increasing ethanol mole fraction:
d0 = d0 (ye , t)

(7.14)

An expression for the modelled bubble diameter that provides a qualitative account
of the observed behaviour is an exponential time-dependence that decays towards a
final bubble diameter, and a power law dependence on the ethanol concentration:
d0 (ye , t) = (a − c) · (1 − exp (−b · t) + c) · (1 − ye )d

(7.15)

where c is the incipient bubble diameter, a is the final bubble count mean diameter
for propellant-only flow, b is a time constant relating to the growth of the bubbles
and d is a factor that accounts for the effect of the formulation. This relation is
plotted in Figure 7.2, and was informed by bubble diameters measured in phase
contrast images. For the diameters in Figure 7.2, a = 2 mm, b = 10 s−1 , c = 10
µm and d = 6. Preliminary attempts to automatically measure bubble diameters
from multiple image sequences were not successful, consequently the relation above
is developed from a small number of bubble measurements performed manually. All
phase contrast imaging was performed with the same nozzle geometry and initial
canister temperature; the effects of inhaler geometry and formulation temperature
on internal flow structures are not known.
In addition to the surface area, the evaporation model requires diffusion coefficients D12 . The binary mass diffusivity of propellant and ethanol vapours can be
determined with Chapman-Enskog theory (Cussler 2009):
D12 =

1.86 × 10−3 T 3/2 (1/MW1 + 1/MW2 )1/2
2
P σ12
Ω

(7.16)
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Figure 7.2: Estimated bubble diameter distribution as function of time after start
of injection.
where molecular masses are given in g/mol, the pressure is given in atmospheres,
and σ12 is the weighted sum of the collision diameters of each species (Å):
σ12 =

1
(σ1 + σ2 )
2

(7.17)

The parameter Ω is a function of the temperature and the energy of interaction
(Cussler 2009) ε12 where:
ε12 =

√
ε1 ε2

(7.18)

Values for the collision distance of ethanol and air were obtained from Cussler
(2009). For refrigerants HFA134a and HFA227ea, these data were obtained from
Huber, Laesecke, and Perkins (2003). The relevant parameters are given in Table
7.1. The Ω parameter was obtained from Cussler (2009). As the vapour phase is
dominantly comprised of propellant, diffusion of propellant is modelled using its selfdiffusivity, and diffusion of ethanol is modelled with the propellant-ethanol binary
diffusivity.
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Table 7.1: Diffusion parameters for HFA propellants, ethanol and air.
Variable

σ12 (Å)

ε12 /kB (K)

HFA134a
HFA227ea
Ethanol
Air

4.6893
5.746
4.530
3.711

299.363
289.34
362.6
78.6

Implementation
Numerical integration was performed with ODEPACK and CoolProp, as per the
methodology of Chapter 6.
The differential equations are written for two liquids and a single non-condensible
gas. However, the system of equations can be written with more liquids or noncondensible gases, if a more complex formulation is to be modelled.
Propellant/ethanol mixtures show a strong positive deviation from Raoult’s law
(Gavtash et al. 2015). The correlation equations developed in Gavtash et al. (2015)
are used to compute the mixture vapour pressure Pv (ye , T ) and the activity:
ap =

Pv (ye , T ) − Pv,e (T )
Pv,p (T ) − Pv,e (T )

(7.19)

which is used in place of liquid phase mole fraction. As the mixture is a binary
liquid, ae = 1 − ap .
The vapour/gas region is treated using Dalton’s law, and properties of the liquid
phase have been treated using linear mixing rules. Interaction parameters, which
will modify the predicted density for the mixture, have not been included (Bell and
Lemmon 2016). For HFA134a and ethanol, these interaction parameters are all
approximately unity; the expected error on the density is approximately 2%.

Initial conditions
For the differential equations derived in Appendix A, each chamber must start with
mass of every component, although this mass can be made very small. This is
because no solution exists to the system of equations if the mass of any component
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Table 7.2: Initial conditions and modelling parameters.
Variable

Value

Propellant
HFA134a
T∞
298.15 K
Vmc
50 µl
Vec
50 µl
P∞
101.325 kPa
dno
300 µm
dvo
600 µm
αmc (t = 0)
0.001
αec (t = 0)
0.999
Tl,ec (t = 0)
298.15 K
ηisen,vo
0.7
ηisen,no
0.7
Θ0
3.84×10−7 s

(liquid or vapour/gas) is zero in any chamber. The idealised initial conditions, in
which the metering chamber contains only liquid formulation and the expansion
chamber contains only air, are approximated by means of a ‘starting model’. This
is described below.
The metering chamber must commence with a small volume comprising propellant vapour, ethanol vapour and air. This vapour region in the metering chamber
is a straightforward modification, and can be made trivially small. The approach
that was taken was to set the metering chamber initial void fraction to 10−3 , with
an initial air partial pressure of 100 Pascal. This results in the liquid initially being
very slightly subcooled.
The expansion chamber must commence with a small volume of liquid propellant
and ethanol, and must commence with some propellant vapour and ethanol vapour
in the vapour/gas region. An initial liquid volume fraction of 10−3 was used for the
expansion chamber, and the liquid phase composition was the same as that in the
metering chamber. Varying the initial void fraction over two orders of magnitude
(10−2 to 10−4 ) was found to have a negligible influence on the solution. The initial
conditions used are summarised in Table 7.2.

7.4. RESULTS

7.4

109

Results

Experimental and modelled results are shown for three formulations, all containing
HFA134a with varying ethanol concentrations. As per the presentation in Chapter
6, the experimental data was smoothed with a Gaussian temporal filter having a
standard deviation of 5 ms. The uncertainty on the projected mass M is estimated
at ±0.5 µg mm−2 , and the uncertainty on TIM/At is estimated at ±20 kg m−3 .
Sensitivity tests of the constitutive models found that the solutions obtained
were not highly sensitive to changes to either the boiling rate or the diffusion rate;
increasing or decreasing each of these by an order of magnitude affected peak TIM
by approximately 10%. In light of this, all data are presented with the modelling
parameters in Table 7.2; different results may occur if the boiling and diffusion rates
were further modified.
A comparison is made between properties predicted by the model after expansion to atmospheric pressure, as per the near-nozzle expansion model presented in
Chapter 6.

Transverse integrated mass
The experimental and predicted TIM time series are shown in Figure 7.3. Although
they do not occur at the same time after start of injection, the peak magnitudes of
experimentally-determined TIM are notably similar to their modelled counterparts.
Experimental measurements of ethanol-containing formulations showed that TIM
peaked at around 40 ms, while the peak value occurs at 60 ms after start of injection for the propellant-only formulation. The time difference between model and
experimental peak TIM decreases with increasing ethanol concentration.
The magnitude of the TIM decreases with increasing ethanol concentration. The
HFM overpredicts the projected mass obtained during experiment, as was found with
the model in Chapter 6. The time of peak TIM obtained with the model presented
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Figure 7.3: Time series of TIMe /At for experiment (z = 0.3 mm) and thermodynamic
model.

here more closely aligns with that observed experimentally than did the propellantonly model in Chapter 6. This may be attributable to the different initial conditions
in the expansion chamber, and the use of non-equilibrium states in the metering and
expansion chambers in this model.

Projected mass
The projected mass profiles predicted by the quasi one-dimensional model are significantly narrower than the experimental profiles; this was also the case for all models
presented in Chapter 6. In the interest of expediency, these uniform density projected mass profiles are not shown. y − t plots of the projected mass obtained by
assuming a Gaussian density profile, and the experimental measurements, are shown
in Figure 7.4. For the modelled profiles, the spray width parameter σ0 /dno = 1.25.
For both the experimental data and modelled profiles, peak M decreases with
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Figure 7.4: y − t plots of M for (left column) experiment and (right column) HFM.
Formulations are (top) HFA134a, (middle) HFA134a w/ 5% ethanol and (bottom)
HFA134a w/ 15% ethanol. For all modelled profiles, σ0 /dno = 1.25.
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increasing ethanol concentration. The time at which peak M occurs is earlier for
the model than for the experimental data. Spray widths are comparable between
formulations, although appear wider in the model than in the experiment. The
temporal and spatial trends of the projected mass appear to be captured reasonably
by the model.

Spray profiles
For all formulations presented, the experimental projected mass profiles are asymmetric, with higher concentration of mass below the spray centre line. The spray
profiles are separated about the centre line and compared with the TIM predicted
from the model. These results are shown in Figure 7.5. The asymmetry is most pronounced for the propellant-only formulation, and reduces with increasing ethanol
concentration.
The experimental data above the spray axis (y > 0) show similar time series
of TIMe /At for all formulations. For all experimental cases with y > 0, peak TIM
occurs 30 ms after start of injection, whereas for y < 0 it occurs much later. The
homogeneous frozen model overpredicts the peak TIM above the spray axis, and
underpredicts TIM below the spray axis. Given the assumptions used to complete
the model, the agreement appears reasonable.

Throat conditions
The properties of interest to droplet and spray modellers are the boundary conditions for their simulations, namely the conditions at the nozzle throat. Having
demonstrated that the thermodynamic model results show reasonable agreement
with experiment, the throat conditions predicted from the model are thought to be
a reasonable set of of boundary conditions for such a simulation. The conditions
at the throat predicted by the model are shown in Figure 7.6. Lines are coloured
according to the formulation; the legend is provided in the fourth subfigure (Ut ).
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Figure 7.6: Time series of the conditions at the nozzle exit (z = 0). Lines are
coloured by formulation as indicated in the fourth subfigure. Subfigures are, from
top to bottom: expansion chamber (solid lines) and throat (dotted lines) pressures
P ; expansion chamber (solid lines) and throat (dotted lines) temperatures T ; void
fraction α (solid lines) and throat density ρ (dashed lines); throat velocity Ut ; and
ethanol mass fraction we for (solid lines) liquid phase and (dashed lines) total mass.
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In the first subfigure, both the expansion chamber pressure Pec (solid lines) and
the throat pressure Pt (dotted lines) are shown as time series for the three formulations modelled. Although the pressures predicted for these formulations differ
considerably when determined with Raoult’s law, the vapour pressure correlations
of Gavtash et al. (2015) result in a very weak dependence of the pressure on the
formulation. The spread of the data is so narrow that, at times, the individual lines
cannot be discerned. The flows are choked for 130 ms, after which subcritical flows
occur for an additional 30 ms.
The vapour temperature (Figure 7.6, second subfigure) is much lower than that
of the liquid, showing the significant non-equilibrium effects in the model. The void
fraction (third subfigure) is above 80% at all times for all formulations; if a smaller
expansion chamber were used, a lower void fraction would be obtained.
The velocity at the throat (Figure 7.6, fourth subfigure) falls from an initial peak
to a local minimum value of approximately 50 m s−1 at 25 ms after start of injection.
This time corresponds to the point at which the void fraction is also at a minimum.
The velocity increases until 135 ms after start of injection. At this time, the flow is
no longer choked, as indicated by Pt (top axes), and the velocity decreases during a
50 ms end-of-injection subcritical flow.
The mass fractions of ethanol in the liquid phase in the expansion chamber,
(mle /ml )ec and in the total mass in the expansion chamber, (me /m)ec , are shown
in Figure 7.6 (bottom). Although the ethanol concentration of the liquid phase
increases, due to propellant flashing, the ethanol concentration of the total mass
remains for all intents and purposes invariant throughout the injection.

7.5

Discussion

The agreement between the time series of experimental and modelled transverse
integrated masses indicate that the model may capture the important phenomena of
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the flow through the metered-dose inhaler. However, a large number of assumptions
were required for model development, many of which are inconsistent with the known
internal flow behaviour. Agreement with a single parameter is not proof of agreement
of the physics. Nevertheless, if the limitations of the model are accepted, it provides
some ability to answer those questions that motivated its development—namely the
uncertainty of the absorption coefficient, and the effect of the internal flow structure.

Absorption coefficient uncertainty
A source of uncertainty for the absorption coefficient of ethanol-containing pMDI
sprays (Chapters 3 and 4) is the composition of the liquid phase throughout the
injection. This model demonstrates that, under the assumption of homogeneous
flow, this composition change is negligible.
If the assumption of homogeneity is relaxed, a bias error arises in the absorption coefficient. If liquid and vapour travel at different velocities and have different
ethanol mass fractions, the concentration-based ethanol mass fraction will differ
from the flux-based ethanol mass fraction (Edwards and Marx 1996). Under these
circumstances, the absorption coefficient required to determine the projected mass
will differ from that of the formulation. If this is the case, the quantitative radiography measurements of ethanol-containing sprays, which assumed a single absorption
coefficient, underpredict the projected mass. Extending the model to incorporate
slip would improve the ability to estimate this potential source of error.

Constitutive models
The sensitivity of the model to the constitutive model parameters was investigated.
Both Θ0 and D were varied by a factor of two for the HFA134a formulation containing 15% ethanol by weight. Changing the boiling rate by a factor of two had very
little effect on the solution. Similarly, the sensitivity of the diffusion coefficient was
small; increasing D by a factor of two decreased peak TIM by approximately 6%.
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The internal structures of pMDIs have little effect on the solution obtained from
the phenomenological model developed here. The effects of the internal flow structure on other spray properties, such as the vapour/liquid ratio at the nozzle inlet,
are not modelled in the present work. This highlights the inadequacy of simple
phenomenological models in accounting for real thermofluid flows.

Concluding remarks
Further work is needed to establish the accuracy of comparing one-dimensional
thermodynamic models and experimental measurements that are sampled from a
stochastic process. The quasi-steady flow modelling approach taken here and by
other investigators predicts values of various spray properties, which are then compared against experimentally-obtained values. The ensemble-mean is the expected
value of a stochastic process only if the underlying distribution has zero skewness
(Bendat and Piersol 2010). The variance of the real process was evident in highspeed phase contrast imaging (Chapter 4, laser extinction (Chapter 2) and backillumination imaging (Appendix B). For properties such as projected mass, and
droplet size, comparisons between models and ensemble-mean measurements may
be in error. A detailed consideration of the higher-order statistics of experimentallydetermined spray properties is needed if the models that these measurements are
used to validate are to predict second-order effects (Gavtash et al. 2017a).
The thermodynamic models developed here, and in other investigations, are
intended to capture the first-order phenomena in pMDIs. The high-resolution quantitative data in the near-nozzle region, and the internal flow visualisations obtained
with phase contrast imaging, show that these first-order descriptions neglect a significant fraction of the phenomena that occur in pMDIs. The real flows are inhomogeneous, three-dimensional and unsteady. It may be possible to incorporate
these effects into one-dimensional modelling with submodels and tunable parameters. However, it is the opinion of the author that, in light of these measurements and
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visualisations, and the comparisons made in this thesis, more advanced modelling
approaches are now required. Computational fluid dynamics (CFD) simulations
of the internal flows of pMDIs are needed to advance the modelling of sprays from
pressurised metered-dose inhalers. Given the advances in experimental measurement
demonstrated in this thesis, and their exposure of the limitations of one-dimensional
models, these simulations may be necessary if we are to more accurately predict the
behaviour of pMDI sprays. It is remarkable and humbling that the operational processes of pMDIs, governed as they are by a rich flow physics, continue to elude our
capacity to model them.

Chapter 8
Conclusions
In this thesis, an experimental campaign was undertaken to investigate pressurised
metered-dose inhaler sprays with synchrotron-based x-ray techniques. The synchrotron x-ray techniques applied have not previously been used for the investigation of sprays from pMDIs, and overcome some of the limitations associated with
visible-light diagnostics. The insights gained from these experiments were used to
develop thermodynamic models of the flows from idealised pressurised metered-dose
inhalers.
Quantitative x-ray radiography was first performed on unmetered sprays from
a pMDI analogue. These experiments showed that synchrotron radiography could
be used to measure pMDI spray ensemble-mean projected mass with high temporal
and spatial resolutions. Ensemble-averaging of fifteen sprays and temporal binning
to 0.184 ms provided a projected mass estimate with negligible shot noise and a low
standard error.
The data analysis revealed that a dominant source of uncertainty associated
with projected mass measurement of vaporising sprays is the absorption coefficient,
to which the spray projected mass is inversely proportional. Contributors to this
absorption coefficient uncertainty include the unknown phase leading to an unknown
path length of ambient gas displaced by the spray. This source of uncertainty could
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be minimised by measuring the projected mass as close as possible to the nozzle exit,
which was used to advantage in radiography measurements of real pMDIs (Chapter
4). The absorption coefficient was also uncertain due to the unknown composition
of ethanol-containing pMDI sprays.
Radiography measurements of the pMDI analogue showed that the transverse
integrated mass increased linearly downstream of the nozzle exit, and could be used
to predict the spray density in the near-nozzle region under a linear entrainment
assumption (Chapter 3). Subsequent radiography measurements of a real pMDI
(Chapter 4) showed that, at all times in the injection, the spray volume in the nearnozzle region is dominantly comprised of vapour. This quantitative mass measurement was corroborated by phase contrast visualisations, which showed that much of
the region upstream of the atomising nozzle is occupied by vapour (Chapter 4).
Laser extinction measurements demonstrated that inclusion of cosolvent reduced
the magnitude of optical density fluctuations in pMDI sprays (Chapter 2, Appendix
B). Phase contrast images showed that the inclusion of cosolvent affected the internal flow structure of pMDIs (Chapter 4), with vapour distributed in the liquid at
smaller scales with increased cosolvent concentration (Chapter 5). This change of
scale is associated with a greater degree of homogeneity in the valve stem and sump,
and led to a more consistent vapour/liquid ratio at the nozzle inlet. This structural
effect is believed to contribute to the increased steadiness of ethanol-containing
pMDI sprays (Appendix C).
High-magnification phase contrast imaging revealed that large isolated droplets
are present in sprays from pMDIs (Chapter 5). These large isolated droplets were
also observed in backlit spray imaging (Appendix B) and are expected to contribute
to the optical density fluctuations observed in laser extinction (Chapter 2). For
propellant-only sprays, large droplets and ligaments were observed in the expansion
chamber, and may contribute to the unrespirable mass of suspension pMDIs. Intermittent discharge of liquid that resulted in coarse atomisation was also observed
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in propellant-only flows (Chapter 4). For ethanol-containing formulations, these
droplets and intermittent discharge were less prevalent. Large droplets were seen to
form from liquid that pooled on the bowl at the nozzle exit (Chapter 5). Flow structural effects provide a possible explanation for the narrower droplet size distribution
in ethanol-containing pMDI sprays (Myatt et al. 2015).
Thermodynamic models of pressurised metered-dose inhaler internal flows were
developed. The assumptions used for these models were informed by the results
of phase contrast imaging. For propellant-only flows, model outputs showed that
thermal non-equilibrium may be significant, reflecting the short residence time in
the nozzle of the pMDI. Under the assumption of homogeneous flow, the change in
composition of ethanol-containing pMDI sprays during the spray event is entirely
negligible, and it is appropriate to use the absorption coefficient of the formulation
for radiography measurements. However, if slip effects are significant in sprays from
pMDIs, the formulation absorption coefficient will underpredict the true projected
mass.
The conditions under which suitable x-ray radiography measurements can be
obtained have been established. These measurements confirm a long-held belief
(Finlay 2001) that the mean nozzle exit conditions of pMDIs are dominantly vapour
by volume. This is true at all times in the injection and when ethanol is included, at
the concentrations studied. Vapour is generated upstream of the atomising nozzle
and advects with the flow. The inclusion of cosolvent modifies the two-phase flow
structure inside the valve stem and sump. This structural effect reduces spray
unsteadiness, and eliminates some sources of unrespirable liquid masses in pMDI
sprays.
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Appendix A
Governing equations of pMDI
thermodynamic models
A.1

Two-phase speeds of sound

Propellant-only model
The approach taken to calculate the choked mass flow rate of homogeneous twophase flows in Chapter 6 owes much to that outlined in Travis, Koch, and Breitung
(2012). Their method of obtaining the two-phase speed of sound is adapted and
reproduced here.
From the classical approach using the continuity and momentum equations (Shapiro
1953, 45-47), the speed of small-amplitude pressure wave propagation is:
c2 =

dP
dρ

(A.1)

with the typical thermodynamic constraint of constant entropy (Brennen 2005).
For two-phase mixtures, it is convenient to use the change in specific volume,
because it is additive in mass-weighted terms:
v = x · vsv + (1 − x) · vml
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By the chain rule, Equation A.1 becomes:
2

c = −v

2



∂P
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(A.3)

s

Combining equations A.2 and A.3 and using the product rule:
c2 =

x·


∂vsv
∂P

s

+ (1 − x) ·

−v 2

∂vml
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(A.4)

Recognising that Equation A.3 also applies to each individual phase:
v2

2

c =

x
(ρsv csv )2

+

(1−x)
(ρml cml )2

− (vsv − vml ) ·



(A.5)

∂x
∂P s

The first two terms in the denominator of Equation A.5 are the volume-weighted
acoustic impedances of each phase (Brennen 2005). The final term of the denominator is the specific volume change due to a change in quality during the pressure
change. Using the specific entropy:
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By the quotient rule (Travis, Koch, and Breitung 2012):

 sv 


− (ssv − sml ) · ∂s∂Pml s + (s − sml ) · ∂s
−
∂x
∂P s
=
∂P s
(ssv − sml )2



∂sml
∂P s

(A.7)

For the sake of brevity, the detailed steps of obtaining (∂sv /∂P )s and (∂sl /∂P )s
are omitted; the reader is referred to Travis, Koch, and Breitung (2012). For the
homogeneous direct evaluation model used in Chapter 6, the partial derivatives of
the individual phase entropies with respect to pressure are:


cp,sv (Tsv )


Tsv
∂ssv
βsv (Tsv )

=−
+ 
dP
σ (Tsv )
∂P s
ρsv

(A.8)

dT

where β is the thermal expansion coefficient, cp is the mass-specific heat capacity at

constant pressure, and

dPσ
dT

is the derivative along the saturation curve. The partial

derivative of specific entropy for the liquid phase is given by:


cp,ml (Tml ,ρml )


Tml
∂sml
β (Tml , ρml )

=−
+ (1 − η) · 
dPσ (Tsv )
∂P s
ρml
dT

(A.9)
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If the flow is isentropic:
s = s0

(A.10)

and, using equations A.8 and A.9, equation A.7 can be solved. This allows equation
A.5 to be solved for the two-phase speed of sound.
For the frozen model, the quality remains unchanged with pressure change:


∂x
∂P



=0

(A.11)

s

and equation A.5 can be solved directly.
If the flow is not isentropic, Equation A.10 cannot be used. In Chapter 6,
an isentropic efficiency is used. The details are provided in the chapter. Although
Equation A.10 can no longer be used, the isentropic efficiency provides an additional
equation, and the methodology is otherwise unchanged.

Multicomponent frozen model
The assumptions used for this flow rate model are:
• Homogeneous flow (Wl = Wv )
• No gravitational effects
• Frozen flow (no heat or mass transfer between phases)
• Adiabatic flow
• Vapour phase is a calorically-perfect gas
• Liquid phase is incompressible
The one-dimensional adiabatic energy equation for a homogeneous frozen twophase flow can be written as:
x · hv,0 + (1 − x) · hl,0 = x · hv (P ) + (1 − x) · hl (P ) +

W2
2

(A.12)
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Introducing an isentropic efficiency for the vapour phase:
ηisen,v =

hv,0 − hv (P )
hv,0 − hv (P, sv,0 )

(A.13)

ηisen,l =

hl,0 − hl (P )
hl,0 − hl (P, sl,0 )

(A.14)

and the liquid phase:

allows the energy balance to be written as:
W2
= x · ηisen,v · (hv,0 − hv (P, sv,0 )) + (1 − x) · ηisen,l · (hl,0 − hl (P, sl,0 ))
2

(A.15)

Given the flow is frozen, there is no heat transfer between phases, and all work
transfer goes into kinetic energy. Under these circumstances, there are no source
terms in the enthalpy change of each phase. As a result, the first law:
dh = T ds + vdP

(A.16)

can be used for each phase. Noting that the liquid phase is incompressible, the
isentropic enthalpy change can be found:
hl,0 − hl (P, sl,0 ) = vl · (P0 − P )

(A.17)

where P0 is the reservoir pressure. This is a restatement of the incompressible
Bernoulli equation. For the vapour phase, treating it as isentropic:
hv,0 − hv (P, sv,0 ) =

ZP0

vv dP

(A.18)

P

where, for an ideal gas undergoing a reversible adiabatic expansion:
P · v γ = const.

(A.19)

This becomes:
hv,0 − hv (P, sv,0 ) =

1/γ
P0



(γ−1)/γ
(γ−1)/γ
· vv,0 · P0
−P
·

γ
γ−1

(A.20)

Substitution of Equations A.20 and A.17 into Equation A.15 gives:

 γ
W2
(γ−1)/γ
1/γ
(γ−1)/γ
= (1 − x)·ηisen,l ·vl ·(P0 − P )+x·ηisen,v ·P0 ·vv,0 · P0
−P
·
2
γ−1
(A.21)
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For subcritical flow, the throat velocity can be obtained as a function of the reservoir
conditions and the ambient pressure P . All other thermodynamic properties can be
obtained, as the state at the throat is fully specified.
For critical flow, the additional constraint is that the velocity is equal to the
two-phase speed of sound:
2

c =
By the chain rule:



∂P
∂ρ







∂P
∂ρ

2

= −v ·

s

(A.22)

s



∂P
∂v



(A.23)

s

As the specific volume is additive in mass fractions:
v = x · vv + (1 − x) · vl
and the flow is frozen:

this becomes:




∂P
∂ρ



∂x
∂P



−v 2
+ (1 − x) ·
s

As the liquid phase is incompressible:




s

x·

∂P

∂vl
∂P

=0

(A.25)

s


∂vv

=

(A.24)

=0



∂vl
∂P s

(A.26)

(A.27)

s

and noting that the speed of sound equation applies to each individual phase:

this becomes:



−vv2

·





∂P
∂ρ

s

∂P
∂vv



= c2v

(A.28)

v2
x · vv2

(A.29)

s

= c2v ·

where cv is the speed of sound of the vapour phase. Assuming that the vapour is an
ideal gas:
c2v = γ · P · vv

(A.30)
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Accordingly, the two-phase speed of sound for a homogeneous frozen mixture comprised of ideal gas and incompressible liquid can be written:


∂P
∂ρ



s

(x · vv + (1 − x) · vl )2
=γ·P ·
x · vv

(A.31)

We now have both the conservation of energy and the two-phase speed of sound. For
critical flows with fixed quality, incompressible liquid and constant thermodynamic
properties (γ = const.) the remaining unknowns are the throat pressure P and the
specific volume of vapour at the throat, vv .
Again, using the ideal gas equation of state with constant properties:
R·T
P

vv =

(A.32)

The temperature change for the vapour phase can be found from the enthalpy

∂h
change of the vapour phase, noting that for an ideal gas ∂P
= 0:
T
ηisen,v · (hv,0 − hv (P, sv,0 )) = cP,v · (T0 − T )

(A.33)

As a result, the specific volume can be found:

vv =


R · T0 −

ηisen,v
cp,v


· (hv,0 − hv (P, sv,0 ))

(A.34)

P

which, noting the enthalpy change during an isentropic expansion becomes:

vv =


R · T0 −

ηisen,v
cp

1/γ

· P0



(γ−1)/γ
· vv,0 · P0
− P (γ−1)/γ ·
P

γ
γ−1



(A.35)

The vapour specific volume has been expressed as a function of the reservoir conditions, isentropic efficiency and pressure at the throat. The only remaining unknown
in equating A.31 and A.21 is the pressure at the throat. A root-finding method
is used in the present work to determine the critical throat pressure, and thereby
determine the mass flow rate and all other properties at the throat.
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Differential equations of thermodynamic
models

For a flow transient such as the discharge through the pMDI, the system can be
represented in the form of an initial value problem:
dS
= f (S, t)
dt

(A.36)

If all system parameters are either constants (such as valve orifice diameter, chamber
volume) or functions of the current state (density, temperature), this reduces to:
dS
= f (S)
dt

(A.37)

Propellant-only thermodynamic model
The differential equations for the propellant-only model of pMDIs in Chapter 6 are
presented here.
If it is assumed that, in each chamber, the mixture is homogeneous in both
composition and temperature, and that gravitational effects are negligible, the state
of the two-phase mixture can be described with a single pair of pressure-enthalpy
state variables.
The rates of change of these state variables are obtained from conservation laws
described below.
Conservation of enthalpy

dH
dt

=

dU
dt

+

dP V
dt



:

dh
dm X
dP
m
+h
=
(ṁh)i + V
dt
dt
dt
i=1
N

N
P

+ P dV
(Massoud 2005).
dt

Conservation of volume dV
=
0
:
dt

where

i=1

(ṁh)i =

(A.38)

dU
dt

m



∂v
∂P



h

dP
+
dt



∂v
∂h



P


dh
dm
+v
=0
dt
dt

(A.39)
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Rearranging and writing in matrix form:
   N


P
dm
m  d P   (ṁh)i − h dt 
 −V



  dt   = i=1
∂v
∂v
dm
m
m ∂P
h
−v
∂h P
h

(A.40)

dt

Mass flow rates are determined from the flow models described in Chapter 6.
Provided these mass flow rates, the time derivatives

dP
dt

and

dh
dt

can be determined

by linear algebra once the relevant thermophysical properties and derivatives are
known.
In the saturation region, the Clapeyron equation gives (Callen 1960):
 
∂v
1 dTσ
=
∂h P
T dP
where

dTσ
dP

(A.41)

is the derivative of temperature with respect to pressure along the satu-

ration curve.
The partial derivative of specific volume with respect to pressure can be obtained,
from the product rule (Thorade and Saadat 2013):








∂ (vsl + x (vsv − vsl ))
dvsl
d (vsv − vsl )
∂x
∂v
=
=
+x
+ (vsv − vsl )
∂P h
∂P
dP
dP
∂P h
h
(A.42)
where x is the quality (kg kg−1 ). Defining the quality x by the specific enthalpy:
x=

h − hsl
hsv − hsl

(A.43)

allows the partial derivative of quality with respect to pressure to be obtained:





∂x
∂
h − hsl
=
(A.44)
∂P h
∂P hsv − hsl
h
Using the quotient rule, Equation A.44 can be rearranged (Thorade and Saadat
2013) to give:



∂x
∂P



h

1
=
hsl − hsv



dhsv
dhsl
x
+ (1 − x)
dP
dP



(A.45)

Combining these gives an expression for the partial derivative of specific volume
with respect to pressure at constant enthalpy:






∂v
dvsl
dvsv dvsl
1 dTσ
dhsv
dhsl
=
+x
−
−
x
+ (1 − x)
∂P h
dP
dP
dP
T dP
dP
dP

(A.46)
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Multicomponent thermodynamic model
A number of conservation rules are applied to generate a macroscopic thermodynamic model of the system, along with a number of assumptions to make the model
physically sound. These can be written as follows:
• Enthalpy is a conserved quantity and can be transferred into and out of vessels
and between phases
• Mass is a conserved quantity and can be transferred into and out of vessels
and between phases
• The sum of the liquid phase volume and the vapour phase volume in a chamber
is equal to the volume of that chamber (in other words, volume is a conserved
quantity)
• All components in the liquid phase are in thermal equilbrium with each other
• All vapours and gases in the gas region are in thermal equilibrium with each
other
• The sum of the partial pressures of the gases and vapours is equal to the
pressure inside the vessel (Dalton’s law applies)
These conservation laws and equilibria give rise to the conservation equations for
the system. These are derived below for a two-fluid model comprising a propellant,
ethanol, and a non-condensible gas.
Conservation of liquid phase enthalpy:
dH = dU + P dV + V dP
dhle
dP
dQl X
dmlp
dmle
dhlp
+ mle
− Vl
=
+
− hle
mlp
(ṁl h)i − hlp
dt
dt
dt
dt
dt
dt
i=1

(A.47)

N

(A.48)

where mlp is the mass of liquid propellant, hlp is the specific enthalpy of the liquid
propellant, Vl is the liquid phase volume, Ql is any heat added or removed from
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the liquid phase, (ṁl h)i is the enthalpy transfer to/from the liquid phase associated
with the mass transfer of process i.
Conservation of gaseous phase enthalpy:
mvp

N
dhve
dhg
dP
dQv X
dmvp
dmve
dmg
dhvp
+mve
+mg
−Vg
=
+
(ṁv h)i −hvp
−hve
−hg
dt
dt
dt
dt
dt i=1
dt
dt
dt
(A.49)
dT

Liquid phase thermal equilibrium ( dtlp = dTdtle ):








dP
dP
∂Tlp
dhlp
∂Tlp
∂Tle
dhle
∂Tle
+
−
−
=0
∂hlp P dt
∂P hlp dt
∂hle P dt
∂P hle dt

(A.50)

g
Gas phase thermal equilibrium ( dTdtvp = dTdtve ; dTdtvp = dT
):
dt








∂Tvp
dhvp
∂Tvp
dPvp
∂Tve
dhve
∂Tve
dPve
+
−
−
=0
∂hvp Pvp dt
∂Pvp hvp dt
∂hve Pve dt
∂Pve hve dt
(A.51)








∂Tvp
∂Tvp
∂Tg
∂Tg
dhvp
dPvp
dhg
dPg
+
−
−
= 0 (A.52)
∂hvp Pvp dt
∂Pvp hvp dt
∂hg Pg dt
∂Pg hg dt

Pressure equilibrium (the rate of change of the vessel pressure is equal to the
sum of the rates of change of each gas phase partial pressure):
dPvp dPve dPg
dP
−
−
−
=0
dt
dt
dt
dt

(A.53)

Conservation of volume (the rate of change of the liquid volume is equal to the
g
l
rate of change of each vapour/gas component’s volume): dV
= − dV
):
dt
dt
"
"
#
#






∂vlp
∂vle
∂vle
∂vlp
dhlp
dP
dhle
dP
mlp
+
+ mle
+
+
∂hlp P dt
∂P hlp dt
∂hle P dt
∂P hle dt
"
#





∂vvp
dhvp
∂vvp
dPvp
dmlp dmle
dmvp
mvp
+
= −vl
+
− vvp
∂hvp Pvp dt
∂Pvp hvp dt
dt
dt
dt

(A.54)
"

#
"
#






∂vlp
dhlp
∂vlp
dP
dhle
∂vle
dP
∂vle
mlp
+
+ mle
+
+
∂hlp P dt
∂P hlp dt
∂hle P dt
∂P hle dt







dhve
∂vve
dPve
∂vve
dmlp dmle
dmve
mve
+
= −vl
+
− vve
∂hve Pve dt
∂Pve hve dt
dt
dt
dt
(A.55)
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#
"
#





dP
dP
dhlp
∂vlp
∂vle
dhle
∂vle
+
+ mle
+
+
∂P hlp dt
∂hle P dt
∂P hle dt
P dt
"
#





∂vg
dhg
∂vg
dPg
dmlp dmle
dmg
mg
+
= −vl
+
− vg
∂hg Pg dt
∂Pg hg dt
dt
dt
dt

∂vlp
∂hlp



(A.56)
Writing these in matrix form,




−Vl
0
0
0
mlp
mle
0
0
0 





−V
0
0
0
0
0
m
m
m
g
vp
ve
g 




 ∂Tlp ∂Tle
∂Tlp
∂Tle


−
0
0
0
−
0
0
0
∂P
∂P
∂h
∂h
lp
le




∂T
∂T
vp
vp
∂T
∂T
ve
ve

0
− ∂Pve
0
0
0
− ∂hve
0 
∂Pvp
∂hvp




∂Tvp
∂Tg
∂Tvp
∂Tg 

0
0
−
0
0
0
−

∂Pvp
∂Pg
∂hvp
∂Pg 




1
−1
−1
−1
0
0
0
0
0 





∂v
∂v
∂v
∂v
∂v
∂v
lp
vp
lp
vp
le
le
mlp
+ mle ∂P mvp ∂Pvp
0
0
mlp ∂hlp mle ∂hle mvp ∂hvp
0
0 
∂P




∂vlp
∂vle

m ∂vlp + m ∂vle
∂vve
∂vve
0
m
0
m
m
0
m
0
le ∂P
ve ∂Pve
lp ∂hlp
le ∂hle
ve ∂hve

 lp ∂P


∂v
∂vlp
∂vg
∂vg
∂vle
lp
le
m
mlp ∂P + mle ∂v
0
0
m
m
0
0
m
lp
g
le
g
∂P
∂Pg
∂hlp
∂hle
∂hg


N
 
P
dmlp
dQl
dmle
+
(ṁl h)i − hlp dt − hle dt


dt
P  

i=1
  

N
P
dm
dm
P   dQv +
g
ve
(ṁv h)i − hvp dtvp − hve dm
−
h
g
 vp   dt
dt
dt 
  

i=1
  

 Pve  

0
  

  

 Pg  

0
  


 
d 
h  = 

lp 



0
dt   

  

 hle  

0
  

  



 hvp  

dmlp
dm
dmle
vp
−vl dt + dt − vvp dt
  

  



h  

dmlp
dmle
dmve
 ve  

−v
+
−
v
l
ve
dt
dt
dt

  




dmlp
hg
−v
+ dmle − v dmg
l

dt

dt

g dt

(A.57)

As this is of the form Ax = B, the rate terms x can be found by x = A−1 B.

Appendix B
Back-illumination imaging of
pressurised metered-dose inhaler
sprays
B.1

Introductory statement

This paper was prepared for the 7 th Australian Conference on Laser Diagnostics in
Fluid Mechanics & Combustion and describes the use of back-illumination imaging
for the measurement of pMDI sprays.
Back-illumination imaging is an established technique (Chigier 1991) for spray
studies. The produced data can display trends in spray behaviour (Arai 2017),
and, in the dilute spray region, the transmission can be used to measure the optical
depth. Multiple scatter effects mean that the optical depth is not a direct mass
measurement; nevertheless it is indicative of spray density.
In this paper, back-illumination imaging was performed with propellant-only
and ethanol-containing sprays from metered-dose inhalers. The image sequences
obtained were used to develop ensemble-mean time-variant profiles of the optical
depth. This was an extension of the laser extinction method used in Chapter 2 with
147
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metered sprays, rather than the electronic metering inhaler.
Ensemble-mean optical depth profiles showed that the spray was asymmetric
about the spray axis. Peak spray widths were greater for sprays with HFA134a
propellant than HFA227ea.

RMS values of the optical depth were greater for

propellant-only sprays than for those containing ethanol. Although not presented in
the paper, it can be observed qualitatively that coefficients of variation σ/µ are also
greater for the propellant-only sprays, meaning that the higher RMS optical depth
for propellant-only sprays is not a result of a higher mean optical depth. These
findings are consistent with an increase in spray steadiness promoted by the internal
flow-structural effect observed in Chapter 4.

7th Australian Conference on Laser Diagnostics in Fluid Mechanics and Combustion
Melbourne, Australia
9-11 December 2015
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Abstract

Sprays in the near-nozzle region of a pMDI are imaged with
high spatial resolution back-illumination imaging to aid interpretation of laser extinction signals. Spray density varies continuously throughout the spray event, and between events, for
all formulations studied. Spray widths increase until approximately 50 ms after the start of injection, after which the spray
narrows until the metering chamber is depleted. Fluctuations
in optical depth are reduced by the inclusion of ethanol, which
reduces fluctuations in spray spread. In addition to many small
droplets, visualisations show dense droplet clusters and large
droplets.
Introduction

Pressurised metered-dose inhalers (pMDI) are used for the delivery of drugs for the treatment of asthma and other respiratory diseases. The spray developed is the result of a high
vapour pressure propellant forcing a metered dose of drugcontaining solution through an atomising nozzle. Cosolvents
such as ethanol are commonly included to aid with drug solubility. Drug particle sizes are related to the initial droplet sizes,
from which the propellant and cosolvent evaporate, by the drug
concentration [16]. Typical pMDIs have small 50 µL metering
chambers that isolate a volume of formulation from the canister. After actuation, the formulation flows from the metering
chamber through an expansion chamber and discharges from an
atomising nozzle. The pressure and temperature in the metering chamber decrease during injection [13], and injection ends
when the metering chamber is depleted of formulation. Spray
durations are on the order of 100 ms.
Many of the sprayed droplets have high velocities and large
aerodynamic diameters, and as such are poor flow tracers that
do not follow the user’s comparatively slow inhalation. This
results in a substantial deposition of drug in the mouth [4].
Prior studies have extensively characterised mean velocity and
spreading characteristics of pMDI sprays [3, 5, 14], and there
have also been observations of large fluctuations in cone angle
and spray density, visualised in the near-nozzle region [5, 17]
and downstream [12]. These large fluctuations in cone angle
and spray density are expected to affect drug deposition in vivo,
particularly if the droplets ejected during these events are poor
tracers.
Line-of-sight optical techniques yield information on the pathintegrated spray density, and with adequate temporal resolution
can provide information on fluctuations in nozzle discharge.
The non-dimensional optical depth τ [15], also known
 as the
optical density [2] is related to the transmission T = II0 by

the Beer-Lambert law:
τ = −ln



I
I0



(1)

where I is the detected flux and I0 is the incident flux in the
absence of spray.
Extinction of a laser sheet oriented through the centreline of
a spray downstream of the mouthpiece of a pMDI analogue
[14] showed axially-convecting fluctuations in transmission,
and these were interpreted as indicative of spray unsteadiness.
These fluctuations in transmission were found to be reduced by
the inclusion of ethanol in the formulation, which was interpreted as indicating a higher level of unsteadiness in propellantonly sprays. However, this interpretation is based on limited
information, as fluctuations in optical depth may have several
sources. Full-field back-illumination imaging is a technique that
can complement laser extinction and assist with signal interpretation. In this paper, we investigate the near-nozzle region of
sprays from metered-dose inhalers with high spatial resolution
back-illumination imaging. The obtained dataset is a complementary measure of near-nozzle spray structure, and assists the
interpretation of line and point measurements of pMDI sprays.
Due to the difficulty of obtaining full-field images with adequate temporal resolution, high sample-rate laser extinction remains an attractive technique for study of the time-variant spray
density.
Experimental Methodology
Spray Apparatus

A linear solenoid-driven pMDI actuator was developed [1] and
was used to generate sprays from metered-dose inhalers [14]. A
Bespak inhaler body was used with the mouthpiece removed to
allow imaging of the near-nozzle region (Figure 1). The nozzle
exit is recessed in a bowl and located 3mm upstream of the coordinate system (Figure 1). Metered canisters containing propellants HFA 134a and HFA 227, with and without ethanol, were
used to generate drug-free sprays. Canister metering valves
were 50 µL. Inhaler body and canister dimensions are given in
Table 1; the reader is referred to [9] for the significance of each
dimension. Formulations used are shown in Table 2, specifying
weight fractions of each constituent.
Back-Illumination Imaging

A back-illumination imaging setup was used to visualise the
spray in the near-nozzle region. Illumination was provided by a
strobed Phlatlight CBT-120 LED. Short pulse durations and low
duty cycles allowed a current several times higher than the safe
continuous rating to be used [20]. This greatly increased the lu-

Dimension

Size (mm)

Parameter

Value

Nozzle orifice diameter (dno )
Nozzle orifice length (lno ) 
Valve stem diameter, inner dvs,i
Valve stem diameter, outer (dvs,o )
Valve stem length (lvs )
Valve orifice diameter (dvo )

0.3
0.6
2.0
3.2
12
0.6

Frame rate (image pairs/s)
Interpulse time (µs)
Light pulse duration (ns)
Magnification (pixels/mm)
Magnification factor
Radiometric resolution (bits/pixel)

500
4
100
307
3.4
12

Table 1: Canister and nozzle dimensions.

Table 3: Back-illumination imaging parameters.

Formulation

% HFA134a

% HFA227

% EtOH

134a
227
134a-E
227-E

100
0
85
0

0
100
0
85

0
0
15
15

ral evolution plot.

Table 2: Canister formulations, composition by weight of propellant (HFA134a and HFA227) and ethanol (EtOH).
minous flux during imaging. A guide to safe operation of these
LEDs for high-speed imaging is given in [18]. To minimise the
light pulse duration, imaging was performed without a diffuser
to maximise the luminous flux. However, the LED pulse duration of 100 ns is inadequate to image the fastest droplets without
motion blur.
Expansion
chamber
Nozzle exit

z

x

y
(a)

(b)

Figure 1: Schematic of (a) Bespak inhaler body with mouthpiece removed, allowing visualisation of the near-nozzle region;
and (b) nozzle internal geometry.
A PCO Dimax was used to acquire image sequences of ≥ 40
spray events for each formulation. High magnification was
achieved with a Nikon 105mm lens, a bellows and a 25mm
macro tube. Image acquisition parameters are given in Table
3. The camera’s double-shutter function was used, and the
recorded image pairs can be used for “shadowgraph PIV” [7,
19]. Two-point radiometric calibration was used to correct for
inhomogeneous back-illumination and the sensor’s (albeit very
low) fixed pattern noise [10]. Results are presented in regions
where the reference intensity was sufficient to measure transmission with a minimum of 10-bit radiometric resolution. A
BeagleBone Black programmable pulse generator [8] was used
to trigger the experiment.
Results and Discussion

To characterise the mean spray structure, transverse profiles of
optical depth were obtained by ensemble averaging. The temporal evolution of ensemble-average (≥ 40 spray events) radial
profiles of optical depth at x = 2 mm are presented in Figure
2. Spray half-widths, defined by the half-width half-maximum
(HWHM) of optical depth, are shown as isolines on the tempo-

Figure 2: Temporal evolution of ensemble average transverse
profile at x = 2 mm. Spray axes (black dashed lines) and spray
half-widths (black solid lines) are overlaid.
Spray transience is observable–optical depth peaks around 2550 ms after start of injection for all formulations, after which
it decays. Discharge profiles differ for propellant-only and
ethanol-containing formulations. A long time is required for the
optical depth to reach zero on the centreline for propellant-only
formulations, suggesting there is a long discharge. Ethanolcontaining formulations cease more rapidly, though have a sustained period of high and nominally constant centreline optical
depth. All formulations have high radial gradients of optical
depth at x = 2 mm, exceeding 1 mm−1 . Axial gradients are

lower, on the order of 0.1 mm−1 . Profiles are also visibly asymmetric about the centreline, with a greater optical depth through
the spray event located below the spray axis.
The observed asymmetry of the spray profiles in Figure 2 is
investigated by measuring spray widths, providing a local measure of the extent of the spray. Spray half-widths are plotted in
Figure 3. Half-widths are antisymmetric about the spray axis,
and the spray is widest below the spray axis. With reference
to the nozzle internal geometry (Figure 1), the wider spray occurs below the nozzle orifice. Formulation is also seen to affect
the spray width, as HFA134a sprays are wider in the mean than
those propelled by HFA227.

ability. This is illustrated with the time evolution of a profile
ensemble RMS, shown in Figure 4. RMS profiles are generated at x = 2 mm from ≥ 40 spray events. Spatial binning of 1
nozzle diameter in x was used to increase the number of samples used to calculate the RMS, however as the samples are not
independent there remains a large uncertainty on the resulting
plot.

Figure 4: Temporal evolution of transverse profile RMS at x =
2 mm.

Figure 3: Ensemble-average spray half-widths at x = 2 mm,
above and below the spray axis.
Importantly, the transverse profiles also depict spray discharge
characteristics that may be misinterpreted with a point measurement. Ethanol-containing formulations have a period of almost
constant optical depth along the spray axis for 25-100 ms after
the start of injection. Taken in isolation, this would suggest the
presence of a steady state, however the spray width varies continuously over this period and narrows after it peaks at around
50 ms (Figure 3). For the formulations and metering volume
studied, pMDI sprays exhibit no steady-state.
In addition to a transient spray density that results from metered
discharge, pMDI sprays exhibit a high degree of interspray vari-

Fluctuations in optical depth are highest for 134a-propelled
sprays. For both propellants, fluctuations in optical depth are
reduced by the inclusion of ethanol. The lowest magnitude of
fluctuations was seen with 227-E, which represents the lowest
vapour pressure formulation studied [14].
Instantaneous images are presented to illustrate the sources of
fluctuations. Instantaneous images of 134a sprays 50 ms after
start of injection are shown in Figure 5. Though imaged at the
same time after start of injection, the spray structures vary considerably. In the top image, the spray appears concentrated on
the centreline. Some droplet clusters are seen, and there is very
little spray visualised above the spray axis. In the lower image, a large number of droplets are present above and below the
spray axis, and their trajectory relative to the spray axis indicates a significant increase in the instantaneous cone angle. The
overall spray density is also substantially increased. This large
variability in spray density may be related to a two-phase flow

instability driven by propellant boiling in the nozzle. The spray
appears finely atomised for both images.

images showed the presence of many large droplets that would
be unlikely to be respirable.

Propellant-only sprays of HFA227 at this same time are shown
in Figure 6. The spray is finely atomised in the upper image,
and has a low optical density as is expected from the mean profiles (Figure 2). The lower image shows a ‘shedding’ event
in which a mass of liquid emerges from the nozzle as large
droplets. These droplets are unlikely to trace the user’s breath
and would be expected to substantially contribute to deposition
of drug in the mouth.

Unsteadiness as measured in the framework of Edwards and
Marx [6] is highest at the periphery of two-phase effervescent
sprays [11]. Centreline optical depths vary substantially less
relative to the mean than the optical depths at the spray periphery. Laser line extinction measurements intended to characterise spray unsteadiness for pMDIs are likely to obtain a
stronger signal in regions at the periphery of pMDI sprays,
rather than along the spray axis [14].

Figure 5: Instantaneous back-illumination spray images of nearnozzle region for independent 134a spray events, both imaged
50 ms after start of injection.

Figure 6: Instantaneous back-illumination spray images of nearnozzle region for independent 227 spray events, both imaged 50
ms after start of injection.

Instantaneous image sets show that the inclusion of ethanol alters spray morphology for both propellants, and spreading rate
fluctuations are reduced. For 134a-E, RMS optical depth is
high, and these fluctuations are the product of a local variability
in structure that convects through the spray region. The 134a-E
sprays are wider in the mean than 134a (Figure 3), and instantaneous images (Figure 7, top) show that this increased width
is consistent. Substantial groups of droplet clusters are present
in the sprays, and there is spray present both above and below
the spray axis. 227-E sprays similarly did not fluctuate substantially in spread. As per the propellant-only case, 227-E spray

Conclusions

Back-illuminated images of sprays from pMDIs were collected
in the near-nozzle region. Spray density was observed to vary
throughout the injection, which is entirely transient. Sprays are
asymmetric about the spray axis in the near-nozzle region. Fluctuations in optical depth are highest for 134a-propelled sprays,
and for both propellants the fluctuations are reduced by the inclusion of ethanol. Propellant-only sprays exhibit large fluctuations in cone angle, whereas ethanol-containing sprays exhibit
large fluctuations in local spray density with less substantial

fluctuations in spread. Formulations with propellant 227 discharged substantial masses of liquid as large droplets.
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Appendix C
Acoustic unsteadiness of sprays
from pressurised metered-dose
inhalers
C.1

Introductory statement

This paper was prepared for the 20th Australasian Fluid Mechanics Conference and
documents a technique for the measurement of acoustic unsteadiness of transient
sprays.
Unsteadiness is a feature of some twin-fluid atomisers in particular modes of
operation, and is defined by the fluctuation of the gas/liquid ratio at the nozzle
exit. Unsteadiness can also be defined anywhere else in the spray, and in such
regions can reflect, for example, particle clustering.
An acoustic unsteadiness technique for sprays was proposed by Sun et al. (2016).
The technique was applicable for statistically-stationary processes. For sprays with
start-up transients followed by a steady state and end-of-injection transient, the
method is suitable with the relevant statistics obtained from a sufficiently long single
spray record. As demonstrated in our other works on metered-dose inhalers, the
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spray is a transient process with no apparent steady state. In this work, it was
demonstrated that the acoustic unsteadiness for a spray from the pMDI could be
determined from time-variant statistics of an ensemble of spray records.
The method was applied to sprays of HFA134a with and without 15% ethanol by
weight. The acoustic unsteadiness was highest for the propellant-only formulation.
Low-pass filtering of the acoustic energy reduced the unsteadinesses at different
rates, suggesting the unsteadiness occurs on different timescales for each formulation. For the ethanol-containing formulation, for instance, the passage of individual
bubbles results in a fluctuation of the gas/liquid ratio at the nozzle exit. This fluctuation, however, occurs on a very short timescale. Additional information about
the multiphase flow structure may be obtainable from spectra of the unsteadinesses.
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Abstract

A technique has been developed for the measurement of acoustic unsteadiness of sprays from pressurised metered-dose inhalers. An ensemble (n ≥ 126) of acoustic measurements of
sprays were obtained for two formulations with and without
ethanol. Acoustic signals were analysed using the HilbertHuang Transform to obtain their amplitude envelopes, allowing
the instantaneous energy to be determined. Ensemble statistics
of each formulation’s instantaneous energies allowed the determination of time-variant unsteadiness. The performance of the
technique is demonstrated using two formulations with different
steadiness characteristics; internal flow pattern phase contrast
visualisations are presented that show the flow pattern varies
by formulation. Unsteadinesses are presented for both formulations and is approximately 50% higher for the propellant-only
formulation in the first 100 ms of injection. Variation of the unsteadiness with low-pass filtering of the acoustic energy demonstrates that the unsteadinesses are more separable when shortduration fluctuations are removed.
Introduction

Unsteadiness affects the performance of twin-fluid atomisers
(Jedelsky and Jicha 2008). The unsteadiness is closely related
to the flow pattern at the nozzle exit orifice. Flows that exhibit
temporal inhomogeneity of the flow in the nozzle exit orifice
tend to be unsteady. Pressurised metered-dose inhalers (pMDI)
are flash atomisers in which a drug-containing formulation is
discharged from a nozzle. The discharge from the nozzle is
predominantly vapour (Mason-Smith et al. 2016) and the liquid
phase is often multicomponent, as cosolvents are added to the
propellant.
Measuring unsteadiness has been accomplished in several ways.
Frameworks exist that directly measure the unsteadiness (Edwards and Marx 1995). The framework developed by Jedelsky and Jicha (2008) uses pressure fluctuation measurements in
the mixing chamber to estimate the fluctuation of the gas-liquid
ratio at the nozzle; this is termed the ‘two-phase flow unsteadiness’. Recent work (Sun et al. 2016) has shown that fluctuations
of acoustic energy, which can be described as the ‘acoustic unsteadiness’, provide an indication of the flow unsteadiness. In
this paper we extend the acoustic unsteadiness method of Sun
et al. (2016) for use as a diagnostic for pMDIs. Two formulations are studied that exhibit highly different internal flow patterns, and their acoustic unsteadinesses are measured using the
method outlined in this paper.
Methodology

A linear solenoid-driven rig was used to remotely actuate pMDI
canisters. Phase contrast imaging was performed at the 7-ID
beamline of the Advanced Photon Source at Argonne National
Laboratory. Details of phase contrast imaging for fluid mechanics studied are given in Kastengren and Powell (2014).

Formulation

pv (bar)

ρl kg/m3

HFA134a
HFA134a/Ethanol

6.65
5.95

1208
1119



Table 1: Vapour pressures pv and saturated liquid densities ρl
of formulations studied.
Acoustic measurements were obtained in the Laboratory for
Turbulence Research and Combustion (LTRAC). Lab temperature was monitored and was 22.4–23.9◦ C. A GRAS 46BE
preamplified freefield microphone was connected to a National
Instruments 16-bit analog-to-digital converter and was sampled
at 250 kS/s. No antialiasing filter was used. The microphone
was placed 23 mm from the nozzle exit orifice in the horizontal
plane at an angle of 135◦ to the spray axis.
Two formulations were used and are tabulated in Table 1.
Vapour pressures were estimated using the data provided in
Gavtash et al. (2015). These two formulations had comparable vapour pressures and densities, but exhibited very different
internal flow patterns. Phase contrast images of the internal flow
structure in the expansion chamber and nozzle of the pMDI are
shown in Figure 1. The propellant-only formulation contains
large nonspherical bubbles with characteristic lengths almost
equal to the expansion chamber diameter. In the parlance of
multiphase flow patterns, this can be designated a slug/annular
flow (Brennen 2005). By contrast, the ethanol-containing formulation is a bubbly flow with much smaller spherical bubbles
on the order of 250 µm. Unsteadiness is highest for slug-type
flows, as exhibited by the propellant-only formulation; bubbly flows with small bubbles relative to the size of the nozzle are most stable. Optical extinction measurements of these
same formulations found a lower coefficient of variation for the
ethanol-containing formulation, indicating a steadier spray process (Mason-Smith et al. 2015a). Similarly, the coefficient of
variation of the optical extinction of HFA227ea sprays from a
pMDI analogue were substantially reduced by the inclusion of
ethanol (Mason-Smith et al. 2015b). The formulations listed
in Table 1 are used as test cases for the acoustic unsteadiness
technique.
Acoustic Analysis

Acoustic unsteadiness is the coefficient of variation (σ/µ) of
the acoustic energy E (Sun et al. 2016). For continuous sprays,
the mean and standard deviation of the acoustic energy can be
obtained from a single spray record. As the pMDI spray is
transient, we obtain these statistics from an ensemble of spray
records and define the time-variant unsteadiness U(t):

U (t) =

D
E1/2
E 2 (t) − hE (t)i2
hE (t)i

(1)

Figure 1: Phase contrast images for sump and nozzle flow
50 ms after start of injection of (top) HFA134a and (bottom)
HFA134a/Ethanol.
The energy of the signal at time t is obtained by squaring the
signal’s instantaneous amplitude a(t):
E(t) = a2 (t)

(2)

Defining the time-variant amplitude a(t) of a non-stationary signal requires a non-stationary analysis technique. The Hilbert
Huang transform (HHT) is a well-established method for analysis of non-stationary and nonlinear time series (Huang et
al. 1998). A brief overview of the method is given.
The signal is decomposed into intrinsic mode functions (IMF)
using the empirical mode decomposition (EMD) outlined in
Huang et al. (1998). An analytic representation of each IMF
is obtained by taking its Hilbert transform:
Yi (t) =

1
P
π

Z∞

−∞

Xi (t 0 ) 0
dt
t − t0

(3)

where Xi is the ith IMF and P is the Cauchy principal value. The
instantaneous amplitude a of the IMF is obtained trigonometrically:
h
i1/2
ai (t) = Xi2 (t) +Yi2 (t)
(4)
The instantaneous amplitude of the signal is then obtained by
summing the amplitudes of the modes:
a(t) =

N

∑ ai (t)

(5)

i=1

With an ensemble of instantaneous amplitudes, the unsteadiness
can be evaluated.

Figure 2: Acoustic signals from sprays of (top) HFA134a and
(bottom) HFA134a/Ethanol.
Results and Discussion

Sample signals of the acoustic pressure fluctuation p0 for each
formulation are shown in Figure 2. Injections are approximately
100-200 ms in duration. For the propellant-only formulation,
sound of relatively constant low amplitude is generated from
125-250 ms, and is related to the discharge of vapourous propellant from the expansion chamber. The ethanol-containing
formulation has a more rapid end-of-injection event, with a continual decline in the amplitude from 50 ms until it is no longer
discernible at 225 ms. Both formulations show spikes in the
acoustic amplitude, likely to be associated with the passage of
bubbles from the nozzle exit orifice. The propellant-only signal
shows a local minimum around 30 ms. Collection of an ensemble of spray records enables the determination of which of these
variations in amplitude are stochastic and which are repeatable.
Determination of the unsteadiness requires an accurate estimation of the variance of the acoustic energy, and may provide erroneous estimates in the presence of noise. The presented measurements have very high signal-to-noise ratios, demonstrated
by the absence of discernable pressure fluctuations before the
start of injection. The RMS amplitude of the noise is approximately 0.15 Pa, which corresponds to a peak signal-to-noise
ratio of 105 .
Signals were decomposed into IMFs with the EMD and their
amplitude envelopes reconstructed with the first two IMFs. This
reconstruction acted as a high-pass filter with a cutoff of approximately 20 kHz; as the frequency in each mode varies as a function of time, some energy associated with frequencies above the
cutoff may be contained in the third mode. An example of the
agreement between the amplitude envelope and the raw signal
is shown in Figure 3.
Statistics of the acoustic energy were calculated for each formulation at full temporal resolution. The resulting mean, RMS
and unsteadiness are binned to 1 ms increments and are shown
in Figure 4. The mean acoustic energy plot shows that the local
minimum at 30 ms of the pressure fluctuation for the propellantonly formulation (Figure 2, top) is repeatable across the ensem-

Figure 3: Short time segment of HFA134a spray acoustic signal
and signal envelope ±a(t) (shown in gray).
ble. A local minimum of the droplet velocity for pure propellant pMDI sprays occurs around this same time (Myatt et
al. 2015), and phase contrast videos show that this corresponds
to the time required to evacuate air from the expansion chamber.
Importantly, this demonstrates that the time-variant unsteadiness method separates repeatable and random fluctuations of
the acoustic amplitude, which would be aggregated in a quasisteady state implementation of the Sun et al. (2016) method.
For the ethanol-containing formulation, mean acoustic energy
rises until a maximum at approximately 30-35 ms and exhibits
a gradual decay. The propellant-only formulation amplitude decays after a local maximum at approximately 50 ms.
RMS acoustic energy and unsteadiness are presented in Figure
4 (middle and bottom, respectively). The RMS acoustic energy traces are similar in shape to the mean acoustic energy.
This results in a near-constant value of the acoustic unsteadiness. For both formulations the unsteadiness values are high,
the propellant-only spray having an unsteadiness of around 1.2
during the first 100 ms of the injection. The ethanol-containing
formulation has a lower unsteadiness, remaining almost invariant at 0.8 throughout this same time period.
Short-time variability of the acoustic energy prompted Sun et
al. (2016) to low-pass filter the unsteadiness measurement by
integrating the acoustic energy over a time T ∗ , noting that its
selection was important to the measurement. For their study, the
integration time was chosen to be 30 ms, with little explanation
given for its selection. One interpretation is that time integration acts as a low-pass filter on the acoustic energy and enables
separation of flow regimes above a selected time scale. Bubbly
flows are unsteady on very short time scales associated with the
passage of individual bubbles, and the accompanying fluctuation of the gas-liquid ratio at the nozzle exit orifice. These same
flows will however be steadier at longer timescales—as will all
flows, given the known effect of low-pass filtering on variance
(Bendat and Piersol 1986). For a continuous spray process, the
time scales of the unsteadiness could be obtained with spectra
of the mean-subtracted acoustic amplitude. For transient spray
processes, obtaining a time scale of the unsteadiness is not so
straightforward. Investigating the effect of low-pass filtering the
unsteadiness is one approach to indicate time scales associated
with the fluctuations. To this end, we investigate the sensitivity
of U to low-pass filtering.
The sensitivity of the unsteadiness measurement to low-pass filtering of the acoustic energy by binning is illustrated in Figure 5. The plot shows the ensemble unsteadiness time-averaged
over the interval 25-75 ms as a function of bin width, to a max-

Figure 4: Ensemble (top) mean, (middle) RMS and (bottom)
unsteadiness of E with (solid line) HFA134a and (dashed line)
HFA134a/Ethanol formulations.
imum width of 2 ms. Ū is seen to be almost invariant at small
bin widths below approximately 30 µs. Logarithmic axes are
used to show that the RMS energy and the unsteadiness decay at a constant amplitude ratio (dB) per octave above 30 µs
bin widths. Over this range, the unsteadiness decays with an
amplitude ratio of 1.18 per octave for the propellant-only case
and 1.3 for the ethanol-containing formulation. At larger bin
widths, the formulations become more separable as the ratio of
their unsteadinesses increases. The difference in decay rates
of unsteadinesses suggests that more energy is concentrated on
shorter timescales for the ethanol-containing formulation, consistent with the bubbly flow regime depicted in Figure 1. If the
random fluctuations for the ethanol-containing case are associated with the passage of individual bubbles, low-pass filtering these fluctuations will provide an unsteadiness indicative of
longer-period fluctuations—such as those from the passage of
large liquid slugs in the propellant-only formulation.
Conclusions

A method is developed for the measurement of acoustic unsteadiness of sprays from pressurised metered-dose inhalers.
The method is able to separate random and repeatable fluctuations of the amplitude of the signal. Unsteadiness is nearconstant for each formulation during the first 100 ms of injection and was approximately 50% higher for the propellant-only
formulation. The measured unsteadiness is sensitive to low-pass
filtering of the acoustic energy, and decays more rapidly with
filter width for the bubbly flow case than for the slug-annular
flow case.
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Appendix D
Temporally and Spatially Resolved
x-ray Fluorescence Measurements
of in-situ Drug Concentration in
Metered-Dose Inhaler Sprays
D.1

Introductory statement

Previous chapters concerned the measurement of spray projected mass and optical
density in pMDI sprays. As the drug is of pharmacological importance, rather than
the spray mass, it is important to measure the drug concentration directly.
Typical measurements of drug distribution in pMDI sprays are performed with
cascade impactors. These have poor temporal and spatial resolutions; the entire
spray is integrated into a single measurement. There are trends in drug distribution
that are not captured in these measurements.
Optical diagnostics have high spatial and temporal resolutions, but cannot discriminate the drug from other spray components. Laser-based diagnostics can measure the droplet distribution with high resolution, but do not provide a measurement
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of drug concentration. Quantitative x-ray radiography provides a measurement of
the projected mass, of which the drug is a very small component (typically 0.1% by
mass). The mass distribution of these sprays is proportional to the drug distribution
if and only if the drug is well-mixed within the spray. If the drug is not well-mixed,
its distribution will differ from that of the mass.
In this Appendix, x-ray fluorescence spectroscopy is used to directly measure
the time-variant ensemble-mean drug concentration of sprays from a pMDI analogue. Raster-scanning of the beam allowed the spatial distribution of the drug to
be determined. The drug concentration was determined from k-shell fluorescence
of bromine in the drug. Laser extinction was also performed to measure the spray
optical density, which was compared with the drug distribution.
The work is presented in the form of a journal article published in Pharmaceutical
Research 1 . This article is reprinted by permission from Springer: Pharmaceutical
Research, “Temporally and Spatially Resolved x-ray Fluorescence Measurements of
in-situ Drug Concentration in Metered-Dose Inhaler Sprays”, Duke, Daniel J., Alan
L. Kastengren, Nicholas Mason-Smith et al. © 2016.
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ABSTRACT
Purpose Drug concentration measurements in MDI sprays
are typically performed using particle filtration or laser scattering. These techniques are ineffective in proximity to the
nozzle, making it difficult to determine how factors such as
nozzle design will affect the precipitation of co-solvent droplets
in solution-based MDIs, and the final particle distribution.
Methods In optical measurements, scattering from the constituents is difficult to separate. We present a novel technique
to directly measure drug distribution. A focused x-ray beam
was used to stimulate x-ray fluorescence from the bromine in a
solution containing 85% HFA, 15% ethanol co-solvent, and 1
μg / μL IPBr.
Results Instantaneous concentration measurements were obtained with 1 ms temporal resolution and 5 μm spatial resolution, providing information in a region that is inaccessible to
many other diagnostics. The drug remains homogeneously
mixed over time, but was found to be higher at the centerline
than at the periphery. This may have implications for oropharyngeal deposition in vivo.
Conclusions Measurements in the dynamic, turbulent region of
MDIs allow us to understand the physical links between formulation, inspiration, and geometry on final particle size and distribution. This will ultimately lead to a better understanding of how
MDI design can be improved to enhance respirable fraction.

KEY WORDS fluorescence . pressurized metered dose
inhaler . synchrotron radiation . x-ray

* Daniel J. Duke
dduke@anl.gov
1

Energy Systems Division, Argonne National Laboratory, Lemont, Illinois,
USA

2

X-ray Science Division, Argonne National Laboratory, Lemont, Illinois,
USA

ABBREVIATIONS
FWHM
HFA
IPBr
MDI
XFS

Full width at half maximum
Hydrofluoroalkane
Ipratropium bromide
Metered dose inhaler
X-ray fluorescence spectroscopy

INTRODUCTION
Pressurized metered-dose inhalers (MDIs) are the predominant method of drug delivery to the lungs, and have been in
use for many decades (1,2). However, MDI applications are
limited by the inconsistency of the delivered dose and the
respiratory fraction received by the patient (3–5). Dosing inconsistency is primarily a result of the requirement that the
patient operate the device correctly and provide a suitable
inspiration flow. These factors have greater influence with
more acute respiratory diseases (6). The result of this is variability in respiratory fraction ranging from 40% of the
metered dose to potentially as low as 10% (4,7). This is generally understood to be due to the non-ideal spreading angle
of the spray (leading to oropharyngeal deposition) and
non-ideal particle size (which leads to non-ideal settling
times and impaction in the upper bronchial-tracheal region of the lungs) (8).
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The lack of quantitative, predictive physical models linking
nozzle design, formulation chemistry, operating conditions
and the final particle size and spray distribution are a major
barrier to the development of more reliable and efficient
MDIs. A thorough understanding of these links requires comprehensive knowledge of how the spray is initially formed,
with regard to the fluid flow inside and outside the nozzle
and how suspended or soluble drugs are transported inside
the resulting spray. Most of the important physical processes,
such as flash-evaporation, cavitation and precipitation, occur
either inside or within centimeters of the MDI nozzle (3,9,10).
In the following, we refer to this as the ‘near-field’ region of the
spray.
The primary non-intrusive diagnostic suited to studying the
near-field region of MDI sprays is high-speed imaging. Backlit and front-lit photography are commonly used (11,12), however these techniques are limited to measuring the velocity
and displacement of the outer boundary of the entire propellant plume (9,13,14). Schlieren and shadowgraph imaging
techniques are capable of visualizing density gradients inside
the spray, but cannot distinguish the drug distribution from
the overall propellant and co-solvent distribution (9).
Ultimately, it is the distribution of the active drug which is
most important in understanding precipitation and oropharyngeal deposition, and this is difficult to obtain with imaging
techniques.
To this end, many diagnostic tools are available for the
analysis of drug distribution. These include intrusive exvalve particle filtration devices such as the Andersen cascade
impactor (15), and Next Generation impactor (16). Mass spectrometry, scanning electron microscopy and electron force
microscopy are also used to study deposition on barriers
(17,18). These are supplemented by non-intrusive laser-based
diagnostics such as phase-doppler velocimetry (19,20), lasersheet patternation (21) and laser diffraction particle sizing devices (21,22). All these techniques are generally restricted to
use in the dilute region far downstream of the nozzle; intrusive
sampling methods cannot determine the in-situ distribution of
the drug very close to the nozzle without altering the fluid
flow. Laser-based techniques are ineffective in the near-field
since the number density of the scattering particles is too high,
resulting in multiple scattering events which degrade signal quality, even if the total optical density is modest. Furthermore, it is
difficult to ascertain the actual concentration of the drug present
in any particles or droplets detected using these methods.
The ideal diagnostic for this problem is one which will work
effectively in regions of high optical density, is non-intrusive,
can distinguish the active drug from the other constituents,
and is well resolved in space and time in order to capture small
transient features. Synchrotron radiation techniques are well
suited to this problem. Synchrotron x-rays have high penetrating power, high flux, tunable energy range, and are wellcollimated (23). The properties of small static samples can be

studied using a variety of techniques, such as phase-contrast
imaging, x-ray scattering, absorption radiography, and fluorescence spectroscopy (24). In recent years, focused x-ray
beams have been effectively used to non-intrusively probe
dense fluid flows and sprays, including cavitating flows
(25–28).
X-ray fluorescence spectroscopy (XFS) techniques are of
particular interest for MDI applications, since any element
in the drug can be tracked, provided that it has a suitable
fluorescence wavelength (24). Argon fluorescence has previously been used to study turbulent mixing in gas jets (29,30),
and a similar process maybe applied to MDI sprays. The
measurement is similar in principle to laser-induced fluorescence (31); however, the very short wavelengths of x-rays result
in the emission of x-ray photons from the ionization of coreshell electrons. Therefore, the emission can easily penetrate
the sample to reach the detector, and the measurement is
independent of temperature, pressure, and valence state.
XFS can track any element that has a unique emission line
with sufficient yield and an acceptable absorption edge in a
suitable energy range for the detector. For practical purposes,
this includes elements from sulfur (atomic number 16) and up,
since lighter elements have low fluorescence energies which
are absorbed by the surrounding environment. This naturally
excludes most organic compounds and propellants.
In this paper, we present a novel diagnostic technique for
the measurement of drug concentration in a MDI spray using
x-ray fluorescence. The measurement is non-intrusive, and
provides a quantity which is directly proportional to the total
amount of active drug integrated along the path of the x-ray
beam where it interacts with the spray. The data have millisecond time resolution and 5 μm spatial resolution. We take
advantage of the fluorescence properties of bromine to directly track the concentration of ipratropium bromide (IPBr) in
ethanol co-solvent, with sprays driven by both HFA 134a and
HFA 227 propellants.
The technique is not restricted to IPBr; other drugs can be
targeted in the same manner if they contain atoms with suitable fluorescence energy (32,33), or are tagged with a suitable
inert tracer. In Table I we list several candidate drugs that
contain naturally suitable fluorescent species.

METHOD
The experiments were performed at the 7-BM beamline of
the Advanced Photon Source at Argonne National
Laboratory (25). A side-cutaway view of the experiment is
shown in Fig. 1. The MDI is fired inside a spray chamber
which is continuously purged with nitrogen, simulating inspiration. The inlet flow passage is designed to closely match the
geometry of the flow passage in the original inhaler body. In
order to obtain accurate control over the spray duration and

X-ray fluorescence measurements of metered-dose inhaler sprays
Table I Several Candidate Drugs for X-Ray Fluorescence Spectroscopy without a Tracer, In Order of Increasing X-Ray Emission Energy (Decreasing
Wavelength, and Increasing Ease of Detection)
Name

Description

Fluorescence Line (Approx. Mean Energy) (32,33)

Formula

Salbutamol sulphate

β2 agonist

S K α (2.3 keV) & K β (2.4 keV)

C 26H44N2O10S

Methacoholine chloride
Sodium chloride
Beclomethasone
Ciprofloxacin HCl

Cholinergic (Bronchial provocation test)
Hypertonic solution for nebulization
Inhaled steroid
Common antibiotic

Pentetate zinc trisodium
Tiotropium bromide
Ipratropium bromide

Radioisotope decontaminant for nebulization
Anticholinergic
Anticholinergic used in this study

Cl K α (2.6 keV) & K β
Cl K α (2.6 keV) & K β
Cl K α (2.6 keV) & K β
Cl K α (2.6 keV) & K β
Zn K α (8.6 keV)
Br K α (11.9 keV)
Br K α (11.9 keV)

C 8H18ClNO2
Na+ Cl−
C 28H37ClO7
C 17H18FN3O3 ⋅ HCl⋅H2O
Na3 ZnC14 H18 N3O10
C 20H30BrNO3
C 20H30BrNO3

timing, the standard metering valve has been removed from
the canister, and the formulation is supplied to a microdispensing solenoid valve, which is electronically controlled
in sync with the data acquisition system. A stock MDI nozzle
with nominal diameter D ¼ 300 μ m is removed from the
inhaler body and mounted on an aluminum tube connected
to the outflow side of the solenoid valve. The stem is connected to the solenoid via a 0.8 mm diameter, 16.5 mm long
connecting pipe. The total volume making up the space between the nozzle and solenoid valve exit is 38 μL, comparable
to typical commercial expansion chamber volumes of around
10–30 μL.
The chamber is sealed with a thin polyimide film which
contains the spray and acts as an x-ray window. The plastic
walls of the mouthpiece are similarly replaced with polyimide
windows mounted on a plastic frame. This maintains the
shape of the original mouthpiece whilst allowing the x-ray
Fig. 1 Side cutaway view of spray
chamber, showing the MDI nozzle
inside the mouthpiece, the airflow
passage, and the connection of the
unmetered canister to the nozzle.
The red line represents the x-ray
beam, and the blue lines represent
omnidirectional x-ray fluorescence
emitted from a line source where
the beam intersects the spray.

(2.8
(2.8
(2.8
(2.8

keV)
keV)
keV)
keV)

beam (indicated by the red line) to travel through the nozzle
with minimum absorption, and allowing the fluorescent emission (blue lines) to more easily escape the mouthpiece.
A plan view of the experiment setup is shown in Fig. 2,
which highlights the key features of the beamline. A double
multilayer monochromator (not shown) is used to generate an
x-ray beam of mean energy 15 keV, with a bandpass of 1.0%
FWHM. A pair of x-ray mirrors are used to focus the beam to
a 5  6 μ m spot, with the focal point located at the center of
the mouthpiece. The beam passes through an intensity monitor (I 0 , Fig. 2), which is used to normalize out any fluctuations
in the incoming intensity. The beam traverses the spray, and is
collected by a PiN diode (I 1 , Fig. 2), which records the overall
transmission of x-rays through the sample. Fluorescence xrays are emitted isotropically where the beam interacts with
the spray, and some fraction of those are collected by a silicon
drift diode placed at right angles to the beam. This is a spectral
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Fig. 2 Plan view of experiment.
The red line represents the x-ray
beam, the green line represents the
532 nm laser beam, and the blue
lines represent omnidirectional xray fluorescence emitted from a line
source where the beam intersects
the spray.

detector which is capable of discriminating both the photon
energy and count rate of incoming x-rays. A set of Soller slits
act as a collimator, to cut down the amount of unwanted
elastically scattered x-rays seen by the detector.
Simultaneously, a 532 nm laser beam is passed through the
same point in the spray, offset by 15°. The laser beam has a
focus spot size two orders of magnitude larger than the x-ray
beam. This is collected by a photodiode, giving a nominal
indication of the optical density of the plume, defined as (34);


I 2 ðx; y; t Þ
;
ð1Þ
ODðx; y; t Þ ¼ −log10
I 2 ðx; y; 0Þ
where I 2 is the intensity measured by the photodiode (see
Fig. 2). The x-ray and laser beams are fixed; the spray chamber is translated horizontally and vertically to choose the measurement location. The origin of the measurement plane is
located at the tip of the mouthpiece (y ¼ 0 ), at the centerline
(x ¼ 0 ). The z axis is aligned with the x-ray beam. In these
experiments, we pass the beam across the minor axis of the
mouthpiece, and scan in x across the major axis.
A complete description of the principles of x-ray fluorescence is outside the scope of this paper and may be found
elsewhere (35). Here, we provide a brief explanation of how
the drug concentration was calculated. Bromine has a K-shell
electron binding energy of 13.474 keV, which is excited by the
15 keV incident x-ray beam (32). When a K-shell electron is
removed, a higher-shell electron will fill the hole. Most often,
this results in the emission of a fluorescence x-ray photon.
When the hole is filled by an L-shell electron, the emitted
photon is denoted Kα. The less frequent M to K-shell transition emits a Kβ photon. For Br, the Kα photon energy is
11.9 keV. This is far away enough from the incident beam
energy that the detector can differentiate them from any elastic and Compton scattering.
The number of detector events corresponding to Br Kα
photons can be directly related to the mass concentration of
the target drug integrated along the path of the x-ray beam.
Assuming weak absorption in the sample, the beam intensity
remains relatively constant throughout the penetration depth
(which is confirmed to be the case for these measurements).

The rate of fluorescence emission dI f is proportional to the
amount of beam absorbed in the target dI abs , and this is in
turn proportional to the local density of the drug ρdrug in a
differential pathlength dz;
dI f ¼ ω dI abs ¼ ω I 0 μ d M drug ¼ ω I 0 μ ρdrug dz:

ð2Þ

Here, ω is the fluorescence efficiency of the target species;
this is calculated from empirical tables (36). I 0 is the incident
x-ray flux, and μ is the mass attenuation coefficient of the
target species (see Table II).
Following from the above, the projected density of drug
M drug (mass per unit area) is proportional to the count rate
I Br Kα of Br Kα photons at the detector;
Z
M drug ¼

ρdrug dz ¼

ψI Br K α
:
I 0 τ f det f att

ð3Þ

The coefficient ψ is a lumped calibration constant which accounts for all fixed quantities that determine the ratio of
projected density to the number of events recorded at the detector. This includes the solid angle subtended by the detector, the
mass attenuation coefficient, and fluorescence efficiency. Other
variable factors are τ, the amount of fluorescence signal trapped
by the medium between the measurement region and the detector, f det , the correction function for the detector dead time (ie.
the fraction of the time that the detector is ready to detect an
Table II

Experimental Parameters and Calibration Values

Name

Value

Incident x-ray flux (I 0 )
Sampling interval (Δt )
X-ray beam spot size
IPBr Molar mass (M)

6  1011 photons/s
1 ms
56 μm
412.37 g/mol
4.57 g/cm2
0.516 [36]
1:57  105 g/mm2
371 ng/mm2 (HFA 134a)
393 ng/mm2 (HFA 227)

IPBr mass attenuation coefficient ðμÞ
Fluorescence efficiency for Br Kα ðωÞ
Lumped calibration constant ðψ Þ
Approximate fluorescence


calibration M drug =I Br Kα
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incoming photon) (37), and f att , the correction function for attenuation of the incident beam in the sample, which can vary
depending on measurement location. In the present study, absorption in the sample is very small such that f att ≈1, and the
other functions can be considered constant.
Normally, a known sample of the target species is placed in
the beam and used as a calibration standard. However, in this
paper we use a calibration obtained from first principles. As
such, the assumptions introduced in the analysis will introduce
some error. We therefore note that the projected density measurements presented in this proof-of-concept study are in approximate units.
Experiments were carried out at several measurement locations in two different formulations containing 85% HFA
134a or HFA 227 propellant, 15% ethanol co-solvent, and 1
μg / μL IPBr. Under all test conditions an inspiration flow of
30 L/min was used. In order to increase canister lifetime, a
relatively short injection of 30 ms was used. A time-history of
the drug concentration integrated along the x-ray beam path
was computed for each sample point as the average of at least
200 sprays, in order to determine the mean behavior of the
spray and obtain an acceptable total count rate.

RESULTS AND DISCUSSION
In Fig. 3, we show the time-history of both IPBr projected
density (red markers) against the optical density of the entire
plume (blue line) for a single measurement location on the
nozzle centerline, 5 mm downstream of the mouthpiece,
with HFA 134a propellant. The 30 ms spray event begins at t ¼ 0, and ends at t ¼ 30 ms as indicated by the
vertical dashed line.
It should be noted that the 30 ms duration of injection and
total event duration of approximately 100 ms is relatively
short compared to a typical MDI, in which the spray event
may last from 200 to 300 ms. This short injection duration was
chosen in order to extend the lifetime of the canisters under
Fig. 3 30ms injection at x=0, y=
5 mm for HFA 134a propellant. The
optical density (blue line, left vertical
axis) is compared to the drug
concentration (red markers, right
vertical axis).

Fig. 4 Several samples of optical density measurements (from photodiode)
for 30 ms injection at x=0, y=5 mm for HFA 134a propellant.

repeated testing conditions. The 30 ms injection duration was
selected as the minimum injection duration at which the gross
structure (9) and optical density of the spray reached the same
maximum value as seen in longer injection events.
The error bars in Fig. 3 represent the standard deviation
about the mean of 200 spray events. In order to improve the
signal to noise ratio, a 5 ms moving average window has been
applied to the IPBr projected density. The error bar in the
region of zero concentration provides some indication of the
uncertainty of the measurement; 5 ng/mm2, which is mostly
due to photon shot noise. The increase in the error bar at the
peak regions (10 ng/mm2) provides some indication of the
variation between spray events .
We can see that the drug concentration tracks the optical
density closely, indicating that the drug concentration in the
plume remains relatively constant throughout the injection
duration. This indicates that the fluid is indeed well-mixed,
as is expected for a solution-based formulation. We note that
the rise and fall of the spray density is marked by several local
peaks and troughs which appear to correspond to unsteady
events in the spray; these are captured reasonably well by both
the optical density and fluorescence measurements. Owing to
the short injection duration, the spray never reaches a steady
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Fig. 5 30ms injection at x=0, y=5 mm for two propellants. The markers
represent the XFS data, and the lines represent the optical density.

state. However, the unsteadiness of the spray is very repeatable from shot to shot, since the data shown here are the
average of 200 injection events. In Fig. 4, several measurements of optical density are shown at x=0, y=5 mm for the
HFA 134a propellant. It can be seen that the temporal unsteadiness of the spray is quite repeatable between events.
The quantities obtained by XFS are path-length integrated
along the beam, and are thus given in units of mass per area
rather than mass per volume. In order to check whether these
quantities are reasonable, we can estimate what the projected
density values should be by making some thermodynamic
approximations; this provides an indication of whether the measurement is at the correct order of magnitude . Given the known
concentration of IPBr in the solution (1 μg / μL) and assuming a
homogeneous distribution of IPBr in a fully vaporized spray at
Fig. 6 Axial scans along centerline
(x=0).

equilibrium thermodynamic conditions, we would expect the
local density to be on the order of 3 to 6 ng/mm3. We base this
density value on tabulated properties for the propellants and
co-solvent (38). If the concentration of IPBr is within this range,
then the measured peak values of approximately 80 ng/mm2
correspond to integration path lengths of approximately 13 to
26 mm (dividing the measured value of projected density by the
expected fluid density). This corresponds well to the geometry of
the inhaler mouthpiece and the expected spreading angle of the
plume (ie. the path length through which the beam intersects
the spray), which tells us that the XFS measured quantities are
at the correct order of magnitude.
In Fig. 5, we compare measurements on the nozzle centerline, 5 mm downstream of the mouthpiece, for formulations
containing both HFA 134a and HFA 227 propellants. We
note that the expansion of HFA 227 from the metering volume is delayed. We also note that both the optical density and
drug concentration have a lower maximum value, suggesting
a lower spray density. However, it is not presently possible to
determine whether these changes are due to the variations in
propellant properties (such as vapor pressure) or due to changes in the spray structure. The experiment operates on a fixed
duration of injection where the flow is throttled by a valve,
rather than a metered volume that is allowed to expand at an
arbitrary rate. This will be a matter for further study.
Translating the nozzle vertically, we develop axial profiles
demonstrating how the drug distribution at the nozzle centerline changes with increasing distance from the mouthpiece.
Two-dimensional maps for both propellants are shown in
Fig. 6, with the horizontal axes being time and axial distance
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Fig. 7 Radial scans across the
spray for HFA 134a propellant.

y from the mouthpiece, and the vertical axes being the
projected density of the drug (a,b) and the optical density of
the plume (c,d). The y axis spans negative values (inside the
mouthpiece) and up to 70 mm downstream. We note that the
optical density of the plume decays with increasing distance as
the plume spreads, but the peak drug concentration remains
relatively constant. The reduction in optical density is expected, since the plume is both spreading and becoming more
dilute as inspired air is entrained and the co-solvent and propellant evaporate. However, the constant drug concentration
measurement indicates that the drug distribution is being conserved within the plume; the plume is spreading in space, but
once the measurement is integrated along the path of the xray beam, the total is approximately the same. This is exactly
the result we would expect for a fully developed jet of a conserved scalar, suchas the drug mass (9). The lower values for
Fig. 8 Radial scan across the spray
for HFA 227 propellant.

y < 0 can be explained by the trapping of fluorescence photons inside the mouthpiece, which varies according to the
amount of accumulated deposition on the windows.
Similarly, we can scan the nozzle across the beam and develop a radial profile showing the width of the spray and projected
density of the drug. Two radial scans at y ¼ 5 mm and y ¼ 25
mm are shown in Fig. 7 for the HFA 134a propellant. A profile
at y ¼ 25 mm is also shown in Fig. 8 for HFA 227 propellant. In
these figures, the horizontal axes represent time and the transverse position x relative to the centerline of the mouthpiece.
Again, we note that the optical density decreases with increasing
y, but the drug concentration remains relatively constant.
Figures 7 and 8 show that the radial distributions have
steep gradients, while the optical density profiles have
Gaussian profiles. We can see this more clearly in Fig. 9, which
shows the radial profiles of both x-ray fluorescence (drug
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Fig. 9 Transverse line-of-sight integrated profiles of time-integrated drug
concentration (red) compared to time-average optical density (blue) for a
HFA 227 spray at y=25 mm from the nozzle. The error bars represent
two standard deviations about the time-averaged value.

proportional to its own density distribution, and the elliptic
profile (Fig. 10c) is the projection of a flat density field.
We note that the x-ray fluorescence and optical density
profiles in Fig. 9 have a similar shape to Fig. 10a and b respectively. From this observation, we hypothesize that the
spray (as indicated by optical density) has an approximately
Gaussian distribution of density like Fig. 10b, while the drug
concentration is higher at the center and less at the periphery,
similar to Fig. 10a. This suggests that the drug is not evenly
distributed across the spray. This is important, as the concentration of the drug at the edges of the plume is a key factor in
determining oropharyngeal deposition.

CONCLUSIONS
concentration) and optical density integrated over the entire
duration of the spray event. The radial profile shows a sharp
peak for the x-ray fluorescence data, and a more Gaussian
peak for the optical density.
Both measurements shown in Fig. 9 are line-of-sight integrated. This means that a small change in the measured quantity can reveal a large local change in the three-dimensional
density field. In practice, the small change in the peaks that we
see in Fig. 9 actually represents quite a substantial change in
the local density field near the centerline of the spray. As such,
the concentration of drug in the spray could be quite different
from what we might intuitively expect.
To understand how an axisymmetric density field appears
when projected onto a plane, we consider the inverse Abel
transforms (39) of several sample profiles in Fig. 10. The purpose of Fig. 10 is to show that linear, Gaussian and elliptic lineof-sight integrals (solid lines) actually represent very different
local density distributions. The linear profile (Fig. 10a) has a
very high density peak at its center, the Gaussian (Fig. 10b) is

In this paper, we have demonstrated a novel method of directly measuring the in-situ distribution of an active drug in an
MDI spray using x-ray fluorescence. The technique is nonintrusive, temporally and spatially resolved, and provides a
direct quantitative measurement of the line-of-sight projected
density of the drug, independent of the propellant and cosolvent. The measurement is unaffected by local temperature
gradients. The high penetrating power of x-rays allows us to
measure inside the mouthpiece and probe dense regions of the
spray close to the nozzle, a region which is inaccessible to
many other diagnostics.
Proof of concept measurements using short-duration
(30 ms) spray events reveal that the time-history of the drug
distribution and overall spray density never reaches a steady
state. Both HFA 134a and HFA 227 propellant sprays have
line-of-sight drug concentration measurements that approximately match those we would expect if the spray were fully
evaporated. The plume diameters necessary to explain the
measured concentrations correspond to the dimensions of

Fig. 10 Examples of several typical projected density profiles (solid lines), and their corresponding radial density distributions computed by the inverse Abel
transform (dashed lines).
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the mouthpiece. Axial profiles reveal that the drug distribution
is conserved as the spray spreads, which is intuitive. However,
radial distributions reveal that the drug distribution is more
concentrated at the centerline when compared to the overall
density of the plume. More work remains to be done to investigate this matter, but this may be an important factor in
determining oropharyngeal deposition.
This technique is very useful in its ability to isolate drug
concentration from other factors such as temperature, pressure, and the state of the propellant. However, the major
limitation of the method in its presented form is the use of
bromine as a tracer species. It should be noted though that
the technique is not limited exclusively to brominated drugs
such as IPBr. The technique is generally extensible to any
drug which falls into one of two categories; it either has a
naturally occurring unique element with suitable properties
that can be employed as a natural tracer (see Table I), or the
drug can be chemically altered to provide an inert surrogate
(ie. Mn, Fe, Ni, Cu, Zn, etc.) which may alter the drug’s
pharmacokinetics but will not affect precipitation or solubility
properties. This could be achieved via Br - Cl substitution,
doping the solution or suspension with water-soluble metal
salts (sulfates or nitrates of zinc and copper) or commonly
available hydrocarbon-soluble Br or Fe-based compounds,
many of which also dissolve well in common co-solvents such
as ethanol. We note that the fluorescence from lighter elements will be more strongly absorbed in the ambient gas.
With improvements to the design of the experiment, this challenge is surmountable.
Although the measurements presented here are projected
into two dimensions, in principle measurements can be combined from just a few viewing angles to obtain a tomographic
representation of the three-dimensional distribution (27).
Furthermore, since the drug mass is conserved, the fluorescence signal can also be used as a passive scalar. In combination with laser extinction this could provide a quantitative
indication of the rate of vaporisation and precipitation; quantities which are difficult to measure with visible-light optical
techniques alone.
In future work, the technique will be extended to investigate the effects of inspiration flow on near-field entrainment,
and on the effects of varying formulation, nozzle and sump
geometry on the drug distribution. Understanding the physical mechanisms by which these factors affect the distribution
of the drug in the early formation region of the spray may
explain some of the important factors which control dosing
repeatability and respirable fraction.
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Concluding statement

In this Appendix, x-ray fluorescence spectroscopy was used to directly measure the
drug concentration of pMDI sprays. The technique is capable of capturing spatiotemporal trends in the ensemble-mean drug distribution.
Axial scans showed that the projected drug concentration along the spray axis
remains largely invariant with downstream distance. Time-variant transverse profiles of optical density and drug concentration indicate that the drug is well-mixed
in the formulation temporally, but not spatially. The drug concentration is sharply
peaked, while the optical density more closely resembles a Gaussian distribution.
A comparison of the drug distribution with basic radial and transverse profiles indicated that the spray has a high centre line drug concentration. More work is
required to determine the significance of the high centre line drug concentration.
These measurements demonstrate the capacity of x-ray fluorescence spectroscopy
for the measurement of drug concentration in pMDI sprays. Measurements can be
made in the near-nozzle region where laser diagnostics suffer due to high optical
density and multiple scatter, and further downstream.

