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Abstract

The flow of carrier particles, coated with active drug particles, is studied in a prototype dry

powder inhaler. A novel, multi-scale approach consisting of a discrete element model (DEM) to

describe the particles coupled with a dynamic large eddy simulation (LES) model to describe the

dynamic nature of the flow is applied. The model consists of three different scales: the micro-scale,

the meso-scale and the macro-scale. At the micro-scale, the interactions of the small active drug

particles with larger carrier particles, with the wall, with the air flow, and with each other is

thoroughly studied using discrete element modelling and detailed computational fluid dynamics

(CFD), i.e. resolving the flow structures around the particles. This has led to the development of

coarse-grained models, describing the interaction of the small active drug particles at the larger

scales.
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At the meso-scale the larger carrier particles, and all of their interactions are modelled individually

using DEM and CFD-LES. Collisions are modeled using a visco-elastic model to describe the local

deformation at each point of particle-particle contact in conjunction with a model to account for

cohesion.

At the macro-scale, simulations of a complete prototype inhaler are carried out. By combining the

relevant information of each of the scales, simulations of the inhalation of one dose from a proto-

type inhaler using a patient relevant air flow profile show that fines leave the inhaler faster than

the carrier particles. The results also show that collisions are not important for particle-particle

momentum exchange initially but become more important as the particles accelerate. It is shown

that for the studied prototype inhaler the total release efficiency of the fine particles is between

10% and 30%, depending on the Hamaker constant, using typical settings for the properties of

both particles. The results are also used to study regions of recirculation, where carrier particles

can become trapped, and regions where fines adhere to the wall of the device.

Keywords: Dry powder inhalers (DPI), Computational Fluid Dynamics (CFD), Large eddy simu-

lation (LES), Discrete element models (DEM)
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Introduction

Inhalation of medicinal drugs using dry powder inhalers (DPIs) is a well established technology for

drug delivery to the lungs. The first products entered the market more than 40 years ago and sales

of products based on DPIs amount to approximately 10 billion USD in 2015, growing at an average

five year annual growth rate of 12.5%. DPIs consist of a formulation in the form of a dry powder

and an inhalation device. They are attractive because the drug substances are kept in a dry form,

which is advantageous from the point of view of the stability, because they are easy to use as dose

release is automatically coupled with the patient’s inhalation, and because they do not rely on using

a propellant.2

From a purely theoretical point of view it would be advantageous to employ a formulation consisting

solely of particles with a diameter smaller than approximately 5µm since particles with a diameter

greater than this typically are deposited in the upper airways and do not reach the lungs. In practice,

however, the high specific surface area of such particles usually implies that cohesive forces become

dominant. Thus, formulations based upon small particles tend to flow poorly and are thus very difficult

to fill into the device with any kind of accuracy or precision.

Formulations for inhalation are therefore often developed by incorporating larger carrier particles.

During mixing, the drug substance adheres to the carrier particles, and they are re-dispersed into the

air stream during the inhalation process.2 The device thus plays a very important role in dispersing the

powder into small particles and the performance of the device, with regards to powder dispersion and

retention, is a major concern during device development. Of course, the device and the formulation

cannot be developed independently of one another and it is sometimes found that a device that works

well for one type formulation does not work for another.

Extensive research and development of DPIs, have demonstrated the large complexity of these sys-
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tems.3, 4 In fact, both the formulation itself and the interaction between formulation and the device

during inhalation are poorly understood. In particular, there is presently no theory that can be em-

ployed to reliably predict the fine particle fraction of a formulation from a DPI. Numerous articles in

the literature have discussed and compared the performance of different devices5–8 and even more work

has been directed to comparing different formulations or drug substance,9–18 but no approach that can

provide a quantitative link between the properties of the particles to the performance of the device has

yet been proposed. This field is also still very much in development, with novel opportunities, such as

porous particles and engineered composite particles applied.19, 20

While models exist that can be used to describe the interaction between a small number of parti-

cles, these models cannot be directly applied to describe DPIs, simply because the number of particles

is too large. For example, 1mg of drug substance in the form of spheres with a diameter of 1µm

corresponds to 109 particles, which is far beyond what is practical for computer simulations. Since

the mass of a particle scales d3p, it is readily realized that 1mg of carrier particles with a diameter

of 100µm corresponds to only 103 particles. DPIs thus offer a unique opportunity to capitalize on

recent progress in computer and computational science since it is now possible, though still difficult,

to simulate the fate of every carrier particle using computational fluid dynamics (CFD) and discrete

element models (DEM).

Computational fluid dynamics (CFD) has been applied to resolve the air flow pattern in a num-

ber of inhalation devices and to study the motion of particles.21–23 While simulations excluding the

effect of particle-particle interactions have now become mainstream, the inclusion of a dry powder for

which particle-particle interactions cannot be neglected makes the situation much more complicated.

Even more so if the behaviour of the fines is taken into account as well. Turbulence modelling becomes

particularly complicated for DPIs since the characteristic length scale of the devices usually implies

that the Reynolds number of the flow is, at the highest flow-rate, on the order of 104, and thus can be
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expected to undergo a transition from laminar to turbulent during the inhalation event when the flow

rate increases from 0 to a peak inspiration rate of 70 l/min. This latter effect is not considered at all

in the studies that rely on Reynolds-averaged Navier-Stokes (RANS) models to model turbulence.22, 23

In this work, we therefore develop a fundamental approach to simulate dose emptying and disper-

sion in a model dry powder inhaler that explicitly takes into account the interaction between carrier

particles, that may be cohesive or adhesive, and their interaction with a possibly turbulent velocity

field. The CFD model thus employed is based upon a dynamic large eddy simulation (LES) model,24, 25

in which the energetic flow scales are fully resolved, and the smallest scales are modelled using a sub-

grid scale (SGS) model. Using this CFD framework, the entrainment and subsequent journey of each

individual carrier particle through the inhaler is resolved. The behavior of every single carrier particle

is determined, and both the effect of the carrier particles on the airflow and the interaction between

carrier particles are taken into account. In addition, the detachment and possible re-attachment of

small drug particles from the carrier particles is dynamically determined during dose emptying. This

approach thus provides a quantitative link between the properties of the particles and the performance

of the device. Using this model, it is hoped that key measures of pharmaceutical performance, such as

the drug fine particle fraction and the amount retained in the device, may be predicted.

In order to develop a model that can provide a quantitative link between the properties of the particles

and the performance of the device, a three stage procedure is adopted:

1. Simulations of the fine particles which are attached to one or a small number of carrier particles

are used to study the dynamics of the detachment and re-attachment from carrier particles. This

study will be referred to as “micro-models”, and include attachment of fine particles onto the

carrier, detachment of fine particles from the carrier particles due to air flow, carrier – carrier

particle collisions, or carrier particle – wall collisions and re-attachment of released fine particles

back onto carrier particles.
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2. Carrier particle entrainment and emptying of the inhaler is simulated using a LES-CFD-DEM

approach. Each individual carrier particle is tracked throughout the domain, and all collisions

with the walls and with other carrier particles are resolved and tracked.

3. The results from the micro-models are combined with the carrier particles emptying at every

single time-step of the simulation. In this way, the state of the fine particles (free or attached)

as well as the travel of every single carrier particle is followed throughout the simulation.

This three-staged framework is here applied to a simple prototype inhaler using a patient relevant in-

halation profile. Key output measures obtained are: airflow development and the movement of carrier

particles through the inhaler, emptying profiles for fine and carrier particles, the net fraction of fine

particles released, i.e. the fine particle fraction, and the amount and location of particles retained in

the inhaler.

This paper is organised in six sections. The first section describes how the equation of motion for

each particle is solved, the DEM algorithm, and describes how the fluid-phase is solved and how the

fluid sub-grid scales are modelled. The second section describes the development of the “micro-scale”

models and presents the subsequent results. Subsequently, the simulation domain and set-up are

described. The final sections present the numerical results and several aspects of the findings and

summarise the main conclusions of this work.

Particle and Fluid Modelling

Equations of Motion of the Particles

Newton’s 2nd law for a particle in a gas can be written as

mp

Dvp

Dt
= β

Vp

αp

(
vf@p − vp

)
+mpg − Vp∇P + Fpw + Fpp (1)
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where the term on the left hand side represents the acceleration of the particle, and the terms on the

right hand side are the drag force, the gravity force, the buoyancy force, the forces arising from particle-

wall interactions (Fpw), and the forces arising from particle-particle interactions (Fpp), respectively.

The added mass force, lift forces and history forces are neglected because the density ratio between

the air and the particles is very large.26 The mass of the particle is mp, Vp is the volume of a particle,

vf@p is the undisturbed fluid velocity at the particle, vp is the particle translational velocity, ∇P is the

local fluid pressure gradient, and β is the reciprocal drag time,27 where the reciprocal of the Eulerian

fluid-particle timescale is given by

β =
3

4
CD

αpαfρf
∣∣vf@p,i − vp,i

∣∣
dp

α−2.65
f (2)

and CD represents the coefficient of drag for an individual particle and αf represents the fluid volume

fraction. The coefficient of drag, CD, is defined as28

CD =





24

[
1+0.15

(
(1−αp)Rep

)
0.687

]

Rep(1−αp)
, if (1− αp)Rep < 1000

0.44 , if (1− αp)Rep ≥ 1000

(3)

The equation for rotational acceleration for each particle is given by

I
dω

dt
= Tp (4)

where I is the moment of inertia of the particle, ω is the rotational velocity of the particle, and Tp is

the sum of external torques, arising from particle-wall and particle-particle interactions.
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Integration of the equations of motion

The Verlet scheme is used to integrate the equation of motion for a particle in order to obtain the

position and velocity vectors after a collision.29 The position vector is updated by

xp(t+∆t) = 2xp(t)− xp(t−∆t) + ∆t2
Fp(t)

mp

+O(∆t4) (5)

where Fp(t) = Fn(t)+Ft(t) and ∆t is the applied numerical time-step. The error of equation (5) is of

O(∆t4).

The velocity vector of the particles is obtained via

vp(t) =
xp(t+∆t)− xp(t−∆t)

2∆t
+O(∆t2) (6)

A similar integration scheme is adopted to update the rotational acceleration, as given by Equation 4.

The applied time-step, ∆t, has to be sufficiently small that the linearisation applied above is accurate.

In this work, any particle-particle interaction is resolved using at least 40 integration time steps.

Distinct Element Modelling

The particle-particle and particle-wall interactions are solved using a soft-sphere distinct element

model. The soft sphere model was first proposed by Cundall and co-workers.30 In this framework,

particles are allowed to overlap slightly at the points of contact, where the amount of overlap is directly

proportional to the amount of deformation at the contact point of the two particles. The soft-sphere

model allows for multiple as well as enduring contacts for each particle; the net contact force at any

point in time is given by the sum of all the pair-wise interactions occurring at that time. Each interac-

tion consists of a force in the normal direction and a force in the tangential direction of the unit contact

vector. The contact vector is given by the vector perpendicular to the contact plane. Mathematically,

the contact model can be interpreted as a non-linear spring-dashpot-slider framework to describe the
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particle behaviour during a collision. The soft sphere model takes into account the actual deformation

of the particles and determines the resulting normal and tangential forces using the physical parame-

ters of the particles. These forces are determined by the actual material type and properties and can

be, for instance, elastic, plastic, or visco-elastic.31 In the current work the forces are determined using

visco-elastic theory.

Contact forces

The normal and tangential contact forces are given by the contact model with appropriate parti-

cle properties. From Hertzian contact theory combined with visco-elastic damping the normal and

tangential contact forces are32

Fn = −knδ
3

2n− ηnqn (7)

Ft =





−ktδt − ηtqt if sticking (|Ft| < µ|Fn|)

−µ|Fn| qt

|qt|
if sliding (Ft| ≥ µ|Fn|)

(8)

The subscripts n and t represent the normal and tangential components respectively and δ is the

displacement, or overlap, during the collision of two particles, representing the actual deformation

occurring in the contact point. The vector n represents the unit collision normal, a unit vector

perpendicular towards the contact plane, and the vector q represents the relative velocity between

the particles in the contact plane. The vector δt represents the cumulative tangential displacement

determined by integrating the incremental tangential displacements mapped onto the current collision

plane. Two parameters for the normal and three parameters for the tangential directions are required

by the soft sphere model: stiffness (kn and kt), damping (ηn and ηt) and friction (µ) coefficients. The

damping coefficients are related to the appropriate material properties of the particle:

ηn = α
√

Mknδ
1

4 (9)
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ηt = α
√
Mkt|δt|

1

4 (10)

where M =
mp1

mp2

mp1
+mp2

; where mp represents the mass of each of the particles. Note that for wall

collisions the same equation holds, as a wall can be considered as a particle with infinite mass and

radius. The relationship between the coefficient of restitution e and the parameter α is defined as

dampening,32 and will depend upon the impact velocity, as is expected for a visco-elastic material.

The parameter α is non-linearly related to e, which makes it independent of mass, Young’s modulus,

Poisson ratio and the coefficient of friction. The stiffness coefficients for the normal and tangential

directions are given, based on elastic deformation, by

kn =
4

3

(
1− σ2

p1

Ep1

+
1− σ2

p2

Ep2

)−1(
R∗

) 1

2

(11)

kt = 8

(
2− σp1

Gp1

+
2− σp2

Gp2

)−1(
R∗

) 1

2

δ
1

2 (12)

where the reduced radius is given by

R∗ =
rp1

rp2

rp1
+ rp2

(13)

and where rp is the radius of the particle, σ Poisson’s ratio, E the Young’s modulus, G the shear

modulus (given by G = E
2(1+σ) ) and δn the magnitude of the deformation in the normal direction.

When a particle collides with a wall, the wall is considered as a particle with infinite radius and mass,

hence, R∗ = rp1
. The friction coefficient, µ is a material parameter which is often taken as a constant.

Rolling and torsion resistance

Although friction is included in the above framework, there is no mechanism to counteract the rolling of

a particle. When a particle rolls on a surface, the relative tangential velocity is zero and the resultant

frictional force is zero. Although this is realistic for perfect spheres with minimal deformation, in

practice a rolling resistance is present due to the non-ideal nature of the particles. To account for

the surface roughness and non-spherical nature of real materials, a rolling friction or rolling resistance
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and a torsion resistance has been included. These resistances are illustrated in Figure 1. The simplest

models approximate these resistances as a torque that opposes the rotation and depends linearly on

the ongoing rotation in a dissipative faction,33 thus

τd = µd |Fn|
ω

|ω| (14)

where µd is the coefficient of rolling friction with units of length, ω is the relative angular velocity of

the particle, and Fn is the normal force acting in the contact area. However, such a simple model is

not very realistic because it does not account for the physics occurring at the contact area.

The sources of a rolling resistance should be considered by partial sticking and by micro-roughness

of contact surfaces and by contact deformations. The rolling moment for elastic-frictional behaviour

originates from the non-linear elastic contribution for partial sticking within the contact plane. This

thus depends on the load dependent force for unloading at any positive unload point and rolling in the

reverse direction.34

A rolling particle experiences a torque which opposes its rolling motion.34, 35 The opposing torque

is comprised of two components: τθ, which relates to the total angle rolled, and a dissipative term, τd,

which is proportional to the angular velocity of rolling (see Equation 14),

τr = τθ + τd (15)

The first component, τθ, bears a strong resemblance to the Mindlin-Deresiewicz model of friction.36

For a two dimensional system, in each time-step the angle rolled between two particles is determined

by their respective angular velocities:

∆θr = ∆t (ω1 − ω2) , (16)
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where ωi is the angular velocity of particle i, and ∆t is the timestep of integration. The total angle

rolled can then be calculated incrementally, by summing the contribution in each timestep. Thus for

time-step n

θnr = θn−1
r +∆θnr . (17)

Up until a critical angle, θ0, the torque is proportional to θr. This critical angle is an empirical

parameter of the model. Beyond this angle it takes a constant value of τ0 = µθR
∗Fn, where µθ is the

coefficient of rolling resistance, which is an empirical parameter, R∗ is the reduced radius, and Fn is

the normal force acting at the collision. To ensure continuity of θr, in the region where θr < θ0, the

constant of proportionality is defined as kr = τ0
θ0
. The torque is thus related to θr by the relationship

τθ =





−krθr if |θr| < θ0,

−τ0
θr
|θr|

otherwise.

(18)

If the particle starts to roll back in the opposite direction, i.e. if θr∆θ < 0, the torque should fall

linearly back to 0 such that the particle may roll a distance before coming to a halt. It is therefore

useful to limit the magnitude of θr to θ0, resulting in the required behaviour for τθ with no further

modification. With this modification equation 17 becomes

θnr = min
(
θn−1
r +∆θnr , θ0

)
(19)

Torsion Resistance When two elastic spheres in contact under constant normal force, Fn, are sub-

ject to a torsion about the axis of their common normal, relative motion of the spheres is resisted by

frictional interactions, see Figure 1(b). In a similar manner to the tangential loading of elastic spheres,

the torsion leads to a region of slip at the interface. The slipped area starts at the edge of the contact

and creeps inwards as the relative slip angle, β, between the surfaces increases. This behaviour can be

described mathematically.37
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The angle of twist for an applied torque, τz , is given by

β =
3

16

τz
G∗a3

, (20)

where G∗ = G1G2

G1+G2
, Gi is the shear modulus of particle i, and a is the contact radius. The contact

radius a can be calculated using the Hertz theory of elastic contact:

a =

(
3FnR

∗

4E∗

) 1

3

, (21)

whereR∗ is the effective radius at the contact and E∗ is the reduced elastic modulus, E∗ = E1E2

E1(1+ν2

2
)+E2(1+ν2

1
)
.

νi is the Poisson ratio of particle i. When the entire contact has slipped, further twisting motion is

resisted by a constant torque of

τmax
z =

3πµFna

16
. (22)

The angle at which this occurs can be calculated using equation 20. In the region between β = 0 and

β = βmax the torque acting between the spheres increases linearly from 0 to τmax
z . When the angle

βmax is reached, the torque remains constant. The gradient of this increase, kt, is given by:

kt =
τmax
z

βmax
(23)

=
16

3
G∗a3, (24)

For each collision in a DEM simulation it is necessary to keep track of the total angle of relative

rotation about the collision normal. A torque opposing this motion increases linearly to τmax
z as while

this angle is less than βmax. If the direction of relative spin motion is reversed, the torque should fall

linearly to zero, and continue to a maximum negative value of −βmax. It is therefore not useful to

continue to increase β beyond βmax.
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Adhesion

Small micro-particles are attached to a larger carrier particle by means of adhesion of the type of van

der Waals forces.38 An important concept of two particles which are cohesively attached together, is

the force required to remove the particles from each other, i.e. the total adhesion force. This is defined

as the pull-off force.38 Although other mechanisms of adhesion exist, such as electrostatic or liquid

bridges, this paper only considers van der Waals type of adhesion.

One of the models to determine the magnitude of the adhesion force is the DMT model,1 which

is adopted in this work. In the DMT model, the molecular forces causing the cohesion are calculated

based on the assumption that the deformed profiles of the bodies are given by the Hertz theory. The

adhesion energy in the area of contact is equal to the non contacting parts on the surface, see Figure 2.

In this approximation the deformation of the spheres outside the area of contact due to the attractive

van der Waals forces is neglected. Figure 2 shows the pull off force when a sphere collides with a flat

surface. The pull-off force is given by

F0 = 4πaγ (25)

where γ is the energy at the surface and a is the net radius of the contact area of the two particles.

This radius can be determined from the overlap of the two particles. If the cohesion is caused by a

Van der Waals force, the surface energy of a sphere in contact with a plane is given by

γ =
Ha

24πδ20
(26)

where Ha is the Hamaker coefficient and δ0 is the molecular equilibrium distance of the molecules in

the contact region. When two spherical particles are in cohesive contact, the cohesive force, Fc, in the
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direction of the contact normal, by the DMT model is determined as

Fc =





F0

[
1− 3

√
2

4

(
δ

δ0

) 1

2

+
δ

4δ0

]
if δ < δ0

F0

2
if δ > δ0

(27)

The above cohesion force is applied to particles already in contact and is added to the forces resulting

from the visco-elastic models of the contact.

Fluid Phase Modelling

There are various frameworks in which the continuous phase for gas-solid flows can be predicted,

i.e. Direct Numerical Simulation (DNS), Large Eddy Simulation (LES) and the Reynolds Averaged

Navier-Stokes (RANS) method. DNS methods offer high accuracy in resolving all scales without ad-

hoc modelling at the expense of enormous computational time. Currently, DNS can only solve flows of

relatively low Reynolds (Re) numbers, which are outside of most engineering and industrial interests.

On the other hand, in RANS all of the scales are modelled using turbulence models. Although this

is a very affordable approach, the prediction capabilities of this framework are limited, especially for

intermediate Reynolds number flows in complex geometries, such as an inhaler. Between DNS and

RANS lies LES. Although the computational effort for LES is still very high, it is considerably lower

than for DNS and it has therefore become very fashionable for analysing flows in academia and it is

also an emerging tool in industry.

An LES model solves the Navier-Stokes equations up to a particular length-scale due to the appli-

cation of a filter. Length-scales smaller than the cut-off filter width (∆) are modelled with a so-called

sub-grid scale (SGS) model. The cut-off width is an indication of the smallest size eddies that are

retained in the computations and eddies smaller than ∆, are filtered out. Due to the filtering of the

Navier-Stokes equations, models are required to provide closure for the SGS stresses, which account
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for the effect of the unresolved scales on the convective momentum transport. More background infor-

mation on the the filtering procedure for LES can be found in Sagaut.39 The equations arising from

filtering are very similar to the Navier-Stokes equations, except for the addition of one term, which

describes the behaviour of the sub-grid scale stresses, namely τaij

τaij = ρf (ṽf,ivf,j − ṽf,iṽf,j) (28)

where the notation ṽf,j represents the filtered value of the local and instantaneous velocity vf,j. Thus,

the filtered momentum equations for the fluid phase are

∂(αfρf ṽf,j)

∂t
+

∂(αfρf ṽf,j ṽf,i)

∂xi

=− αf

∂p̃

∂xj

+
∂(αf τ̃ij)

∂xi

−
∂(αfτ

a
ij)

∂xi

+

phases6=f∑

p=1

β(f,p)

[
ṽf@p,j − vp,j

] (29)

where αf is the fluid volume fraction, ρf is the fluid density and ṽf,i is the filtered fluid velocity. The

last term on the right hand side of Equation 29 are source terms;

phases6=f∑

p=1

β(f,p)

[
ṽf@p,j − vp,j

]
is the

inter-phase momentum exchange between the two phases respectively; the subscript f@p indicates the

undisturbed fluid at the location of the particle.

Dynamic Germano-Lilly model The sub-grid scale (SGS) stresses are given as

τaij = −2µSGSS̃ij +
1

3
τllδij (30)

where S̃ij = 1
2

[
∂ṽf,i
∂xj

+
∂ṽf,j
∂xi

]
. and µSGS is the sub-grid scale viscosity. By analogy to Prandtl’s

mixing-length hypothesis,40 µSGS can be estimated as

µSGS = ρf (CSGS∆)2
√
2S̃ijS̃ij (31)
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where CSGS is the Smagorinsky constant and ∆ is the LES filter width.

Although the Smagorinsky model has been used successfully in many turbulent flows, in complex

wall-bounded turbulent flows, such as in a DPI, it lacks the required universality character needed to

model turbulent flows.24 In addition, it does not take into account the energy back-scatter (i.e. the

energy flow from small scales to large scales) which in some flows is important.24 Hence, Germano

et al24 propose an algorithm which makes the Smagorinsky constant a function of space and time by

assuming similarity of the filtered structures and applying a second coarser filter (or test filter) to the

filtered momentum equation.

In the dynamic Germano-Lilly model, a new filtered shear stress tensor is formed, Tij

Tij = ρf (
̂̃vf,ivf,j − ̂̃vf,î̃vf,j) (32)

Equation 32 is modelled using the same way as the sub-grid scale stresses of the Smagorinsky model,

i.e.

Tij = −2µ̂SGS
̂̃
Sij +

1

3
Tllδij (33)

The resolved turbulent stresses Lij are defined as

Lij = Tij − τ̂aij

= ρf (˜̂vf,iṽf,j − ̂̃vf,î̃vf,j) (34)

Hence by subtracting equation 33 from equation 30, Lij becomes

Lij = −2µ̂SGS
̂̃
Sij + 2µSGSS̃ij +

1

3
Lllδij (35)
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where

µ̂SGS = ρf ̂(CSGS∆)2
√
2
̂̃
Sij

̂̃
Sij (36)

by assuming that ̂(CSGS∆)2 = C2
SGS∆̂

2, Lij simplifies to

Lij = −2ρfC
2
SGSMij +

1

3
Lllδij (37)

where

Mij = ∆̂2

√
2
̂̃
Sij

̂̃
Sij

̂̃
Sij −∆2

√
2S̃ijS̃ijS̃ij (38)

Solving equation 37 results in six independent CSGS , hence a least-squares method is used to obtain

one value41 (with small deviation from the other six). Thus, CSGS at each point and time is

CSGS =
1

2

LijMij

MijMij

(39)

The above equation for the sub-grid scale constant can be directly used to determine the sub-grid

scale viscosity, as given by equation 31. By calculating the SGS stresses, Equation 30, the momentum

equations, Equations 29 are then solved in a fully-coupled manner. More details of this procedure are

discussed in.25

Micro-scale models

The development of the micro-models starts by the creation of a carrier particle coated with fines,

similar to what has been previously reported.22, 23 The carrier particle has a diameter of dc = 70µm

and the fines have a diameter of df = 2.0µm The properties of the carrier particle and the fine particles

are taken to be those of lactose and are shown in Table 1.

Initially, 2,000 fine particles are deposited onto a carrier particle. It was found that a satisfactory

way to add the fines to a carrier particle is to dynamically move the fines towards the carrier particle,
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while the carrier particle rotates. In this way, a large number of samples have been made, varying

the Hamaker constant, Ha. The range of applied Hamaker constants is representative for lactose.42

It is assumed that the Hamaker constant for the carrier particle with the fine particle is the same

as for the fine particle with another fine particle. The samples made this way are all quite similar

in appearance, although there is a dependency on the rotation velocity of the carrier particle. The

result for the particle rotating with ω = 5 · 103 rad/s and the small particles approaching with a

velocity of Uf = 0.1ms−1 is shown in Figure 3. Although there is a tendency to form clusters on

the carrier particle surface, this procedure of depositing fine particles on the carrier results in a fairly

homogeneous distribution of fines on the carrier particle that is representative of a typical formulation.

The resulting distribution of fines is shown in Figure 4. This coated carrier particle is used as the

standard for all further micro-scale simulations. Four mechanisms for detachment and re-attachment

of fines are researched using micro-scale models, by using the coated carrier particle under 4 different

situations:

1. Detachment of fines by particle-particle collisions.

2. Detachment of fines by particle-wall collision. This mechanism also leads to attachment of fines

to the wall.

3. Detachment of fines by fluid-flow.

4. Re-attachment of fines to a carrier particle due to air flow; fines which have been previously

released in the air may re-attach to a carrier particle.

These four mechanisms are illustrated in Figure 5.

Detachment of fines by particle-particle collisions

The impact of a carrier particle with another particle or a wall will induce de-agglomeration or release

of fines.22, 43 Because four-way coupled CFD-DEM simulations have not been performed, this mech-

anism has previously not taken into account on the level of particle-particle collisions. As this work
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does take into account four-way coupling between the fluid and the particles, this mechanism will be

taken into account. The collision of two carrier-particles which are coated with fines will cause release

and exchange of some of these fines. The importance of this mechanism depends upon a number of

factors, amongst which are the collision frequency of particles with other particles in the inhaler, and

the normal impact velocity of the two particles undergoing the collision. The range of relative velocities

of impact that are considered are between 0 ms−1 and 15 ms−1. This corresponds to the range of

impact velocities in the simulation of the whole inhaler device, which is discussed later.

To simulate the process of fines release caused by the collisions of two carrier-particles a number

of micro-scale simulations have been performed where an empty carrier particle (i.e. no fines at-

tached) collides with a loaded carrier particle (i.e. completely filled with fines). In these simulations

2 parameters have been varied: the normal impact velocity, U , and the Hamaker constant, Ha. In

general, the larger the impact velocity and the lower the Hamaker constant, the more fines that are

released during the collision. It was found that the rolling resistance model, as outlined previously, is

an important mechanism that prevents the fines from rolling too easily over the carrier particle. Thus,

including the resistance model makes it much more difficult for fine particles to detach. Figure 6 shows

the results of the micro-scale simulation in terms of the percentage of fines released due to the collision

as a function of normal impact velocity for various values of Ha. 25 simulations for different velocities

were performed for each Hamaker constant, thus totalling 100 simulations. However, each simulation

is computationally inexpensive. A simple empirical correlation for the fraction of fines that is released

is proposed as,

η = A0U
A1 (40)

where A0 and A1 are fit parameters that depend on the Hamaker constant. Optimal fit values are

presented in Table 2. Figure 6 also presents the quality of the fit (dashed lines). It can be seen that

there is some deviation between the computational results and the experimental fit for the curve with

Ha = 1.0× 10−20. The correlation is valid for relative normal impact velocities between 0 ms−1 and
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15 ms−1.

Detachment/re-attachment of fines by particle-wall collision

Another mechanism by which the concentration of fines on a carrier particle can change, is due to a

collision of the carrier particle with a solid wall. This mechanism has been previously studied.23, 43 In

these previous works23, 43 the total dispersion of fine particles resulting from particle-wall impact was

studied.

However, in the current work we consider three possible mechanisms for the fines to be released.

Firstly, fine particles from the carrier particle can be released onto the wall. These fine particles then

adhere to the wall by means of the van der Waals force. Secondly, fine particles from the carrier

particle can release and disperse into the air. Thirdly, if fine particles are adhered to the wall from a

previous encounter, these can be re-attached to the carrier particle. This will obviously depend on the

concentration of fines which are adhered to the wall.

The release of fines from a carrier particle due to this mechanism was studied by performing a number

of simulations where a coated carrier particle collides with a wall. For these simulations, the impact

velocity, impact angle and the Hamaker constant have been varied. A total of 125 simulations were

carried out. As for the carrier-carrier collisions, it was found that the rolling resistance model, as

outlined previously, is an important mechanism that prevents the fines from rolling too easily over

the carrier particle. Thus, including a rolling resistance model decreases the detachment rate of fine

particles. It was also found that the release and re-attachment of fines depends solely on the normal

impact velocity, and not on the tangential impact velocity. This was also foundby previous work.43

Figure 7 shows the relative number of fines released from the carrier particle after impact with a

wall for various normal impact velocities, for a Hamaker constant of 1.0 × 10−19 J . There is a dis-

continuity in the number of released fines as a function of normal impact velocity with a wall. This
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discontinuity is caused by the rolling resistance: when fine particles can overcome the rolling resis-

tance, meaning that their momentum exceeds the momentum required to overcome the local surface

roughness, the detachment rate increases significantly. The normal impact velocity where the discon-

tinuity occurs depends on the value of the Hamaker constant. At normal impact velocities below the

discontinuity, the fine particles which are attached to the side of the carrier particle are affected by the

impact, and can potentially detach. However, at normal impact velocities velocities which lie above

the discontinuity, all fine particles are affected by the collision: even the fines on the top side of the

carrier particle move and may be detached.

The fraction of particles that are detached from the carrier can be empirically expressed as

ηdetach =





B0 U
B1
n if Un < B2

B3 U
B4
n if Un > B2

(41)

and the corresponding empirical coefficients, for the various Hamaker constants are given in Table 3.

This expression is valid for impact velocities between 0 ms−1 and 15 ms−1.

During the collision of the carrier particle with the wall, some of the fines are directly deposited

onto the wall and stay attached on the wall, due to the adhesive nature of the fines. This will lead

to fine particle retention in the inhaler device. Figure 8 shows the fraction of fines that is removed

from the carrier particle which is directly deposited onto the wall, as a function of the normal impact

velocity. Similar to the fraction of fines released from a carrier particle due to a wall collision, there

is a discontinuity near a normal impact velocity of Un ≈ 5ms−1, because of the mechanism discussed

earlier. The fraction of particles that are detached from the carrier can be empirically expressed as

ηwall =





C0 U
C1
n if Un < C2

C3 U
C4
n if Un > C2

(42)
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and the corresponding empirical coefficients, for the various Hamaker constants are given in Table 4.

When fine particles have been deposited on the wall from a previous collision event, these fines can

be re-attached to a carrier particle during a subsequent collision event. To simulate the release of

fines from a wall onto a colliding carrier particle, a number of simulations have carried out varying

the concentration of fines attached to the wall and varying the concentration of fines on the carrier

particle involved in the collision.

It was found, that the number of fines attached to the carrier particle involved in the wall collision

does not play a role in this re-attachment process. Figure 9 shows the results of the actual number

of fines that are removed from the wall as a function of the relative surface concentration of fines on

the wall, for particles with Ha = 1.0 × 10−19 J. The relative surface concentration is 1 if the wall is

completely covered in the maximum, mono-disperse packing of particles. The fines that are removed

from the carrier particle and deposited on the wall can be described satisfactorily with the empirical

equation

Nremove = D0 c
D1
wall (43)

where cwall is the concentration of fine particles at the wall, in number of particles per µm2, and

Nremove is the number of fine particles released from the wall and re-attached to the colliding carrier

particle The empirical values for D0 and D1 for various Hamaker values are given in Table 5.

Detachment of fines by fluid-flow

An additional mechanism by which fines are removed from the carrier particle, is by the interaction of

the carrier particle and the fluid flow. This mechanism has been reported in previous work.21, 22 This

micro-model mechanism is the only mechanism considered in Cui et al21 and has been also extensively

studied by Calvert et al.44

If the DEM model is considered excluding the rolling resistance, our micro-model findings are very

similar to previous work.21 In total, 10 simulations for each value of the Hamaker constant have been
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carried out, thus totalling 40 simulations. The mechanism of the fines detaching from the carrier is

predominantly caused by the fines rolling over the carrier particle prior to detaching. This can also

be seen from the figures presented by Cui et al.21 The fines are relatively easily removed from the

carrier particle and the fraction of fines that is removed per unit time can be described by the empirical

equation

η = E0 (Uf − U0)
E1

(44)

when the relative fluid velocity exceeds that of a certain value, U0. The values for E0 and E1, as well

as the relative fluid velocity which the equation becomes applicable, are given Table 6.

However, in a real situation, the fines will experience a significant rolling resistance due to the surface

roughness and their non-spherical nature. Our findings show that if rolling resistance in enabled, as

described previously, the detachment of fines by the fluid flow is negligible in the regime studied (i.e.

relative fluid velocities of up to 20 ms−1).

Re-attachment of fines by particle moving through the fluid

As carrier particles travel through the inhaler, they may encounter fines which have been previously

detached. The number of fines re-attached to the carrier will strongly depend upon the local volume

fraction of fines, as well as the difference in velocity between the fines and the carrier particle. A num-

ber of simulations with un-coated carrier particles have been performed in environments with varying

volume fractions of fines.

The results of 20 simulations carried out show that the number of re-attached fines is close to what

would be obtained using a simple model which assumes that the carrier particle travels through a

cylinder with the cross-sectional area given by the cross sectional area of the carrier particle, and the

height given by V ·∆t, where V represents the relative velocity between the carrier particle and the
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fines. This gives, for the number of fines reattaching per unit time

Nf =
6d2V∆tαγ

d3f
(45)

where αγ is the local volume fraction of fines. The results are almost independent of Hamaker constant.

Simulation set-up and domain

The fitted micro-models, as detailed in the previous section, are applied to a realistic model geometry of

a prototype inhaler. Discrete element model (DEM) particles represent the individual carrier particles,

which are modelled as point particles coupled to the fluid momentum equations.45

In addition to the equations for the fluid and particle phases presented previously, two additional

passive scalars are introduced to account for the fines. The passive scalar defined for each particle

represents the number of fines relative to the initial number of fines. The passive scalar that is tracked

with the fluid velocity represents the volumetric concentration of fines. The passive scalar equation

which is solved for in the fluid reads

∂αργ

∂t
+

∂

∂xj

(αρuf,jγ) =
∂

∂xj

αΓ
∂γ

∂xj

+ Sγ (46)

where γ represents the concentration of fines, α the local fluid volume fraction, and Γ the diffusivity

of the scalar representing the concentration of fines. The value for the local diffusivity is taken from

the LES closure model. Finally, Sγ represents the local sinc or source terms arising from the exchange

of fines, as prescribed by the micro models outlined in the previous sections. The contributions to this

source term can be written out as

Sγ = SPP
γ + SPW

γ + SFlow
γ + SRecapture

γ (47)
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where the right hand side contributions are the source terms from the particle-particle collisions, the

particle-wall collisions, detachment due to the air flow, and recapture of fines, respectively. These

source terms are given in terms of concentration per unit time, i.e. the number of released or re-

captured fines per unit volume per unit time. The source terms are determined from the micro-models

as they occur in a particle time-step, for the collisional contributions, or in a fluid time-step for the

flow interaction phenomena.

Geometry and Mesh

The complete framework is tested on a prototype inhaler device geometry, the screen-haler, which is

basically an L-shaped cylindrical channel. Such simple geometries have been used in order to facilitate

elucidation of the role of the formulation.46, 47 A sketch of the geometry is shown in Figure 10. The

length of the inhaler, L, is 45 mm, the diameter of the inlet and outlet, D, is 7.0 mm, and the height

H is 16 mm.

Two computational meshes are used to carry out the single-phase simulations in order to show that

the solution is grid independent. The coarse geometry is then used to carry out the gas-particle simu-

lations. The coarse mesh contains a total of 870, 000 computational cells and the finer mesh contains

a total of 1, 299, 000 computational cells. The refinement is achieved by refining the nodal spacing

equally in all directions. Both meshes resolve the wall boundary layer, and contain 5 and 12 mesh

points within the y+ = 10 layer, respectively. The finest mesh cell has the width of approximately a

single carrier particle.

Initial Conditions

Initially, the fluid in the inhaler is at rest. The bottom center of a dense packed pile of particles is

placed at a distance l = 39mm upstream of the outlet, see figure 10. The dense pack of particles is

formed by a separate DEM simulation of 13,000 particles falling into the downward facing point of a
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square pyramid, and forming a packing with a particle volume fraction of 0.69 in that geometry. This

separate DEM simulation was run until all the particles had a negligible velocity, which corresponded

to 0.2 seconds of physical time.

The scalar representing the concentration of fines, γ, is initially set to zero everywhere throughout the

domain.

Boundary Conditions

The flow-rate through the inhaler varies as a function of time, and is taken from a typical patient

curve.48, 49 The curve used in this study is shown in Figure 12, which shows the flow rate as a function

of time. Figure 12 also shown that the peak flow rate is reached after approximately 0.3s. This curve

is used as the boundary condition at the inlet of the inhaler. The boundary condition is specified as

a flat velocity profile. The mass flow is thus equally spread over the inhaler inlet. At the outlet, as

pressure boundary is specified, setting the fixed value for the atmospheric pressure. A no-slip wall

condition for the fluid velocities is enforced on all walls. This is suitable, as the boundary layer along

the wall is resolved using DNS.

Simulation Framework

The discretisation of the Navier-Stokes equations is done using a finite volume approach, combined

with a second order accurate three point backward Euler time discretisation for the temporal terms

and a second order accurate central differencing scheme for the advection term. The pressure velocity

coupling is done in a fully coupled framework, using one outer iteration per time-step.50, 51

Results and Discussion

The simulations were performed on the HPC facility of Imperial College London, using 16 cores per

simulation. The simulations took approximately 6 hours of computational time on 16 cores for 0.2

seconds of real time simulation. This corresponds to the time that is required for all of the carrier
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particles to leave the prototype inhaler device. There are two integration time-steps required for the

simulation, the time-step associated with the fluid equations and the time-step associated with the

particle motion. Both time-steps are dynamically varied, based upon the CFL number and the velocity

difference between the particles respectively. The time-steps were on the order of 1.0 · 10−5s for the

fluid, and 1.0 · 10−8s for the particle phase. The particle-time step is also governed by the particle

properties; how larger the Young’s modulus of the material, how smaller the time-step required to

resolve the collision.52

The emptying time of an inhaler will strongly depend on the type of the inhaler, the formulation

used and the patient inhalation curve. For instance, longer emptying times are expected when capsule

devices are used53 than in the current case. The results show that it takes approximately 0.12s of

physical time for all the carrier particles to leave the domain which is considered in this study. This is

defined as the emptying time.

Figure 13 shows four snapshots of the air velocity and the location of the carrier particles at different

times. The flow enters homogeneously from the top of the domain, and is initially laminar. It can be

seen that the flow velocity increases as a function of time,becomes increasingly turbulent, and that the

carrier particles start to move with the flow after about 0.02s. Although the majority of the carrier

particles directly move towards the exit of the inhaler, there is a significant part of the carrier particles

which stays behind in the bend of the inhaler and take a significantly longer time to leave. These

particles stay behind because they are caught in a recirculating region that is established in the bend.

This is because the detachment of the boundary layer on the inside of the bend creates a recirculation

eddy on the other side, in the outside of the bend. This effect is common for high Reynolds number

flows through a bend.54

It should be noted that all the particles have left the domain after just 0.12s. This is before the flow

velocity has reached half of its maximum, as can be seen from Figure 12.
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Figure 14 shows the number of carrier particles (red line) and the number of fines that have de-

tached from the carrier particle (blue line) that have left the inhaler as a function of time, for the

fines with Ha = 1.0 · 10−20J . It can be clearly seen that the detached fines start leaving the inhaler

around 0.03s, which is significantly earlier than the carrier particles start leaving the domain, around

0.055s. This is because the detached fines have a much lower inertia than the carrier particles. The

fines detached in the early stage of the inhalation process therefore reach the exit before any of the

carrier particles. All the detached fines have left the inhaler at 0.10s and all the carrier particles have

left at 0.12s.

Figure 15 shows the number of fines exiting the inhaler that are detached from the carrier parti-

cle as a function of time for various values of Hamaker constant of the fines. The value of the Hamaker

does not have an effect on the start and end times of the fines exiting the inhaler, only on the total

number of detached fines vs attached fines leaving the inhaler. The results show an approximate rela-

tive decrease of 25% in the detachment of fines if the Hamaker constant is 5 times as large.

Figure 16 shows the number of fines exiting the inhaler that are still attached to the carrier par-

ticle as a function of time, for the various values of Hamaker constant. Since the fines are attached to

the carrier particles, the start and end times of the attached fines exiting the inhaler are governed by

the dynamics of the carrier particles and do not depend on the value of the Hamaker constant. The

results show a gradual increase in the number of fines attached as the Hamaker constant is increased.

The importance of the micro-model mechanism which describes the detachment of fine particles from

the carrier particle due to the direct interaction with air, as is described previously, has been investi-

gated by comparing a simulation including the mechanism with one that excludes it. Figure 17 shows

the fines exiting the inhaler as a function of time, either detached or attached to a carrier particle,

comparing these two simulations, with Ha = 5.0 · 10−19J . For this value of Hamaker, it can be seen
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the results are nearly the same, and that the blow-off mechanism is not important for this value of

Hamaker constant. This is in contrast of what has been suggested previously in the literature.21,44

However, it should be noted that for the current type of inhaler, the local fluid velocity does not exceed

around 15 m/s within the first 0.12 s. Therefore, it may be that this mechanism is more important for

other types of inhalers, i.e. inhalers where the local fluid velocity becomes very large.

When carrier particles collide with the wall, some of the detached fines may directly adhere to the wall.

This mechanism was described in a previous section. The fines that are adhered to the wall may, due to

a subsequent collision with a carrier particle and the wall, be detached from the wall and re-dispersed

into the air flow or picked up by the carrier particle. Figure 18 shows the relative concentration of fine

particles adhered to the wall at the end of the simulation. It can be seen that most of the fines adhere

to the wall in two locations: near the initial position of the carrier particles and in a position slightly

downstream from this initial position. Near the initial position of the carrier particles, collisions with

the wall are very frequent - although impact velocities are generally small. After the onset of move-

ment of the carrier particles, many of them will impact the wall due to gravity slightly downstream of

the initial position. The collisions are less frequent, but will typically have significantly higher impact

velocity. More quantitative results are presented in Table 7. This table shows the percentage from the

total initial number of fines which are adhered to the wall and the percentage which are detached from

the carrier particle and leave the domain individually. A very strong effect of the Hamaker constant

is observed.

It should be noted that the so-called retainment of fines will strongly depend on the geometry of the

inhaler, the fluid flow development in the inhaler, the initial position of the carrier particles, and the

direction of gravity with respect to the inhaler. Since the retainment is due to particle-wall collisions

and depends on the particle-wall interaction, this prediction will obviously also depend on the properties

of the wall. Nevertheless, from a device development perspective the prediction is of interest since a

spatially resolved measure of the amount of fines on the wall can be obtained experimentally (using e.g.
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spectroscopic techniques). This prediction could thus be used to at least qualitatively verify the model

predictions and to also suggest changes to the device geometry that would decrease the retainment. Ob-

viously, the underlying micro-model could also suggest changes to the formulation that would decrease

the retainment.

Figure 19 shows the time-averaged contribution of particle-wall collisions on the release of fines into

the air flow. The mechanism of particle-wall collisions leading to the detachment of fines has three

regions. The first region is around the initial position of the carrier particles, where the particle-wall

collisions are frequent but have a low impact velocity. The second region is slightly further downstream

than the initial position, where carrier particles collide with the wall after the onset of initial move-

ment. Although the kinetic energy of these impacts is typically larger than in the previous region, it

is still relatively small. These two regions are also present in the mechanism for fine retainment, as

described previously. The third region concerns isolated small areas around the inhaler. These small

areas show where a single or a limited number of carrier particles have collided with a large impact

velocity. Because of the limited number of carrier particles that collides, this does not seem to be im-

portant for fines retainment. However, because of the high impact velocity, it does mean that all of the

attached fines are detached during the violent collision process.

Figure 20 shows the time-averaged relative contribution of particle-particle collisions to the release of

fines to the air. The top image of Figure 20 shows a cross section. It can be clearly seen that most

particle-particle collisions occur close to the bottom wall, predominantly fairly near the initial location

of the particles. Once the particles have traveled further downstream, they become more dispersed the

probability of particle-particle collisions is reduced. This mechanism is proportional to the local volume

fraction of the carrier particles and the velocity difference between the carrier particles (their so-called

granular temperature). The local volume fraction is particularly large when the carrier particles are

near their initial position. The granular temperature becomes significant further downstream. These
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two effects can be clearly identified in the figure.

Figure 21 shows the time-averaged combined effect of all mechanisms to the contribution of detach-

ment of fine particles from carrier particles. Most of the detachment occurs early on in the inhalation

process and near the bottom wall of the inhaler. The particle-particle interactions are the biggest

contribution to the release of fines (around 75%), although initially the particle-wall collisions are also

significant.

Conclusions

In this paper a comprehensive model is constructed to predict the behaviour of a dry powder inhaler,

including the carrier particles which are coated with small fine drug particles and their interaction

with turbulent air flow. The developed model comprises a multi-scale approach, where the phenomena

in a dry powder inhaler are studied at the micro, meso and macro scales. The model thus provides a

link between the properties of particles and the performance of the inhalation device.

At the micro-scale, the interactions of the small active drug particles, fines with a diameter of 2µm,

and the carrier particle, with a diameter of 70µm are studied to capture the behaviour of four different

mechanisms leading to the release or re-attachment of the fines: carrier-carrier particle collisions, car-

rier particle-wall collisions, detachment of fines by carrier particle-air interactions, and re-attachment of

fines resulting from pick-up onto the carrier particle. The micro-scale study has lead to coarse-grained

models describing the interaction of the small active drug particles. These coarse-grained models can

be used to determine the behaviour of fines at larger scales.

At the meso-scale the larger carrier particles (diameter ≈ 70µm), and all of their interactions, are
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modelled individually using discrete element model (DEM). Large eddy simulations (LES) are used to

model the turbulent nature of the air flow in the inhaler. Finally, at the macro-scale, simulations of

the complete inhaler are carried out. The inhalation process of one dosage from a prototype inhaler

using a patient relevant air flow profile are simulated, and the subsequent detachment of fines is studied.

The results at the macro-scale show that the fines start leaving the inhaler before the carrier par-

ticles. The fines leave the inhaler before the carrier particles because they accelerate faster due to

their smaller inertia. The results on the macro-scale also show that the total release efficiency of the

fine particles is between 10% and 30%, depending on the Hamaker constant of the particles, using

typical settings for the properties of both particle types. These values for release efficiency are in

good agreement what is typically found experimentally.47 It is also shown that carrier particle-particle

interactions at the beginning of the inhalation process are the biggest contributor to the detachment

of fines, followed by the carrier-particle wall interactions. The factors behind this are the local volume

fraction of the carrier particles and the granular temperature of the carrier particles, as these two de-

termine the frequency and effect of collisions. The detachment of fines in the prototype inhaler directly

by air flow is shown to be negligible. Finally, the location and relative concentration of retained fines

on the wall segments of the inhaler is shown.

The developed framework can be thus be used to predict powder emptying and dispersion as well as

retention in a dry powder inhaler. In the present work the models were used to make predictions for

a prototype inhaler, but the same type of modeling can clearly be used to make predictions for any

other device or for powders with different properties. The model is thus a very valuable tool for device

development to make sure that the device is suitable for the particular formulation. Since the model

can incorporate any inhalation profile, it can also be used to analyse whether a device is suitable for a

particular patient group.

In addition to providing a link between the properties of particles and the performance of the inhalation
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device, the models at the different levels are useful in their own right. For example,the micro models

can be used to study how the release of fines depends on the properties of the particles, such as their

stiffness, adhesive and cohesive interactions. In addition, more elaborate models can be developed in a

similar way, to address the issue of size and shape so that effects of shape can be studied.

Although it was beyond the scope of the present work, this type of modeling can also be extended to

study formulation processing to understand how the method of depositing the particles on the carriers

affects the distribution of fines on the carrier particles. The framework presented in this paper obvi-

ously requires experimental validation. As already noted, we have taken steps in this direction. To

this end is should be noted that direct validation of particle motion in a device is very challenging as

it requires experimental techniques with a very high spatial and temporal resolution. In addition, the

detailed particle trajectories also depend on the initial configuration which is not always easy to control.

In any case, we hope that the present study will serve to motivate future work in this area.
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Figure 1: A sketch of the torque arising from: (a) rolling and (b) torsion.
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Figure 2: A sketch of the DMT1 adhesion model: a contact point which results in an elastic contact
force, and the adhesion force outside of the direct contact point.
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Figure 3: The result of a carrier particle coated with the 2,000 fine particles.
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Figure 4: The distribution of clusters of fines on the carrier particle surface.
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Figure 5: The four “micro-model” mechanisms studied in the present work: 1. Particle-particle
collision, 2. Particle-wall collision, 3. Detachment of particles by fluid flow, and 4. re-attachment of
fines.
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Figure 6: The percentage of small particles removed as a function for normal impact velocity for
various Ha constants. The dashed lines represent the results predicted by Equation 40.
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Figure 7: The simulation results (symbols) and the empirical fit for the fraction of fine particles that
are removed from the carrier particle for Ha = 1.0× 10−19 J as a function of normal impact velocity
with a wall.
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Figure 8: The simulation results (symbols) and the fit for the fraction of fine particles that are removed
from the carrier particle and deposited onto the wall for Ha = 1.0× 10−19 J as a function of normal
impact velocity with a wall.
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Figure 9: The simulation results (symbols) and the fit for the number of fine particles that are removed
from the wall when it is hit by a carrier particle for Ha = 1.0× 10−19 J as a function of the relative
concentration of fines on the wall.

50



Figure 10: A sketch of the geometry of the inhaler and the initial placement of the particles.
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Figure 11: The geometry and the surface mesh of the inhaler geometry.
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Figure 12: The flow rate, in l/min, through the inhaler as a function of time.
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Figure 13: A sequence of two-dimensional cross sectional visualisations of the inhaler, showing the
air velocity and the location of the individual carrier particles (coloured red, dp = 70µm) for different
times.
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Figure 14: The number of carrier particles (red, left Y-axis) and the number of fine particles (blue,
right Y-axis) exiting the inhaler as a function of time.

55



Figure 15: The cumulative number of fines that are released from the carrier particle as they exit the
inhaler as a function of time, for different Hamaker values.
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Figure 16: The cumulative number of fines that exit the inhaler, which are still attached to a carrier
particle.
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Figure 17: The cumulative number of fines that exit the inhaler, either attached to a carrier particle
(dashed lines) or released (solid lines) for the case including the blow-off mechanism compared to
excluding this mechanism. The results shown are for withes with Hamaker constant Ha = 5.0 ·10−19J .
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Figure 18: The location and relative concentration of the fine particles which remain adhered to the
wall after all carrier particles have left the inhaler. The results shown are for the fine particles with
Ha = 1.0 · 10−19J .
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Figure 19: The location and relative contribution to detachment of fine particle release due to particles
colliding with the wall. The results shown are for the fine particles with Ha = 1.0 · 10−19J .
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Figure 20: The location and relative contribution to detachment of fine particle release due to particle-
particle collisions. The top image, side view, shows the cross-section through the middle of the inhaler.
The results shown are for the fine particles with Ha = 1.0 · 10−19J .
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Figure 21: The location and relative net contribution to the detachment of fine particles for all the
micro-model mechanisms considered in this paper. The top image, side view, shows the cross-section
through the middle of the inhaler. The results shows are for the fine particles with Ha = 1.0 · 10−19J .
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Table 1: The properties of the carrier particle and the fine particles. The properties are taken from
lactose reference values.55,56

Carrier particle Fine particles
Density [kgm−3] 1520 1520
Diameter [µm] 70 1.5 - 2.0
Youngs modulus [GPa] 9.0 9.0
Poisson’s ratio [−] 0.35 0.35
Friction coefficient [−] 0.3 0.45
Restitution coefficient [−] 0.85 0.65
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Table 2: The values of A0 and A1 for Equation 40, where the velocity is specified in ms−1, as a
function of Hamaker constant to predict the fraction of fines released from a coated carrier particle
undergoing a collision.

Ha [J ] A0 A1

1.0× 10−19 0.0105 1.042
5.0× 10−19 0.0109 1.473
1.0× 10−20 0.0419 1.150
5.0× 10−20 0.0469 1.228
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Table 3: The values of B0 through B4 as a function of Hamaker constant to predict the fraction of
fines released from a coated carrier particle undergoing a collision, predicted by Equation 41, where
Un is given in ms−1.

.

Ha [J ] B0 B1 B2 B3 B4

1.0× 10−19 0.0540 1.109 4.8 0.158 0.467
5.0× 10−19 0.0492 1.204 4.6 0.212 0.403
1.0× 10−20 0.0501 1.245 4.5 0.261 0.364
5.0× 10−20 0.0473 1.31 4.4 0.322 0.318
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Table 4: The values of C0 through C4 as a function of Hamaker constant to predict the fraction of
fines released from a coated carrier particle undergoing a collision which attach directly to the wall,
predicted by Equation 40

.

Ha C0 C1 C2 C3 C4

1.0× 10−19 0.0323 1.243 4.8 0.286 0.107
5.0× 10−19 0.0283 1.211 4.6 0.254 0.0100
1.0× 10−20 0.0221 1.184 4.5 0.221 0.0921
5.0× 10−20 0.0189 1.154 4.4 0.194 0.0890
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Table 5: The values of D0 and D1 as a function of Hamaker constant to predict the fraction of fines
released from the wall, predicted by Equation 43.

Ha D0 D1

1.0× 10−19 190.3 1.1724
5.0× 10−19 5158.8 1.9271
1.0× 10−20 2235.2 1.306
5.0× 10−20 3914.2 1.604
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Table 6: The values of E0, E1 and U0 as a function of Hamaker constant to predict the fraction of
fines released from the carrier particle by the air flow per unit time, predicted by Equation 44, where
U is given in ms−1.

Ha [J] E0 E1 U0 [ms−1]
1.0× 10−19 2.12 · 10−6 2.89 13
5.0× 10−19 2.67 · 10−5 3.26 10
1.0× 10−20 1.89 · 10−4 3.01 8
5.0× 10−20 1.67 · 10−3 2.82 5
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Table 7: The percentage from the total initial number of fines which are adhered to the wall and
percentage of fines which leaves the inhaler as dispersed, individual particles.

Ha [J] 1.0 · 10−20 5.0 · 10−20 1.0 · 10−19 5.0 · 10−19

fines attached on walls 10.9 % 10.3 % 5.1 % 3.2 %
fines released 27.58 % 18.78 % 12.75 % 8.56 %

69


