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ABSTRACT
Purpose Carrier-based dry powder inhalers (DPIs) are widely
used for rapid and convenient delivery of drug to the site of action.
This work aimed to predict powder aerosolisation in DPIs
through numerical modelling.
Methods A multi-scale modelling technique based on the com-
bined computational fluid dynamics (CFD) and discrete element
method (DEM) approach was developed.
Results The simulation results of the detachments of the drug
particles from single carrier under different impact velocities and
angles were comparable with those measured in the experiments
in terms of fine particle fraction FPFloaded. Empirical equations
were developed to link the detachment performance with impact
velocity and impact angle. Then the dynamics of the carrier
particles in Aerolizer® was simulated. The results indicated that
the carrier-wall impaction was the dominant mechanism for drug
aerosolisation performance. By linking the empirical equations
with the carrier-wall impact energy, the predictions showed that
for a given formulation mass with a fixed carrier/drug ratio, the
inhaler performance decreased with carrier size and increased
with air flow rate. Device empty efficiency, however, was inde-
pendent with carrier size and flow rate.

Conclusions The multi-scale model was able to provide quanti-
tative information to better understand the aerosolisation mech-
anisms of carrier-based formulation.

KEY WORDS carrier-based formulation . computational fluid
dynamics . discrete elementmethod . dry powder inhaler .
numerical modelling . powder dispersion

INTRODUCTION

Inhalation aerosols offer the distinct advantage of rapid and
convenient delivery of bioactive substances to the site of action
(1–3). Recently significant research effort has been directed to-
wards the development of innovative technologies for the gener-
ation and delivery of dry powder aerosols for inhalation (4,5).
Compared with other inhalation technologies, dry powder aero-
sols require no propellant, have superior chemical stability, better
bacterial growth resistance and are also easy to use.

Successful delivery of a drug to the lungs can only be achieved
by a combination of inhaler device, drug formulation and
inhalatory manoeuvre capable of producing an aerosol of drug
particles with an aerodynamic diameter smaller than 5 μm (6).
Particles of this size have strong inter-particle cohesion with poor
flowability, making powder device filling and aerosolisation dif-
ficult. The most common solution to these problems is to blend
fine respirable drug particles with coarser particles of an inert
excipient (usually lactose) carrier (7,8). The so-called carrier-
based DPI formulations enable the fine drug particles to adhere
to the surface of the coarse carrier particles (9). Upon
aerosolisation, the drug particles are liberated from the carrier
and delivered into the respiratory tree while the carriers impact
in the oropharynx and are swallowed.

Extensive research has been carried out to improve the
aeroionisation performance by controlling the roughness
(10,11), shape (10), surface energy (12), size (5,13–15) and size
distribution (16) of carriers, the drug/carrier ratio (17–20), fine
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excipient particles (21) and charge (22,23). However, present
pharmaceutical dry powder inhalers (DPIs) are extremely ineffi-
cient (only 10–30% of the stated dose reaches the lungs), leading
to an undesirable large variability of dosing (3,24). The mecha-
nism of drug–carrier blend formation and drug liberation during
powder fluidisation/aerosolisation is still poorly understood,
mainly due to the difficulty in obtaining detailed information
from experiments. This has become a major obstacle to further
improving inhaler performance. Numerical modelling has been
used to investigate the powder dispersion in inhalers and to
generate more detailed information at the microscopic level
(25–28). Computational fluid dynamics (CFD)models have been
adopted to investigate the effect of design on the performance of
DPIs (25,26). CFDmodels also were combined with the discrete
element method (DEM) to model the air flow in agglomerate-
based aerosolisation in DPIs (29). More recently, Yang et al. (30)
conducted a CFD-DEM study to investigate the effect of air flow
on the detachment of powders from carriers. However, there has
been no study to simulate powder dispersion in carrier-based
DPIs.

Modelling such a system represents a significant challenge for
the CFD-DEMbased simulations. In addition to a large number
of fine powders involved in the system, the size ratio between
carrier particles and drug particles can be over 50, which makes
the direct simulation of the system computationally very difficult
if not impossible. To overcome such problem, this paper is to
propose a multi-scale approach based on an assumption that the
powder dispersion in an inhaler depends on the “detachment
behaviour” of fine drug powders from carriers and “energy
environment” inside the inhaler. The former depends on the
characteristics and material properties of carrier and drug parti-
cles, and the latter depends of the device design and operation
conditions. By linking this information, the overall aerosolisation
performance of the inhaler will be predicted.

NUMERICAL MODEL AND SIMULATION
CONDITIONS

CFD-DEM Model

The detailed description of the CFD-DEM model was given
previously (28) and is summarised here. By treating the dis-
persion process as a particle-fluid flow, the discrete particles
and the continuous air flow are modelled by the DEM and
CFD, respectively. In the DEM model, the motions of a
particle (of mass mi and radius Ri) are governed by Newton’s
second law of motion (31), given by

mi
dvi
dt

¼ f pp;i þ f p f ;i þ mig ð1Þ

I i
dωi

dt
¼ Ti ð2Þ

where mi , Ii, vi, andωi are, respectively, the mass, moment of
inertia, translational and rotational velocities of particle i.
coefficient. The inter-particle forces fpp,i include the contact
force, damping force and the van der Waals force. Other
forces are the particle-fluid interaction force fpf,i and gravity.
Ti is the total torque acting on the particle.

The motion of fluid in CFD model is governed by the
Navier–Stokes equations, given by (32,33)
∂ε
∂t

þ ∇⋅ εu
� �

¼ 0 ð3Þ

∂ ρ f εu
� �

∂t
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þ ∇⋅ −ρu0u0
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where ε, ū, u′, ρf, P and τ are porosity, fluid mean velocity,
turbulent velocity fluctuation, fluid density, pressure and fluid
viscous stress tensor, respectively. The volumetric fluid-
particles interaction force Ffp is the summation of the
particle-fluid interaction fpf acting on all the particles in a
CFD cell (33). In the study, the Reynolds numbers range from
6.4×104 to 105, indicating the flow inside the inhaler is a
typical turbulent flow. The Reynolds stress model (RSM) was
therefore adopted for turbulence as it provides a better de-
scription of the swirl flow (34,35). The normalized Reynolds
stress residuals in the range of 10−4 have been applied as the
convergence criteria to ensure full convergence.

A two way CFD-DEM coupling method was adopted in
the study. The coupling was achieved by combining the DEM
code with commercial CFD software Fluent® through its
User Defined Functions (UDFs). Various functions were im-
plemented in the UDF which can be roughly categorized into
two groups: (i) the functions to simulate particle movements in
the DEM; and (ii) the functions to transfer the data between
the DEM and CFD. At each time step, based on fluid flow
field, the DEM simulation calculated particle-related infor-
mation based on fluid flow field, such as the positions and
velocities of individual particles, to determine porosity and
volumetric particle-fluid interaction force in the individual
computational cells. CFD then used these data to determine
the air flow field which then yields the particle-fluid interac-
tion forces acting on individual particles. Incorporation of the
resulting forces into the DEM produced information about
the motion of individual particles for the next time step, and
the process continued.

Simulation Conditions

The powder dispersion in a commercial inhaler, Aerolizer®,
was simulated. The inhalation systemwas used in our previous
study on the dispersion of a carrier free system (29). Figure 1
shows its geometry and the corresponding mesh. The inhaler
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consists of a chamber with two inlets, a barrel, a grid in
between and a capsule for powder storage. The mesh sizes
between 0.15 mm-0.2 mm were used in the current study,
which was the same as those used in our previous work (29). It
was demonstrated (29) that the mesh independence in terms of
the fluid field and particle flow was achieved with the selected
mesh sizes. It is also suggested that the mesh size in the CFD-
DEM model should be at least 1.5–2 times particle size. The
current mesh sizes therefore met the requirement compared
with the size of carrier particles (70–130 μm). The total
number of mesh elements in the simulations was 691,561.
Both unstructured (tetrahedral) and structured (hexahedron)
meshes were used and the structured meshes were preferred
wherever possible (e.g. the barrel).

The carrier based formulation was obtained by mixing
carrier particles (lactose) with fine drug particles (mannitol).
While the carrier particles had a size distribution from 70 to
130 μm, the drug particles were mono-sized at 2 μm. The
drug/carrier mass ratio was fixed at 1:62 in the current work.

As mentioned previously, direct simulation of the system is
not computationally feasible due to large number of particles
involved and large size difference between carriers and drug
particles. Instead, this study adopted a multi-scale approach in
which simulations at different stages are performed separately.
At stage I, the release of the drug particles from a single carrier
particle upon impaction was modelled, aiming to establish a
relationship between the release of drug particles with impact
conditions (e.g. velocity, angle). Then at stage II themotions of
the carrier particles in the inhaler were simulated to obtain
their dynamic behaviour including collision energy informa-
tion. By combining the detachment behaviour of the drug
particles with the dynamics of carriers, the dispersion perfor-
mance of the inhaler can then be predicted.

i). Stage I: Detachment of drug particles

In the simulations, a large carrier particle (lactose) was
initially put into the center and the drug particle (mannitol)
was randomly generated surrounding the carrier particle.
Then the drug particle covered to the surface of carrier
particle under an assumed centripetal force. The carrier-
drug formulation was then put into a wall-bounded shear flow
and impacted onto a target wall at a certain velocity and

impact angle, as shown in Fig. 2. The amounts of powders
released from the carrier, remained on the carrier surface and
deposited on the wall were then analysed. It was assumed the
detachment of the drug particles from the carrier surface was
mainly caused by the mechanical impaction while the role of
flow on powder detachment was minimum (28). Therefore,
different impact velocities and angles were used while keeping
the flow velocity at a constant of 20 m/s. Four simulations
were carried for each condition with the agglomerate being
rotated randomly to provide statistically sensible results. In
total, more than 200 simulations were carried out to establish
the relationship between the amount of fine particles released
from the carrier and wall deposition with impact angle and
velocity.

Physical Experiments

Physical experiments were performed to validate the model.
In the experiments, carrier-based formulations were aerosol-
ized using the angle throat as described in previous studies
(36,37). Two angles (45° or 90°) and two flow rates (60 and
120 L/min) were selected and the tests were performed in
triplicate to obtain mean values. Two polystyrene sphere
carriers (Dynoseeds® TS80, TS230) had mass-median-
diameter d0.5 values of 82.8 μm (TS80) and 277.5 μm
(TS230), respectively. The drug powders (salbutamol sul-
phate) have a median diameter of 4.2 μm. The drug was
blended geometrically with the polystyrene carrier at a mass
ratio of 1:50. To compare with the experimental results,
simulations under similar conditions were conducted. In the
simulations, the drug and carrier were Salbutamol Sulphate
(4.2 μm, density 1300 kgm−3 and Hamaker constant 1.2×
10−19 J) and polystyrene (density 1050 kgm−3 and Hamaker
constant 1.0×10−19 J), respectively.

ii) Stage II: Dynamics of carrier particles

In the second stage, the dynamics of the carrier particles
(lactose) in the inhaler was simulated. A previous study (38) has
demonstrated that the dispersion of powders inside the capsule
was minimal. Therefore, the discharge process from the capsule
was not simulated to reduce simulation time. Instead, at the
beginning of the dispersion process, a number of carrier particles

Fig. 1 (a) 3d view of the inhaler
model; and (b) its grid
representation.
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were ejected from the two ends of the capsule into the air stream
at prescribed intervals and velocities which were calculated from
the spin speed of the capsule and empty time. When the carrier
particles collided with each other and with the device wall, the
impact information of carrier particles (e.g. collision velocity,
collision angle and collision frequency) was recorded. The drug
particles were not included in the simulations and they were
assumed to follow the flow streamline and have no secondary
breakage after being released from the carriers. For the carriers
and the carrier-based agglomerate, their mass and volume differ-
ences are less than 1.5%and 1.6%, respectively. So their dynamic
behaviours are almost identical. In the simulations, different sized
carriers were used to investigate the effect on the inhalation
performance at prescribed intervals with velocities based on the
spin speed of the capsule. Different flow velocities of two air inlets
from 30 to 50 m/s (equivalent to flow rates of 83 to 138 L/min)
were used, which were the typical values used in physical exper-
iments (39,40) and clinical testing (41). The spin speed of the
capsule ω (rpm) was assumed to vary linearly with flow rate, Q
(L/min), given by ω=45Q (42). The Dynamic Mesh Model in
Fluent was adopted to model the spinning capsule. Details of the
parameters used in the simulations were provided in Table 1.

RESULT AND DISCUSSION

Release of Drug Particles from a Single Carrier Particle

The release of drug particles from a carrier particle due to
mechanical impaction was simulated under different condi-
tions (e.g. carrier size, impaction velocity and angle). The
following analysis, unless stated otherwise, is based on a carrier
particle of 100 μm with an impact velocity 15 m/s and an
impact angle θ=45°.

Figure 3a shows the detachment of drug particles from a
carrier during the impact process. Upon impaction, drug
particles are separated from the carrier particle due to the
rotation and deceleration of the carrier particle. While some
released particles are dispersed as aerosol, others are deposited
on the wall. The particles remaining on the surface of the
carrier may be further released upon next impaction.

Figure 3b shows the variations of the amount of aerosolised
and deposited particles with time. It is observed the detach-
ment of drug particles from the carrier is a very short process,
all taking place within 0.1 ms. Before t=0.01 ms, the amount
of particles deposited on the wall increases sharply before
reaching the maximum of ~60% of total mass of the drug
particles. In the meantime, the amount of drug particles
released from the carrier also increases while the amount of
residue on the carrier sharply decreases. Between 0.01 ms and
0.05 ms, while the wall deposition is unchanged, the amount
of free powders continues to increase while the amount of
particles on the carrier surface decreases. In the final stage
with t>0.1 ms, both the ratios of fragments and deposition
have little change, indicating the detachment process is com-
pleted. In this work, the impact is considered to finish if the
particle fractions are stable more than 0.1 ms.

Aerosolisation performance depends not only on the
amount of aerosol generated but also on the particle size
distribution of aerosol, in particular, the aerosol of drug par-
ticles with size less than 5 μm which can be delivered into the
lungs. Figure 4 shows the cumulative size distribution of
aerosol at the end of impaction (t=0.1 ms). It is observed that
the FPF (the mass fraction of fine particles of drug below
below 5 μm) of the aerosol is about 57%. Considering the
aerosol is only 31% of total mass of the drug particles, the mass
fraction of fine particles in the aerosol against the total mass of
drug particles (FPFloaded), upon single impaction, is about 18%.

To investigate the effect of impaction parameters on the
aerosolisation performance, the impact velocity and angle
were varied. Figure 5 shows the fine particle fraction
(FPFloaded), wall deposition particle fraction (DPFloaded) and
carrier residue fraction (RPFloaded) at the final stage under
different impact conditions. As shown on Fig. 5, increasing

Fig. 2 Impaction of single carrier particle with a wall in a uniform shear flow.

Table 1 Values of the Key Parameters Used in the Simulations (43)

Parameters Values

Diameter of carrier particles, D 70–130 μm
Diameter of drug particles, d 2 μm
Number of carrier particles, Nc 910–5830

Number of drug particles per carrier, Nd 686–4394

Density of carrier particles, ρc 1590 kg m−3

Density of drug particles, ρd 1490 kg m−3

Hamaker constant of carrier particles, Hac 1.59×10−19 J

Hamaker constant of drug particles, Had 1.2×10−19 J

Hamaker constant of wall, Haw 6.0×10−20 J

Single carrier impact angle, θ 15°–90°

Single carrier impact velocity, v 5–20 m/s

Shear flow velocity, us 20 m/s

Air flow rate , Q 82.8–138 L/min

Rotation speed of capsule, ω 3735–6210 rpm
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impact velocity has better aerosolisation performance. For a
given impact velocity, however, there exists an optimal impact
angle at between 30° and 45° for maximum aerosolisation
efficiency characterized by FPFloaded. With increasing impact
velocity and angle, RPFloaded and DPFloaded decreases and in-
creases, respectively. The impact angle and velocity thus have
significant effects on drug particle aerosolisation, resulting
from a balance between the increased drug particles released
from the carrier and increased deposition on the wall with
increasing impact velocity.

The simulations model was validated by comparing
the simulated fine powder fractions FPFloaded with those
obtained from the experiments. Figure 6 shows that the

simulated results are quantitatively comparable with the
experimental observations. In general, FPFloaded decreases
with the carrier particle size for the same impaction
condition. On the other hand, FPFloaded increases with
impact angles and air flow rates, showing that impact
angle and velocity had a significant effect on drug
particle aerosolisation. The combined effects of impact
velocity and impact angle on the detachment perfor-
mance of the drug powders, in terms of FPFloaded,
RPFloaded and DPFloaded are shown in Fig. 7.

To quantitatively describe the effect which can be used to
predict the powder dispersion in inhalers, an empirical poly-
nomial equation was proposed, given by
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f v; θð Þ ¼ aþ bvþ cθ þ dv2 þ eθ2 ð5Þ

Where f(v,θ) denotes FPFloaded, DPFloaded or RPFloaded and a,
b, c, d and e are fitting parameters based on the simulation

results. Table 2 shows the values of the parameters for this
case. Similar fittings were also obtained for other conditions.
These values will be used to predict powder dispersion in
inhalers.

Dynamics of Carrier Particles in the Inhaler

In this section, the behaviour of the carrier particles in the
inhaler is discussed. While simulations with more particles can
generate more accurate, they also need longer simulation time
to complete. Therefore a balance approach is required in which
only a minimum number of particles is simulated but the
generated results, including FPF and collision energy, are inde-
pendent of the number of particles in the system. Different
numbers of particles ranging from 1000 to 8000 have been
simulated and the results showed no significant difference,
indicating the prediction is independent of the number of
particles simulated. The following analysis, unless stated other-
wise, is based on 1000 carrier particles of size 100 μm dispersed
in the inhaler with the velocity of 40 m/s for each inlet.

In the DEM, the motions of carriers are tracked so the
carrier-carrier and carrier-device collisions can be obtained
separately. Figure 8a shows the spatial distributions of the
carrier-device and carrier-carrier collisions in the inhaler.
Most of the carrier-device collisions occur in the swirling
chamber and the region with highest collision energy is locat-
ed near the air inlets. Similar to the carrier-wall collisions, the
vast majority of the carrier-carrier collisions also occur in the
chamber. However, both the number and magnitude of the
carrier-carrier collisions are much smaller than those of the
carrier-wall collisions. In the barrel region, the carrier-carrier
collisions are rare events (only 4~5 collisions observed in a
simulation). This is because the flow in the barrel region is far
less turbulent than that inside the chamber region, causing the
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particle-particle collision less likely. Also the times entering the
barrel from the chamber are different for different particles, so
the concentration in the barrel region is much lower than in
the chamber region, which also reduces the chance of particle-
particle collisions.

Figure 8b shows that the total carrier-device collision en-
ergy is much higher (more than twenty times) than that
between the carriers. There are two distinct phases during
the dispersion process. From 0 to 0.85 s, the number of
carrier-wall collision increases significantly while the number
of the carrier-carrier collisions fluctuates at very low levels.
From 0.85 s, with the carrier particles starting to exit the
inhaler, the number of the carrier-device collision decreases
while the number of the carrier-carrier collisions drops to
almost zero.

Figure 9 shows the effect of air velocity on particle-device
collision. With increasing air inlet velocity, the mean carrier-
device impact velocity increases and the distribution of impact
velocity becomes wider (Fig. 9a) indicating more chaotic be-
haviour of the carrier in the inhaler. However, the impact
angle between the carriers and the device is almost unchanged
with most of the impacts occurring at an angle less than 45°
(Fig. 9b). Increasing air velocity also causes a decrease in the
number of carrier-device impacts (Fig. 9c) as the carrier par-
ticles are more likely to follow the air flow.

Predicting Aerosolisation Performance

Once the detachment of the drug particles from the carriers
under different impact conditions and the dynamics of the

carrier in the inhaler are obtained, the aerosolisation perfor-
mance of the inhaler can be predicted based on following
assumptions:

& The drug particles are uniformly distributed at the surface
of the carrier particles;

& The dynamics of the carriers are not affected by the
presence of the drug particles;

& The aerosolisation performance is independent of the
amount or configuration of drug particles on the carrier; and

& The aerosolisation of the drug particles is mainly caused
the carrier-device mechanical impaction.

Thus the overall FPFloaded of the system is given by

FPFloaded ¼ 1
N p

X
i¼1

N pX
k¼1

N c

Rk FP F i;k ð6Þ

where Np is the total number of carrier particles in the inhaler,
Nc is the total number of collisions for individual carrier, FPFi,k
is the fine particle fraction in the aerosol generated from
carrier particle i after the k-th collision and Rk is the fraction
of drug particles remained on the carrier particle before the k-
th collision (R1=1).

Figure 10a shows the predicted FPFloaded with differ-
ent carrier diameters and air velocities based on Eq. 6.
The results indicate that aerosolisation performance de-
creases with carrier size and increases with the air flow
velocity, which agrees with experimental observations in
the literature (15,20). Figure 10b shows the relationship

)c()b()a(
Fig. 7 Contour plots of (a) FPFloaded, (b) RPFloaded and (c) DPFloaded with impact velocity and angle.

Table 2 Values of the Parameters
in Eq. 5 Equation a b c d e

FPF(v,θ) −0.043 9.305×10−4 3.72×10−3 3.162×10−4 −4.48×10−5

RPF(v,θ) 1.592 −0.082 −0.018 1.89×10−3 1.33×10−4

DPF(v,θ) −0.463 0.066 0.012 −1.71×10−3 −6.71×10−5
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between FPFemitted, the mass fraction of drug particles
smaller than 5 μm against the total mass of emitted
drug particles, and FPFloaded. A linear correlation be-
tween FPFemitted and FPFloaded suggests that the deposition
particle fraction (DPF) as a whole remains a constant.
This indicates that device removal efficiency is indepen-
dent of carrier size and flow rate. The trend is also

consistent with previous experimental observations
(15,20). As increasing flow rate increases carrier-device
collision intensity, so is the increase in the degree of
drug liberation from the carrier surface. For a given
formulation mass with a fixed carrier/drug ratio, there
are more drug particles per carrier but smaller specific
surface area in the large carrier system. Furthermore,
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the single carrier impaction simulations also confirm
that a higher specific surface area (smaller carrier size)
results in a greater probability of powder detachment.

CONCLUSION

The aerosolisation process of a carrier-based dry powder
inhalation system was investigated using a multi-scale ap-
proach based on the combined CFD-DEM technique. The
relationship between drug particle aerosolisation and carrier
particle collision was established based on single carrier im-
paction model. The total FPFloaded was predicted by linking
collisions information to drug aerosolisation by single carrier
particle impaction model. The final results showed that the
aerosolisation performance of carrier-based formulation de-
creases with the carrier particle size and increases with the air
flow velocity. The numerically predicted trends of FPFloaded
and deposition with carrier size and air velocity are consistent
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with the experimental observation. The detailed and quanti-
tative information obtained in this study can be used to better
understand the aerosolisation mechanism of carrier-based
formulations.
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