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Summary 

Background: While the initial plume formation and expansion during pressurised metered dose inhaler (pMDI) 
dose release is considered important to drug transport to the lungs, it is not well understood, in part due to the 
transient nature of the event and the difficulties in accessing the metering chamber. Plume velocity is an important 
measure of inhaler device performance as large or very fast drug particles tend to deposit in the oropharyngeal 
region due to the sharp directional flow change. 

Methods: Schlieren imaging is an optical technique that is sensitive to refractive index gradients which are often 
present in pMDI plumes due to gas density variations. We have developed a Schlieren setup and have observed 
plume expansion up to 400 mm from commercial pMDIs for various actuator/canister/formulation combinations. 
We have also used phase contrast X-ray imaging at a synchrotron to investigate the stem/sump/orifice of the 
same pMDIs and a dry powder inhaler (DPI) during dose release. 

Results: The plume leading edge dynamics are well described by a high-speed drag model. It was observed that 
HFA 134a drives faster plumes than HFA 227ea, particularly as the orifice diameter increases. Propellant 
cavitation behaviour appears dependent on the canister/formulation while the dose duration appears additionally 
dependent on the actuator design. Individual carrier particles were observed to travel counter to the general 
airflow inside a DPI. 

Conclusions: High speed Schlieren imaging and phase contrast X-ray imaging are suitable techniques to evaluate 

formulation or actuator modifications, metering chamber behaviour or tooling modifications during inhaler device 
development. 

Introduction 

The World Health Organisation estimates that over 300 million people worldwide suffer from respiratory diseases 
such as asthma and chronic obstructive pulmonary disorder. Typically, inhaled medicine, in the form of pMDIs 
and DPIs, is used to treat these diseases. Nevertheless, these technologies have their limitations and in particular 
device/treatment efficacy is often quite poor 

[1]
. Efficacy is a complex problem but the plume speed and particle 

size distribution are thought to be important contributors 
[2, 3]

. While APSD is routinely measured in laboratories 
during device development and manufacture, the expelled plume physical characteristics are often not as easy to 
measure. Schlieren imaging 

[4]
 is an optical method that is sensitive to the refractive index gradient (first 

derivative) of visible light (Figure 1). For gases, this is directly related to the density by       , where   is gas 

density and   is the Gladstone-Dale coefficient. Essentially, a region with a refractive index gradient causes the 
light beam passing through it to deviate slightly and this is captured by a camera. We have observed the external 
plume from a number of commercial pMDI actuator / canister combinations and present plume velocity behaviour. 

 

Figure 1: Schlieren imaging technique 

 

Figure 2: phase contrast X-ray imaging 

The dynamics of the plume up to the point at which it exits the device are thought to influence velocity and APSD. 
Various groups have studied the effects on both parameters of different nozzle orifice diameters and metering 
chamber designs in the case of pMDIs 

[5, 6]
 and of inlet geometry for DPIs 

[7]
. Some have used transparent models 

and high speed cameras to study the flow inside model actuators during dosing 
[8, 9]

. X-rays are capable of 
penetrating inhaler devices to visualise internal features but high intensities are required to investigate fast events 
such as dose release. When the atomic numbers in the constituents of polymers, drugs and propellants are 
similar, phase contrast X-ray imaging 

[10]
 at a synchrotron facility is more sensitive than conventional X-ray 

imaging making it well suited to characterising dosing event dynamics (Figure 2). We present first results of a 
study of the dynamics of the dosing event internally in some commercial devices. 
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Experimental Methods 

Prior PLM Medical’s large field of view z-type mirror-based Schlieren system was used to image the inhaler plume 
onto a high speed CMOS camera running at 4100 fps (240 µs exposure time) using a 4000 lumen white LED and 

413 mm diameter parabolic mirrors. The spatial resolution was measured using a knife-edge technique 
[11]

 

resulting in an absolute error of  0.45 mm on measured plume positions. Video post-processing was performed 
using FIJI 

[12]
. The leading edge of the plume was tracked using the Multi Kymograph plugin, followed by edge 

detection. This is illustrated in Figure 3 (a, b), where the same (horizontal) line of pixels from each successive 
frame is stacked side-by-side (vertically) leading to a position vs. time plot such as Figure 3 (c).  

A monochromatic X-ray beam of energy 26 keV and bandwidth 0.4% was used at beamline ID19 at the European 
Synchrotron Radiation Facility, Grenoble, France. The pMDI devices were first shaken at 3Hz for 5 seconds using 
a pneumatic shaking feature on the fixture before being actuated by a custom-built fixture with a linear actuator. 
They were fired under 28 l/min flow for 3 s using a vacuum pump and critical flow controller while the multi-dose 
DPI was triggered by a 60 l/min flow for 3 s. The camera (4000-12000 fps, 71-227 µs exposure time), linear 
actuator, shaking function and flow controller were driven by an Arduino microcontroller. An absolute positional 

error of  24.29 µm was measured for this setup.  

The pMDI devices were investigated with canisters containing actives and either HFA 134a or HFA 227ea 
propellants and capillary retention (CR) or rapid fill / rapid drain (RF/RD) valves inserted into the actuator. In CR 
valves, after each dose event, the liquid suspension/solution is forced through capillary channels from the 
reservoir to metering chamber where it is retained through capillary action. In RF/RD the channel diameter is 
greater so that the metering chamber is refilled by shaking the device prior to use. Actuators 1 to 4 have orifice 
diameters of 0.30, 0.33, 0.42 and 0.53 mm respectively. Due to X-ray beam time constraints, four pMDI actuator 
types/designs were studied with one actuator per design coupled in turn with each of the three available canister 
options. Each device was primed/ dosed according to manufacturer’s instructions for both techniques. 

A number of common flow models were fit to the Schlieren data 
[13, 14, 15]

 – a blast/shockwave model and two 
classical drag force theoretical aerodynamic models. The drag force model is proportional to velocity and applies 
to laminar flow while the high-speed drag force model is proportional to the square of the velocity and applies for 

turbulent flow. The shockwave model is of the form:         
  

  
 

 

 
 
 

  , the drag model:           

           and the high-speed drag model:      
 

             , where   is elapsed time,    energy is released 

in the explosion,    is ambient air density,    is a constant that depends on the specific heat capacity of the plume 

gas,    
  

 
 is the stopping distance and   is the slowing coefficient.  

Results and discussion 

Typical plots of leading edge position vs. time are displayed in Figure 4 and it can be observed that the blast 
model does not describe the plume behaviour very well but the high-speed drag model provides the closest fit to 
the data, particularly over the first 300 mm of travel. Figure 5 presents plume velocity at 100 mm from the 
mouthpiece, often considered to correspond to the back of the throat. The HFA 227ea plumes are generally of 
lower velocity than the HFA 134a plumes (regardless of canister valve type). This may be partly due to the lower 
boiling temperature of HFA 134a but is more marked with larger orifice actuators suggesting that dose duration 
(not shown) and velocity are dependent on both formulation and actuator design. 

 

Figure 3: Schlieren stills (a,b) and resulting kymograph (c) 

 

Figure 4: Plume leading edge vs. time for Actuator 1 
with 3 canisters. Some common flow models are fit to 
the data. 
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Figure 5: Plume velocity (n=3) for HFA 227ea 
CR, HFA 134a CR and HFA 134a RF/RD 
canisters in each actuator type (actuators in 
order of increasing orifice diameter). 

 

Figure 6: DPI nozzle region early and late 
during dose release event. Note the 
suspended shrinking blister reservoir 
(blurred region, circled). 

 

Figure 7: Particle 
(circled) travelling in the 

opposite direction to 
general flow (arrow). 

Figure 6 displays two X-ray stills taken during dose release from a dry powder inhaler. Individual particles 
(probably carrier particles due to their size) leave the powder blister/reservoir on the right and travel towards the 
nozzle exit on the left (out of view). In some cases, flow reversal appears to take place for regions of the flow 
where particles were seen travelling from right to left (Figure 7). Pulsations in the numbers of particles ejected 
were also seen (not shown). Video footage shows the powder reservoir mass lifts approximately 100 µm away 
from its holding crucible and powder is then stripped from the reservoir mass at similar rates from all sides. The 
pulsations appear to be related to the powder lifting off as surface layers at times. 

Typical X-ray stills as the propellant/drug mixture flows through the canister stem and actuator orifice are shown 
in Figure 8 for each pMDI canister/actuator combination. While the propellant and valve type varies as indicated in 
the figure, so too does the formulation. Cavitation behaviour appears to be quite different across the canisters in 
terms of the boiling/bubbling. A larger quantity of smaller bubbles are seen with HFA 134a from the RF/RD 
canister, suggesting that this could be driven by the formulation rather than the valve, for example ethanol or 
other excipient content may well influence it. The contrast achieved with the current setup was not sufficient to 
make detailed observations of cavitation/ligament behaviour in the orifice channel. 

 

Figure 8: Dosing event 85 ms after dose commencement from 4 different actuators each with 3 canisters containing 
HFA 227ea and HFA 134a propellants and capillary retention (CR) or rapid fill rapid drain valves (RF/RD). 

Conclusion 

We have developed a large field of view high speed Schlieren imaging system and have presented initial results 
obtained with this setup. Plume positions, velocities and durations have been measured for various commercial 
pressurised metered dose inhalers (pMDI) actuator / canister combinations. The plumes measured are 
reasonably well described by a high-speed drag model and it was observed that HFA 134a drives faster plumes 
than HFA 227ea, particularly as the orifice diameter increases. 
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Nozzle 
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Phase contrast X-ray imaging has been used to observe the propellant mixture behaviour inside the canister stem 
and actuator for commercial pMDI devices. Cavitation appears to depend on formulation more than actuator. 
Powder dosing from a DPI was also investigated and both flow reversal and pulsations in powder density during 
the dosing event have been observed. 

High speed Schlieren imaging is a suitable tool to aid actuator design modifications or tooling modifications during 
device development. In addition to positional and velocity information, other measurements such as plume fire 
angle can also be carried out using this apparatus. The technique provides images of the whole gaseous plume 
along the direction of motion at each time-point. In contrast, techniques such as PIV provide access to particulate 
motion and velocity fields but with increased system complexity and cost. Thermal imaging is another technique 
suitable for plume imaging but at lower frame rates. Phase contrast X-ray imaging is also a useful method to 
characterise inhaler actuators and in addition it can provide access to the metering chamber, stem and gasket 
behaviour. It also enables the systematic study of nozzle geometry and flow rates on powder and flow behaviour 
inside DPI devices. 
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