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Summary 

The pressurised metered dose inhaler (pMDI) is the most widely used drug delivery system for asthma treatment. 
Over decades the pharmaceutical community has aimed to enhance system efficiency by paying particular 
attention to novel formulation development through experimentation.  Fundamental understanding of the 
underlying physical phenomena that governs the aerosol source characteristics is much less advanced. In this 
work we describe a Computational Fluid Dynamics (CFD) simulation of the pMDI plume source. The use of a two-
phase flow model and a new atomisation model is illustrated for a formulation with 10:90 % w/w ethanol-HFA134 
in 50  valve and actuator nozzle with an internal diameter of 0.3 mm.  The model is implemented within a CFD 

simulation of the resulting aerosol plume in a USP-Induction Port (IP) linking the flow conditions inside the 
actuator to the plume source characteristics. The CFD results show how plume velocity reduces over a relatively 
short distance due to the high rate of momentum transfer with the inhaled airflow. 

Introduction 

Being relatively simple from a mechanical point of view, the pMDI is now the most widely used 
[1]

 aerosol device 
to treat asthma and chronic obstructive pulmonary disease (COPD), due to its unique ability to produce large 

numbers of inhalable droplets with sizes smaller than 5 m. One significant drawback of pMDI systems is the high 
quantity of oropharyngeal drug deposition. This cannot be easily addressed without understanding of the thermo-
fluid dynamic processes governing: (1) the flow inside the pMDI actuator, (2) the atomisation mechanism leading 
to droplet generation, and, (3) the interactions between aerosol droplets and inhaled air outside the actuator. All 
three processes are significant in determining the characteristics of the plume and can be better understood by 
means of CFD. Although valuable understanding of inhaled air flow pattern as well as particle-air interactions in 
realistic and simplified human airways was gained in previous works 

[3, 4, 5]
, the spray source was oversimplified. 

The oversimplification is associated with source construction using assumed values and/or experimental 
measurements which are case specific.  The aim of the present work is to develop a methodology to conduct 
more realistic CFD simulation of pMDI by improving spray source definition. The results in this paper will show 
how this can be achieved by linking source properties to the fundamental physics governing two-phase flow inside 
pMDI actuator.  

Internal flow model (IFM) of a mixture formulation 

The IFM is developed based on the quasi-steady implementation of homogeneous frozen model (HFM) of 
Fletcher 

[6]
 and Clark 

[7]
 to predict the mass flow through orifices and flow variables inside metering chamber and 

sump. ethanol is assumed to act as non-evaporating species as ethanol vapour pressure is considerably lower 
than HFA 227 and HFA 134 over the modelling temperature range of 240–300 K.  Hence, the vapour phase 
contains HFA vapour only.  Mass weighted mixing rules were used to define thermodynamic properties of the 
mixture, such as specific enthalpy and specific volume. Vapour pressure is defined in the model using an 
empirical correlation derived from comprehensive sets of measurements of HFA/ethanol mixtures reported 
elsewhere 

[8]
 and in a companion paper 

[9]
 submitted to this conference. 

Atomisation model (LISA) 

For the purposes of predicting atomisation, it is assumed that the two-phase flow regime inside the spray orifice is 
predominantly annular, which is supported by flow visualisations that were reported previously 

[10, 11]
.  Preliminary 

calculations suggest an annular film thickness,  around 10-20 . The typical internal radius of a pMDI 

spray orifice is approximately , so the ratio  and hence for stability analysis, the annular 

film can be treated as a flat sheet. The Linear Instability Sheet Atomisation (LISA) 
[12, 13]

 framework was used to 
evaluate the growth of the most unstable perturbations on the liquid sheet leading to the formation of cylindrical 
ligaments (see concept sketch in Figure 1). In turn, ligaments break up due to capillary instability and theory 
predicts ligament diameter,  and final droplet sizes,  using Equation 1.  Further details of this model will be 

published separately in the near future. 

 

- Equation 1 
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Figure 1. Conceptual Image of Mixture Formulation Flow from Metering Chamber to Droplet Generation During an Actuation 

CFD simulation of plume in USP-IP 

Temporal velocity and droplet size at the spray orifice exit as well as mass flow rate, obtained from IFM are 
averaged over the duration in which 95% of the formulation mass is emitted. These quantities are used to 
construct the spray source. The spray source is located at the inlet plane of USP-IP whose variables are 
summarised in Table 1. It was assumed that air was co-flowing with the aerosol plume at a volumetric rate of  

 at and  as it enters the flow domain. Fluid body of the USP-IP is discretised 

to approximately 1,200,000 hexahedral elements with a size of  and  in far field region and in near-

orifice region, respectively (Figure 2). 

 Velocity Mass flow rate Droplet size 

Method of definition Internal Flow Model Internal Flow Model :Temporal atomisation model 

GSD: ACI measurement 

Range [min,max] [0,78]  [0,1.259]   

Average over 95% mass 
emission 

53    Log-normal 
 

 

General temporal profile 

   

Table 1. Spray Source Variables Determined by Internal Flow Model 

Result and Discussion 

To demonstrate our IFM and atomisation modelling capability, we compare near-orifice velocity and droplet size 
predictions with measured values obtained using Phase Doppler Anemometry (PDA) technique at 15 mm away 
from spray nozzle. Near-orifice region is assumed to commence where all superheated HFA is flashed off in a 
small region directly just downstream from the actuator nozzle exit.  Averaged values of velocity and droplet size, 
over 95% mass emission duration are presented in Table 2. These data indicate that the predicted near-orifice 
velocity and extrapolated PDA velocity are in good agreement (Table 2).  Furthermore, near-orifice droplet size is 
also predicted within the correct range of D10 and D32 values, with closer tendency to D32 value. Measured droplet 
size is not extrapolated to the near-orifice region mainly because the axial rate of change of this quantity is small 
over 10 mm of droplet travelling distance ( ).  

 Velocity 

Droplet size 

D10 D32 

PDA at 15 mm from nozzle 35 m/s 2.75  5  

PDA extrapolated to near orifice 57 m/s No extrapolation (see text) 

Predicted near orifice 60 m/s 4.2  

Table 2. Comparison of Predicted and Modelled Near Orifice Average Velocity and Droplet Size 
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Figure 2. Computational Geometry.  USP-IP fluid body (left); Near-orifice region and far field region computational mesh (right) 

 

 

Figure 3a. Inhaled Air and Droplet Velocity in USP-IP Entrance Figure 3b. Inhaled Air Velocity Vector along Plume 
Longitudinal Axis 

  

Figure 4a. Droplet Position Coloured by Ethanol Mass-
Fraction 

Figure 4b. Particle Size Distribution (PSD) of the Whole 
Plume over 1.75 ms of Emission 

 

Figures 3 and 4 show the predicted aerosol plume characteristics in the near-orifice region at 1.75 ms after the 
start of the spray event.  Figure 3a shows the velocity magnitude of the co-flowing inhaled air/propellant mixture 
and the droplets within the horizontal section of the USP-IP. Droplet motion starts with prescribed source velocity 
of approximately 53 m/s adjacent to the spray orifice, and as the droplets travel further away their velocity 
decreases over a relatively short distance.  This happens as a result of rapid momentum exchange between the 
plume and inhaled surrounding air. The plume front edge experiences the highest drag and particles are pushed 
away by the faster moving particles emerging from the upstream source.  A shield-like particle embedded 
configuration (pointed by white arrow in Figure 3a) appears on the plume tip. Such configuration of particles is 
also reported by others in the industrial fuel atomisation field 

[14, 15, 16]
. Figure 3a also illustrates the presence of 

slow moving particles on the plume edges.  This also happens due to the interaction between the spray edges 
and the surroundings, which leads to air entrainment.   

Source location 
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Figure 3b shows spatially varying near-orifice plume velocity.  The arrows are appropriately scaled and coloured 
by velocity magnitude.  The figure indicates at any given horizontal distance from the spray source the plume 
velocity is highest on the spray axis, and gradually reduces with distance away from the spray axis, forming a 
Gaussian plume.  These features associated with pMDI plume were reported earlier 

[6, 17]
.  Figure 4a illustrates 

droplet positions coloured by ethanol mass fraction.  Results indicate that the further the cloud travels from the 
source, the more the droplets become enriched in ethanol.  This means that HFA134 content of droplets reduces 
rapidly within the first 20-25 mm outside the spray orifice due to evaporation.  The volatile nature of the 
formulation governs droplet size reduction until all HFA134 vanishes and non-volatile ethanol droplet remains.  
Figure 4b gives a histogram representation of droplet population with specific diameter. It is observable that the 
majority of droplets (more than ) have diameter of below 2 .  Since the initial distribution was determined 

by a mean value of , this shift towards smaller droplets can be explained by rapid evaporation. 

Conclusion 

A new methodology to conduct more realistic CFD simulation of pMDI plumes was presented.   This yields a 
predictive design tool which can potentially reduce the amount of lab-based trial and error for the purpose of 
design optimisation.  Good agreement was achieved between predicted plume velocity and droplet size compared 
with values obtained using PDA measurement, which validates the proposed method for the experimentally 
studied cases. Furthermore, known features of pMDI plumes are captured by our CFD simulation which improves 
tha level of confidence in the model. It is observed that plume slows down over the initial 20-25 mm travelling 
distance where rapid evaporation of HFA 134 content in the droplets leads to a shift in mean droplet size from 
5  to 2 . 
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