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Fine particle lift and dispersion by gas flows is utilized as specialized technology in pharmaceutical devices such 

as Dry Powder Inhalers (DPI), where the fine API (Active Pharmaceutical Ingredient) is delivered after 

aerosolization as a result of the complex interplay between adhesive, impact and hydrodynamic forces. In the 

present contribution, Computational Fluid Dynamics and Discrete Element Method coupled simulations (CFD-

DEM) are used to compute the two-phase swirling flow field in a DPI. The capability of the CFD-DEM model to 

represent the transiently developing swirl flow and stability is assessed in a simplified inhaler geometry. The 

trajectories and velocity profiles of the particles are investigated first in carrier-only systems, quantifying flow 

patterns, local solids distribution and expulsion rate. DEM with adhesive forces and rolling friction is then used 

to reproduce the deaggregation during inhalation. The proportion of detached API is studied by characterizing 

the trajectories, expulsion patterns and force balances, providing valuable insight into the microscopic 

mechanisms responsible for the macroscopic behaviour. 

1. Introduction 

Dry powder inhalers (DPI) are medical devices specifically engineered to ensure maximum and effective delivery 

of active pharmaceutical ingredients (API) in powder form upon inhalation by a patient. They are commonly 

applied for the treatment of respiratory diseases such as asthma and COPD and are being assessed in other 

areas such as antibiotic therapies or vaccination campaigns (Hoppentocht et al., 2014). The advantages of DPI 

compared to other inhalation therapies are: absence of propellants, quick drug administration, ease of use, no 

coordination required, multi-dose devices available (Berkenfeld et al., 2015).  Also, the activation of the 

aerodispersion process by the patient’s breath facilitates the powder uptake through the respiratory system 

(Islam and Gladki, 2008). These devices have attracted a growing interest in the last few years and much effort 

is being devoted to their most efficient design and the optimal corresponding powder formulation. In carrier-

based dry powder inhalers, relatively coarse carrier particles (100 to 400 μm) are dry coated, i.e. surrounded, 

by adhered fine API powder (1 to 5 μm). The carrier guarantees better flowing properties and avoids the 

formation of API agglomerates (Pilcer et al., 2012). Before leaving the device, the API particles should detach 

from the carrier, to become freely transported all the way through to the patient’s alveoli. The complex interaction 

between air flow, particle motion and adhesion/cohesion forces among API and carrier particles requires a very 

careful formulation and manufacture of dry coated particles along with an optimal device geometry and flow 

configuration. The understanding of these factors and the ability to manipulate them is crucial to the achievement 

of the desired drug delivery (van Wachem et al, 2017). In helping the development of increasingly effective 

devices, numerical simulation tools can be a valuable ally. Computational fluid dynamics (CFD) is widely used 

in the design of different types of inhalation devices to determine aerodynamic paths and turbulent flow effects 

(Sommerfeld et al, 2018) while Lagrangian approaches, such as DEM (Discrete Element Modelling), can be a 

powerful tool to study the solid phases, due to the detailed treatment of particle-particle and particle-wall contacts 



and the possibility to study dense system with a 4-way coupling approach (Tong et al., 2015). In this work, a 4-

way coupled, CFD-DEM model is used to simulate the detailed fluid and particle flow fields in a carrier-based 

dry powder inhaler with the aim to examine the behaviour of the carrier particles lifted by the swirling air flow, 

characterise the evolution of the carrier particle discharge during dose expulsion and investigate the dynamics 

of cohesive dry coated particles.  

2. Methodology 

The two-phase hydrodynamics is modelled according to the CFD-DEM approach (Norouzi et al., 2016), using 

the open-source code MFIX-DEM (version 18.1.5) and extended features. Basic details of the physical model 

and computational methods can be found in the documentation available on the website (Garg et al., 2012).  

The contact model adopted is the non-linear Hertz-Mindlin no-slip model (Di Renzo and Di Maio, 2004). The 

cohesive/adhesive force between the like or dissimilar particles and with the walls are accounted for using a 

combination of a van der Waal’s force model between distant particles and constant surface energy model for 

particles in contact, reading: 

𝐹𝑐𝑜ℎ = {

4𝜋𝛾𝑅𝑒𝑞                           for contacting particles

24𝜋𝑧𝑖𝑛
2 𝛾𝑅𝑒𝑞

𝑑𝐴𝑃
2                  for non − contacting particles

  (1) 

where 𝑑𝐴𝑃 is the distance between the two particles involved, 𝑅𝑒𝑞 is the effective radius, 𝑧𝑖𝑛 is the cut-off distance  

and 𝛾 is the surface energy. The particle-fluid interaction is taken into account through the Gidaspow-blend drag 

model (Lundberg et al., 2008). The original MFIX-DEM code has been modified and extended through user-

defined functions: the solid phase timestep has been calculated according to Di Renzo and Di Maio (2004), and 

a rolling friction model, based on the constant directional torque (CDT) approach, has been implemented (Ai et 

al, 2011).  

3. Geometry and model setup 

The geometry of the considered inhaler is similar to the internal shape of the commercial device NEXThaler 

(Corradi et al., 2014) and consists of three sections: a dose cup, at the bottom, that houses the initial dose of 

drug product, a swirl chamber, in which the air flow initially develops and a cylindrical exit duct on top of it. 

Top and side views and a 3D transparent representation of the geometry are reported in Figure 1. In the 

software, the geometry is imported from a triangulated STL file of the device boundaries. The DEM part of the 

code uses the triangular elements of the CAD file for collision detection and force calculations. In the definition 

of the Eulerian grid for the gas, MFIX uses the Cartesian grid cut cell technique (Dietiker et al., 2013). As the 

CFD-DEM method is a 4-way coupled, unresolved approach, particular attention needs to be paid to the grid 

size. Generally, ∆x/dp > 2 is suggested (Fullmer et al., 2018), with ∆x being the characteristic cell size and dp 

the particle diameter. Since the local-to-mesh variable interpolation method in MFIX (Garg et al., 2012) allows 

looser restrictions than centered volume fraction methods (Volk et al., 2018), a characteristic dimension of 250 

μm for the cubical cells has been selected for use with both 150 and 200 μm particles, leading to a mesh 

composed by about 135k cells.  

 

Figure 1: Geometry of the system. Side view, top view and transparent representation (with inlet and outlet 

sections highlighted). The red part represents the particles filling the hemispherical dose cup. 

The simulated fluid is air at 25°C under conditions of incompressible flow. A volume flowrate boundary condition 

is applied to the two tangential inlets, from which a total of 60 l/min of air enter the system. A constant pressure 

condition is set to the outlet section. The powder consists of 10 mg of spherical particles. In some of the 



simulations two solid phases are considered (both coarse carrier and fine API particles). The physical and 

mechanical properties of the solid phases are reported in Table 1. The initial velocity of the fluid and its gauge 

pressure in the transient simulations are zero. Particles are housed in the hemispherical cup placed under the 

swirl chamber, achieved by a DEM-only gravity settling simulation. The simulations have been carried out on a 

hybrid HPC cluster available at the CheProDes laboratory (University of Calabria). Parallel processing of the 

calculations based on MPI has been extensively used by running the code on multiple cores (up to 64). 

Table 1: Physical and mechanical properties used in the simulations. 

  Carrier API 

Number of particles 3422 - 1579 136322 

Diameter, d [m] 150 - 200  10 

Particle density,  [kg/m3] 1500 1400 

Young modulus, E [GPa] 0.2 0.2 

Poisson ratio,  [-] 0.45 0.45 

Restitution coefficient, e [-] 0.2 0.2 

Friction coefficient, s [-] 0.5 0.5 

Rolling friction coefficient, r [-] 0.3 0.3 

Surface energy density,  [J/m2] 0.004 0.004 

 

4. Results and discussion 

4.1 Single-phase fluid field 

The velocity field, in terms of magnitude, resulting from a fluid-only simulation after 50 ms is reported in Figure 

2. The streamlines in the rightmost 3D representation show the horizontal inlet flow that leads to the formation 

of a rotational flow in the swirl chamber. The peculiar shifted half circular walls of the swirl chamber resemble 

those of a two-inlet cyclone and, due to the symmetry, produce an internal circular flow with a vertical component 

directed upwards, as shown by the helical shape of the streamlines in the exit duct. The flow appears rather 

developed in both the swirl chamber and the exit duct. In the transition zone, corresponding to the restriction of 

the vertical cross-sectional area, the highest velocities are observed reaching values above 40 m/s. In the swirl 

chamber, the tangential velocity is found to reach higher values than in the exit duct, as shown in the 𝑥-

coordinate profile. Development of the steady-state flow field occurs in a short time (about 10 ms), also due to 

the inlet boundary condition instantaneously set to 60 l/min. 

 

 

Figure 2: Velocity field of the fluid flow inside the device: horizontal component of velocity profiles (𝑣𝑧) at different 

vertical coordinates, side view and top view of gas velocity magnitude, streamlines (flowrate 60 l/min). 

4.2 Analysis of the carrier motion 

Two-phase flow involving free flowing carrier particles has been simulated for 500 ms to examine particle 

trajectories. 3422 carrier particles with a 150 μm diameter (corresponding to 10 mg of powder) have been 

considered. Figure 3 shows the evolution of the particle positions and velocity magnitude. Even before the full 

development of the gas flow, the swirling gas motion acts almost immediately on the powder, which is raised 

upwards, forming a dense central fountain of particles surrounded by looser solid flow (see 0.005 and 0.008 s 



frames), in which particles are pushed radially outwards by the centrifugal motion. When the fluid reaches the 

steady state, nearly all the particles have been lifted from the cup and most of them rotate in the swirl chamber 

below the swirl chamber ”ceiling”, just close to the exit duct (see 0.015 and 0.5 s frames).  

 

    

Figure 3: Carrier position during the simulation. 

In quantitative terms, the exit profile of the particles can be examined as the percent of solid leaving the device 

in time (Figure 4). Three different emission stages can be identified: a steep growth is observed until 0.02 s; 

another linear, weaker trend characterizes the exit profile until 0.11 s; after that, the number of particles leaving 

the system follows a gently increasing trend until, at the end of the simulation (0.5 s), the percentage of delivered 

particles reaches about 84%. By comparing the particles emitted with the particle trajectories shown in Figure 

3, it can be concluded that the first steep stage corresponds to particles lifted which exit essentially without 

contact with the walls; in the second stage, particles leave the device in a helical motion; in the third stage, the 

particles leaving the system are picked up progressively by the group of the ones rotating below the swirl 

chamber ceiling, whose gradual erosion yields a lower emission rate. 

 

Figure 4: Cumulative percentage of expelled particles as a function of time (60 l/min, 150 m particles) 

The peculiar formations of particles hovering around in the swirling chamber before leaving can be effectively 

used for validation purposes. Indeed, it was observed in commercially available DPI by Pasquali et al. (2015), 

who conducted experimental analysis by laser illuminated high speed imaging on Chiesi’s Nexthaler. As shown 

in Figure 5, in both experiments and simulations, most of the particles are located in the upper part of the swirl 

chamber.  

 

Figure 5: Position of the particles in the swirl chamber after 50 ms in experiments and simulations.  



4.3 Dispersion of API particles 

The combined simulation of the fine API together with the coarse carrier is extremely challenging, as the size 

difference requires a high number of contacting particles to be handled and very small time-step (~10-8–10-9 s). 

Yet, it is a key ingredient to study in detail the fines’ deaggregation process. In this work, the explicit 

aerodispersion of a two-component system consisting of 200 μm carrier particles dry coated by 10 μm API 

particles has been studied. 10 mg of powder is considered, with a 1% (w/w) of API particles. Fine particles are 

placed on carrier particle according to a random configuration fulfilling a prescribed percent coverage. To 

achieve the desired dosage, there are ~1600 carrier particles, each covered with about 86 API particles. As 

shown by Begat et al. (2004), the cohesive (drug-drug) and adhesive (drug-excipient) interaction properties play 

a significant role in the homogeneity of the blend and the deaggregation and dispersion properties of the 

respirable particles. For the cohesion/adhesion model utilized (see Eq (1)) appropriate parameters have been 

used by referring to the work of Cui et al. (2014), who determined the pull-off force between untreated glass 

beads and spray dried salbutamol sulphate particles via AFM measurements. The reported value of the force 

(2.58·10−7 N) has been set to calculate the surface energy, 𝛾, whose value is reported in Table 1. This force is 

about 105 times stronger than the weight of the considered API particle.  

Figure 6a shows the configuration of the two solid phases during the first 15 ms of the simulation. The path 

followed by API particles shows that they get relatively easily deaggregated by the carrier particles. Then they 

are lifted before the carrier particles, following a similar pattern as observed with just carrier particles, i.e. a 

central dense, fountain-like, region around the axis with the rest of particles being pushed laterally on the swirl 

chamber walls. After 3 ms, the first few API particles enter the inhalation duct. After 7 ms the API particles have 

formed a helical dense flow towards the exit and the first few carrier particles enter the inhalation duct. After 10 

ms the particles are fully dispersed throughout the device and the carrier particles show again the tendency to 

accumulate near the swirl chamber ceiling, as visible in the 15 snapshot.  

The time evolution of the release is shown in the higher plot in Figure 6b separately for API and carrier particles. 

Once the API particles detach from the carrier, their characteristic time for release is expectedly shorter. Carrier 

particles’ release follows the pattern already discussed in the previous sections. The early detachment causes 

a substantial release of API particles, but not all of them. The API particles exposed to the surface, i.e. to the 

direct action of the fluid are lifted almost immediately, while other ones are peeled during carrier particle lift off. 

As shown by the average number of attached API particles to carrier, reported in the lower plot in Figure 6b, 

there is an initial drop from 86 to 60 API particles attached to the carrier after around 2 ms, essentially owing to 

the hydrodynamic interactions in the dense region. This is followed by a gradual decrease of the average number 

of API still in the aggregated state, which later detach, likely as a result of particle-particle and particularly 

particle-wall impacts.  

 

a)  b)  

Figure 6: a) position of carrier (green) and API (purple) particles during the simulation; (b) exit profiles of API 

and carrier particles and average number of API particles attached to carrier particles as a function of time.  

5. Conclusions 

The air and particle hydrodynamics in dry powder inhalers have been investigated in detail, with specific interest 

in the mechanisms responsible for carrier particle lift, motion and delivery and API particle deaggregation in a 

representative device configuration. The analysis shows that the transient air flow development is extremely 

quick and, without particles, steady-state is achieved in about 10 ms, with swirling flow in the lower chamber. In 

the conditions considered, the solids outflow from the device follows three stages, accounting for: up to 35% of 



the initial mass directly flowing out without contact with walls (stage I), up to 66% after helical flow (stage II) and 

a final, slower outflow after several looping in the swirling chamber, totaling about 84% of expelled solids (stage 

III) after 0.5 s. The occurrence of the annular motion in the swirl chamber is confirmed by experiments available 

in the literature. 

Challenging CFD-DEM simulations on API-coated carrier particles were carried out considering an API-carrier 

size ratio of 1 to 20 and a 1% w/w loading. DEM allows tracking all API particles during their initial lift off, some 

still attached to the carrier particles, other ones already deaggregated. Overall, the simulations provide a 

quantitative description of the flow characteristics of the solids and help to identify specific responsibility for the 

observed macroscopic behaviour of the device during dose delivery. 
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