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SUMMARY 

The design of the next generation of pressured metered dose inhalers (pMDIs) will 

be driven by the transition to low global warming potential (GWP) propellants. One of 

the major design challenges is the optimization of the actuator nozzle to achieve 

equivalent or improved outcomes to current generation devices. Thermophysical 

property changes and a myriad of fluid-mechanical effects complicate the link 

between formulation and nozzle design. In this paper, using model solution 

formulations of hydrofluoroalkane 134a (HFA-134a) and HFA-152a propellants, state 

of the art X-ray and optical diagnostic tools for pMDI sprays are combined with 

advanced computer modelling to identify and test new nozzle designs that can be 

optimized for use with low GWP propellants. 
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INTRODUCTION 

The transition toward low global warming potential (GWP) propellants for use in 

pressurized metered-dose inhalers (pMDIs) poses a number of formulation and 

engineering challenges [1,2]. During the chlorofluorocarbon (CFC) to 

hydrofluoroalkane (HFA) transition, new formulations were developed and the 

container closure system redesigned [3]. Current pMDIs utilize HFA-134a and HFA-

227 but because these are greenhouse gases, alternative propellants including HFA-

152a and hydrofluoroolefin 1234-ze (HFO1234-ze), with lower GWP are actively 

being explored [2,4].  Low-GWP replacements such as HFA-152a have reduced 

vapor pressure, reduced density and a higher solubility parameter compared to HFA-

134a [5]. Viscosity, latent heat and heat capacity also differ. Changing the propellant 

may therefore affect spray structure and the size of the generated droplets which 

govern pMDI performance [6]. Solution formulations pose an additional challenge 

due to the chemistry of propellant-cosolvent mixtures [7]. 

During the CFC to HFA transition, modifications to the actuator nozzle shape 

and size were explored as a means of compensating for formulation changes [3,8]. A 

similar approach may be possible during the transition to low-GWP formulations but 

this is not without challenges. First, detailed quantitative measurements of spray 

structure close to the nozzle where the propellant evaporates and droplets form are 

needed. A range of synchrotron X-ray diagnostic techniques [9], in combination with 

high-speed imaging [10], have now been developed to understand the effects of 

pMDI formulation on the spray in greater detail than has previously been possible. 

Another challenge facing low GWP inhaler nozzle design is that the parameter space 

for redesign of the nozzle is too large to explore experimentally. This motivated the 
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development of computational models to screen promising nozzle/propellant 

combinations to be targeted for further investigation [12,13]. A new computational 

fluid dynamics (CFD) model for pMDIs which uses experimentally determined 

propellant properties (rather than simple equations of state) to simulate flow in the 

expansion chamber, nozzle and near-nozzle regions has been developed.  

This article describes how the combination of X-ray scattering, high speed 

imaging and high-fidelity CFD simulations can be used to determine the effects of 

propellant and nozzle shape in a pMDI spray. This approach is extended to explore 

candidate nozzle geometries that can be tested for their suitability for use with HFA-

152a. 

NEAR-NOZZLE EXPERIMENTAL CHARACTERIZATION OF pMDI SPRAYS  

In order to understand how actuator geometry may be modified, the performance of 

different propellants in existing nozzles should be determined as a baseline. 

Preliminary results obtained with two solution formulations are described. The control 

formulation was a mixture of 85% HFA-134a (Koura, United Kingdom) and 15% 

ethanol (Sigma-Aldrich, USA) containing 2.34 µg/µL ipratropium bromide micronized 

powder (Vamsi Labs, India) as the active ingredient. Ipratropium bromide was 

chosen in order to facilitate the X-ray measurements [14]. The low-GWP 

replacement formulation was a mixture of 85% HFA-152a (Koura, United Kingdom) 

and 15% ethanol with the same API. Each canister was fitted with a BK357 50µL 

metering valve and used with a BK632 actuator body with a nominal orifice diameter 

of 0.33 mm (Bespak, United Kingdom) [15].  
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High speed imaging experiments were conducted using the set up shown in 

Figure 1a. The canister valve was automatically depressed using a linear solenoid 

[10] in sync with a high-speed camera. An LED array [16] was used to illuminate the 

spray. Images were recorded at 5000 frames/s with a magnification of 43 µm/pixel, 

and a field of view of approximately 40 mm.  

 

  

(a) High speed imaging (b) X-ray scattering 

 

Figure 1. (a) High speed imaging and (b) X-ray scattering experimental set ups 

 

High speed imaging of matched HFA-134a and HFA-152a formulations using the 

BK632 actuator revealed only subtle differences. Figure 2 shows the time-average, 

ensemble-average of 55 sprays. HFA-152a sprays have higher average extinction, 

which occurs despite the lower total mass due to an increase in spray width. 
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(a) Mean, HFA-134a + 15% ethanol (b) Mean, HFA-152a + 15% ethanol 

 

Figure 2. Optical extinction comparison of (a) HFA-134a and (b) HFA-152a placebo 

solution formulations with BK632 actuator body at 1.44 mm - 40 mm from the 

nozzle. 

 

X-ray scattering measurements undertaken at the 7-BM beamline of the Advanced 

Photon Source at Argonne National Laboratory, USA [17] revealed changes in the 

spray structure much closer to the nozzle. A simplified schematic of the experimental 

setup is shown in Figure 1(b). The experimental method and underlying equations 

have been described previously [9,14,15]. Briefly, a monochromatic X-ray beam of 

mean energy 15 keV passes through the spray. Transmitted X-rays are collected by 

a photodiode; this records the line-of-sight integrated density (or projected mass). 

Forward-scattered X-rays are recorded by a large-area photodiode offset from the 

beam. This also records the projected mass, but since it is a measurement against a 

zero background it provides improved signal to noise ratio over the transmission 

measurement when the spray density is low [14]. 

 Figure 3 shows space-time plots describing the evolution of a slice through 

the pMDI spray at a fixed distance of x=0.33 mm from the nozzle. In the HFA-134a 
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sprays, a significant quantity of liquid exits the nozzle (yellow region in Figure 3). In 

contrast, this feature is absent for HFA-152a sprays. The projected mass is also 

lower by an amount that approximates the change in liquid density; HFA-152a has a 

saturation density of 0.91 g/cc at 21ºC, 25% lower than HFA-134a (1.22 g/cc at 

21ºC). The underlying cause of the differences due to the change in propellants were 

revealed in greater detail using high fidelity CFD simulations. 

  

(a) HFA-134a formulation (b) HFA-152a formulation 

Figure 3. Comparison of integrated spray density from X-ray scattering for (a) 

HFA-134a and (b) HFA-152a solution formulations at a distance of x=0.33mm from 

nozzle. 

COMPUTATIONAL FLUID DYNAMIC SIMULATIONS OF pMDI SPRAYS  

The flow inside a pMDI is complex, as it involves many different simultaneous 

processes. These include turbulence, unsteady flow through a complex geometry, 

multiphase flow with three or more phases, heat transfer, and thermodynamics. 

Existing CFD models generally do not capture all of these phenomena at once. In 

particular, most models assume that the propellant is at thermodynamic equilibrium 

or in a fixed state, while in reality an intermediate state is likely. A novel 
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computational framework for multicomponent pMDI formulations that simultaneously 

addresses all these phenomena has therefore been developed [18].   

Simulations were performed with a proprietary solver using the OpenFOAM 

framework [19]. The model contains three key features; a homogeneous relaxation 

phase change model (HRM), a non-condensable gas mixing model for the air, and a 

Sigma-Y breakup model (to estimate droplet size). A 3D model of the Bespak BK632 

actuator was used to generate a grid of 2.3 million cells. A sample grid is shown in 

Figure 4. The mouthpiece (outlet) region ends 62 mm from the nozzle. 

 

Figure 4. Slice through the center of the simulation grid of the BK632 actuator. The 

colour scale shows the mixing between the formulation (red) and inhaled air (blue). 

 

The metering valve was simulated with a time-varying inlet pressure. Propellant-

ethanol mixture properties were captured using a lookup table calculated from NIST 

experimental databases, using proprietary chemistry software as per Neroorkar et al. 
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[20]. The HRM phase change model is described in detail by Rachakonda et al. [21]. 

The model is a mixed-fluid type which allows for the transport of three phases 

(formulation liquid, formulation vapor and air). All phases are well mixed at the sub-

grid scale such that their velocities and pressures match. While this does not capture 

the fine detail of an interface tracking model [12], it is more computationally efficient 

and allows for easier implementation of thermodynamic and phase change models. 

Turbulence was modeled using a Large Eddy Simulation approach. The underlying 

principle of HRM is that when the fluid undergoes a change in state (such as a 

sudden drop in pressure), it will relax toward thermodynamic equilibrium over a finite 

timescale defined by the Downar-Zapolski equation [22]. Mixing of the warm air with 

the cold evaporating spray plume is modelled using Fick’s law. The Sigma-Y droplet 

population model simulates the primary atomization process by advecting the total 

surface area with a model source term [21]. From the surface area and local liquid 

volume fraction, the local Sauter mean diameter 𝑑"# can be estimated. The code 

was run in parallel on a cluster computer. Each calculation requires 15,000 to 35,000 

CPU-hours (3-4 days of run time) depending on the grid size. This yields 0.16 

seconds of a simulated pMDI spray. 

Figure 5 (a) and (b) show the density fields in a slice through the mid-plane of the 

nozzle. The mouthpiece outlet has been cropped out for clarity. The HFA-134a 

solution has a denser core (light blue region) compared to HFA-152a, where 

centerline density decreases more rapidly with distance. A consequence of less 

liquid leaving the nozzle is that the low-density, high pressure saturated vapor will 
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have a larger velocity. This is shown in Figure 5 (c) and (d). A larger region of small 

peripheral droplets is also observed (Figure 5 (e) and (f)).  

In order for the simulations to be useful, they must be experimentally validated. 

Here, the value of the X-ray measurements is apparent, as the simulated density 

can be integrated and compared directly with X-ray data. At x = 0.33 mm, the planar 

integrated mass for HFA-152a is 59% that of HFA-134a. Although not shown for 

brevity, the results for HFA-134a solutions match well with the available X-ray 

scattering data [18]. A detailed quantitative validation of these simulations with 

placebo formulations will be presented in a forthcoming publication. 

 

 

 

 

 
(a) Density, HFA 134a + 15% ethanol (b) Density, HFA 152a + 15% ethanol 

 

 

 

 
(c) Velocity, HFA 134a + 15% ethanol (d) Velocity, HFA 152a + 15% ethanol 
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(e) Sauter mean diameter, 

HFA 134a + 15% ethanol 
(f) Sauter mean diameter, 

HFA 152a + 15% ethanol 

Figure 5. Comparison of simulated density, velocity and droplet size distributions 

for HFA-134a and HFA-152a formulations. 

 

COMBINING EXPERIMENTAL TECHNIQUES AND MODELING TO EXPLORE 

NOVEL ACTUATOR DESIGNS 

The advantage of modeling and simulation is that the grid geometry can be modified 

and the simulation re-run with minimal effort to assess the effects of modifications to 

the nozzle. These principles also apply to formulation changes, for example 

changing the cosolvent-propellant ratio or propellant type. In prior work, Lewis et al. 

[23] showed that multiple nozzles were a potentially effective means of increasing 

the fine particle fraction delivered from HFA sprays.  As an illustrative example of the 

utility of advanced computer modelling to optimize pMDI design, Figure 6 compares 

simulations from a HFA-152a solution with 15% ethanol co-solvent sprayed from a 

twin nozzle design configured with two 0.22 mm diameter holes, vertically spaced 

0.71 mm apart and the single nozzle. The hole length was constant at 1.2 mm. 

The two jets were observed to merge quickly to form a single, wider plume as 

indicated by the density and velocity data profiles in Figure 6 (a) to (d). 
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(a) Single nozzle density (b) Twin nozzle density 

 

 

 

 
(c) Single nozzle velocity (d) Twin nozzle velocity 

  
(e) Single nozzle, d32 (f) Twin nozzle, d32 
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Figure 6. Comparison of simulated density, velocity and droplet size distributions 

for HFA 152a solution formulations with 15% ethanol co-solvent, delivered from 

single and twin-nozzle designs.  

A comparison of the centerline velocities in Figure 6 (c) and (d) reveals that the 

velocity is reduced due to the way in which the smaller jets, from the twin nozzle 

design expand and merge. Most importantly, the droplet size (Figure 6(f)) is 

noticeably smaller in the core of the twin-hole nozzle than for the single hole design 

(Figure 6(e)).  

Preliminary simulation and experimental results indicate that twin-hole 

arrangements reduce 𝑑"#, while reducing the hole length increases 𝑑"#. This makes 

it possible to achieve a specific target droplet size. Repeated simulations can be 

performed to ‘tune’ the spacing, diameter and hole length to deliver an optimal 

droplet size distribution. The best-performing simulated geometries have been 

investigated experimentally to demonstrate that these changes can indeed be 

replicated in vitro, and that droplet size distribution changes correlate with changes 

in fine particle fraction (FPF) and fine particle dose (FPD) [24]. 

An ongoing challenge is how the models shown here can be enhanced to 

include particle-fluid interactions and precipitation models which would make them 

useful for both solution and suspension formulations, and would allow direct 

prediction of FPF and FPD. At present, the model considers only the fluid phases (air 

and formulation) but not the solid phase, yielding 𝑑"# but not FPF. The need to 

account for separation of co-solvent from the propellant, surface tension, and the 

influence of local temperature on particle shape and size make prediction of FPF a 

challenging but not insurmountable task. Work is currently underway to develop 
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precipitation models which can be integrated into existing simulations, but a new 

generation of interface-capturing simulations will ultimately be required. The models 

shown here create a foundation for this future work. Experimental validation will 

always be essential to the development of more sophisticated models due to the 

large parameter space. 

CONCLUSIONS 

We have shown how X-ray scattering measurements, high speed imaging and high-

fidelity CFD simulations can be used together to determine the effects of changing 

the propellant and nozzle design in a pMDI spray. The simulations reveal the fluid 

mechanical processes driving changes in spray structure and initial droplet size, 

while X-ray data provide experimental validation of the simulations. Simulation 

results can then be used to inform the selection of candidate nozzle geometries and 

formulations for further testing. This approach is faster and more cost effective than 

an empirical ‘trial and error’ approach to formulation and device design. By modifying 

the nozzle geometry to use multiple holes with variable size, spacing and length, it 

may be possible to ‘tune’ the desired droplet size outcome for a given formulation. 

Work is presently underway to experimentally validate these predictions against 

standard pharmacopoeial impaction measurements, with the ultimate goal being able 

to make FPF predictions in addition to droplet size. 
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