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Summary 

Fully coupled Computational Fluid Dynamics (CFD) - Discrete Element Method (DEM) simulations of adhesive 
mixture formulations were developed to capture dose emptying and dispersion from a dry powder inhaler (DPI). By 
a combination of macro-scale simulations, where all the carrier particles of a dose are included, and micro-scale 
simulations to account for the behaviour of the fine particles, a complete picture of the dose emptying and dispersion 
event was obtained. 

As a starting point for the micro-scale models, fine particles are deposited onto a carrier particle to create a fines- 
carrier aggregate with a fines load of 5%. Five different micro-scale models account for interactions experienced by 
the fine particles. The output functions from the micro-model simulations are then tracked as scalar functions in the 
macro-scale CFD-DEM simulation, to get a complete view of the dosing event and to capture key performance 
parameters of DPI performance such as dose emptying time, fine particle fraction and the amount of particles 
retained in the device. 

A key aim of this work was validation of the simulation model. For this purpose, adhesive mixtures were prepared 
and analysed using Next Generation Impactor as well as with time-resolved laser light scattering. Simulation data 
is seen to be in good agreement with experimental results. It can be concluded that the simulation model possesses 
the right physics and is able to capture key features of dose emptying and dispersion from a DPI such as the 
emptying times for fines and carrier particles and the fine particle fraction.  

Introduction 

With the rapid increase in computational capacity and the use of computer clusters, advanced simulation tools can 
now be applied also to complex pharmaceutical systems. The dose from a DPI is typically on the order of 10 mg, 
which for an adhesive mixture corresponds to about 105 carrier particles. This number of particles is today feasible 
in a combined CFD-DEM simulation, including tracking of each individual particle in the airstream of the device. 
While early work in this area mainly consisted of tracking individual carrier particles as they travel in the airstream 
of the inhalation device [1,2] our model includes a coupling between the airflow and the particles, i.e., both particle-air 
and particle-particle interactions are taken into account. 

The number of fine particles, representing the API, is still, however, far beyond what is possible to handle in 
simulations, and furthermore, the time-step in simulation is directly related to the particle size and thus becomes 
extremely short. To overcome this challenge, we developed separate micro-scale models for the behaviour of the 
fine particle at the micro-scale, for instance when two carrier particles collide.  The micro-model output functions 
are then combined with the macro-scale simulations covering the full air-flow profile through the device and the 
entrainment and emptying of the formulation modelled through the carrier particles. 

Macro- and micro-models 

Fully coupled CFD-DEM simulations were set up using the in-house code MulitFlow [3]. In this work, large eddy 
simulation (LES) and soft-sphere model were applied to simulate the turbulent airflow and the particle interactions, 
respectively.  Simulations are here reported for a prototype inhaler called “Screenhaler”, using a typical inhalation 

profile of 72 L/min (P  3kPa) with a rise time of 300 ms.  Initially, the dose is placed next to the 90° corner. Figure 
1 gives an instantaneous picture of the dose emptying from Screenhaler. The Screenhaler was also used to 
experimentally assess the dosing behaviour of corresponding dry powder formulations, see Validation section 
below.  
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Figure 1 - Dose emptying from Screenhaler. The carrier particles are coloured according to the fine particle load. 

To model the behaviour of the fine particles, aggregates of carrier and fine particles are generated by deposition of 
fine particles 2.0 µm in diameter onto a 100 µm carrier particle, Figure 2a. The behaviour of the aggregates are 
then studied in so-called micro-models. Five different micro-models were set up: 

1. Carrier particle – carrier particle collision 

2. Carrier particle - wall collision 

3. Drag 

4. Fine particle re-attachment 

5. Fine particle release from wall 

For each of the micro-models, a range of DEM simulations were carried out to obtain the fine particle behaviour. A 
snap-shot from a carrier particle – carrier particle collision micro-simulation is given in Figure 2b.  

 
Figure 2 - a) carrier particle with deposited fines, and b) snapshot of particle – particle collision.  

 

Simulation results 

In Figure 3, the release of fines due to carrier – carrier collisions is shown as a function of the relative impact 
velocity. Results from simulations covering four values for the Hamaker constant, Ha, reflecting the interaction 
between fine particles and carrier, are given. It can be seen that a minimum impact velocity of about 1 m/s is needed 
in order to release fines. Thereafter, the fraction of fines released depends heavily on Ha. 

 

Figure 3 - Output from the carrier – carrier collision micro-model at four different levels for the Hamaker constant. 
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In order to get to the full picture of the dose emptying including dispersion of the fine particles, the output functions 
from the micro-model simulations are incorporated as a scalar to the macro-scale simulation. The released fines 
are assumed to instantly acquire the velocity of the surrounding air flow and travel with the air to the exit, unless re-
attachment of fines to the carrier occur (micro-model No 4). The combination of the micro-models with the macro-
scale simulation is thus able to give information about: 

- The regions in the inhaler where the fines are released from the carrier (the fines source) 

- The extent of fines release due to different mechanisms 

- The device surfaces where fine particles are predominantly retained 

- Emptying time profiles for carrier particles and fine particles 

- The number of released fine particles exiting the inhaler 

- The number of fine particles attached to carrier particles exiting the inhaler 

All of these measures are of utmost importance to the performance of a dry powder inhaler. Information about the 
extent of and locations for fines generation can guide development work towards optimized fine particle delivery, 
while at the same time high retention surfaces must be avoided. Combination of the last two items allows calculation 
of the fine particle fraction, which reflects the efficiency of the DPI product. The fractions of retained fines and fine 
particles released resulting from Screenhaler simulations using different Ha values are given in Table 1. As can be 
seen, a stronger interaction between fines and carrier brings out a reduction in both these measures.  

 

Table 1 - Fine particles retained in the screenhaler and fine particle fraction at different Ha values from simulations 
and comparison to experimental data. 

Simulation data Experimental data 

Ha (J)  1.0x10-20 5.0x10-20 1.0x10-19 5.0x10-19 Formulation: 5%BDP  

Respitose 
SV003 

5%BDP    
2%MgStearate 
Respitose 
SV003 

Fines 
retained 

10.9% 10.3% 5.1% 3.2% Fines 
retained 

ND ND 

FPF 27.6% 18.8% 12.8% 8.6% FPF 16.3% 48.9% 

 

Experimental validation 

Experimental validation was performed by analysing the dose from Screenhaler using impactor analysis (NGI) and 
by time-resolved particle sizing (Sympatec Helos using Screenhaler with the Inhaler set up). Formulations 
containing 5% of beclomethasone dipropionate, BDP, and lactose carrier were prepared both with and without 2.0% 
magnesium stearate (MgStearate). 

Experimental fine particle fractions are included in Table 1 for comparison with simulated data.  The binary 
formulation has a FPF close to the simulated case of Ha = 5.0 x10-20. The formulation containing MgStearate has 
an FPF higher than for the simulated case of Ha = 1.0 x10-20. As expected, the MgStearate containing formulation 
corresponds to a significantly lowered interaction parameter, relative to the uncoated one.  

With a time resolution of milliseconds, the Sympatec Helos particle sizer is able to provide a detailed picture of the 
time evolution of the dose exiting a DPI. Figure 4 compares simulation output with Sympatec data (the zero time 
point for the Sympatec is when the first particles exiting the device trigger the measurement). It is found that: 

- Simulation data predict the fine particles to exit the device slightly before the carrier (Fig 4a). The time from 
the first to the last particles leaving the inhaler is about 60 ms. 

- Experimentally (Fig 4b) the fines fraction in the aerosol cloud is high for the first few milliseconds and 
thereafter drops to a level below 5%, which is due to that the fine particles exit slightly before the carrier. 
The optical concentration curve indicates an emptying time of 60 ms. Both findings are in perfect 
agreement with simulation data. 

The close match between simulation and experiment clearly indicates that the physics of the simulation model is 
correct as regards airflow development, particle – air interactions as well as particle – particle interactions.  
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It may be noted that for this device, the dose leaves the inhaler in about 100 ms which is much before full air flow 
is developed (300 ms).  

 

Figure 4 - a) number of fines particles and carrier particles exiting the Screenhaler as function of time in ms, and b) the 
percentage of fine particles (triangles) and the optical concentration (spheres) obtained using time resolved 
particle sizing. 

 

Discussion and conclusions 

By the coupling of CFD-DEM simulations of the emptying of a dose of carrier particles from a dry powder inhaler 
with micro-scale simulations capturing the behaviour of the fine particles during the each and every event 
experienced by the carriers, it is possible to build a complete picture of the entrainment and dispersion of an 
adhesive mixture from a DPI. The simulation approach used is general to adhesive mixtures and can be applied to 
all device geometries. Validation experiments demonstrate that the model possesses the right physics and correctly 
captures key features such as emptying times for fine and carrier particles. A limitation is that the simulated particles 
are spherical in shape, which is obviously not the case in reality. While spherical particles is a pre-requisite for rapid 
computing of a large numbers of particles, the shape of both carrier and fine particles are known to be critical to 
DPI performance. Besides surface energy, particle shape in combination with surface rugosity will determine the 
contact area between fine particles and carrier, and hence the magnitude of the interaction. This is why, in the 
current stage, the Hamaker constant needs to be fitted in order to match experimental data. Other features that are 
lacking in this simulation set up are for example electrostatic interactions and the influence of environmental factors, 
e.g. moisture. 

Still, however, this way of modelling the dose from a DPI provides huge benefits. First of all to device engineers, as 
device geometries can be compared with regard to regions where fines are generated, surfaces prone to retention, 
and overall performance, before they even are manufactured. This kind of simulation thus seems able to provide 
guidance on how to design and adjust a DPI geometry to achieve optimized and robust performance. 

From the formulator’s perspective, the main benefits will rather be the insights gained about the mechanisms of fine 
particle release, which is behind the performance of the DPI product. Fundamental questions which have troubled 
inhalation experts for decades, such as the influence of carrier size and drug (fine particle) load on DPI performance, 
may eventually be resolved, with a full physical interaction model to support the answer. With the continued 
advancement of computers and computer capacity, better models for the formulations, involving more detailed 
descriptions of the particles, can be foreseen. 
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