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In this work, the Discrete Element Method (DEM) is used to simulate the dispersion process of Active Pharmaceu-
tical Ingredients (API) after awall collision in dry powders inhaler used for lung delivery. Any fluid dynamic effects
are neglected in this analysis at the moment. A three-dimensional model is implementedwith one carrier particle
(diameter 100 μm) and882drug particles (diameter 5 μm). The effect of the impact velocity (varied between 1 and
20 m s−1), angle of impact (between 5° and 90°) and the carrier rotation (±100,000 rad s−1) are investigated for
both elastic and sticky walls. The dispersion process shows a preferential area of drug detachment located in the
southern hemisphere of the carrier. The angle of impact with the highest dispersion is 90° for the velocities over
9 m s−1 and between 30° and 45° for lower velocities. The rotation of the carrier before the impact, on the other
hand, for velocities higher than 7 m s−1, plays a little role on the dispersion performance. The DEM results are fi-
nally “distilled” into a simplified analytic model that could be introduced as a sub-scale model in Euler/Lagrange
CFD calculations linking fluid dynamics with the detachment probability of APIs in the inhaler.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dry powder inhalers (DPIs) are used for drug delivery to the respira-
tory tracts. The drug particles, the so-called Active Pharmaceutical In-
gredient (API), need to be small enough (around 1 to 5 μm) in order
to reach the deeper airways of the lungs. However, high cohesion
inter-particle forces in these fine powders lead generally to the forma-
tion of agglomerates [1,2] which negatively affect the dispersion of
APIs in the airflow [3]. To avoid this issue, larger particles (around 50
and 100 μm) called carrier particles are normally used; the surface of
the carrier particle is coated with API particles and conveyed with the
breathing flow through the inhaler. Under normal conditions, high tur-
bulence and contact with the wall of the device ensure the detachment
of the API particles and an effective delivery to the lungs [4]. Despite the
abundance of DPIs in theworldwidemarket, however, thepercentage of
APIs that actually reach the lungs is only between 20 and 40%. Various
techniques for increasing the efficiency of inhalation devices, therefore,
have been proposed: (i) narrower inlet sections that increase air veloc-
ity and the probability of particle-wall impact [5] and (ii) grid insertion
that concentrates turbulence in the inhaler swirl chamber [4,5]. In
ering, College of Engineering &
st Midlands, United Kingdom.
. Ariane),
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addition, the formulation of the powders can also play an important
role in the penetration of the particles in the airway and the presence
of high ratios of porous or elongated particles has been shown to be
beneficial [4,6].

Other investigations have focused on the understanding of the
mechanisms induced by flow and particle dynamics in inhaler cham-
bers. Cui, et al. [7] and Sommerfeld and Schmalfuss [8] simulated the
flow dynamics in a complete inhaler system and showed that the
highest velocity and turbulent kinetic energy magnitudes are located
in the swirl chamber.Milenkovic, et al. [9],Milenkovic, et al. [10] studied
the particle flow dynamics in turbuhalers and focused on the location of
the preferential particle deposition according to their sizes and the flow
velocity. Tong, et al. [2] quantified the energy generated by the inter-
particle collisions and particle-wall impacts and showed that the
particle-wall collision energy is the predominant factor.

For ensuring an efficient drug delivery in the lungs, the API detach-
ment from the carrier during the inhalation also needs to be maximised.
Therefore, in recent years, micro-scale modelling of API-API and carrier-
API interactions has gained interest. Cui, et al. [7] simulated one APIs-
carrier agglomerate exposed to laminar plug or shear flowwith different
velocities and highlighted three mechanisms of detachment: lift-off,
rolling and sliding. Cui and Sommerfeld [11] focused on the fluid dy-
namic forces acting on API particles with different properties such as
their numbers (i.e. the degree of coverage APIs on carrier), API size and
position. They showed that the normal and the tangential forces on the
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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APIs variedwith the API position on the carrier and that the fluid dynam-
ics forces acting on APIs are lower with smaller drug particles. More re-
cently it was shown, that turbulence of the flow about the cluster
carrier-APIs can remarkably enhance the detachment probability of
APIs [12]. Sommerfeld and Schmalfuss [8] studied the fluid dynamics of
inhaler devices (here a Cyclohaler) and the carrier particle motion in
order to quantify the fluid stresses such as the velocity, the shear rate
and the turbulent kinetic energy experienced by the carriers along
their way through the inhaler. Their findings show the importance of
the fluid forces, in particular, the transverse lift forces, on the particle ve-
locity.Moreover, these studies revealed the extremely highwall collision
rates experienced by the carriers.

Nevertheless, although all these studies give important information
on fluid and particle motion in inhalers, APIs dispersion induced by
wall impact remains limited to a few studies. [1,13] investigated the
breakage of an APIs agglomerate (without carrier support) under differ-
ent velocities, impact angles and agglomerate strengths. Using different
geometries, these studies highlight the weak API-API cohesion after an
impact and confirmed the key role of thewall impacts in term of impact
energy. In the same way, with an API-carrier model, Tong, et al. [2,14],
with an API-carrier model, investigated a number of parameters
which play a role on the number of APIs detaching from the carrier
after a wall impact. They showed, in particular, that the dispersion of
APIs increases with the translational velocity and the angle of impact,
and that the normal component of the impact velocity is the dominant
factor. They also approximated the APIs dispersion performance with
a cumulative distribution function of the impact energy and the adhe-
sion energy. vanWachem, et al. [15], with a multi-scale approach, sim-
ulated the APIs dispersion with different adhesion forces. Their findings
highlight the link between the properties of particles and the perfor-
mance of the inhalers. They also demonstrate the relevance of using
micro-scale results (APIs-carrier impact mechanisms) in a large
macro-scale simulation (i.e. the inhaler device).

The aim of this work is to fill the gap between micro- and macro-
scale simulations. Micro-scale models calculate the fraction of APIs
detaching from the carrier given a certain impact energy, but do not re-
late this information to the actual hydrodynamic conditions occurring in
the inhaler. Macro-scale simulations (e.g. CFD of inhalers), on the other
hand, describe the hydrodynamics of the flow in the inhaler and, by
means of Lagrangianparticle-tracking, the trajectories of the carrier par-
ticles, but do not convert this information in a fraction of detaching APIs
and, ultimately in the performance of the device. An attempt in this di-
rectionwas undertaken by [16] who developed awall collision-induced
API detachment model to be used in the frame of Euler/Lagrange calcu-
lations. However, due to the highwall collision rates in inhalers, also the
resulting API detachment rate was found to be very large.

In this work, the collision between a carrier-APIs agglomerate and a
plane wall is modelled at the micro-scale by means of the Discrete Ele-
ment Method (DEM) and the effect of impact velocity, angle of impact
and angular velocity on the API detachment is investigated. TheDEM re-
sults are then “distilled” into a simplified analytic model that can be in-
troduced as a sub-scale model in Euler/Lagrange CFD calculations
linking hydrodynamics with the detachment ratio or probability of
APIs in the inhaler, or more in general, into multi-physics [17] simula-
tions of the lungs airways [18].

2. Methodology

2.1. Modelling

The present study concerns the collision of carrier-API agglomerate
with a plane wall which is simulated by DEM. Any fluid dynamic effects
on particle motion are neglected at the moment. DEM is a Lagrangian
particle tracking method where the particles are mostly treated as
point masses with respect to possible fluid dynamic forces but it allows
to handlemultiple particle contacts and collisions (i.e. with surrounding
other particles) generally in the frame of a soft-sphere collision model.
Hence, here, by considering spherical particles (before and after im-
pact), the particles move and rotate according to the Newtonian equa-
tions of motion [1].

mi
dvi
dt

¼ mi
d2ri
dt2

¼
X
i≠ j

Fi; j þ
X

FE; ð1Þ

Ii
dwi

dt
¼
X
i≠ j

Ri Fi; j; ð2Þ

wheremi is the mass of particle i, vi its velocity, ri its position, FE the ex-
ternal forces, and Fi,j the internal or inter-particle forces. Ii,wi, and Ri, are
respectively, the moment of inertia, the angular velocity and the radius
of the particle i. External forces combine fluid dynamic forces acting on
each individual particle (carrier and API) and external forces, such as
gravity, which are however both neglected in this study.

In thiswork, the internal forces Fi,j are the contact forces and account
for (i) the non-adhesive elastic contact after a collision particle-particle
or particle-wall based on the Hertzian theory and (ii) the adhesive con-
tact between 2 spherical particles based on the Bradley model.

The Hertzian model consists of a normal contact force fn and a tan-
gential contact force ft [19].

f n ¼
ffiffiffi
δ

p ffiffiffiffiffiffiffiffi
Reff

q
knδ−meffγnvn
� �

; ð3Þ

f t ¼ −
ffiffiffi
δ

p ffiffiffiffiffiffiffiffi
Reff

q
ktξþmeffγtvt
� �

; ð4Þ

where Reff= RiRj/(Ri+ Rj), is the effective radius of the colliding particles
i and jwith radius Ri and Rj, kn and kt are the normal and tangential stiff-
ness of the contact, δ and ξ the overlap and the displacement between
the particles in, respectively, the normal and the tangential direction,
γn and γt the normal and tangential damping coefficients and meff =
mimj/(mi + mj) the effective mass of the colliding particles with mass
mi and mj. The concepts of displacement ξ and, in particular, of overlap
δ are abstract ideas that allow the DEM to calculate the tangential and
normal forces occurring during collision. In reality, two colliding particles
deform rather than overlap, but the idea is conceptually practical and it is
going to be use also in the discussion section.

By considering elastic materials, kn and kt can be defined as [19,20].

kn ¼ 2Ei; j

3 1−υ2
i; j

� � ; ð5Þ

kt ¼
2Ei; j

2−υi; j
� �

1þ υi; j
� � ; ð6Þ

with Ei,j and ʋi,j are, respectively, Young's modulus and Poisson's ratio of
particles i and j.

The adhesive contact between 2 spherical particles is modelled after
Bradley [21].

FB zð Þ ¼ Fc; for z ≤ z0

FB zð Þ ¼ RiRj

Ri þ Rj

16ψπ
3

1
4

z
z

� �−8

−
z
z

� �−2
" #

; for z N z0

8><
>: ð7Þ

where FB is the surface force between the particles i and j at a distance
z, Fc is the maximum surface force when particles i and j are in contact
(z = z0), 2ψ the total surface energy of both surfaces per unit area and
z0 the equilibrium separation of the particles i and j. In our simulations,
z0 is equal to 4 10−10 m [22], ψ is deduced from Eq. (7) for z= z0, and Fc
is equal to 2.58 10−7 N (experimentally measured via Atomic Force
Microscopy AFM) [7].



Table 1
Properties of carrier and APIs, contact parameters andmodel parameters used in the sim-
ulations (note the damping coefficients are specified for an elastic (1) and sticky (2)wall).

Model parameter Value

Diameter of the carrier particle, dc 100 μm
Diameter of one API particle, dAPI 5 μm
Mass of the carrier particle, mc 1.31 10−9 kg
Mass of the API particle, mAPI 8.44 10−14 kg
Young's modulus of the carrier particle, Ec 63 GPa
Young's modulus of the API particle, EAPI 2.15 GPa
Poisson's ratio of the carrier particle, νc 0.24
Poisson's ratio of the API particle, νAPI 0.3
Adhesion force 2.58 10−7 N (untreated glass carrier)
Normal damping coefficient of carrier γnc (1) 0.3 (2) 0.3
Tangential damping coefficient of carrier γtc (1) 0.15 (2) 0.15
Normal damping coefficient of API γnAPI (1) 0.3 (2) 6 1014

Tangential damping coefficient of API γtAPI (1) 0.15 (2) 6 1020

(1) “elastic”wall, (2) “sticky” wall.
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2.2. Geometry and model setup

A three-dimensional model is implemented and consists of one car-
rier particle with a diameter of 100 μm and 882 of mono-sized API par-
ticles with a diameter of 5 μm agglomerated around the carrier as a
mono-layer (Fig. 1).

In API-carrier simulations, a degree of coverage is often used to de-
fine the number of APIs in contact with the carrier [7]. In the case of a
mono-layer with mono-sized particles, the degree of coverage α is de-
fined as the cross-section area of all API particles divided by the area
of the sphere ‘API + carrier’ [7].

α ¼
nAPI

π
4
d2API

π dc þ dAPIð Þ2
; ð8Þ

with nAPI the number of API particles, dAPI and dc the diameter of one API
particle and the carrier particle, respectively. Typical degrees of cover-
age are between 20% and 50% in pharmaceutical applications. In our
simulations, we use a degree of coverage of 50% at t = 0 [7,16], which
correspond to 882 API particles attached on the surface of the carrier.

The APIs and the carrier are considered elastic and their material
properties are summarised in Table 1 [7]. Moreover, viscous dissipation
can be easily implemented in DEM; but it is not considered here in order
to compare our resultswith those of previous studies available in the lit-
erature [2,14]. Thewall property effect is also investigated and, bymod-
ifying the damping coefficients (γn and γt in Eqs. (3) and (4)), different
types of wall can be implemented (Table 1). Two walls are considered;
an (1) “elastic” wall where both APIs and carrier have the same
damping coefficients and can rebound after impacting the wall and a
(2) “sticky” wall which only applies to the API. Consequently, those
APIs which are detached from the carrier and then hit the wall will re-
main there and hence are deposited. Moreover, it should be reminded
that an agglomerate-wall collision always happens with drug particle
between carrier and wall, so that for the sticky wall condition the API
will stick on the wall, but will detach from the carrier. This will have
some effect on the deceleration of the agglomerate at shallow impact
angles, as will be discusses in Section 3.3.

2.3. Simulation parameters

In this work, the influence of four variables on the agglomerate-wall
collision is investigated: the translational and angular velocity v and w
of the carrier-API, the axes of rotation, and the impact angle θ.

In our simulations, we vary the translational velocity from 1m s−1 to
20m s−1 (every 1m s−1) andwe select 8 angles of impact between 5° to
90°. Moreover, three axes of rotation are chosen for the carrier: a rotation
around the axis y (wy in Fig. 1); a rotation around the axis perpendicular
to the translational velocity v! (wper in Fig. 1); and a rotation around the
axis parallel to the translational velocity v! (wpar in Fig. 1). For these
Fig. 1. Illustration of the carrier-API agglomerate approaching a plane wall with given
translational and angular velocities at a pre-defined impact angle θ and definition of the
coordinate system.
three axes of rotation, a variation of the angular velocity magnitude of 2
105 rad s−1 is used between−1 105 rad s−1 and 1 105 rad s−1.

The implementation of these series of variations including the “elastic”
and the “sticky” wall condition brings it to a total number of 9600
simulations.

3. Results

In the following sections, the dispersion ratio η, defined as the num-
ber of detached APIs (after impact) over the initial total number of APIs,
is calculated for each simulation. For literature comparison, we use here
the same API and carriermaterial properties of [14]: the APIs and carrier
are made of the same material with a density of 2650 kg m−3, Young's
modulus of 24 GPa, Poisson's ratio of 0.3 and an adhesion force of 2.99
10−9 N. The size ratio API/carrier is also 5/100, but the degree of cover-
age is lower, i.e. α=15%, which means 242 APIs are distributed on the
carrier.

A snapshot of a typical simulation is shown in Fig. 2. During the im-
pact, the particles located in the southern hemisphere (i.e. facing the
wall) tend to detach more easily than those located in the northern
hemisphere. The reason of this behaviour,which also has been reported,
but not explained, elsewhere [14], is discussed in Section 4.

3.1. Effect of translational velocity

The following simulations are based on the parameters of Cui, et al.
[7] as provided in Table 1. Thereby it is possible to consider also realistic
impact velocities as observed in an inhaler [8]. The effect of the impact
angle and translational velocity on the dispersion ratio is shown in
Fig. 3. In these simulations, the angular velocity is set to zero. As ex-
pected, higher velocities yield to higher dispersion ratios over the entire
angular range due to the higher inertial forces at impact. The trend in
the dispersion ratio curves is very similar for all absolute values of the
impact velocity and, at shallow angles, low values are observed (only
at 1 m s−1 and 5°, the dispersion ratio is equal to zero) which continu-
ously increase with impact angle and reach a maximum. For velocities
above 9 m s−1, the dispersion ratio is maximal at 90° [14] with a
neglected effect of the impact angle, while for lower velocities is located
between30° and 45°. This behaviour has also been observed, but not ex-
plained, by [2]. More details on this are given in Section 4.

3.2. Effect of rotational velocity

In this section, the effect of the agglomerate (carrier-API) initial rota-
tion is investigated. In order to highlight the specific effect of each
axis of rotation, we implement separately the angular velocities wy,

Image of Fig. 1


Fig. 2. Snapshots of the impact carrier-API agglomerate with the wall at different times for v = 0.1 m s−1, θ = 45°, Fc = 2.99 10−9 N and α = 15%.
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wpar and wper as explained in Section 2.3. The DEM results show that,
above v=7m s−1, the dispersion is not significantly affected by the an-
gular velocity (in any direction). Below 7m s−1, differences are only ob-
served for angular velocities in the y-direction, i.e. axis of rotation
perpendicular to thewall collision plane. Fig. 4 shows how the initial an-
gular velocity of the carrier affects thedispersion at v=5ms−1. The fact
that only wy affects the dispersion depends on the fact that, given our
coordinate system (Fig. 1), during the collision the tangential forces
transfer part of the linear momentum in the x-direction into angular
momentum in the y-direction. This does not occur with wpar and wper

that remain approximately constant during the collision. Therefore, pos-
itive wy causes an actual acceleration of the carrier after rebound and
negative wy yields a deceleration; both affecting the detachment. Fig. 5
provides an example of how vx and wy are linked. If wy is positive
(Fig. 5a), vx increases during the impact. If wy is negative, vx decreases
during the impact and, in the case of (Fig. 5b), the carrier even bounces
backwards after the collision (a similar effect is known as “sidespin” in
cue sports). This circumstance plays a role in the detachment, but it is
not always easy to anticipate its effect on the detachment without the
actual DEM simulation as discussed in Section 4. The detachment rate
for positivewy (Fig. 5a) is remarkably below the result without rotation
until an impact angle of 60°, but then becomes higher (Fig. 4). For neg-
ativewy, the trends are not that clear. At high impact angle (beyond 60°)
again the detachment ratio is larger than without rotation and almost
identical to the result with positive rotation. At smaller impact angles
negative rotation is only effective for an impact angle of 20° giving a re-
markable reduction. For the other two directions of rotation (i.e. wpar

andwper) thedispersion ratio is recognisable increased for impact angles
beyond 60°, otherwise it is almost identical to the result without
Fig. 3. Effects of the impact angle and the translational velocity on the dispersion ratio for
the case of “elastic” wall and w = 0 (other parameters according to Table 1).
rotation. In conclusion, agglomerate (carrier-API) rotation has impor-
tant effects on the API detachment for low translational impact veloci-
ties. For higher impact velocities the agglomerate surface velocity is
not that much influenced when having angular velocities in the consid-
eredmagnitude. Inwall-bounded flows, such as an inhaler device, these
high rotational velocities are definitely realistic and mainly induced by
previous agglomerate or carrier wall collisions (see for example [23]).
Assuming a sticking wall collision (all translational energy is trans-
formed to rotational energy) of the agglomerate (effective diameter
110 μm) with a wall-parallel velocity of 10 m s−1, the angular velocity
will be 200,000 rad s−1.
3.3. Effect of wall properties

The rebound of the API-carrier agglomerate after impact with two
different walls is shown in Fig. 6. The detachment process is similar in
both cases with a preferential detachment located in the southern
hemisphere. A difference is observed on the motion of the detached
APIs after impact. In the case of “elastic” wall (Fig. 6a), detached APIs
maintain a certain velocity and rebound with the carrier. In the case of
“sticky” wall (Fig. 6b), after detachment, the APIs remain attached on
the wall (Fig. 6b), which means, they are deposited and hence need to
be re-entrained into the flow inside an inhaler device by fluid dynamic
forces (see for example [11]). Since for such small particles the wall ad-
hesion is very strong, deposited APIswouldmost probably not leave the
inhaler and thereby yield low fine particle release efficiency.

Similarly, Fig. 7 indicates that the detachment ratio is not particu-
larly affected by the nature of the wall and the only significant differ-
ence occurs at v = 19 m s−1 and for angles below 20°.
Fig. 4. Effects of the impact angle and the angular velocity magnitude on the dispersion
ratio for the case of “elastic”wall and v=5m s−1 (other parameters according to Table 1).

Image of Fig. 2
Image of Fig. 3
Image of Fig. 4


Fig. 5. Snapshots of the impact API-carrier on “elastic” wall at different times for v = 1 m s−1, θ = 45° and an initial rotation in the y-direction (a) w = 1 105 rad s−1 and (b) w = −1
105 rad s−1 (other parameters according to Table 1).
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When the carrier moves with very small angles close to the wall,
even if the impact energy is not enough to detach the APIs, the “sticky”
wall can capture the small particles trapped between the carrier and
thewall like a sort of flypaper. This occurs, in particular, at higher veloc-
ities when the overlap δ is larger and, therefore, there are more APIs
caught in between the carrier and the wall.

Consequently a correct prediction or modelling of the deposited
fraction of APIs is essential to forecast the fine particle fraction leaving
the inhaler. Therefore, also in an Euler/Lagrange prediction of the effi-
ciency of inhaler devices, the deposition of the API needs to bemodelled
realistically.

Finally,most of the time, thewall is neither fully elastic nor completely
sticky. In this study, we decided to simulate the two extreme cases and
examine the differences. Fig. 7, for instance, shows that the stickiness of
the wall plays a role only at high velocities and low angles.
Fig. 6. Snapshots of the impact API-carrier at different times for v = 1 m s−1, θ= 45° for
4. Discussion

4.1. Wall collision model

For a detailed analysis and optimisation of inhaler devices the classi-
cal Euler/Lagrange approach is most suitable due to its efficiency
(for further references see [7,8]). However, in this approach, the tracked
particles, the carriers or agglomerates, are considered as point masses.
Consequently all phenomena occurring on the scale of the particles,
such as drug particle detachment from the carrier have to be modelled
appropriately. Such detachment may occur by fluid dynamic forces or
due to wall impacts. The probability of fluid dynamic detachment is
quite low [11], so that the dominant mechanism of drug particle re-
dispersion from a carrier is wall impact, which frequency is extremely
high [8]. For considering such an inertial drug detachment in the
(a) “elastic” wall (a) versus “sticky” wall (b) (other parameters according to Table 1).

Image of Fig. 5
Image of Fig. 6


Fig. 7. Effects of the impact angle and the translational velocity on the dispersion ratio in
the case of “elastic” wall and “sticky” wall (other parameters according to Table 1).
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frame of Euler/Lagrange calculations, Cui and Sommerfeld [16] devel-
oped a carrier-wall collision model with API detachment. This model
is however rather sophisticated and associated with a number of
strongly simplifying assumptions. Moreover, due to the high number
of wall collisions, the drug detachment probability was found to be
close to 100%. With the conducted DEM simulations, now it is possible
to deduce a much simpler wall collision model which also can be vali-
dated based on the produced data.

4.1.1. Collision between carrier and wall
Initially,we look at the collision of the carrierwith thewall andwe can

simplify the collision process in three main steps (Fig. 8). When the par-
ticle hits the wall, its angular velocity is w and its translational velocity
is v with its perpendicular and parallel (to the wall) components
respectively.

v⊥ ¼ v sin θ; ð9Þ

v== ¼ v cos θ; ð10Þ

During the collision, the DEM simulation calculates the overlap δw
and the displacement ξw between the wall and the carrier. The overlap
and the displacement do not actually occur in a real collision, but, as
Fig. 8. Schematic representation of the carrier colli
mentioned, are abstract concepts used by the DEM solver to calculate
the contact normal and tangential forces fn and ft (Eqs. (3) and (4)).

The collision is fully elastic and there is no dissipation (if necessary,
dissipation could be introduced in the form of a restitution coefficient).
However, the value of v changes before and after the collision. Due to f t,
in fact, part of the tangential kinetic energy is transformed in rotational
kinetic energy. The parallel velocity v// does not remain constant (be-
comes v’//) and part of the linear kinetic energy lost (or gained) goes
into the angular velocity w (that becomesw’). In theory, if the collision
is elastic, this should affect only the parallel velocity. The situation, how-
ever, is considerably complicated by the presence of a layer of APIs be-
tween the carrier and the wall and, usually, there is also a (smaller)
change of perpendicular velocity v┴ that becomes v’┴.

4.1.2. API's escape velocity
Initially, the APIsmovewith the carrier. At equilibrium, the overlap δ

between the carrier and the API can be calculated from the balance of
forces.

f nδ−FBδ ¼ 0: ð11Þ

In the case of Hertzian contact, Eq. (11) gives.

δ ¼ FBffiffiffiffiffiffiffiffi
Reff

p
kn

 !2
3

: ð12Þ

After the carrier hits the wall, the relative velocity between the two
particles suddenly changes. We can distinguish two cases (Fig. 9). If the
relative velocity of the API is above a certain critical velocity (i.e. the es-
cape velocity ve), the kinetic energy overcomes thework done by the ad-
hesion force and the particle detaches from the carrier-wall collision, it
returns to its initial value while the relative velocity (Δv= vAPI – vcarrier)
returns to zero (Fig. 9). Only particles whose relative velocity is higher
than ve detach from the particle. In principle, there is not a simple way
to determine the relative velocitywithout theDEMsimulation. In the fol-
lowing sections, however, we discuss two typical detachment scenarios
(or modes) and, based on these, a simplified model, which can estimate
the dispersion ratiowithout the need of carrying out aDEMsimulation, is
proposed.

4.2. Detachment modes

Initially, we neglect the angular velocity. This means that no energy
is transferred from the linear to the rotational velocity and, since the col-
lision is elastic, v= v’, v//= v’//, and v┴= v’┴ in Fig. 8. The carrier and the
APIs, therefore, have, at all times, the same parallel velocity v// and the
detachment only depends on the perpendicular velocity. In this case,
the dynamics differs if the API is located at the northern or the southern
sion: (a) impact, (b) overlap and (c) rebound.

Image of Fig. 7
Image of Fig. 8


Fig. 9. Relative velocity between API and carrier and escape velocity ve; (a) the two types of carrier-wall collision scenarios, Δv N ve escape, Δv b ve remain; (b) change of carrier and API
velocities during wall collision for escape and remain of API.
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hemisphere of the carrier.We propose two simplifiedmodels of detach-
ment one for the northern hemisphere and another for the southern
hemisphere.
4.2.1. Southern hemisphere detachment
The collision with thewall reduces abruptly the perpendicular com-

ponent of the carrier velocity. As a consequence, the relative velocity of
an API located on the southern hemisphere increases as shown in
Fig. 10. As mentioned, since the collision is elastic and, for the moment,
we neglect the angular velocity, the parallel velocity of both particles is
not affected by the collision and, therefore, the relative velocity Δv has
only a perpendicular component (Fig. 10).
Fig. 10. The Southern hemisphere detachment (overlap oversized for explanation
purposes).
The kinetic energy of the API is.

EK tð Þ ¼ 1
2
m Δv⊥ tð Þ½ �2: ð13Þ

The relative velocity Δv⊥, however, changes with time. Eq. (13) can
be simplified by considering an average relative velocity bΔv⊥N during
the detachment process. The DEM simulations show that the detach-
ment occurs during the first part of the collision (Δt in Fig. 9, the time
required for the carrier to stop before the rebound). As a first approxi-
mation, we can use bΔv⊥N=½v⊥ (averaging over the “almost triangu-
lar” grey area in Fig. 9) and, accounting for Eq. (9), an estimate of the
kinetic energy of the API during detachment, therefore, is.

EK ≈
1
8
mv2 sin2θ: ð14Þ

During the detachment, the work done by the adhesion force can be
calculated as.

EB ¼
Z∞
−δ

FB zð Þdz; ð15Þ

where FB is given by Eq. (7). An estimate of EB, which does not require
the calculation of the integral is.

EB ≈ FC z0 þ δþ zcut−off

2

� �
; ð16Þ

where zcut-off is a cut-off distance, after which adhesion force is neg-
ligible and is calculated to approximate Eq. (16) with Eq. (15); here
zcut-off = 10−9 m.

Image of Fig. 9
Image of Fig. 10
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The work done by fn can be calculated by.

En ¼
ffiffiffiffiffiffiffiffi
Reff

q
kn

Zδ
0

z
3
2dz ¼ 2

5

ffiffiffiffiffiffiffiffi
Reff

q
knδ

5
2; ð17Þ

where the displacement δ is calculated from Eq. (12).
The tangential force acting on the particle is min(ft, μ fn), where μ is

the static friction coefficient and ft is given by Eq. (4). To simplify our cal-
culations, we estimate thework done by the tangential force only on the
basis of μ fn since, only when the tangential force reaches this value, the
API begins to move relatively to the carrier.

Et ≈ μ
ffiffiffiffiffiffiffiffi
Reff

q
knδ

3
2ξ: ð18Þ

The tangential displacement can be estimated as Fig. 10.

ξ ≈ R1ϕe; ð19Þ

where R1 is the radius of the carrier and ϕe the escape angle (Fig. 10).
Geometric considerations bring to.

R1−δð Þ sinϕ0 ¼ R1 sin ϕ0−ϕeð Þ; ð20Þ

and

ϕe ¼ ϕ0− sin−1 R1−δ
R1

sinϕ0

� �
; ð21Þ

where ϕ0 is the angle of the initial position of the API on the car-
rier surface. Since R1 ≫ δ, Eq. (21) can be expanded in Taylor series
as.

ϕe ¼
δ
R1

tanϕ0 þ O δ2
� �

; ð22Þ

and Eq. (18) becomes.

Et ≈ μ
ffiffiffiffiffiffiffiffi
Reff

q
knδ

5
2 tanϕ0: ð23Þ

From Fig. 10, we see that the elastic force tends to detach the two
particles, while the tangential force opposes sliding. By writing the en-
ergy balance of the API, therefore, we can determine that detachment
Fig. 11. Illustration of the detachment area on the southern hemisphere of the carrier
particle.
is only possible if the kinetic energy and the elastic energy overcome
the adhesion and tangential energies i.e.

Ek ≥ EB−En þ Et : ð24Þ

The symbol “≥” becomes “=” when the API's velocity is exactly the
escape velocity (i.e. v = ve). By combining together Eqs. (15), (16),
(23) and (24), we can estimate the escape velocity as.

ve ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fc δþ zcut−off
� �

−
2
5

ffiffiffiffiffiffiffiffi
Reff

q
knδ

5
2 þ μ

ffiffiffiffiffiffiffiffi
Reff

q
knδ

5
2 tanϕ0

1
8
m sin2θ

vuuuut ; ð25Þ

Eq. (25) tells us that if the initial velocity of the API particle is higher
than ve, the particle detaches otherwise it remains on the carrier. How-
ever, the detachment velocity is not everywhere the same. Since
Eq. (25) depends on tanϕ0, ve is minimal at the south pole andmaximal
at the equator of the carrier. By rearranging Eq. (24), we can determine
the critical angleϕ0, belowwhich, given an initial velocity v, detachment
occurs.

ϕ0 ≈ tan−1

1
8
mv2 sin2θ−Fc δþ zcut−off

� �þ 2
5

ffiffiffiffiffiffiffiffi
Reff

q
knδ

5
2

μ
ffiffiffiffiffiffiffiffi
Reff

p
knδ

5
2

0
B@

1
CA; ð26Þ

Assuming the initial particle API distribution is uniform on the car-
rier surface (Fig. 11), from ϕ0, we can calculate the dispersion ratio as.

ηSOUTH ¼ Detachment Area
Total Area

¼
1− cosϕ0

2
if ϕ0 N 0

0 if ϕ0 ≤ 0

8<
: ð27Þ

The maximum dispersion ratio occurs when ϕ0 = π/2 and the APIs
on whole southern hemisphere detach.

4.2.2. Northern hemisphere detachment
The same logic, however, does not apply to the northern hemisphere

(Fig. 12).
In this case, the API cannot move in the perpendicular direction, but

only in the direction tangential to the carrier surface. This means that
the relative velocity is Δv= v⊥ cosφ0 = v cosφ0.sinθ. The displacement
ξ, on the other hand, can be calculated by.

ξ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
1− R1−δð Þ2

q
≈

ffiffiffiffiffiffiffiffiffiffiffi
2R1δ

p
: ð28Þ
Fig. 12. Illustration of the detachment of API from the northern hemisphere of the carrier.

Image of Fig. 11
Image of Fig. 12


Fig. 13. Dispersion ratio as a function of impact angle, comparison between the simple analytic model and the DEM results for different magnitudes of the carrier impact velocity.
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The energy balance, in this case, is obtained by:

1
2
mv2 cos2φ0 sin2θ ¼ Fc δþ zcut−off

� �
−

2
5

ffiffiffiffiffiffiffiffi
Reff

q
knδ

5
2

þ μ
ffiffiffiffiffiffiffiffi
Reff

q
knδ

3
2
ffiffiffiffiffiffiffiffiffiffiffi
2R1δ

p
: ð29Þ
Fig. 14. ηNORTH and ηSOUTH components of the total dispersion ratio η.
The critical angle φ0 below, which detachment occurs, now satisfies
the relation.

cosφ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fc δþ zcut−off
� �

−
2
5

ffiffiffiffiffiffiffiffi
Reff

q
knδ

5
2 þ μ

ffiffiffiffiffiffiffiffi
Reff

q
knδ

3
2
ffiffiffiffiffiffiffiffiffiffiffi
2R1δ

p
1
2
mv2 sin2θ

vuuuut : ð30Þ

From cosφ0, we can calculate the dispersion ratio in the northern
hemisphere as.

ηNORTH ¼ 1− cosφ0

2
: ð31Þ

Finally, the overall dispersion ratio can be calculated by.

η ¼ ηNORTH þ ηSOUTH ð32Þ

The simple model in Eq. (32) is based on several simplifications and
approximations and gives a crude estimate of the actual dispersion
ratio. Fig. 13 shows the comparison betweenDEM results and the devel-
oped simple model. The simple model is more accurate for velocities
higher than 7 m s−1. The “composite” look of some of the profiles gen-
erated by the simplemodel in Fig. 13 depends on the fact that Eq. (32) is
the result of the two components ηNORTH and ηSOUTH.

Image of Fig. 13
Image of Fig. 14


Fig. 16. Energy change for linear kinetic energy (ΔK) and rotational energy (ΔA) at
different initial velocities (v0) and angular velocities (w0) for a 45° angle.

74 M. Ariane et al. / Powder Technology 334 (2018) 65–75
Fig. 14 exemplifies this point. The maximum possible value of both
ηNORTH and ηSOUTH is 0.5 since each of them only refers to a hemisphere.
The final dispersion ratio η is the sum of ηNORTH and ηSOUTH.

4.3. Rotating particle

The simplified model derived in the previous section does not ac-
count for the rotation of the carrier. This is not a problem for higher im-
pact velocities, since above v=7m s−1, the DEM results show that the
initial angular rotation does not significantly affect the results. At lower
velocities, however, the effect of the angular velocity, and in particular
wy, can be perceived even if initially wy = 0. This happens because the
carrier starts rotating during the collision as an effect of the tangential
force ft. The maxima (Fig. 13) at v = 1 m s−1 and v = 3 m s−1, for in-
stance, depend on the change of parallel velocity v// → v’// (Fig. 8),
which, in turn, depends on the change of angular velocity from wy →
w'y as explained in Section 4.1.1.

Fig. 15 shows, for v = 5 m s−1 and different initial angular veloc-
ities, the absolute value of the variation of vx during the collision.
Since in this case vx changes, the API particles (besides accelerating
in the z-direction as explained in Sections 4.2.1 and 4.2.2) also accel-
erate in the x-direction. The magnitude of the acceleration can be
expressed as.

ax ¼ Δvxj j
Δt

: ð33Þ

where Δt is the duration of the collision. Δt changes for each θ, but if
we compare |Δvx| at the same θ, we can notice a correspondence be-
tween Figs. 15 and 4: the case among wy = 0, wy = 105 rad s−1 and
wy = −105 rad s−1, that has the highest |Δvx| has also the highest
dispersion and, vice versa, the case that has the lowest |Δvx| has
also the lowest dispersion.

The only exception is θ= 20° that seems to behave differently both
in terms of dispersion and |Δvx|. Looking at the DEM simulation and
data, we could not understand the reasons that make this specific case
different from the others.

Although, Fig. 15 explains the observed differences in the DEM re-
sults between the cases of wy = 105 rad s−1 and wy = −105 rad s−1,
it doesn't clarify why the simplified model is also valid with particle ro-
tation for high velocities. In fact, the explanation is given with the help
of Fig. 16.

At the beginning, the carrier has a certain amount of linear kinetic
energy and a certain amount of rotational kinetic energy based on its
Fig. 15. Absolute value of the change of vx during collision for different initial angular
velocities (v = 5 m s−1).
initial linear (v0) and angular (w0) velocity. During the collision, the
change of linear kinetic energy is.

ΔK ¼ 1
2
m v−v0ð Þ2; ð34Þ

where v is the velocity after the impact. The change of rotational energy
is.

ΔA ¼ 1
2
I w−w0ð Þ2; ð35Þ

where w is the angular velocity after the impact. Fig. 16 shows ΔK and
ΔA for different initial velocities (v0 between 1 and 19m s−1) and angu-
lar velocities (w0 = −105, 0 and 105 rad s−1) for a 45° collision (other
angles show qualitatively similar profiles). The change of linear energy
is almost the same for all three w0 considered and, therefore, only ΔK
for w0 = 0 is reported in Fig. 16.

Fig. 16 shows that, as the impact velocity v0 increases, both ΔK and
ΔA increase. However, for v0 above 7 m s−1, ΔK is at least one order of
magnitude higher than any ΔA curve in Fig. 16. This explains why, for
v0 N 7 m s−1, the initial angular velocity does not significantly affect
the dispersion ratio: the change of momentum, which generates the
APIs' detachment, is mostly due to the change of linear velocity rather
than the angular velocity. The same reason is behind the fact that,
despite the simplified model does not account for angular velocity, for
v0 N 7 m s−1 it works well even for the case of rotating particles.

5. Conclusions

In this study, we used the DEM to simulate the collision of a drug-
carrier with the walls of a dry powder inhaler device and the conse-
quent detachment of the APIs. The objective is to evaluate the influence
of the impact velocity, angle and angular velocity of the carrier on the
dispersion ratio which is the number of drug particles detached to
that initially placed on the carrier. The main conclusions fore the case
without agglomerate (carrier and APIs) rotation are:

• With increasing impact angle the dispersion ratios increase rapidly to-
wards a maximum value.

• High dispersion ratios are already reached above impact angles of 20°;
except for very low velocities (i.e. 1 m s−1) which are rarely found in
inhalers [8].

• Expectedly, increasing impact velocity yields higher dispersion ratio;
at low velocity (~1 m s−1) the maximum is around 50%, whereas at
high velocity (~20m s−1) the dispersion ratio is close to 100% already
for a wide range of impact angles (i.e. between 20° and 90°).

Agglomerate or carrier particle rotation in inhaler devicesmainly oc-
curs due to wall collisions and depending on the type of collision and

Image of Fig. 15
Image of Fig. 16
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the impact velocity can reach extremely high values. From the present
study it may be concluded:

• Agglomerate rotation is of importance if the agglomerate kinetic en-
ergy resulting from rotation is below that of the translational velocity.

• For these cases rotation reduces the dispersion ratio by up to 20% for
impact angles below 60° and slightly increases API detachment for
larger impact angles.

An “elastic” or “sticky”wall for the API particles has onlymarginal ef-
fects on the API dispersion ratio for all impact velocities considered.
Only at a high impact velocity (i.e. 20m s−1) the dispersion of API is im-
proved at impact angles below 20°. However, due to the wall stickiness,
the API will be remaining (i.e. deposition) on the wall although de-
tached from the carrier. Therefore, effectively these drug particles are
also not re-dispersed into a flow andwill probably remain in the inhaler
reducing its efficiency. In future studies also this deposition needs to be
investigated in more detail and also modelled more realistically for an
Euler/Lagrange calculation.

Based on the DEM data, we propose a simplified analytic model,
which provides a good approximation of the DEM results at high impact
velocities (in this case v N 7 m s−1). The simplified model does not ac-
count for the change of angular velocity during the impact, and the
data show that, above 7m s−1, the angular velocity does not particularly
affect the dispersion.

The aim of the simplifiedmodel is twofold. First, it helps to highlight
the main physical mechanisms behind the detachment of the APIs. In
particular, we identified twomodes of detachment, whichwe called, re-
spectively, the northern hemisphere detachment mode and the south-
ern hemisphere detachment mode. Secondly, the simplified model can
be used as a sub-scalemodel in in Euler/Lagrange CFD simulations of in-
halers. These approaches calculate the hydrodynamics and, bymeans of
Lagrangian particle-tracking, the trajectories of the carrier particles in
the inhaler.

Finally, our simplified model only accounts for one impact, while, in
reality, the carrier will impact the inhaler's walls many times. However,
as explained, the goal of this study is a detachmentmodel implementable
in CFD codes. During the CFD simulation, particle trackingwill provide in-
formation on how many times (and with what velocity and angle) the
carrier impacts the walls, while our model will provide information on
the fraction of particles detaching at each impact. Similarly, our simplified
model does not distinguish between API sticking to the wall and those
free in the air and only the latter contribute to the dispersion efficiency
of DPIs. However, CFD simulations can include a sticking efficiency pa-
rameter (e.g. [9,10,24]) that calculates how many particles colliding the
wall will stick to it. In our case, the sticking efficiency can be included in
our southern hemisphere detachment mode because only the APIs
detaching from southern hemisphere will collide with the wall.

Coupling particle-tracking with the proposed simplified API detach-
ment will allow new CFD models to also predict the actual number of
APIs released and, therefore, the actual efficiency of dry powder
inhalers.
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