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Abstract 

 
Pulmonary drug delivery by dry powder inhaler (DPI) is becoming more 

and more popular. The small drug particles are mostly blended with a larger 

carrier particle as one particle cluster for better dispersion by the breathing 

airstream. What’s essential for a good performance of a DPI is the 

detachment of the drugs from the carrier surface through the fluid stresses 

and also impacts on walls. Fully resolved simulations based on the lattice 

Boltzmann method (LBM) were performed to study the influence of the 

laminar flow, the turbulent flow and the surface roughness on the fluid 

dynamic forces of the drugs. Moreover when the particle cluster collides 

onto a wall with a certain impact angle, the inertia force on the drug particle 

was solved numerically during the collision process. Based on those force 

studies, three detachment models, i.e. plane wall detachment model, rough 

wall detachment model and particle-wall collision detachment model, were 

developed to analyse the efficiency of drug delivery. 

 

In the plane wall detachment study, first the lattice Boltzmann simulations 

were validated based on a test case where a single particle was situated on a 

wall and exposed to a linear shear flow. The present simulations were 

compared with analytical results and other simulations. Moreover, the 

required small particle resolution and the domain size were properly 

selected based on an extensive numerical study. The diameter of the carrier 

particles was 100 m, while the fine particles had diameters of 3 m and 5 

m. The range of particle Reynolds numbers considered was between 0.5 

and 200. The coverage degree of the carrier by the small particles was 

varied between 10% and 50% in the simulations, and its influence on the 

detachment was determined. A shear flow with shear rate 100,962 s
-1

 was 

simulated. From these simulations the fluid dynamic forces on the drug 

particles were extracted in dependence of the angular position in order to 

estimate the possibility of drug particle detachment. Detachment might 

occur through lift-off, sliding or rolling. Lift-off detachment was found to 
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be not possible due to the acting small normal forces even at Re = 200. The 

probability of sliding and rolling detachment in dependence of the angular 

position was estimated based on measured adhesion properties, i.e. van der 

Waals force, adhesion surface energy and friction coefficient. 

 

Turbulence was generated by a digital filtering technique applied to the 

inflow velocity boundary. Prior to these studies, this technique is validated 

by comparing the turbulence intensity at 15 fluid nodes along the stream-

wised direction of the computational domain. The particle Reynolds number 

considered was 200 and the turbulence intensity was varied from 0.3% to 

9.0%. These simulations provided the temporal evolution of the fluid 

dynamic forces on the drug particles in order to estimate the possibility of 

drug particle detachment. For turbulent conditions (i.e. Re = 200 and I = 

9.0%) the fluid force on the drug particles was found to be about 10-times 

larger than found in laminar flow. Lift-off was found to be of minor 

importance due to the observed small normal fluid forces even at Re = 200 

and I = 9.0%. The remarkable rise of detachment probability for both effects 

due to the action of turbulence is an important finding of this study. 

 

In order to simulate roughness, only one smooth drug particle was placed on 

a rough carrier surface. The roughness was simplified by a row of semi-

cylinders in the stream-wised direction of the flow on the wall, and was 

varied by the asperity distance between the rough elements and the size 

ratio between the semi-cylinder and the drug particle. First the required 

particle resolution and domain size were properly selected based on an 

extensive numerical study and parameter study was carried to understand 

the relationship between the contact distance, the asperity distance, the size 

ratio and the particle height. The influence of roughness on the velocity 

profile was studied and the numerical determined hydrodynamic torque 

around particle mass centre was investigated for a wide range of particle 

Reynolds number and wall structures. Lift-off was found to be not possible 

due to the acting small normal forces. The rolling and sliding ratio of the 

drug particle was estimated by varying the particle Reynolds number, 

asperity distance and roughness element size. 
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A new and efficient numerical particle-wall interaction model for 

simulating the instantaneous forces and velocities on particles during wall 

collision process is described in chapter 4. During the collision the carrier 

particle can slides and rolls on the wall. The translational and rotational 

velocities of the carrier were solved instantaneously during the compression 

and recovery phases, and the maximum inertia force experienced by the 

drug particle was determined by initial impact conditions and material 

properties. The simulation results reveal that the inertia force on the drug 

particle is much larger than the fluid dynamic force. Nearly half of the drug 

particles can be detached by lift-off, the remaining particles follow up with 

a sliding or rolling detachment. 

 

The present studies improve the understanding of drug particle detachment 

from carrier particles in an inhaler device. The results will be the basis for 

developing Lagrangian detachment models that eventually should allow the 

optimisation of dry powder inhalators through computational fluid 

dynamics. 
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1 Introduction 

1.1 Dry Powder Inhaler 

Due to the lack of propellants, high patient compliance and high dose 

carrying capacity pulmonary drug delivery by dry powder inhalers (DPIs) is 

increasingly being used in the therapy of asthma and other chronicle 

pulmonary diseases. Therefore, numerous designs of inhalers are on the 

market (Smith & Parry-Billings, 2003; Islam & Gladki, 2008). Particles that 

can be administered via dry powder inhalers have to exhibit aerodynamic 

diameters in the size range of 1 µm to 5 m as only particles of this size can 

reach the tiny airways of the deep lung. Particles of such small size are very 

cohesive and show poor flow properties which leads to difficulties 

concerning volumetric dosing. To overcome this problem the fine drug 

powder is mostly blended with larger carrier particles (in the size range of 

50 µm to 500 m). During blending the small active pharmaceutical 

ingredient (API) particles will stick to the surface of the larger carrier 

particles so that they will be partially covered. Such large particles exhibit 

adequate flow ability and can be easily handled. 

 

For achieving high drug delivery efficiency during inhalation, the fine drug 

particles need to be detached from the carrier within the inhaler device 

through the stresses in the air flow or collisions with device walls. As a 

result, the dispersed fine drug particles can be easily transported deep into 

the lung while the carrier particles remain in the inhaler or are deposited in 

the upper airways and thereafter naturally cleared. The fluid dynamic 

detachment of the drug powder in the complex airflow of an inhaler is 

realised by acceleration/deceleration of the carrier particles (i.e. inertial 

force), flow shear gradients and turbulent stresses (Telko & Hickey, 2005). 

In order to deliver a high amount of detached drug particles a proper 

balancing between the adhesive forces between carrier and drug and the 

removal forces during the inhalation process is necessary. Thus inter-

particle interactions (i.e. adhesion force) between API and carrier play a key 
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role in this kind of formulations. On the one hand they have to be high 

enough that the API sticks to the carrier surface thus ensuring proper 

handling as well as uniform dosing and on the other hand low enough that 

drug detachment from the carrier surface during inhalation is guaranteed. 

One approach to tailor inter-particle-interactions between drug and carrier is 

the surface modification of the carrier particles (Zellnitz, et al., 2011). 

Besides the balancing of inter-particle interactions the inhaler design needs 

to ensure sufficiently high flow stresses on the carrier particles for yielding 

high detachment rates. So the detachment of drug particles from the carrier 

is a prerequisite for a high respirable fraction in vivo that is equivalent to a 

high fine particle fraction (FPF) in vitro. The FPF is determined by a 

standardised procedure using cascade impactors and represents the ratio of 

the fine particle dose (FPD) and the mass of API leaving the inhaler 

(emitted dose (ED)) in %. The FPD is the mass of drug particles below 5 

m. The FPF is a common parameter to compare the performance of 

different inhaler types and different formulations among each other. 

 

The impactors used and the procedure of determining of the FPF are 

described in the monograph “Aerodynamic assessment of fine particles for 

preparations for inhalation” of the European Pharmacopoeia. Impactor data 

are an important and principal part of marketing authorization applications 

for new dry powder inhaler formulations. Consequently, so far the design 

and optimisation of inhalers is mainly based on experimental analysis. 

Essential for the performance of an inhaler is a high amount of drug powder 

(i.e. fine particle fraction) that is able to leave the inhaler and reach the deep 

lung. As already has been mentioned the determination of the FPF is mainly 

done using different types of cascade impactors (Steckel & Müller, 1997; de 

Koning, 2011). Numerous such experimental studies have been conducted 

for analysing the influence of inhaler devises on the FPF (Srichana, et al., 

1998; Telko & Hickey, 2005; Chew, et al., 2002; Newman & Busse, 2002). 

However, these experimental approaches are rather cumbersome and time-

consuming. Therefore, it would be advantageous developing a drug 

detachment model which could be used in connection with the application 
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of computational fluid dynamics (CFD) for analysing inhaler performance 

and overcome the time consuming impactor experiments.  

 

In the past CFD has been already applied by a number of research groups 

for studying the performance of inhalers. These studies are related to an 

analysis of flow structure and particle motion inside an inhaler mostly. 

Objectives were for example the study of the particle motion in different 

inhaler designs (Donovan, et al., 2012), the influence of a grid inserted into 

the outflow tube (Coates, et al., 2004) or the effect of mouthpiece shape 

(Coates, et al., 2007). In all of these numerical calculations only the motion 

of the carrier particles was tracked for visualisation purposes (see Donovan 

et al. 2012). Describing the detachment of drug particles from the carrier 

would require additional modelling and was not considered in numerical 

studies performed so far. 

 

The aim of the present contribution is the development of Lagrangian 

detachment models which eventually should allow the numerical prediction 

of inhaler performance and efficiency. For this purpose a multi-scale 

analysis is adopted here (Fig. 1.1). First the flow field through the entire 

inhaler device (here the Cyclohaler
®
) is calculated numerically using 

OpenFOAM
®
 and the fluid dynamic stresses acting on the carrier particles 

are recorded and statistically analysed (Cui, et al., 2013; Cui, et al., 2014; 

Sommerfeld & Schmalfuß, 2015). With these flow conditions micro-scale 

numerical simulations based on the LBM are conducted for a fixed carrier 

particle covered with hundreds of drug particles placed into a prescribed 

flow (Cui & Sommerfeld, 2012; Cui & Sommerfeld, 2015). From the 

simulated fluid forces acting on the drug particles the possibility of 

detachment is determined based on measured van der Waals forces and 

friction coefficients as well as other contact properties (Cui, et al., 2014; 

Zellnitz, et al., 2013). Moreover, the inertia force experienced by the drugs 

during the particle-wall collision may yields a potential detachment and is 

well calculated. 
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Fig. 1.1 Summary of multi-scale approach for inhaler optimisation and 

design. 

 

The results from the micro scale simulations (i.e. forces on drug particles) 

and the experiments (interaction parameters between carrier particles and 

drug particles) will be used to develop a drug detachment model for 

Lagrangian calculation of the entire device using OpenFOAM
®
 (macro-

scale simulations). Moreover, the calculations need to be validated based on 

measured fine particle fraction leaving the inhaler by using cascade 

impactors (Fig. 1.1). The present project is cooperated with S. Schmalfuß 

(my colleague), S. Zellnitz and N. Urbanetz from Technische Universität 

Graz, N. Renner and R. Scherließ from Christian-Albrechts-Universität zu 

Kiel. 

 

1.2 Flow over Wall Bounded Particles 

The fluid dynamic forces acting on a spherical particle sitting on a plane or 

rough wall under linear shear or turbulent flow were already examined for 

many years, mainly theoretically and experimentally (Saffman, 1965; 

O`Neill, 1968; Hubbe, 1984; Leighton & Acrivos, 1985; Biasi, et al., 1988; 

Reeks & Hall, 2001; Sweeney and Finlay, 2007; Zeng, et al., 2009; Larsen 
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et al., 2010; Derksen & Larsen, 2011; Zhang, et al., 2013; Zhang, et al., 

2013). Since several years also fully resolved direct numerical simulations 

(DNS) are being used for determining lift and drag forces acting on single 

particles attached to a wall (Biasi, et al., 1988; Reeks & Hall, 2001; 

Sweeney and Finlay, 2007; Zeng et al., 2009; Larsen et al., 2010). In these 

studies laminar shear or boundary layer flows are considered mostly. From 

their simulations Sweeney and Finlay (2007) proposed complex fitting 

curves for the drag (CD) and lift (CL) coefficients in dependence of the 

particle Reynolds number (determined with the centre velocity impinging 

the sphere). In the work of Zeng et al. (2009) also the situation of a sphere 

touching the wall was considered and they presented the non-dimensional 

lift force as a function of the particle Reynolds number determined with the 

particle radius and the friction velocity. Their own simulations as well as a 

proposed correlation were compared with several analytical results and also 

experiments for Reynolds numbers between 1 and 10. More recently 

Derksen and Larsen (2011) calculated the fluid dynamic forces on random 

assemblies of particles attached to a plane wall using the LBM combined 

with an immersed boundary method. These studies were performed for a 

plane shear flow at low Reynolds numbers. One important finding of this 

study is the drastic reduction of the drag and lift force with increasing 

occupancy of the wall with particles. The reason for that is the tendency of 

the flow to pass over all the particles at high surface occupancy. The values 

for the lift actually become close to zero for coverage degrees of more than 

40%. Later in Section 2.2 the reliability of calculating fluid dynamic forces 

acting on spherical particles attached to a plane wall under linear shear flow 

by the present LBM code is demonstrated by comparing to the above 

experimental and simulation results. 

 

Early theoretical study of particle adhesion and removal was provided by 

O’Neill (1968). Later the JKR adhesion model was developed by Johnson, 

Kendall and Roberts (1971), which discussed the influence of surface 

energy on the contact between elastic solids. Hubbe (1984) gave a 

theoretical overview on the detachment of colloidal particles from solid 

surfaces under shear flow. More importantly, Hubbe concluded that the 
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component of hydrodynamic force acting parallel to a sheared wall was 

usually much larger than the lifting force, and the hydrodynamic force 

acting over the surface of the particle could be replaced by an effective 

force acting at a higher position. Later voluminous literature emerged 

studying the force and moment balance detachment models for individual 

microspheres on a surface embedded in a viscous sub-layer (e.g. Reeks et 

al., 1988; Wen and Kasper, 1989; Soltani and Ahmadi, 1994; Phares et al., 

2000; Ibrahim et al., 2008; Zhang, et al., 2013; Zhang, et al., 2013). The 

above-described models for particle resuspension or detachment from plane 

surfaces may be applicable to the present study, since the carrier particles 

are much larger than the very fine drug particles. However, they are based 

on the combined effect of convective flow and turbulence. In the present 

study, it is aimed at analysing the effect of laminar and turbulent flow 

separately. 

 

1.3 Macro Scale Simulation 

For the numerical calculations of stationary flow through an inhaler the 

open source code OpenFOAM
®
 is applied, herewith the Reynolds-averaged 

conservation equations (RANS) in connection with the k-ω-SST turbulence 

model are solved. The considered inhaler (i.e. the Cyclohaler
®
) is 

discretised by a tetrahedral mesh consisting of about 400,000 cells (Fig. 

1.2). The flow condition considered here corresponds to 100 L/min which is 

a typical inspiratory maximum flow rate (Newman & Busse, 2002). In order 

to obtain an appropriate outflow velocity profile, first a pipe flow (diameter 

identical to the mouthpiece of the inhaler) was calculated with the present 

flow rate (i.e. 100 L/min, bulk flow velocity 19.2 m/s). The developed 

velocity profile and the associated turbulence properties were then used as 

outlet condition for the inhaler calculation. At the two tangential inlets only 

the ambient total pressure needs to be prescribed. At the walls standard wall 

functions were applied. A carrier particle covered with hundreds of drug 

particles is considered as a point particle and was tracked in the calculated 

stationary flow field by neglecting their influence on fluid flow and 
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turbulence (i.e. one-way coupling). For each simulation run 1024 point 

particles were considered initially being regularly distributed in the capsule 

reservoir. At the beginning of the Lagrangian calculation the particles were 

released and moved by the fluid dynamic forces through the stationary flow 

field. The forces considered in particle tracking are drag force, added mass 

force, slip-shear/slip-rotation lift and gravity. 

 

The velocity and turbulent kinetic energy fields resulting from the flow 

calculations are shown in Fig. 1.3a & 1.3b for a flow rate of 100 L/min. The 

highest magnitudes of mean velocities are found in the swirl chamber and 

near the grid inserted at the entrance to the mouthpiece. The flow in an 

inhaler is very complex, especially, in the swirl chamber below the grid 

extremely high velocities are reached (Fig. 1.3a), which also give rise to 

very high turbulent kinetic energies (Fig. 1.3b). Typical particle trajectories 

within the inhaler for the three mono-sized particles are shown in Fig. 1.3c. 

The particles are basically bouncing from wall to wall (i.e. wall-collision 

dominated behavior) retaining however a swirling motion throughout the 

mouthpiece. This part of work is done by Sommerfeld and Schmalfuß, more 

details can be found in Sommerfeld & Schmalfuß (2015). 
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Fig. 1.2 Geometry of a typical swirl-flow inhaler device (left, taken from 

Donovan et al. 2012) and numerical grid used for the inhaler 

discretization (right, Sommerfeld & Schmalfuß, 2015). 

 

 
Fig. 1.3 Calculated flow field of the inhaler; a) total velocity modulus and 

velocity vectors near the inhaler wall; b) turbulent kinetic energy 

energy (colour scale: m
2
/s

2
); c) representative particle trajectories 

for mono-sized particles through the inhaler; (100 L/min) 

(Sommerfeld & Schmalfuß, 2015). 
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1.4 Structure of the Thesis 

The present thesis is organized as following. In Chapter 2, first the 

principles of the LBM are shortly introduced including the methods 

employed for enhancing the spatial resolution of the LBM, namely curved 

wall boundary condition and local grid refinement. Special emphasis is put 

on the calculation of the fluid dynamic forces separately for two particles 

which are in close contact. Then the present simulations are validated by 

comparing simulated lift and drag for a particle in contact with a plane wall 

with analytic, experimental as well as numerical results. For the special case 

of a larger carrier covered with hundreds of micron-sized drug particles 

studies on the required domain size and the necessary resolution of the fine 

particles are introduced. Then the calculated fluid dynamic forces acting on 

the drug particles are analysed and discussed in detail for a range of relevant 

properties of the particle cluster and the flow. Finally, different turbulence 

generation methods are discussed and then properly selected. The 

turbulence simulations conducted for different turbulence intensities and the 

corresponding fluid dynamic forces on the drug particles are evaluated and 

compared with the results in the laminar flow. 

 

In Chapter 3, two flow detachment models were introduced, namely plane 

wall detachment model, rough wall detachment model. First the possibility 

of drug particle detachment from a smooth surface is evaluated on the basis 

of experimental information of particle-particle interaction mechanisms and 

the fluid dynamic forces from the macro-scale simulation. After that, the 

wall is roughened and the influences of the rough wall on the particle 

detachment are studied by varying the size and the asperity distance of the 

rough elements. 

 

The particle-wall collision detachment model was introduced in Chapter 4. 

At first the model is established on account of instantaneous translational 

and rotational velocities, resistance force, friction force and inertia force of 

particles, together with the detachment criterion for the lift-off, sliding and 

rolling detachment of drug particles. Then the influence of several 
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parameters, i.e. impact angle and friction coefficient on the velocities and 

forces of the carrier particle are studied, and the forces on drug particles are 

depicted in dependence on their angular location on the carrier surface. 

After that the detachment of drug particles for a single collision process is 

evaluated and compared to the flow detachment study. 
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2 Micro Scale Simulation 
 

Numerical calculations were performed in this chapter for a particle cluster 

consisting of a large carrier particle covered with many small spherical drug 

particles. Due to the complexity of the particle cluster structure, the LBM 

which is mainly implemented by M. Dietzel and M. Ernst is adopted and 

further developed for the particle simulation. Prior to these studies, the 

LBM is validated based on a test case where a single particle is situated on a 

wall and exposed to a linear shear flow, and the present simulation results 

are compared with analytical results and other simulations. With regard to 

the particle cluster the required small particle resolution and the domain size 

are properly selected based on an extensive numerical study. In simulation 

the diameter of the carrier particles keeps constant, while the diameter of 

the fine particles varies. The particle Reynolds numbers are considered in a 

wide range, as well as the coverage degree of the carrier by the small 

particles. Different turbulence generation methods are implemented into the 

LBM codes and are then evaluated. From these simulations the fluid 

dynamic forces on the drug particles are extracted in dependence of the 

angular position in order to estimate the possibility of drug particle 

detachment. 

 

2.1 Numerical Method 

The computation of the fluid flow is performed using a three-dimensional 

LBM. Basically, the LBM (Benzi, et al., 1992; Guo & Shu, 2013; Dietzel & 

Sommerfeld, 2013; Ernst, et al., 2013) is a class of CFD method for fluid 

simulation which originated from molecular dynamics models such as 

Lattice Gas Automata. Instead of solving conservation equations for 

macroscopic properties as done by using the Navier-Stokes equations, the 

discrete Boltzmann equation is solved, describing the fluid behaviour on a 

mesoscopic scale. Fictive fluid elements represented by a probability 

distribution function move along a lattice grid and collide at the lattice 
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nodes. Besides the spatial discretization realized by the numerical grid, time 

and velocities are discretized as well. Information is allowed to propagate to 

a neighbouring lattice node in one of the discrete lattice directions at one 

time step only, followed by a collision step. The discrete Boltzmann 

equation is solved with the help of a collision model such as the single 

relaxation time approach of Bhatnagar–Gross–Krook, abbreviated as BGK 

(Bhatnagar, et al., 1954). Compared to other grid based CFD approaches, 

LBM has the advantage of being capable to easily deal with arbitrary and 

complex shaped wall boundaries and objects embedded in the flow. 

Thereby, forces acting on walls or obstacles inside the flow domain can be 

directly calculated from the change of state of the distribution function 

along the obstacle surface. 

 

In the following a brief outline of the applied LBM is given. More detailed 

method description as well as examples of validation cases of the applied 

LBM can be found in Hölzer & Sommerfeld (2009), Dietzel & Sommerfeld 

(2009), Ernst & Sommerfeld (2012), Dietzel & Sommerfeld (2013), Ernst, 

et al. (2013)  and Cui & Sommerfeld (2015). 

 

2.1.1 Lattice Boltzmann method 

The discretized lattice Boltzmann equation combined with a single 

relaxation time collision operator approximated by the BGK approach is 

given below: 

          0

i i i i ext ,i

t
f t , t t f , t f , t f , t t F   




         σix ξ x x x  2.1 

where ∆x = ξσi ∆t is the width of the spatial discretization, ∆t the duration of 

one time step, τ the relaxation time and fσi
(0)

 is the discrete equilibrium 

distribution function. The forcing term Fext,i is used to introduce an external 

vector-valued force F into the lattice Boltzmann equation. 
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Fig. 2.1 Directions of discrete equilibrium distribution function of the 

D3Q19 model. 

 

In this work the D3Q19 model which applies to a three dimensional grid 

and provides 19 propagation directions is used as shown in Fig. 2.1. These 

directions can be distinguished in six vertical and horizontal velocity 

vectors (σ = 1), twelve diagonal velocity vectors (σ = 2) and one direction 

for zero velocity (σ = 0). During the propagation step, information is 

transported along these lattice directions, left side of Eq. 2.1, followed by 

the collision step, right side of Eq. 2.1. The discrete equilibrium distribution 

function (EDF) is given by: 

 
   

 
2 2

0

2 4 2

93 3
1

2 2
i if , t

c c c
  

 
    
 
 

σiσi
ξ uξ u u

x  2.2 
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s i

/ , i
x

c c , / , i ...
t

/ , i ...





 



 
 

    
   

 2.3 

ωσi are the weighting factors for the D3Q19 model, u is the velocity vector 

and c is the grid constant which can be defined as a ratio of spatial and 

temporal discretization which is related to the speed of sound cs. Fluid 

density and momentum can be obtained from moments of the discrete 

distribution functions in the following way: 
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   

     

i

i

i

i

, t f , t

, t , t f , t

















 σi

x x

x u x ξ x
 2.4 

The local pressure can be derived from the local density and the speed of 

sound: 

      
2

2

2

1

3
s

x
p , t c , t , t

t
 


 


x x x  2.5 

The relationship between the dynamic viscosity of the lattice Boltzmann 

scheme and the relaxation parameter can be described in the following way: 

  21
2

6
c t     2.6 

The numerical stability of the LBM is influenced by several criteria such as 

the upper limit of the Mach number (normally: Ma = u / cs < 0.2) and the 

lower bound of the relaxation time parameter (τ / ∆t > 0.5) which limits the 

maximum Reynolds number that can be realized depending on the 

resolution of the numerical grid (Dietzel & Sommerfeld, 2013). 

 

2.1.2 Boundary condition 

In the LBM the forces and moments on any object (e.g. fine particles) are 

obtained through the change of the distribution function when being 

reflected at a solid surface, i.e. bounce-back boundary condition. For 

improving the spatial resolution the exact location of any curved boundary 

is accounted for in the bounce-back scheme (Bouzidi, et al., 2001; Guo, et 

al., 2002; Dietzel & Sommerfeld, 2013). This approach allows much more 

accurate force calculations compared to the standard stepwise representation 

of boundaries. 
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Fig. 2.2 Treatment of the wall boundary condition on the particle surface 

applying the bounce-back approach: (a) stepwise representation of 

the particle surface inscribing the given geometry; (b) curved-wall 

boundary condition using the exact wall distance q between fluid 

node (xF00) and obstacle surface (xW) (Dietzel & Sommerfeld, 

2013). 

 

A standard stepwise approach of a curved solid surface is illustrated in Fig. 

2.2a. The full distance between the fluid node at position xF00 and the 

neighbouring solid nodes (xS) is considered for the application of the 

bounce-back scheme, regardless of the exact location of the solid boundary. 

This standard wall boundary condition needs a large number of grid nodes 

for resolving the particle contour properly for randomly generated particles. 

In order to relax this requirement, the curved no-slip boundary condition 

Wang, et al. (1998) and Chen & Doolen (1998) is imposed on the particle 

surface. This boundary model is an extension of the bounce-back procedure 

and uses an extrapolation scheme which evaluates the proper distance 

between the wall position xW and the adjacent fluid node at location xF00 

(Fig. 2.2b). The corresponding interception parameter q is considered for 

each relevant propagation direction of the adapted bounce-back scheme. 

This method ensures that the particle shape is accurately reproduced and 

that forces on the particles are determined correctly regardless of the 

particle location within the grid (which would be very important for 
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movable particles). Moreover, less computational grids are required to 

discretize the particle using the curved no-slip boundary condition. 

 

Another advantage of the LBM is that forces acting on objects are not 

determined by integrating the pressure and shear stress distribution around 

them. Instead, the momentum exchange between the fluid and the particle is 

obtained based on the bounce-back approach. Therefore, the difference of 

fluid momentum before and after contact with the obstacle wall yields the 

local force Fσi: 

       2 *

i i

V
, t t f , t t f , t

t
 


     


σi σiF x x x ξ  2.7 

t
*
 is the time after collision step. The local torque follows from local forces 

and their distance to the centre of rotation: 

      2 2, t t , t t    
σi R σi

T x x x F x  2.8 

Summarizing all local forces and torques along the obstacle surface leads to 

the total force or torque, respectively (Hölzer & Sommerfeld, 2009; Dietzel 

& Sommerfeld, 2013): 

 

   

   

2 2

2 2

i

i

t t , t t

t t , t t





    

    





σi

x

σi

x

F F x

T T x
 2.9 

 

2.1.3 Local grid refinement 

Generally, LBM is a direct numerical simulation (DNS) method. In order to 

simulate the flow around agglomerates, the computational power needed 

leads to a tremendous numerical effort because of the wide range of scales 

involved in fluid dynamics. However, the smallest scales are often localized 

in a relatively limited computational area. Therefore, the local grid 

refinement method was introduced to reduce the computational costs by 

enabling different discretization levels with the computational domain. 
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Region of small scale or small gradients of flow variables are discretized by 

fine grid cells whereas the large scales need to be discretized by larger grid 

cells. For example, as shown in Fig. 2.3, the region close to the particle 

cluster is applied with fine mesh whereas a coarser mesh is applied far from 

the cluster.  

 

 
Fig. 2.3 Local grid refinement of a carrier particle covered by many small 

particles. 

 

Grid refinement technique was initially introduced into lattice Boltzmann 

equation (LBE) by Filippova and Hänel (FH) (1998). In their approach a 

coarse mesh is first used to cover the flow field, and then one or more 

patches with refined resolutions will be inserted into some region on the 

coarse mesh where the flow may change significantly (Guo & Shu, 2013). 

Recently, many of the development and progress have been published in 

both the refinement strategy and the underlying data structure. In this thesis, 

we use the node-based approach which was initially introduced by Crouse 

(2003), and was further developed by M. Dietzel (Dietzel & Sommerfeld, 

2013). In their method, a sensor variable, which is based on heuristic 

expressions for primary or derived quantities of the flow field, is used to 

detect the location of new refinement zones. The adaptive refinement begins 

with an initial grid. After a preliminary solution is achieved, the sensor is 

evaluated in every cell surrounded by some neighbouring nodes. If the value 

of the sensor in a cell exceeds a critical value, the cell will be marked for 

refinement. The unknown distribution functions on the new refined grid 

nodes can be constructed from the parent cells using certain interpolation 
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schemes as used in the FH method, and simulation process continues then 

on the improved grid (Guo & Shu, 2013). 

 

Fig. 2.4 shows two adjacent regions with different grid resolution. The fine 

region appears by dividing each former coarse cell into eight fine cells in 

3D, so that the edge length of the fine cells corresponds to half of size of the 

coarse cells. A grid refinement convention in this work is that adjacent grid 

cells can only be identical or half of the grid length. This limitation is 

basically introduced to improve the stability of the numerical scheme. Since 

both the viscosity and propagation velocity (and the corresponding lattice 

constant) must be a constant across the whole fluid domain, the time step 

and relaxation parameter have to be adjusted depending on the refinement 

level. Local grid width and local time step follow from the actual grid level 

(gl) (Dietzel & Sommerfeld, 2013): 

 
0 0

1 1

2 2
gl glgl gl

x x , t t      2.10 

The coarsest grid level corresponds to gl = 0 and the finest level is 

depending on the considered problem. Because of the time step is reduced 

in the fine grid regions, the information needs to be propagated more often 

compared to the coarse grid, to ensure a constant propagation velocity. A 

sequence control manages the cycles of propagation and relaxation for each 

grid level so that the entire grid is at the same time level at the end of a 

global iteration (Crouse, 2003). Alternatively to the constant ratio of spatial 

and time discretization for all refinement levels, other approaches such as a 

constant relaxation time or a constant time step are available (Alemani, et 

al., 2007). 
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Fig. 2.4 Definition of node types at the interface between coarse and fine 

grid sections (Dietzel & Sommerfeld, 2013). 

 

2.1.4 Particle near contact 

In the present simulations the forces on hundreds of fine drug particles 

adhered to a carrier particle shall be determined. However, when two 

particles are in near contact, i.e. less than one lattice spacing, there exists a 

problem to calculate the forces on these particles separately. 

 

Normally, the nodes inside the particle are declared as solid nodes and 

outside of the particle are fluid nodes. The forces over a particle are 

obtained from a momentum balance at the solid surface (reflection of the 

fluid elements at the particle boundary). When particles are in close contact 

(separation less than one lattice), there is a lack of fluid nodes between the 

particles as shown in Fig. 2.5, and consequently some solid nodes are 

included to calculate the particle force. However, those solid nodes have no 

fluid information and therefore the force calculation will be wrong. One 

way to avoid this problem is to introduce some fluid property to the solid 

nodes within that particle (stars in Fig. 2.5) wherefore the fluid dynamic 
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forces shall be calculated. For that purpose, the EDF is assigned to these 

solid nodes and the velocity is set to be identical to the particle surface 

velocity, i.e. no slip condition at the particle surface (Ernst, et al., 2013). 

With the application of this method, it is possible to separately calculate the 

forces on particles in close contact or a particle in contact with a wall. 

 

 
Fig. 2.5 Nodes around two particles near contact: the cycles indicate the 

fluid nodes far away the particle; the squares indicate the adjacent 

fluid nodes near the particle surface; the triangles indicate the 

solid nodes inside the particle; the stars indicate the solid-fluid 

nodes near its neighbouring particle. 

 

Additionally, Ladd (1994) and Pietro, et al. (2006) found that for 

approaching particles, the LBM breaks down at very small distances 

between two particles due to the lack of spatial resolution in the gap 

between the particles. He solved this problem by introducing an extra 

lubrication force which accounts for the contribution to the hydrodynamic 

forces due to the unresolved part of the flow field. The lubrication force 

(acting along the centreline of two particles i and j) is given by: 

  
3

lub i j

a
ˆ ˆ

s


   ij ijF x x u u  2.11 
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where 2s R / a   is the dimensionless gap width (R is the distance 

between the centres of the particles) and ij i j i  x x x x  and jx  are the 

coordinates of the particles and ij ij ij/ˆ x x x ; iu  and ju  are the particle 

velocities. This method is generalized by casting the interaction between 

particles in the grand-resistance-matrix formulation (Nguyen & Ladd, 2002) 

using friction coefficients given by Kim & Karilla (1991). This method also 

accounts for tangential friction and allows the accurate calculation of the 

particle stresslet (Cyrus & Jonathan, 2010). As the near field hydrodynamic 

force plays a critical role in our simulation, we used an improved version 

for the lubrication force given by Kim & Karilla (1991), in which a 

logarithmic correction is included: 

  
3 27 1

20
lub i j

a a
ˆ ˆlog

s s

  
     

 
ij ijF  x x u u  2.12 

In conclusion, for stationary particles, the EDF is assigned to those solid 

nodes which are adjacent to another particle’s surface. Hence the solid 

nodes are converted into the solid-fluid nodes (solid nodes with fluid 

information). For the particles which have relative motion, lubrication force 

should be taken into consideration. 
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2.2 Validation of a Particle attached to the Wall 

The reliability of calculating fluid dynamic forces acting on spherical 

particles by the present LBM code was already demonstrated for a wide 

range of particle Reynolds numbers (i.e. 0.3 to 480) by Hölzer and 

Sommerfeld (2009). These simulations captured the main features of the 

flow structure around the sphere and the drag coefficient was predicted with 

reasonable accuracy. In order to ensure the proper performance of the model 

for calculating the forces on particles in close contact, a widely considered 

test case is chosen where a particle is attached to a plane wall and is 

exposed to a linear shear flow (Fig. 2.6). The results of the present 

simulations are compared with available analytic results, experimental 

correlations or other simulations. This situation is also very similar as the 

problem considered in this contribution, where small drug particles are 

attached to a much larger carrier particle. The plane wall is just the limiting 

case with a carrier particle of diameter infinity. For the particle cluster 

carrier particle Reynolds numbers up to 200 were examined. This implies 

that for the size ratio Ddrug/Dcarrier = 5 μm/100 μm the fine particle Reynolds 

number is at most 10. Consequently, the validation test case was simulated 

for Reynolds numbers between 0.01 and 10, respectively. 

 
Fig. 2.6 Boundary conditions for the simulation of a particle attach to the 

wall under the linear shear flow; the moving wall indicates the 

full-slip boundary condition; the outlet boundary has zero 

gradients for all parameters. 

 

 

 

 

 

 

 

 

 

O 

U 

T 

L 

E 

T 

Moving Wall 

Non-Slip 

I 

N 

L 

E 

T 



Micro Scale Simulation  23 

 

The numerical calculations were performed for a rectangular domain where 

the particle is placed in the middle on the bottom wall (Fig. 2.6). In this case 

the particle was in direct contact with the wall and fluid properties were 

assigned to the solid nodes within the particle near the contact point (see 

Section 2.1.4). The upper wall is moving with a predefined velocity in order 

to induce the linear shear flow and the desired particle Reynolds number. At 

the side faces symmetry boundary conditions are applied. For this validation 

the drag coefficient is plotted versus the particle Reynolds number and the 

lift coefficient versus the shear Reynolds number. The particle Reynolds 

number for this situation is defined with the barycentre velocity (

bc PU R G  ), where G  is the shear rate: 

 
P P

p

D ( R G )
Re




  2.13 

On the other hand the shear Reynolds number of the particle is given by 

(Crowe, et al., 2012): 

 

2

P

S

D G
Re




  2.14 

This implies that for the present simple case, i.e. linear shear flow with zero 

velocity at the wall, 2S PRe Re  . 

 

Before presenting the results of the resistance coefficients, computations 

were conducted to determine the required size of the computational domain. 

For each case the particles were resolved by 40 grid cells of the finest mesh 

when using three grid refinement levels as shown in Fig. 2.7. 
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Fig. 2.7 Discretized mesh of a particle attach to the wall, 40 grids cells of 

the finest mesh pro particle diameter with three-level grid 

refinement ( x,y,z refer to the length, width and height of the fluid 

domain). 

 

The variation of the domain size in stream-wise direction (x/D) for fixed 

dimensions in the lateral and vertical directions (y/D = 12, z/D = 12) reveals 

that 18 particle diameters are sufficient to obtain coefficients which are 

independent of this dimension (Fig. 2.8 upper row). Moreover, the vertical 

dimension of the domain was varied by fixing the stream-wise and the 

lateral domain size (x/D = 18, y/D = 12). The results show (Fig. 2.8 lower 

row), that a vertical dimension of 18 particle diameters should be sufficient 

although the lift coefficient has not yet fully approached a limiting value. 

As a result of this study all the calculations for this test case were done for a 

domain size of x/D = y/D = z/D = 18. Three grid refinement levels were 

created and as a result the particle was resolved by 40 grid cells of the finest 

mesh. Consequently, the total number of grid cells was 5,953,158 for this 

case. The final results of the drag and the lift coefficients in dependence of 

Reynolds number are presented in the following. 
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Fig. 2.8 Domain size validation for a particle attached to a plane wall in a 

linear shear flow; domain size normalized by particle diameter; 

upper row: variation of domain size in stream-wise direction for 

constant dimensions in the lateral and vertical directions (y/D = 

12, z/D = 12); middle row: variation of lateral dimension of the 
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domain for x/D = 18, z/D = 12; lower row: variation of vertical 

dimension of the domain for x/D = 18, y/D = 12; left column: 

drag coefficient; right column: coefficient for slip-shear lift (3 

refinement levels, particle Reynolds number Re = 0.01, shear 

Reynolds number ReS = 0.02). 

 

The drag coefficient is defined in the classical way with the simulated drag 

force DF  and the barycentre velocity: 

 
 

2

2

D

D

P P

F
C

R G A


  
2.15 

The lift coefficient (i.e. for shear-slip lift) is defined according to the 

extended Saffman (1965) lift force (see Sommerfeld 2010, Crowe et al. 

2012): 

 
 

2

2

L
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P bc P

F
C

D GU A


  
2.16 

Regarding the drag coefficient, the results of the present LBM simulations 

are first compared with the extended analytic solution of O`Neill (1968) 

given by: 

  0 68724
1 7009 1 0 15 .

D,W P

P

C . . Re
Re

   2.17 

Additionally other simulation results are considered. In the work of Derksen 

and Larsen (2011) a linear shear flow moving over a single particle attached 

to a wall has been simulated by the LBM and was used to validate their 

simulations with regard to domain size and grid resolution. The no-slip 

conditions at the surface of the particle were enforced by the immersed 

boundary method. Their results, for optimum settings, agree very well with 

those of O`Neill (1968) for 1PRe   (Fig. 2.9). For higher particle Reynolds 

numbers Zeng (2009) performed direct numerical simulations by a spectral 

element method. They presented results for the drag coefficient in case there 
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is a very small gap between particle and wall (i.e. δ = 0.005Dp). Also these 

results agree very well with the correlation according to Eq. 2.17 for a range 

of 2 < Re < 200. 

 

In the numerical simulations of Liu et al. (2011) a commercial code was 

used to calculate the drag coefficient of a particle placed on a wall within a 

boundary layer velocity field developing along a flat plate. The obtained 

drag coefficients are slightly below the extended correlation of O`Neill 

(1968); see Eq. 2.17. 

 

In the present analysis the drag coefficient was calculated for a particle 

Reynolds number between 0.01 and 100 (Fig. 2.9). For higher Reynolds 

numbers the results match very well with the extended correlation (Eq. 

2.17), however, at lower values a slight over-prediction is observed. This 

could be probably improved by further increasing the domain size, which 

would of course remarkably increase storage requirements and 

computational time. 

 

Secondly the simulated lift coefficient on the particle attached to a wall in a 

linear shear flow was compared with analytic solutions and other 

simulations. The analytic result of Leighton and Acrivos (1985) for this 

situation and in the limit of very small shear Reynolds numbers gives a 

constant value of 2 935LSC .  (Fig. 2.10). Another small Reynolds number 

analytic solution for a particle freely rotating in an unbounded linear shear 

flow is available from Saffman (1965), which is included here, as a limiting 

case: 

 
4 1126

LS

S

.
C

Re
  2.18 

The high Reynolds number simulations of Zeng (2009) yield lift 

coefficients which are below the line of Saffman (1965), which is of course 

not valid in this regime. By fitting these simulation data they proposed a 
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correlation for the non-dimensional lift which is re-arranged to yield the lift 

coefficient as a function of shear Reynolds number as: 

 
 

0 44

2 4845
LS .

S

.
C

Re
  2.19 

This fitting curve is naturally not valid for ReS < 1. From the depicted 

simulation results it is obvious that the lift coefficient is constant for ReS < 

0.75, in accordance with the result of Leighton and Acrivos (1985). With 

further increasing shear Reynolds number the lift coefficient is continuously 

decreasing, being smaller than the Saffman lift (Saffman 1965). 

 

The simulation data of Derksen and Larsen (2011) seem to reflect nicely the 

transition between low and high ReS although their value for the lift 

coefficient at ReS = 0.02 is with CLS = 2.75 slightly below the result of 

Leighton and Acrivos (1985). The present simulation results for the lift 

coefficient agree very well with the analytical result and the other 

simulations. Also the transition from low to high ReS is captured by the 

LBM simulations. From the present simulation data a correlation for the 

non-dimensional lift can be obtained (red curve in Fig. 2.10) and is 

expressed by: 

 
     
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c c Re c Re c Re

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 2.20 

where c1 = -0.17321, c2 = 0.15216, c3 = -0.92055, c4 = 0.94868, c5 = 

0.01486 and n = 0.20067. The shear Reynolds number for this fitting curve 

is valid from 0.02 to 20. 
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Fig. 2.9 Drag coefficient CD of a particle attached to a wall as a function 

of particle Reynolds number Re, comparison of a universal 

correlation (Eq. 2.17) based on the result of O`Neill (1968) with 

several simulation data obtained by different numerical methods 

(Derksen and Larsen, 2011; Liu et al., 2011; Zeng et al., 2009). 
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Fig. 2.10 Lift coefficient CLS of a particle attached to a wall as a function of 

the shear Reynolds number ReS, comparison of analytic results of 

Leighton and Acrivos (1985) for a wall attached fixed sphere and 
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Saffman (1965) for a freely rotating particle in an unbounded 

linear shear flow with several simulation data obtained by 

different numerical methods (Derksen and Larsen, 2011; Zeng et 

al., 2009). 
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2.3 Setup of Simulation for Particle Clusters 

The simulations of the flow about a particle clusters consisting of one 

spherical carrier (in this case Dcarrier = 100 µm) and a mono-layer of 

randomly distributed fine spherical drugs (i.e. Ddrug = 3 or 5 µm) first 

requires a generation process. This implies that the spatial distribution of 

drug powder on the surface of the carrier was created through a random 

procedure. The target value in this generation process is the degree of 

coverage which is calculated as the cross-section area of all drug particles 

divided by the surface area of a sphere with the diameter (Ddrug+Dcarrier). 

This coverage was varied between 10% and 50% in the present study. 

Consequently, the number of drug particles being randomly distributed on 

the carrier was obtained by assuring that only a mono-layer was produced, 

i.e. each fine particle must have contact with the carrier particle surface and 

no overlapping or contact of neighbouring drug particles was allowed. As 

an example, for the size ratio of 5 µm/100 µm and coverage degrees of 10% 

and 50%, 176 and 882 drug particles are obtained in total. Besides the size 

of the drug particles (i.e. Ddrug = 3 or 5 µm), also the degree of coverage was 

varied between 10% and 50%. Simulating a cluster with the size ratio 3 

µm/100 µm requires of course much more drug particles and a finer grid 

resolution which will be specified below. The coverage degrees 10% and 

50% correspond to 472 and 2358 drug particles, respectively. For all these 

cluster properties the fluid dynamic forces on the drug particles in 

dependence of the angular location and the Reynolds number was 

calculated. The relevant Reynolds number is defined with the diameter of 

the carrier particle Dcarrier and the inflow velocity U0: 

 
carrier 0D U

Re
µ


  2.21 

 

2.3.1 Computational domain and resolution 

For the flow simulations, the particle cluster was centrally fixed in a 

rectangular flow domain illustrated in Fig. 2.11 and exposed to different 
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kinds of flow situations. The present study mainly focusses on a particle 

cluster being placed into a laminar or turbulent plug flow, which are defined 

at the inlet. At the outlet a gradient free condition is applied and at all side 

faces symmetry boundary conditions are being used (Fig. 2.11). For the 

shear flow, the upper and bottom wall boundaries are changed into the 

moving wall which are moving with a predefined velocity in order to induce 

the desired particle Reynolds number. For the cluster calculations a very 

small gap of 0.01∙Ddrug was used between particles to prevent that one solid 

node belongs to two adjacent particles. Solid nodes within the drug particle 

near the contact point were assigned with fluid properties in order to allow 

correct calculations of the fluid forces on the drug particles (see Section 

2.1.4). 

 

 
Fig. 2.11 Computational domain with applied boundary conditions. 

 

The selection of the grid dimension (i.e. resolution of drug particles) and the 

size of the computational domain were based on an extensive parameter 

study for optimizing accuracy and computational effort. The number of 

refinement regions around the particle cluster was 3 to 5, depending on the 

flow conditions, i.e. Re number. First the required resolution of the fine 

drug particle was analysed by calculating the forces on these particles (i.e. 

in stream-wise and vertical direction) at different angular positions on the 

carrier particle (Fig. 2.12). For these simulations the domain size was fixed, 

however the grid size x was decreased with increasing resolution. For a 
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low number of grids per drug particle the forces strongly fluctuate and only 

from 6 grids per particle diameter the forces remain almost constant, except 

for the vertical force at the stagnation point (Fig. 2.12 upper row, right). 

Nevertheless, with respect to computational requirements, in all the 

simulations the fine particle diameter was resolved by at least 6 grid cells on 

the fine mesh (see Fig. 2.3). 

 

The analysis of the required domain size for obtaining grid-independent 

results is shown in Fig. 2.12 middle and lower rows. Here the stream-wise 

force on the fine drug particles is determined for various angular locations 

and plotted versus the domain size normalised by the diameter of the carrier 

particle. For Re = 10 all the forces smoothly approach an almost constant 

value at x/D about 8 (Fig. 2.12 middle row). The variation of the domain 

size in the lateral directions shows a similar behaviour and a value of y/D = 

z/D = 6.5 was selected for this Reynolds number (Fig. 2.12 lower row). The 

final selection of the dimensions of the computational domain for the low 

Re case is summarised in Table 2.1. For this case 4 refinement levels were 

used. The required domain size specified in terms of the carrier particle 

diameter and the number of meshes used for the coarse base-grid, was 

found to depend on the Reynolds number which is defined with the 

diameter of the carrier particle Dcarrier and the inflow velocity U0. 

Consequently, for the higher Reynolds numbers the grid size was halved 

and the domain size slightly increased in all directions. Therefore only 3 

refinement levels were necessary. The resulting total number of fluid nodes 

including refinement regions is also specified in Table 2.1. 

 



34  Micro Scale Simulation 

 
Fig. 2.12 Simulated forces on the fine drug particles in stream-wise (left 

column) and vertical (right column) direction at different angular 

positions on the carrier particle; upper row: variation of grid size 

with increasing resolution, i.e. cells per drug particle diameter 

(x/Dcarrier = 7.8, y/Dcarrier = z/Dcarrier = 6.5); middle row: variation 

of stream-wise dimension of the domain for y/Dcarrier = z/Dcarrier = 

6.5; lower row: variation of lateral dimension of the domain for 

x/Dcarrier = 7.8 (Re = 10, Ddrug/ Dcarrier = 10/100, coverage degree = 

25%, 242 drug particles). 
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Stream-wise 

direction 

Lateral 

direction 

Total no. 

of grids 

No. of 

refinement 

levels 

Re<100 
7.8Dcarrier 

60xcoarse 

6.5Dcarrier 

50xcoarse 
3.8 million 4 

Re>100 
10.4Dcarrier 

160xcoarse 

9.1Dcarrier 

140xcoarse 
5.7 million 3 

Table 2.1 Domain size specified in terms of carrier particle size and the 

number of cells for the coarse base-grid, as well as the total 

number of grid cells used for the fluid domain. 

 

2.3.2 Parameter definition 

In the present study mainly the forces acting on the fine drug particles in 

dependence of their location on the carrier surface and the Reynolds number 

were analysed. The forces relevant to possibly detach the fine particle are 

illustrated in Fig. 2.13. The fluid dynamic fore deriving from the LBM 

simulation is named as Ftotal which can be separated in a normal (Fn) and a 

tangential (Ft) component. The normal force is positive when it points out 

of the carrier surface. The adhesion force (i.e. van der Waals), FvdW, is 

acting against the normal fluid force. The tangential force is always a 

positive value and is balanced by the friction force which is resulted from 

the Coulombs law of friction. The gravity of the drug particle is rather small 

and was thus neglected. All forces in Fig. 2.13 are relevant for a potential 

detachment by sliding or rolling (Ibrahim, et al., 2008). 

 

The position angle in Fig. 2.13 indicates the angular location of the drug 

particle on the surface of the carrier particle with respect to the stream-wise 

direction. The position angle ranges from 0 to 180 and is symmetric with 

regard to the axis through the carrier particle in stream-wise direction. The 

position angle is 0° at the front stagnation point, is 90° in the middle of 

carrier, and is 180° in the rear stagnation point. Later the fluid dynamic 

forces on drug particles are studied based on its position angle. 
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The selection of parameters for LBM simulations were based on the RANS 

simulation introduced in section 1.3. 

 

 
 

Fig. 2.13 Illustration of forces acting on the fine drug particles positioned 

on the large carrier particle. 
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2.4 Forces on Drug Particles in Laminar Flow 

The main objective of the numerical studies is the evaluation of the normal 

and tangential fluid dynamic forces on the fine drug particles as a function 

of their position on the carrier, the Reynolds number, the degree of coverage 

and the size ratio (Ddrug/Dcarrier). The normal force may induce lift-off and 

the tangential force together with the normal component is relevant for 

sliding and rolling detachment (Ibrahim, et al., 2008). From this analysis it 

shall be estimated to what extent and under which conditions the fine drug 

particles may be detached from the carrier surface. 

 

 
Fig. 2.14 Flow field about the particle cluster and resulting total forces on 

the drug particles for three particle Reynolds numbers; left 

column: total force vector on drug particles; middle column: 

streamlines over the particle cluster; right column: experiment 

measurement by Taneda (1956) (coverage degree = 50%, 

Ddrug/Dcarrier = 5/100). 
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Exemplarily all total force vectors for the drug particles are shown in Fig. 

2.14 for different Reynolds numbers together with the flow field about the 

cluster. It should be emphasised that the force vectors only indicate the 

direction and not the magnitude for clarity (i.e. otherwise many force 

vectors would not be visible). The directions of the forces are strongly 

correlated with the flow structure about the cluster. Then the flow field is 

compared to the experimental work by Taneda (1956) from which gives a 

good correlation. For low Reynolds numbers no wake separation occurs and 

consequently the force vectors in the wake region are mostly directed away 

from the carrier in the stream-wise direction. At the equator region the force 

vectors are almost parallel to the carrier surface. With increasing Reynolds 

number the region of wake separation increases continuously, which is 

visible from the direction of the force vectors. Mostly they are directed 

towards the carrier or radially outward, especially for Re = 200. The angular 

region of beginning wake separation is clearly visible for all higher 

Reynolds numbers, since the force vectors are all directed away from the 

carrier in the radial direction. 

 

Regarding the fluid dynamic behaviour of the clusters the drag coefficient is 

an important parameter. Therefore, these values were also calculated from 

the LBM simulations in dependence of the Reynolds number and the degree 

of coverage and compared to the frequently used correlation of Schiller and 

Naumann (1933) for a rigid sphere and the experiment data of Roos and 

Willmarth (1971). It should be noted, that for these calculations the outer 

cluster diameter (i.e. Dcluster = Dcarrier + Ddrug = 110 m) was used as an 

equivalent size. Since the particle clusters may be regarded as a kind of 

rough sphere, the drag coefficient is expected to be higher than that of a 

rigid sphere (Fig. 2.15). The drag coefficients for the clusters resulting from 

the LBM simulations show this behaviour. However, the drag increase also 

depends on the Reynolds number. For high Reynolds numbers only a 

marginal increase is observed, at least for the high degree of coverage. For 

low coverage the values fall onto the sphere correlation curve. When the 

Reynolds number is decreased the cluster drag becomes increasingly larger 
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than the sphere drag. At high particle Reynolds number the separation 

behind the drug particles is stronger so that the flow passes mainly over the 

cluster mimicking a sphere with the cluster cross-section. With decreasing 

particle Reynolds number the flow moves more and more also between and 

around the drug particles whereby mainly the friction drag is increased. As 

shown in Fig. 2.15 and at Re = 77, the drag coefficient is increased with the 

help of turbulence. The reason for that will be explained later in Section 2.5. 

In conclusion, the drag coefficient of the cluster is predicted correctly being 

lager than the sphere drag and increasing with the degree of coverage. 
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Fig. 2.15 Comparison of the drag coefficient resulting from present 

simulation results for a particle cluster with the correlation of 

Schiller and Naumann (1933) for a sphere (particle diameters 

Dcluster = Dsphere = 110 m, coverage degree 10% and 50%, 

Ddrug/Dcarrier = 5/100). 

 

As a consequence of the random variation of drug particle distribution on 

the surface of the carrier and the involved fluid dynamic interaction and 

flow separation between the drugs (see Fig. 2.26b) the fluid forces are 

different for the same position angle on the carrier surface and are also 

fluctuating in time. The temporal variation of the fluid dynamic forces 

depends of course on the carrier Reynolds number. For two Reynolds 
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numbers (i.e. Re = 70 and 100) the temporal variation of the stream-wise 

force on a single drug particle located at a position angle of 61.5 is shown 

in Fig. 2.16 from the beginning to the end of the simulation (i.e. 25,000 time 

steps). As a result of the required assumption for the initial flow field, the 

force fluctuations are decreasing in time until a quasi-steady situation is 

reached. For the low carrier Reynolds number the final functions of the 

force are very small. When the Reynolds number increases these 

fluctuations also grow remarkably as a consequence of separations between 

the drug particles (see Fig. 2.26b), i.e. for higher coverage degree the flow 

is forced to mainly go across the fine drug particles. Additionally, small 

disturbances are created due to the assumed boundary conditions (see Fig. 

2.11) in connection with the need of a finite size of the computational 

domain. In order to get statistically reliable values for the forces on each 

drug particle time averaging was done over a certain number of time steps 

towards the end of the simulation, i.e. when a quasi-steady-state is achieved. 

This averaging period was adapted according to the Reynolds number and 

typically ranged from 5,000 to 10,000 time steps for lower and higher 

Reynolds numbers. Expectedly, also the number of time steps required to 

reach a quasi-steady-state increased with carrier Reynolds number and was 

typically between 20,000 and 50,000. 

 

The forces on the drug particles also depend on their specific arrangement 

on the carrier surface. In order to obtain reasonable approximations of the 

fluid dynamic forces on the drug particles over the surface of the carrier, i.e. 

in dependence of angular position, at least four simulation runs were 

conducted, for each condition with a different randomised drug particle 

distribution (see Fig. 2.17). Since the flow about the particle cluster is 

axisymmetric for a plug flow, the forces on all the drug particles may be 

plotted in dependence of the position angle only (Fig. 2.18). Here all data 

points from the four simulation runs are shown for Re = 100. Due to the 

large scatter it is more convenient to consider the result of a polynomial 

fitting curve through these data points in the following. The maximum of 

the total force in this case is found at an angle of about 50° from the front 
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stagnation point, where the boundary layer on the cluster is very thin and 

the streamlines are squeezed together (see Fig. 2.14). This is also the region 

with the largest scatter of the forces. Within the wake region on the back 

side of the cluster, i.e. beyond an angle of about 110° at Re = 100, the total 

force on the drug particles is much smaller. In addition, the scatter of the 

total force is considerably lower in this region (Fig. 2.18). The PDF of the 

total force on the drug particles in the range of the maximum (i.e. 40 – 60) 

can be closely represented by a normal distribution function (Fig. 2.19), 

which will simplify the modelling of detachment at a later stage. 
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Fig. 2.16 Temporal variation of stream-wise force on a single drug particle 

at a position angle of 61.5 for two Reynolds numbers (coverage 

degree = 50%, Ddrug/Dcarrier = 5/100, Δt = 0.7 ms). 
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Fig. 2.17 Four times random distribution of drug particles (coverage degree 

= 50%, Ddrug/Dcarrier = 5/100). 
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Fig. 2.18 Total force on all the drug particles in dependence of position 

angle for four different random distributions (coloured dots) and 

resulting polynomial fitting curve (Re = 100, coverage degree = 

50%, Ddrug/Dcarrier = 5/100). 
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Fig. 2.19 PDF of total force between position angle 40 – 60 degree; Ftotal; 

mean = 2.73 nN, standard deviation = 0.36 nN (Re = 100, 

coverage degree = 50%, Ddrug/Dcarrier = 5/100). 

 

2.4.1 Particle Reynolds number 

The magnitude of the fluid dynamic forces and the angular location of the 

force maximum largely depend on the Reynolds number, as indicated in 

Fig. 2.14 and Fig. 2.18. The fitting curves for the normal force on the drug 

particles are shown in dependence of the position angle for different 

Reynolds numbers in Fig. 2.20. As to be expected, the magnitude of the 

force is increasing with free stream velocity (i.e. Reynolds number). In the 

front section of the cluster (i.e. position angles smaller than 40 – 50°) the 

normal force is of course negative implying that these drug particles cannot 

be detached as they are pushed towards the carrier. Beyond this stagnation 

region the normal force becomes positive allowing for lift-off detachment of 

the drug particles when it becomes larger than the van der Waals force. To 

enable a judgment on the detachment probability however measurements of 

the van der Waals force are required. 
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Fig. 2.20 Fitting curves for the normal force on the drug particles as a 

function of position angle for different Reynolds numbers; a) low 

Re regime, b) high Re regime (coverage degree = 50%, 

Ddrug/Dcarrier = 5/100). 

 

In the regime of small particle Reynolds numbers the normal force increases 

continuously from the front to the rear stagnation point (Fig. 2.20a), which 

b) 

a) 
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is also obvious from Fig. 2.21. As a result of the wake separation behind the 

particle the maximum of the normal force is continuously shifted towards 

the front side of the particle. For higher Reynolds numbers (Fig. 2.20b) the 

maximum in the normal force is found just in front of the equator (i.e. 

between about 75 to 85). 

 

 
Fig. 2.21 Flow field about the particle cluster and resulting direction of total 

fluid forces on the drug particles for Re = 0.5 (coverage degree = 

50%, Ddrug/Dcarrier = 5/100). 

 

The normal force maximum and the respective angular location are both 

summarised in Fig. 2.22 as a function of Reynolds number. The highest 

normal force at Re = 200 is only 1.8 nN which is far below any measured 

value of the van der Waals force (Cui, et al., 2014). Consequently, the drug 

particles cannot be detached from the carrier through lift-off. The location 

of maximum normal force continuously moves from the rear of the cluster 

to the front side, approaching a limiting value of about 78 (Fig. 2.22). 
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Fig. 2.22 Magnitude and angular location of maximum normal force 

determined from the fitting curves in dependence of Reynolds 

number (coverage degree = 50%, Ddrug/Dcarrier = 5/100) 
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Fig. 2.23 Standard deviation of the normal force on drug particles in 

dependence of position angle (Re = 200, coverage degree = 50%, 

Ddrug/Dcarrier = 5/100). 
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In Fig. 2.23 the normal force experienced by the drug particles is evaluated 

in a certain angular bin. The symbols indicate the mean values averaged 

over an angular range of 20° and the vertical bars correspond to the standard 

deviation of the normal force distribution in this angular range. The 

standard deviation (scatter of normal force) decreases remarkably while 

increasing the position angle. Although the normal force is negative in the 

front section of the cluster, a potential sliding or rolling detachment may 

happen due to the large standard deviation of the normal force. 
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Fig. 2.24 Tangential force on the drug particles as a function of position 

angle for different particle Reynolds numbers (coverage degree = 

50%, Ddrug/Dcarrier = 5/100) 

 

The magnitude of the tangential force on drug particles with respect to 

position angle for different particle Reynolds numbers is plotted in Fig. 

2.24. Here again the individual tangential forces acting on each of the drug 

particles resulting from the four simulation runs are shown in order to 

illustrate the scatter of the data, which is remarkably increasing with particle 

Reynolds number as explained above. The distributions with respect to the 

angular position show a similar behaviour as the total fluid dynamic force 

(see Fig. 2.18). The maximum tangential force is always found at the front 
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hemisphere of the carrier around a position angle of 50° from the front 

stagnation point. Here the streamlines for the flow around the cluster are 

squeezed together yielding high velocities in the vicinity of the cluster (thin 

boundary layer) whereby also the force vectors are almost parallel to the 

surface. In the wake region, the magnitude of the force vectors is very small 

and in some cases they are pointing away from the carrier particle surface 

(see Fig. 2.14) yielding eventually very small values for the tangential force 

(Fig. 2.24). 

 

2.4.2 Coverage degree 

The technical process of coating carrier particles with the drug powder (also 

called blending) is realised in a powder mixer. Therefore, a more or less 

random distribution of the fine powder is obtained; sometimes also 

including clusters and agglomerates, which are undesired. With respect to 

drug powder detachment and delivery to the lung, agglomerates should be 

avoided since they will deposit already in the upper airways due to inertia. 

In order to quantify the influence of coverage degree on the drug 

detachment within the inhaler also this effect was analysed through 

numerical simulations, exemplarily shown here for Re = 100. The 

simulation results reveal that with decreasing coverage the normal force is 

increasing (Fig. 2.25). This is an obvious result since in the case of large 

coverage the flow is going more or less across the drug particles somehow 

imitating a larger particle. For low degree of coverage the flow about the 

drug particles becomes again attached to the surface of the carrier behind 

each drug particle. Hence, the next drug particle is exposed to a stronger 

flow. This effect is illustrated in Fig. 2.26 showing typical streamlines 

across the drug particles for low and high degree of coverage. This effect 

will be of course more pronounced when the Reynolds number decreases 

and the separation regions behind the drug particles are diminishing. As a 

consequence, in producing the blends, it should be tried to achieve a low 

coverage in order to obtain higher fluid dynamic forces and have a better 

precondition for drug powder detachment in an inhaler. 
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Fig. 2.25 Fitting curves for the normal force on the drug particles as a 

function of position angle for different degree of coverage (Re = 

100, Ddrug/Dcarrier = 5/100). 

 

 

Fig. 2.26 Zoom of the flow structure around the particle cluster for different 

coverage, a) 10%, b) 50% (Re = 200, Ddrug/Dcarrier = 5/100). 

 

a) b) 
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2.4.3 Size ratio 
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Fig. 2.27 Simulation data and fitting curves for the normal force on the drug 

particles as a function of position angle for different size ratio (Re 

= 200, coverage degree = 25%). 

 

Particle size ratio (SR = Ddrug/Dcarrier) also plays an important role for 

detachment (see Fig. 2.27). As mentioned above, the drug particles should 

be smaller than 5 μm in order to ensure that they reach the alveoli of the 

lung. For comparing different particle sizes, additional simulations were 

performed for a drug particle diameter of 3 μm. In this case the drug particle 

diameter was also resolved by 6 cells. The domain size x × y × z was 

10Dcarrier × 8Dcarrier × 8Dcarrier and 5 refinement levels were used in this case. 

As a result, the simulation was done with 13.6 million fluid cells in total, 

i.e. solid cells are not counted. As to be expected, the normal force is 

drastically reduced when decreasing particle size, since the fluid dynamic 

force is proportional to the cross-section of the particles. Consequently, 

when the drug particles become smaller a detachment of the particles by 

fluid dynamic forces becomes more difficult. On the other hand of course 

the adhesion force will be different. In practice where the drug particles 
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generally have a size distribution, this effect can reduce the efficiency of an 

inhaler. 

 

2.4.4 Shear rate 

Finally, also simulations with a shear flow were realized. For that purpose 

the upper and lower boundaries of the flow domain were considered as a 

solid wall with no-slip conditions (see Fig. 2.11). In order to obtain 

relatively high shear rates and a certain stream-wise (i.e. to the right) gas 

velocity on the particle centre the upper wall was moved to the right with a 

higher velocity then the lower wall being moved to the left. The conditions 

considered yielded a Reynolds number of 70 and a shear rate of 100,962 s
-1

. 

This was actually the highest shear rate which could be realized in the 

simulations. The comparison of the normal force on the drug particles in 

dependence of the position angle for the case with plug and shear flow is 

shown in Fig. 2.28 together with the resulting flow structure about the 

particle cluster. It should be noted, that the shear flow across the cluster is 

not axisymmetric. Therefore, the normal forces on the drug particles on the 

front side of the carrier (i.e. up to an angle of about 50) show a large 

scatter. The maximum forces appearing at a position angle of about 80° to 

90 are almost identical with those obtained from the plug flow. The wake 

region behind the cluster has almost disappeared under shear flow 

conditions and the flow is mainly going upward around the cluster. This 

yields a normal force which is even smaller than in the plug flow case. 

Consequently a shear flow is not more effective for the detachment of the 

drug particles from the carrier. 
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Fig. 2.28 Comparison of plug and shear flow about the particle cluster at 

identical Reynolds number (Re = 70); (a) normal forces in 

dependence of the position angle; (b) flow structure for the plug 

flow; (c) flow structure for the shear flow (coverage degree = 

50%, Ddrug/Dcarrier = 5/100). 

  

a) 

b) c) 
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2.5 Validation of Turbulence Generation 

As mentioned in connecting with the OpenFOAM simulation (Section 1.3), 

high turbulence intensity was found in the swirl chamber and near the grid 

of the inhaler device. The turbulence intensity can reach up to a mean value 

of 7.4% under the flow rate of 70 L/min (Cui, et al., 2014). Hence the 

demand of LBM simulations for a highly turbulent flow interacting with a 

turbulence generator is considerable. 

 

The simplest way for turbulence generation is to take a mean velocity 

profile with superimposed random fluctuations. However, due to a lack of 

energy in the low wave number range, this pseudo turbulence is 

immediately damped to zero, and the result is eventually identical to a 

laminar inflow. Based on a careful review of available literature, three 

typical turbulence generation methods are studied in the following sections. 

 

2.5.1 Decaying grid turbulence 

Djenidi in 2006 proposed a grid-generated turbulence model in which a grid 

made up of four by four floating flat square elements is located near the 

inlet boundary as shown in Fig. 2.29. The turbulence intensity can be 

modified by changing the size of the grid. As shown in Fig. 2.29, the 

boundary condition of the grid is non-slip and hence a boundary layer is 

generated near the grid. 

 

In order to develop the turbulence a long channel is required (see Fig. 2.30). 

Along the stream-wised direction, the fluid velocity fluctuates a lot in the 

near grid region and then is decreased and becomes steadier. As mentioned 

by the author, it’s helpful to acquire a faster convergence if a fluctuating 

velocity profile is given in the beginning of the simulation. 

 

The velocity fluctuations (
meanu / U ) is calculated along with the 

downstream distance x/M (x is the longitudinal direction and M is the 

spacing between the grid elements) as shown in Fig. 2.31. A linear decrease 
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of the velocity fluctuations happens along the stream-wised direction. 

Therefore, it’s hard to control the turbulence intensity by this method. 

Additionally, the simulation is very expensive since a large domain is 

required (Fig. 2.30). 

 

 
Fig. 2.29 Velocity contour in the cross section area of the grid by the grid 

generated turbulence method (porosity = 0.64). 

 

 
Fig. 2.30 Velocity contour along the stream-wised direction by the grid 

generated turbulence method (porosity = 0.64). 
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Fig. 2.31 Velocity fluctuations as a function of the downstream distance 

(porosity = 0.64). 

 

2.5.2 Homogeneous isotropic turbulence 

Eswaran and Pope in 1988 used a spectral forcing scheme to generate the 

homogeneous isotropic turbulence (HIT). Recently, Ernst & Sommerfeld in 

2012 were implemented this method to the present LBM code and studied 

the inertial colliding particles. Turbulence is realized by generating a force 

in spectral space and introducing it as a change of velocity in the flow field. 

As a result, motion is created at large length scales. This is the basis for the 

development of motion at small length scales in form of an energy cascade 

which dissipates over time. 

 

In HIT, the fluid domain is defined as an equal sized cube (Fig. 2.32). All 

the boundaries are set as the periodic boundary condition. The turbulence is 

generated all over the fluid domain and the mean velocity on each node 

keeps zero. In order to determine a non-zero mean velocity, an extra plug 

flow is added at the inlet. Moreover, a stationary particle is put into the 

middle of the domain as shown in Fig. 2.32. The particle Reynolds number 
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is controlled by the plug flow and the turbulent kinetic energy can be 

changed by the forcing amplitude of spectral forcing scheme. 

 

Fig. 2.32 gives a comparison of the flow field under two different 

turbulence intensities. The streamlines around the particle fluctuate 

instantaneously and become more unsteady when the turbulence intensity 

rises up (Fig. 2.32 right). The velocity on each node relies on its 

neighbouring nodes by the scheme and hence vortexes are generated inside 

the domain at larger turbulence intensities. 

 

 
Fig. 2.32 Flow field around a particle under the HIT plus a plug flow; left: I 

= 4.93%; right: I = 49.22% (Re = 100). 

 

Fig. 2.33 depicts the mean drag coefficient of the particle for different 

particle Reynolds numbers and turbulence intensities. The mean drag 

coefficient decreases significantly while increasing the particle Reynolds 

number. For a certain particle Reynolds number (e.g. Re = 100), the mean 

drag coefficient increases when the turbulence intensity rises up (see Fig. 

2.33). Same phenomenon is also found by Uhlherr & Sinclair (1970) for 

small particle Reynolds numbers (Re = 10 to 600). 
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Fig. 2.33 Mean drag coefficient on a spherical particle as a function of the 

particle Reynolds number for different turbulence intensities. 

 

The relationship between the turbulence intensity and the forcing amplitude 

of spectral forcing scheme (Eswaran & Pope, 1988; Ernst & Sommerfeld, 

2012) is illustrated in Fig. 2.34. The turbulence intensity increases while 

increasing the forcing amplitude. This correlation offers an opportunity to 

control the turbulence intensity by altering the forcing amplitude.  

 

Although the HIT model has lots of advantages, there exists a limitation of 

this method. The local grid refinement method (Section 2.1.3) can hardly be 

implemented into this model. Hence lots of fluid nodes are generated during 

the simulation and the capacity of our computer cluster is too limited to 

solve. However, this method works well for the simulation of equal-sized 

particles. 
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Fig. 2.34 Turbulence intensity as a function of the forcing amplitude of the 

spectral forcing scheme (Re = 100). 

 

2.5.3 Digital filter based turbulence inflow data generation 

After the abandon of previous methods, we did lots of effort on the 

literature study and finally found one method which is suitable for our 

agglomerate structure and is easy to be implemented into the present LBM 

code. This method is proposed by Klein, et al. who in 2003 introduced an 

efficient inflow generation technique based on a digital filter. The filter 

induces correlations of the fluctuating components in space and time on the 

randomly generated data for each grid node of the inlet boundary. The 

method was successfully used to generate inflow boundary conditions for a 

DNS of a plane turbulent jet flow (Klein, et al., 2003) and the evaporation 

of a water droplet at 8°C in a turbulent free air stream of 252°C (Huber, et 

al., 2011). This method will be briefly introduced in section 2.5.3.1. After 

the implementation of this method into the present LBM code, numerical 

simulations are perform for different particle Reynolds numbers and 

turbulence intensities. The simulation results are than compared to the 
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results of laminar flow (see Section 2.4). The possibility of drug detachment 

by the turbulence will be studied later in Section 3.1.7. 

 

2.5.3.1 Numerical algorithm 

In order to generate turbulent inflow boundary conditions the mean velocity 

profile  iu x, y,z  (x indicates the stream-wised direction, y and z indicate 

the lateral and vertical directions) is superimposed by velocity fluctuations 
'

iu  which is a common approach for the generation of artificial turbulence. 

At first a provisional three dimensional signal  iU x,y,z  is generated for 

each of the velocity components. According to Lund et al. (1998), 
iU  have 

to satisfy the condition 0iU   and 1i jU U  , and then perform the 

following transformation: 
i i ij ju u a U  , with the amplitude tensor given 

by 
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   2.22 

where ijR  is the correlation tensor which may be known from experimental 

data and 
iu   is the finally needed velocity signal. 

 

In the digital filtering technique proposed by Klein et al. (2003), Uj is based 

on a multidimensional Newton method which can define the length scale 

locally for each coordinate direction, and satisfies the autocorrelation 

condition. More details can be found in their paper. It should be noted that 

this method is time consuming in three dimensional simulations; in our case 

the computational time is doubled. 
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2.5.3.2 Simulation setup 

In order to analyse the turbulence two parameters are introduced. The 

turbulence intensity, also often referred to as turbulence level, is defined as: 

  2 2 2

0

1 2 1
; with

3 2
x y zI k k u u u

U
       2.23 

where U0 the mean velocity, k the turbulent kinetic energy and ui´ are the 

mean fluctuating velocity components. The turbulence intensity cannot be 

pre-defined before simulation runs. We recode the velocity components of 

several grids in the fluid domain during the simulation and then calculate 

the turbulence intensity in the end. 

 

Another parameter is the integral time scale T which indicates the time costs 

of the simulation and is given by: 

  
0

 T r d 


   2.24 

where τ is the time lag and r(τ) is the normalized autocorrelation function as 

following: 

  
   

2

u t u t
r

u





  2.25 

The selection of the grid dimension (i.e. resolution of drug particles) and the 

size of the computational domain were based on an extensive parameter 

study for optimizing accuracy and computational effort (Cui & Sommerfeld, 

2015). The drug particles were resolved by 6 grid cells of the finest mesh by 

using three grid refinement levels. The domain size was selected by 

10.4Dcarrier × 9.1Dcarrier × 9.1Dcarrier (length × width × height), in total 5.7 

million grids were produced. The digital filter (Klein, et al., 2003) was 

applied at the inlet boundary with 140 × 140 grid cells. 
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In the turbulent simulation, the length scale was fixed with 1/3 of the carrier 

diameter (approximately 5∙Δxcoarse, Δxcoarse is the size of most coarse grid), 

and the filter width was set as 10 in order to fulfil the condition of digital 

filtering technique (Klein, et al., 2003). In fact the selected length scale and 

filter width nearly reach to the limitation of our computer capacity. Hence 

the turbulence intensity was not controlled by the length scale, instead by 

varying the fluctuation levels (Eq. 2.22). In the present study only the 

turbulence effect is focused, the size ratio was fixed of 5 µm/100 µm and 

the coverage degrees kept 50%, finally 882 drug particles were generated in 

total. 

 

2.5.3.3 Forces on drug particles in turbulent flow 

The reliability of the digital filtering technique is validated at the beginning. 

Simulations without particles are performed for two different mean 

velocities under the same turbulent kinetic energy. The velocity components 

are recorded at 15 fluid nodes which lie in the middle of lateral and vertical 

directions along the stream-wised direction with the same distance. 

 

The velocity contour at the inlet boundary is shown in Fig. 2.35. The 

instantaneous flow velocity is significantly increased by the turbulence 

kinetic energy compared to the mean flow velocity, 30 m/s. Many small 

vortexes can be found inside the domain and its maximum size is predefined 

as 1/3∙Dcarrier. The size of vortex has large influence on the computational 

expense, so it’s better to choose a small value. The velocities on each grid 

and its adjacent grids remain continuous, since the velocities on the 

neighbouring nodes are correlated by the filter width. 

 

The probability density distribution of the velocity components on the fluid 

node which lies in the middle of the fluid domain is illustrated in Fig. 2.36. 

The mean fluid velocity is pre-defined with 30 m/s in the stream-wised (x) 

direction and 0 m/s in the lateral and vertical (y and z) directions. All 

velocity components can be closely represented by a normal distribution 
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function. The standard derivation of the probability density function (PDF) 

can be controlled by aij in Eq.2.22.  

 

 
Fig. 2.35 Instantaneous colour contours of the velocity component in x-

direction (stream-wise direction) at the inlet boundary of the 

computational domain at the end of the simulation, i.e. after N = 

84,500 time steps (Umean = 30 m/s, I = 15.5% (in the center of the 

domain), integral time scale Tint = 60 s). 
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Fig. 2.36 Probability density distribution of the velocity components on the 

fluid node in the middle of fluid domain; Ux denotes the velocity 

component in the stream-wised direction; Uy and Uz signify the 

velocity components in the lateral direction (Umean = 30 m/s, I = 

15.5%, averaging period 64,500 to 84,500 time steps, Tint = 60 s). 

 

Fig. 2.37 offers an overview of the turbulence intensity recorded at 15 

points along the stream-wised direction with the same spacing, 10∆x, for 

two different fluid velocities. Both cases share same turbulent kinetic 

energy, k. The turbulence intensity shows a sharp decrease between 0 to 

60∆x, follows by a steady period up to 120∆x, and then decreases again near 

the outlet boundary. At the next step, the particle cluster is placed in the 

middle of the fluid domain (x = 80∆x). The turbulence intensity is measured 

at the fluid node of x = 60∆x which can closely represent the turbulence 

intensity experienced by the particle cluster. 
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Fig. 2.37 Decaying of the turbulence intensity along the stream-wised 

direction by the digital filtering technique for different fluid 

velocities (k = 11 m
2
/s

2
). 

 

After the validation of the digital filtering technique, simulations are 

performed with the considered particle cluster by varying particle Reynolds 

numbers and turbulent kinetic energies. Exemplarily all total force vectors 

for the drug particles are shown in Fig. 2.38 for laminar and turbulent flows 

together with the flow field about the cluster. The force vectors only 

indicate the direction and not the magnitude for clarity (i.e. otherwise many 

force vectors would not be visible). The directions of the forces are strongly 

correlated with the flow structure about the cluster. For the laminar flow, I = 

0.3%, the force vectors are almost parallel to the carrier surface and a wake 

region is developed at the rear of the carrier. It should be noted that in 

laminar flow the turbulence intensity are not exactly zero, since the 

developing of the wake region produces more noise at higher particle 

Reynolds numbers (Cui & Sommerfeld, 2015). For the turbulence flow, I = 

9.0%, the force vectors are disordered by the turbulent and the streamlines 

become non-symmetric and fluctuate instantaneously. From the velocity 
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legends, it is obvious that the flow velocity in turbulent flow is much higher 

than the one in the laminar flow. 

 

 
Fig. 2.38 Force vectors and streamlines of the particle cluster for the 

laminar and turbulence flows (Re = 200, coverage degree = 50%, 

Ddrug/Dcarrier = 5/100, time step N = 75,000). 

 

The temporal variation of the normal force on the drug particle which has 

the largest time averaged normal force for both the laminar and turbulent 

flows are presented in Fig. 2.39. The black line indicates the laminar flow 

while the red line denotes the turbulence flow. It is obvious that a quasi-

steady state is reached after 10000 time steps and the fluctuation of the 

laminar flow is much smaller than the turbulent flow. The maximum normal 

force was increased from 5 nN to 51 nN due to the turbulence. Compared to 

the other influential parameters, turbulence is very effective in increasing 

the normal force. As may be identified from Fig. 1.3 the highest turbulence 

levels are found in the swirl chamber and just downstream of the grid. From 

the inhaler calculations it was also found that the probability of higher 

turbulence intensities than considered here is rather large. 
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Fig. 2.39 Temporal variation of the normal force on the drug particle which 

has the largest time averaged normal force (position angle = 85°) 

for both the laminar and turbulent flows (Re = 200, coverage 

degree = 50%, Ddrug/Dcarrier = 5/100). 
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3 Flow Detachment Model 
 

To predict the efficiency of drug delivery to the alveoli of the lung, the 

foremost essential work is to analyse the detachment of drug particles, e.g. 

how much percent and under what conditions the drugs detach from the 

carrier particle. Most of the detachment models from literature are based on 

the combined effect of convective flow and turbulence (Soltani & Ahmadi, 

1999; Reeks, et al., 1988; Ibrahim, et al., 2008). In the present study, it is 

aimed at analyzing the effect of laminar and turbulent flow as well as 

surface roughness separately. The fluid dynamic force calculated by LBM is 

employed to detachment criterions. One reason is that the fluid dynamic 

force of drugs cannot be analytically determined, because the detachment 

occurs on a curved surface (from large carrier particle surface) and the fluid 

dynamic force varies depending on its locations (position angle). The other 

reason is that concerning the precision, in some complicated situations, (e.g. 

on rough surfaces), the numerical solution of full-resolved particles is more 

precise than the analytical solutions. 

 

The drug particles detach from carrier particle under various conditions. 

The carrier particles are much larger than the very fine drug particles so that 

can be considered as a plane wall. With this simplification it is reasonable to 

simplify the removal of drug particles from such a large carrier particle 

surface as the detachment of micro-sized particles from a plane surface 

exposed to the shear flow. Soltani (1999) and Ibrahim (2008) summarized 

the detachment model of particles from plane wall. Furthermore, the carrier 

surface could be modified in order to achieve a lower adhesion force. In this 

project different surface roughness were produced by the project partner 

(Cui, et al., 2014). Then the detachment of particle from rough wall should 

also be taken into consideration. The rough wall detachment model can be 

referred to the study of Reeks (1988) and Ziskind (1997). The above 

detachment models are studied in the following two sections, respectively. 
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3.1 Plane Wall Detachment Model 

3.1.1 Detachment criterion 

The particle can be detached from a surface by direct lift-off, sliding or 

rolling. The gravity of drug particle introduces non-symmetry of force 

distribution on carrier surface. However it is comparatively rather small, 

therefore the gravity of drug particle is neglected in the following part. The 

normal force Fn and tangential force Ft (see Fig. 3.1) are the components of 

the fluid dynamic force from the LBM simulation results. The van der 

Waals force FvdW is the only adhesion force considered here, and can be 

measured by using atomic force microscopy (AFM) measurement (see 

Section 3.1.2). 

 

 
Fig. 3.1 Spherical particle deposited on an ideal plane wall with contact 

area and relevant forces. 

 

For the lift-off and sliding detachment, the criterions are given: 

 Lift-off: n vdWF F  3.1 

 Sliding: t fF F  3.2 

where 
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  f d vdW nF F F   3.3 

µd is the static friction coefficient between the drug and the carrier. When 

the normal force is larger than the van der Waals force, the lift-off 

detachment happens; also the sliding detachment is determined by a force 

balanced between tangential and friction force. The rolling detachment 

results from a balance of torques around point X in Fig. 3.1, given by:  

 Rolling: hyd d t d n d vdwM R F a F a F   3.4 

The hydrodynamic moment Mhyd about the drug particle centre of mass is 

directly obtained from the LBM simulations. The moment balance around 

point X (Fig. 3.1) is obtained together with the normal Fn and tangential Ft 

forces acting also at the centre of mass (Eq. 3.4) and the torque arms, 

namely the drug particle radius Rd (note that here the very small 

deformation  is neglected) and the contact radius of the drug particle ad. 

The analytical solution of Mhyd is given by Hubbe (1984) under the 

condition that the particle experiences the linear shear flow and very small 

particle Reynolds numbers, and can be expressed by: 

 0 37hy t dd .M F R    3.5 

In Hubbe’s paper, the coefficient of above equation is 0.399. After revision 

of equations, the correct value should be 0.37 or 0.3699. When two particles 

or a particle with a plane surface are in contact a finite size circular contact 

area with the radius ad develops (i.e. ideally for perfectly smooth objects). 

The contact area can be determined by the JKR adhesion model (Johnson, et 

al., 1971). The size of this contact area is depending on the effective normal 

force, P, and the adhesion properties which are material dependent and are 

summarised in the composite Young's modulus K. Moreover, the contact 

radius depends for two particles in contact on the effective radius R. 

   2
3 3 6 3d

R
a P R RP R

K
       3.6 

where 
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where γ is the adhesion surface energy, Dd, Dc, Ed, Ec and σd, σc respect to 

the diameter, the Young’s modulus and the Poisson’s ratio of the drug and 

carrier particle. It should be emphasized that the contact area might be also 

affected by the way how the fine particles are deposited. Table 3.1 presents 

the interested material properties for drug and carrier particles from the 

particle supplier. 

 

 Drug Particle Carrier Particle 

Diameter 5 μm 100 μm 

Density 1290 kg/m3 2500 kg/m3 

Young’s Modulus 2.15 GPa 63 GPa 

Poisson Ratio 0.3 [-] 0.24 [-] 

Table 3.1 Material properties of drug and carrier particles used in the 

simulations. 

 

The first order approximation of Eq. 3.6 is in fact the Hertz model (Hertz, 

1896). The JKR theory of adhesive contact uses a balance between the 

stored elastic energy and the loss in surface energy, and considers the effect 

of contact pressure and adhesion only inside the area of contact. Some other 

models are also available to calculate the contact radius. For example, 

Derjaguin-Muller-Toporov (DMT) model (Derjaguin, et al., 1975) is an 

alternative model for adhesion contact. It assumes that the contact profile 

remains the same as in the Hertzian contact but with additional attractive 

interactions outside the area of contact. The main difference between the 

two models is that, JKR assumes linear elastic deformation in contact area 

whereas DMT assumes quadratic elastic deformation. In the present study 

the van der Waals force is directly measured by AFM. Therefore the 
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analytical solutions of FvdW in JKR and DMT theories become useless. Only 

Eq. 3.6 is applied for evaluating the contact radius.  

 

3.1.2 Experimental measurement 

As discussed above, some parameters in the detachment criterion are 

unknown and need to be measured, specifically the van der Waals force, the 

friction coefficient, the adhesion surface energy and the surface roughness. 

The van der Waals forces acting between carrier particles and drug particles 

were determined via atomic force microscopy (AFM). The friction 

coefficients were determined via a FT4 Powder Rheometer. Moreover, the 

adhesion surface energy of untreated and physically modified glass beads 

was determined from the static contact angles of water and α-

bromonaphtalene. This part of work is mainly completed by our project 

partner S. Zellnitz from Technische Universität Graz. 

 

Table 3.2 shows that the adhesion force between surface modified glass 

beads and salbutamol sulphate is lower than the adhesion force between 

untreated glass beads and salbutamol sulphate. This can be explained by the 

rougher surfaces of the modified glass beads. When introducing surface 

roughness the contact area between the glass beads and the salbutamol 

sulphate particle is reduced and hence also the adhesion force between 

them. Glass beads modified with tungsten carbide for 8 hours are rougher 

than glass beads modified with quartz for 4 hours, and so is the adhesion 

force lower between glass beads modified with tungsten carbide for 8 hours 

and salbutamol sulphate. More details about the experimental measurements 

can be found in Cui et al. (2014) and Zellnitz et al. (2013). 
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Adhesion 

force [nN] 

Friction 

angle [] 

Friction 

coefficient [ - ] 

Surface 

energy 

[mJ/m
2
] 

Untreated 
257.48  

59.67 
4.49  0.19 0.079  0.003 53.36  7.94 

Q 4 h 
127.83  

28.23 
4.79  0.34 0.084  0.006 73.68  5.61 

TC 8 h 
62.48  

52.96 
6.34  0.36 0.111  0.0063 65.76  2.99 

Table 3.2 Measured adhesion force via AFM (atomic force microscope), 

wall friction angle and coefficient (mean values und standard 

deviations obtained out of 3 × 1250 measurements) and adhesion 

surface energy (mean value and standard deviation out of 20 

measurements) for modified glass beads (Cui, et al., 2014). 

 

3.1.3 Lift-off detachment 

Lift-off detachment occurs when the normal force is larger than the van der 

Waals force (Eq. 3.1). As introduced above, the surface treatment method 

TC 8h created the smallest van der Waals force, and thus such surfaces have 

the largest propensity of the lift-off detachment. However, the data in 

section 2.4.1 to 2.4.4 demonstrated that the lift-off is not likely to occur 

even at high shear rates. The maximum frequent velocity in the inhaler 

device is calculated as 30 m/s (Fig. 1.3), and the particle Reynolds number 

is hence 200. While at Re = 200, the maximum normal force is around 1.8 

nN (Fig. 2.22), which is far lower than the criterion detachment force, FvdW, 

in TC 8h (62.48 nN). One prominent cause of the direct lift-off detachment 

from the plane wall is the turbulence effect. At Re = 200, the maximum 

normal force can reach to 48 nN (Fig. 2.39) under a turbulence intensity of 

9.0%. The macro-scale simulation tells that the turbulence intensity can 

reach up to 50% in the near grid region inside the inhaler (Fig. 1.3). One 

should keep in mind that the measured van der Waals force is a stochastic 
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data and has a large standard deviation. The lift-off detachment could occur 

on some drug particles where large normal forces locate under high 

turbulence intensities. However, to reach a high percentage detachment 

ratio is still a problem. 

 

3.1.4 Sliding detachment 

This section presents the results of LBM simulation of sliding detachment 

of drug particles from a carrier surface. Eq. 3.2 gives the theoretical 

criterion for the sliding detachment. Sliding of drug particles happens when 

the tangential force resulting from fluid dynamic force is larger than the 

friction force. The friction force is based on the static friction coefficient, 

the normal force and the van der Waals force (see Eq. 3.3). The friction 

coefficient as well as the van der Waals force are constant under a certain 

surface treatment method, while the normal and tangential components of 

the fluid dynamic force vary. 

 

Fig. 3.2 exhibits the tangential force corresponding with friction force in the 

case of TC 8h. The squares are the data of the tangential force and the 

points signify the friction forces on each drug particles. When the tangential 

force is larger than the static friction force, the sliding detachment takes 

place. The scatter of the tangential force is larger than the friction force, and 

reaches the maximum value around 45° of position angle. As shown in this 

Fig., the sliding detachment mainly occurs at the front part (25° - 75°) of 

carrier near the front stagnation point. The vector of fluid dynamic force in 

this region is close to the direction of tangential force. Accordingly the 

major part of the fluid dynamic force is the tangential component, and 

therefore the maximum value of tangential force locates in this region. The 

scatter of the friction force is delimited approximately along a line, in sharp 

comparison with the tangential force. The reason is that the static friction 

coefficient and the van der Waals force are constant in the calculation (see 

Eq. 3.3). Meanwhile, the value of van der Waals force is much larger than 

the magnitude of the normal force (Fig. 2.20). As a result the magnitude of 

friction force has weaker fluctuations on each drug particles. 
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Fig. 3.2 Tangential force and friction force on drug particles as a function 

of position angle (Re = 200, coverage degree = 50%, Ddrug/Dcarrier 

= 5/100, surface treatment: TC 8h). 

 

Fig. 3.3 offers an overview of the sliding probability as a function of the 

Reynolds number and the surface treatment methods. The detachment 

probability is defined by the number of detached drugs divides the total 

number of drugs. As shown in Table 3.2, the values of the adhesion force, 

the static friction coefficient and the adhesion surface energy depend on the 

surface treatment method. Compared to the untreated carrier particle, the 

adhesion force was reduced significantly with the surface treatment. For 

untreated carrier, the sliding detachment reaches a 10% detachment 

probability at Re = 200. Among those surface treatment methods TC 8h has 

the smallest adhesion force, hence leads to the highest tendency of sliding 

detachment (Eq. 3.2 & 3.3), and finally reaches up to a detachment 

probability of 50% at Re = 200. 
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Fig. 3.3 Sliding probability of drug particles as a function of Reynolds 

number for different surface treatment methods (Ddrug/Dcarrier = 

5/100, coverage degree = 10%). 

 

Fig. 3.4 shows the sliding probability as a function of the particle Reynolds 

number and the coverage degree for the TC 8h surface treatment. For a 

coverage degree of 50% and when the Reynolds number is smaller than 

140, none of the particles begin to slide, because of the too small fluid 

dynamic forces. When the Reynolds number becomes larger than 140, some 

of the drug particles begin to slide and at a Reynolds number of 200 around 

22% drug particles are being detached. For 10% coverage degree, the fluid 

dynamic forces on the drug particles are much higher and hence they begin 

to slide already at smaller Reynolds numbers (Fig. 3.4), and then finally 

around 50% drug particles are being detached by sliding. However, to reach 

100% detachment by sliding is still not possible. In conclusion, sliding 

detachment is a much more probable event than the lift-off detachment, and 

nearly half of drugs begin to detach by sliding even without the turbulence. 
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Fig. 3.4 Sliding probability of drug particles as a function of the Reynolds 

number for different coverage degrees (Ddrug/Dcarrier = 5/100, 

surface treatment: TC 8h). 

 

3.1.5 Rolling detachment 

The determination of a possible rolling detachment is based on Eq. 3.4. An 

essential parameter in this equation is the contact radius of the drug particle, 

ad. The contact radius is determined by the geometrical properties, the 

elastic deformation due to external loads as well as the adhesion surface 

energy, and was evaluated by JKR adhesion theory (Eq. 3.6 - 3.9). Fig. 3.5 

shows the contact radius of drug particles as a function of their position 

angle. The maximum value was obtained at the front stagnation point of 

carrier particle, while the minimum value was found at position angle 80°. 

All the parameters in Eq. 3.6 are constant except the external load, which 

implies that the magnitude of the contact radius largely depends on the 

external load, P. As shown in Eq. 3.7, the external load reaches maximum 

when the normal force decreases to its maximum negative value. The fluid 

dynamic force pushes the drug particles onto the carrier at the front 

stagnation point, where the majority of the fluid dynamic force is composed 

of the normal force, whose value is negative, i.e. point into the carrier. As a 



Flow Detachment Model  77 

 

result the contact radius has its maximum at the front stagnation point. 

Departing from the front stagnation point, the contact radius first decreases 

with the rise of the position angle, and then experiences an increase while 

approaching the back stagnation point. This is because of the wake 

developing behind the particle cluster at high Reynolds numbers (Fig. 2.14). 

The wake does not reduce the normal force but it changes its direction from 

positive to negative, and hence induces a larger P and increases the contact 

radius near the back stagnation point. However, the divergence of the 

contact radius is in a small-scale, i.e. 0.00023 µm. Since the van der Waals 

force is much larger than the normal force, the external load is limited to a 

narrow range (Eq. 3.7). 
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Fig. 3.5 Contact radius of drug particles as a function of the position angle 

(Re = 200, coverage degree = 50%, Ddrug/Dcarrier = 5/100, surface 

treatment: TC 8h). 

 

Fig. 3.6 exhibits the data points from the numerical (points) and analytical 

(squares) solution of the hydrodynamic torque around the mass centre of 

each drug particle. The analytical solution is given by Hubbe (1984) and is 

calculated according to Eq. 3.5. It should be noted that the tangential force 

in Eq. 3.5 comes from the simulation results. As shown in Fig. 3.6, the scale 

and tendency of numerical and analytical data are similar, whereas the 
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analytical parabola becomes a little narrower. While decreasing the degree 

of coverage from 50% to 25% (Fig. 3.7), the hydrodynamic torque 

remarkably increased. It is reasonable due to the increase of the fluid 

dynamic force on drug particles (Fig. 2.25). 
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Fig. 3.6 The comparison of the numerical calculated hydrodynamic torque 

and the analytical solution by Hubbe (Eq. 3.5) as a function of 

position angle (Re = 200, coverage degree = 50%, Ddrug/Dcarrier = 

5/100, surface treatment: TC 8h). 



Flow Detachment Model  79 

 

0 20 40 60 80 100 120 140 160 180

0

2

4

6

8

10

12

14

16

18

 

 

 Coverage = 25 %

 Coverage = 50 %

M
h

y
d
 [
n
N

*
m

]

Position Angle [°]
 

Fig. 3.7 The numerical calculated hydrodynamic torque as a function of 

position angle for different degree of coverage (Re = 200, 

Ddrug/Dcarrier = 5/100, surface treatment: TC 8h). 

 

The possibility of rolling detachment in dependence of position angle is 

again calculated from the simulation results by comparing the left and right 

hand side of Eq. 3.4 for each drug particle on the carrier (Fig. 3.8). The right 

hand side (points) includes the torque due to the adhesion force and the left 

hand side (squares) comprises the torque resulting from the fluid dynamic 

forces around point X in Fig. 3.1. Naturally, detachment occurs if the fluid 

dynamic torque is larger than the adhesion torque. The result (Fig. 3.8) 

shows that rolling detachment happens over a relatively wide angular range, 

i.e. from 10° to 90°, which is much larger than for sliding detachment (see 

Fig. 3.2). 
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Fig. 3.8 Fluid dynamic torque (left hand side of Eq. 3.4) and adhesion 

torque (right hand side of Eq. 3.4) as a function of the position 

angle (Re = 200, coverage degree = 50%, Ddrug/Dcarrier = 5/100, 

surface treatment: TC 8h). 

 

In light of discussions above, it is possible to count the percentage of drug 

particles which can be detached by rolling. In Fig. 3.9, the rolling 

probability of different surface treatment methods (untreated, Q 4h and TC 

8h) is plotted. At low Reynolds numbers none of the drug particles begin to 

roll due to the smallness of the fluid dynamic force. When the particle 

Reynolds number exceeds a certain value, there appears a rapid growth of 

the rolling probability. However, this tendency does not keep further, 

instead, the rolling probability rises slowly at higher Reynolds numbers. 

Referring to Table 3.2, it is found that the increase of the adhesion force has 

a negative impact on the rolling detachment due to the increase of adhesion 

torque (Eq. 3.4). 
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Fig. 3.9 The rolling probability of drug particles as a function of the 

Reynolds number for different surface treatment methods 

(Ddrug/Dcarrier = 5/100, coverage degree = 10%). 

 

Fig. 3.10 offers an overview of the rolling probability of drug particles 

under the TC 8h surface treatment method. For a coverage degree of 50% 

and when the Reynolds number is smaller than 70, none of the particles 

begin to roll, because of the too small fluid dynamic forces. While 

increasing the Reynolds number, some of the drug particles begin to roll 

and around 50% drug particles are being detached by rolling at Re = 200. 

For lower coverage degrees, e.g. 10%, the fluid dynamic forces  acting on 

the drug particles are relatively higher (Fig. 2.25), hence bring more rolling 

probability on drug particles (Fig. 3.10), and finally around 67% drug 

particles are being detached by rolling. 



82  Flow Detachment Model 

25 50 75 100 125 150 175 200 225

0.0

0.2

0.4

0.6

0.8

 

 

R
o
lli

n
g
 P

ro
b
a
b
ili

ty
 [
-]

Re [-]

 Coverage = 10 %

 Coverage = 25 %

 Coverage = 50 %

 
Fig. 3.10 The rolling probability of drug particles as a function of the 

Reynolds number at different coverage degrees (Ddrug/Dcarrier = 

5/100, surface treatment: TC 8h). 

 

3.1.6 Comparison of the sliding and rolling detachment 

Based on above results it is now also possible to calculate the detachment 

probability which is defined as the number of drug particles which may be 

detached in a certain angular bin (i.e. here 10°) over the number of particles 

being present in this angular range. For the coverage degree of 50% and a 

Reynolds number of 200 the detachment probability directly results from 

Fig. 3.2 and Fig. 3.8. It is obvious that the rolling detachment probability is 

considerably higher than that for sliding (Fig. 3.11a). For Re = 200 

detachment is restricted to the front hemisphere, i.e. position angles smaller 

than about 90°. When the coverage degree is reduced, the detachment 

probability becomes larger since the fluid dynamic forces on the drug 

particles are growing (Fig. 3.11b). For a coverage degree of 10% at Re = 

200 detachment due to rolling also happens on the rear of the carrier around 

a position angle of 160°. This is the result of the local maximum of the fluid 

dynamic torque seen in Fig. 3.8 which is becoming larger for decreasing 

coverage degree. If the Reynolds number is decreased to 100, rolling 
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detachment on the front hemisphere is only slightly affected whereas rolling 

is vanishing at the rear. However, the probability of sliding detachment is 

clearly reduced. 
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Fig. 3.11 Detachment probability due to sliding and rolling as a function of 

position angle for different Reynolds numbers; a) coverage degree 

a) 

b) 
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= 50%, b) coverage degree = 10%, (Ddrug/Dcarrier = 5/100, surface 

treatment: TC 8h). 

 

Considering the value of the detachment ratio under the same conditions, 

e.g. at Re = 200, the rolling probability is 67% in comparison with the 

sliding probability of 50%. It seems that the rolling detachment is easier 

than the sliding detachment, but is it true? To answer this question, go back 

to equation 3.2 - 3.4, from which yields a non-dimensional ratio: 
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If the variable Ratio is larger than one, the rolling detachment occurs first; if 

Ratio is smaller than one, the sliding detachment occurs first on the 

contrary. The Ratio is only evaluated for those drug particles which can be 

detached by both rolling and sliding. The result of Eq. 3.10 is shown in Fig. 

3.12 for a Reynolds number of 100 and 200. The straight solid line indicates 

the critical value. Although some drug particles can be rolling at wider 

position angles (Fig. 3.8), no sliding happens in that region (Fig. 3.2). 

Therefore those points were excluded from the calculation of Ratio. As 

shown in Fig. 3.12, the drug particles which can be detached by both rolling 

and sliding are in the angular range 10° - 100° at Reynolds number of 200. 

And this angular range becomes narrower at Reynolds number of 100 since 

the fluid dynamic force is reduced. For the entire angular range rolling 

detachment will occur first. The statement that the rolling detachment 

occurs before sliding is not rigorous, since many parameters used for the 

detachment study are based on the surface treatment as well as the material 

properties. However, in the present work, based on the precondition given 

by Table 3.1 and Table 3.2, the rolling detachment always occurs earlier 

than the sliding one in the plane wall detachment model. 
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Fig. 3.12 Data points of Ratio, Eq. 3.10 (Re = 100 and 200, coverage 

degree = 10%, Ddrug/Dcarrier = 5/100, surface treatment: TC 8h). 

 

3.1.7 Sliding and rolling detachment in turbulent flow 

The instantaneous fluid dynamic force fluctuates significantly under 

turbulent flow conditions (see Fig. 2.39). Therefore, it is no more suitable to 

use the mean force from a time averaging for the detachment analysis. 

Instead, we use the temporal normal and tangential force and calculate the 

instantaneous sliding and rolling probability determined from all drug 

particles on the carrier over a certain time period. Fig. 3.13 offers an 

overview of the instantaneous sliding and rolling probability over the last 

10,000 time step (≈ 7 s) of the simulation. The red line refers to the sliding 

probability while the blue line corresponds to the rolling probability. In 

general the sliding and rolling probability fluctuate over time but keep in a 

good scale. The rolling rate (mean value = 98%) is higher than sliding ones 

(mean value = 75%) during the whole time process. 
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Fig. 3.13 Instantaneous sliding and rolling probability of the drug particles 

in turbulent flow over a time of 7 s (Re = 200, I = 9.0%, coverage 

degree = 50%, Ddrug/Dcarrier = 5/100, surface treatment: TC 8h). 
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Fig. 3.14 PDF of the instantaneous sliding and rolling probability over a 

time period of 7 s (Re = 200, I = 9.0%, coverage degree = 50%, 

Ddrug/Dcarrier = 5/100, surface treatment: TC 8h). 
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From those data now it is possible to perform the statistical analysis as 

shown in Fig. 3.14. The PDF of sliding fraction can be closely represented 

by a normal distribution function, while the rolling fraction is approaching 

100%. Comparing to the laminar flow (Fig. 3.4 and Fig. 3.10), at I = 9.0%, 

the sliding probability was increased from 22% to 75% and the rolling 

probability was increased from 59% to 98%. The sliding and rolling 

detachment become much easier with the help of turbulent. Unfortunately, 

the turbulent simulations we have done so far are not sufficient to identify 

the relationship between the turbulence intensity and the particle Reynolds 

number. 

0 20 40 60 80 100 120 140 160 180
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

 

 

 Time = 2 s

 Time = 4 s

 Time = 6 s

R
a
ti
o
 [
-]

Position Angle [°]
 

Fig. 3.15 Data points of Ratio in turbulent flow as a function of position 

angle for different snapshots (Re = 200, I = 9.0%, coverage 

degree = 50%, Ddrug/Dcarrier = 5/100, surface treatment: TC 8h). 

 

Fig. 3.15 shows the data points of Ratio (Eq. 3.10) for a Reynolds number 

of 200 at three snapshots. The straight solid line indicates the critical value. 

Different from the finding in laminar flow (Fig. 3.12), the drug particles 

which can be detached by both sliding and rolling locate over the whole 

range of position angle, since the sliding and rolling detachment become 

much easier with the help of turbulent. Moreover, all the data are larger than 
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one, and this indicates the rolling will occurs earlier than sliding in 

accordance with the finding in the laminar flow. 
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3.2 Rough Wall Detachment Model 

3.2.1 Introduction 

Referring to the particle roughness effect one may distinguish two cases: the 

first case the particle surface is rough and the force on the particle is studied 

for different roughness dimension. The other case is a smooth particle 

placed on a rough wall, where the force exerted on the particle is studied 

under various surface roughnesses. 

 

In the considered situation, the carrier particle is covered with hundreds of 

drug particles, and only the carrier particle surface is modified to adjust the 

adhesion force (Zellnitz, et al., 2013). Therefore here it is tried to study the 

detachment of smooth drug particles from a rough carrier surface. The 

roughness size from a chemical surface treatment is less than 20 nm 

(Zellnitz, et al., 2013). It is rather small compared to the size of drug 

particle (3-5 µm). In this case the influence of the roughness on the fluid 

dynamic force should be negligibly small. However when the size of the 

roughness is comparable with the particle diameter, etc. mechanical 

treatment, the influence of the surface roughness becomes considerable. 

This effect is discussed in the following. 

 

As aforementioned the size of carrier (100-500 µm) is much larger than the 

size of the drug (3-5 µm). It is therefore reasonable to simplify the surface 

of the carrier as a flat wall for sufficiently small drug particles. In general 

the roughness structure is irregular in shape as well as randomly spatial 

distributed. For simplicity some authors (Reeks, et al., 1988; Ziskind, et al., 

1997; Guingo & Minier, 2008) simplify the roughness elements as 

hemispheres. Guingo & Minier (2008) assume that the particle resides on 

two hemispheres in their case C. This geometrical simplification is however 

apparently unrealistic, because in this case at least three hemispheres are 

required for the drug particle to reach a mechanically stable position 

(Ziskind, et al., 1997). Despite of this deficiency, the advantage of this 

prescription is that the flow is simplified to a single direction: across the 
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alignment of the roughness element (two hemispheres). In the case of three 

hemispheres supporting one drug particle, various flow directions relative to 

the location of the three hemispheres, as well as the anisotropic distances 

between the roughness elements must be considered, making the situation 

much more complicated. Therefore we further adopt the idea of two 

roughness elements supporting one drug particle, but change the shape to 

semi-cylinder, in order to obtain a two-dimensional roughness. Moreover, 

we consider the influence of the adjacent roughness elements on the drug 

particle, because roughness eventually affects the flow. Therefore we add 

more roughness elements along the stream-wised direction, and set the 

distance between these semi-cylinders equal.  

 

3.2.2 Detachment criterion 

 
Fig. 3.16 Schematic diagram of a drug particle sitting on a rough wall. 

 

Fig. 3.16 shows schematically the geometrical parameters. The drug particle 

resides on a pair of semi-cylinder bumps. The carrier roughness can be 

modified by changing the asperity distance, L, between two semi-cylinders 

and the size ratio, Rcylinder/Rdrug. Both parameters affect the contact distance, 

ar, which directly influences the detachment of drug particles. Only one 

drug particle is considered in the flow domain, i.e. the coverage degree is 
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almost 0%, therefore the total force of the drug particle will be much higher 

than in the previous simulations presented in Section 2.4.2 (coverage degree 

ranges from 10% to 50%). In the case of multiple drug particles the analysis 

becomes substantially more complicated due to the generally random 

distribution of drug particles on a carrier. 

 

Reeks et al. (1988) and Ziskind et al. (1997) studied the influence of rough 

surfaces on the particle detachment probability analytically. In Ziskind’s 

study, the roughness was characterized by the asperity radius, Rasperity, and 

the distance between the asperities, L. Ziskind and Reeks assumed 

Rparticle>>Rasperity, consequently the adhesion force can be calculated with 

Rasperity instead of Rparticle (since the asperity plays the role of a small particle 

and the particle itself plays the role of a flat surface) and L = 2ar in their 

case. Moreover, only the contact distance, ar, was considered for the 

momentum balance in their papers whereas the contact radius of the drug 

particle, ad (Eq. 3.6), was ignored. Our simulation results, together with the 

experimental data in Table 3.2, show that the ratio of ad / ar is in a range of 

8% - 13.3%. Therefore, the impact of contact radius, ad, on the moment 

balance can be neglected in our cases, in accordance with the assumption of 

Ziskind (1997) and Reeks (1988). 

 

Because the lift-off detachment criterion is the same as plane wall 

detachment model (Eq. 3.1), no extra discussion is necessary. Therefore 

only the sliding and the rolling detachment models are introduced in this 

section. As shown in Fig. 3.16, there are two contact points of the drug 

particle on the simplified rough surface. Consequently the total van der 

Waals force is twice as the experimentally measured value. On account of 

symmetry the analysis of the sliding and rolling detachment are conducted 

on only one of the two contact points. Point X (Fig. 3.16) is chosen to be the 

location of the detachment for both the sliding and rolling cases. Similar to 

Eq. 3.2 and 3.3, the sliding criterion can be expressed by: 

 n t dF sin F cos P      3.11 
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where μd is the static friction coefficient between the drug and carrier 

surfaces. P is the extra load and is given by: 

 n t vdWF cos F FP sin     3.12 

The rolling criterion can be expressed by: 

 2hyd d t r n r vdWM R F cos a F a F cos     3.13 

The hydrodynamic moment Mhyd about the drug particle centre of mass is 

directly obtained from the LBM simulations. The analytical solution of Mhyd 

is given by Hubbe (1984) provided in Eq. 3.5 under the condition that the 

particle experiences the linear shear flow and the particle Reynolds number 

is very small. In the considered situation, the flow becomes more complex. 

In order to have an easier comparison, a parameter named the 

hydrodynamic torque coefficient (htc) is defined as: 

 
hyd

t d

M
htc

F R
  3.14 

From Hubbe’s analytical solution one obtains htc = 0.37. The left side of 

Eq. 3.13 is the hydrodynamic torque around the detachment point X 

whereas the right side indicates the adhesion torque. Furthermore, the 

sliding ratio and the rolling ratio are defined as the left part divided by the 

right part of Eq. 3.11 and 3.13, respectively. The sliding detachment, or the 

rolling detachment, takes place when the sliding ratio, or the rolling ratio, is 

larger than one. 

 

3.2.3 Simulation setup 

The properties of the surface roughness, namely the asperity distance and 

the size ratio of Rcylinder/Rdrug are varied in the LBM simulation. For a certain 

surface roughness also the particle Reynolds number was varied for a 

systematic parameter study. As aforementioned, the surface of the carrier 

particle is taken as flat, and therefore the characteristic Reynolds number is 

defined with the diameter of the drug, denoted as Redrug, and is given by: 
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where U0 is the free stream velocity. For the most popular size ratio of 5 

µm/100 µm, the carrier Reynolds number (Recarrier) which is used in the 

previous simulations is 20 times larger than the drug Reynolds number 

(Redrug) as used in this chapter. 

 

In the simulation one parameter, either the asperity distance or the size ratio, 

is varied while the other one remains constant. Since the contact distance is 

the only geometry parameter important for the detachment criterion (Eq. 

3.13), the contact distance instead of the asperity distance is chosen for the 

quantitative analysis. The relation between the asperity distance and the 

contact distance is given by: 
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where H is the height of the drug particle. When Rdrug>>Rcylinder, the above 

two equations are simplified to L = 2ar in accordance to Reeks et al. (1988) 

and Ziskind et al. (1997). These equations are applicable for both the two-

semi-cylinder and the two-hemisphere structure of the surface roughness. 

Throughout the thesis the size ratio is varied by changing the size of the 

semi-cylinder size while keeping the drug size constant.  

 

Fig. 3.17 displays the relationship between the contact distance, the asperity 

distance, the size ratio and the particle height. For a fixed size ratio (Fig. 

3.17a and b) the height of the particle decreases while the asperity distance 

linearly increases with the contact distance. For a fixed asperity distance 

(Fig. 3.17c and d) both of the height and size ratio decrease while increasing 

the contact distance. 
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Fig. 3.17 The relationship between the contact distance and the asperity 

distance, the size ratio and the particle height. a) and b): size ratio 

fixed, c) and d): asperity distance fixed, Rdrug = 2.5 μm for all 

cases. 

 

For the flow simulations, the drug particle was fixed in a rectangular flow 

domain illustrated in Fig. 3.18 and exposed to different kinds of flow 

situations. The boundary condition of the wall, including both the semi-

cylinder surface and the flat wall part, is assigned as no-slip condition. The 

velocity profile of the inlet boundary at the left side of the flow domain is 

set as a plug flow. A shear flow develops downstream due to the no-slip 

boundary condition of the surface. At the outlet a gradient free condition is 

applied and at all the other side faces symmetry boundary conditions are 

being used (Fig. 3.18). For the rough wall calculations a very small gap of 

0.002∙Ddrug was used between the drug and the wall to prevent that one solid 

node belongs to two different objects. 
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Fig. 3.18 Computational domain with applied boundary conditions for the 

rough wall simulation. 

 

The selection of the size of the computational domain was based on an 

extensive parameter study (Fig. 3.19) for optimizing accuracy and 

computational effort. For each case the particles were resolved by 40 grid 

cells (10 base grids) of the finest mesh by using three grid refinement levels. 

The variation of the domain size in stream-wise direction (x/Dd) for fixed 

dimensions in the lateral and vertical direction (y/Dd = 10, z/Dd = 12) 

reveals that 14 particle diameters are sufficient to obtain coefficients which 

are independent of the dimension (Fig. 3.19a). Moreover, the vertical 

dimension of the domain was varied by fixing the stream-wise and the 

lateral domain size (x/Dd = 10, y/Dd = 10). The results show (Fig. 3.19c) 

that a vertical dimension of 14 particle diameters should be sufficient. As a 

result of this study all the calculations for this test case were done for a 

domain size of x/Dd = 14, y/Dd = 10, z/Dd = 14. The drag and lift 

coefficients in Fig. 3.19 are defined as: 

 2 2 2 2

0 0
2 4 2 4

D L

D L

drug drug

F F
C ,C

U D U D
   

   
3.17 

where FD and FL are the drag and lift forces of the drug particle. Fig. 3.20 

offers an overview of the mesh of the fluid domain, the total number of grid 

nodes was 7,214,680. 



96  Flow Detachment Model 

 
Fig. 3.19 Simulated drag and lift coefficients of the drug particle with 

increasing domain size in stream-wise (a), the lateral (b) and the 

vertical (c) directions (Re = 10, Rcylinder/Rdrug = 1.25 μm/2.5 μm, L 

= 4 μm, initial domain size: x/Dd = y/Dd = 10, z/Dd = 12). The 

definition of drag and lift coefficients are based on the inlet 

velocity and the particle diameter. 
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Fig. 3.20 Mesh of the fluid domain for rough wall simulations; resolution: 

40 grids cells of the finest mesh per particle diameter with three-

level grid refinements; domain size: x/Dd = 14, y/Dd = 10, z/Dd = 

14. 

 

3.2.4 Results analysis 

Fig. 3.21 shows the velocity contours for different roughness structures in 

the wall induced shear flow. Case b and d investigate the influence of the 

asperity distance while keeping the size ratio constant. Case b and c 

examine the influence of the size ratio with a fixed asperity distance. For the 

purpose of comparison, Case a is equipped with a smooth surface, while the 

particle remains at the same location as in Case b, c and d in the x- (left to 

right) and y- (front to back) directions. It should be noted that the drug 

particle has contact with the rough elements in Case b, c and d, while in 

Case a the particle has close contact with the plane wall. This particular 

setting allows Case a and b to explore the influence of the roughness 

structure. Since the x-velocity, in the direction from left to right, dominates 

the other two velocity components, only the magnitude of the x-velocity is 

displayed, and the displayed range remains the same in all Figures. It shows 

that the rough wall increases the velocity magnitude. 
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Fig. 3.21 The wall induced shear flow around one particle residing on 

different roughness structures. a): the particle attach to a plane 

wall. b) and c): rough elements with the same asperity distance 

but varying size ratios. b) and d): rough elements with the same 

size ratio but varying asperity distances. Re = 10 for all cases. 

 

 

Fig. 3.22 Velocity profiles of the fluid nodes on the line A in Fig. 3.21. 

‘Rough wall’ corresponds to Case b, and ‘Plane wall’ corresponds 

to Case a in Fig. 3.21. The straight dashed line indicates the height 

of particle. Re = 10 for both cases.  

 

Quantitatively, the increase of the velocity magnitude by the existence of 

the roughness element is exemplarily revealed by the velocity profile along 

the line A in Fig. 3.21b. In order to avoid the influence of the inlet as well as 
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the drug particle on the flow, the location of line A is chosen to be at x = 

xcenter – 2.5L, thus in the middle of the 3
rd

 semi-cylinder ahead of the 

particle, and at y = ycenter in the symmetry plane (xcenter and ycenter refer to the 

middle position of the xy-plane). The inlet velocity of the fluid domain is set 

as Ux = 30 m/s, Uy = Uz = 0 m/s (Re = 10). The height of the domain along 

the z-axis is 70 µm (14Dd). Only Case a and b in Fig. 3.21 are considered 

for a comparison. Fig. 3.22 plots the profiles of the velocity components Ux 

and Uz in the vertical direction, respectively. And the straight dashed line 

indicates the height of particle. Far away from the particle, the velocity 

profiles conform to the inlet boundary condition. The flow near the bottom 

wall is affected by the no-slip boundary condition, i.e. increases linearly as 

the height. The existence of the drug particle diminishes the area of the 

cross section of the flow, thus a velocity increase is seen approximately at 

the height of 10 µm (2Dd). The velocity increase is further enhanced by the 

existence of the roughness element. The comparison of the velocities at the 

height of 10 µm reveals that, Ux is increased by 5.7% and Uz is increased by 

9.9% though the roughness elements. 

 

The critical parameter htc is calculated at different flow conditions. In the 

LBM simulation, the value of the htc fluctuates at a certain flow condition 

as the computation converged. An average of 10,000 iterations is made at 

the end of simulation. Fig. 3.23 and Fig. 3.24 show the numerical results. In 

Fig. 3.23, Hubbe’s analytical solution of htc = 0.37 is displayed as a straight 

solid line, under the assumptions of linear shear flow, very small particle 

size and very small Reynolds number (i.e. Re << 1). The squares signify the 

results from Section 2.2, where the particle has direct contact with the wall 

and experiences the linear shear flow with a range of particle Reynolds 

numbers. The circles and triangles refer to the ‘plane wall’ and the ‘rough 

wall’ in Fig. 3.22 Case a and b, respectively. At small particle Reynolds 

numbers, our simulation results for the linear shear flow are around 0.334, 

exhibiting a small discrepancy from Hubbe’s 0.37. The numerical results 

show that the htc value has a linear decrease with rising particle Reynolds 

numbers. For higher Reynolds numbers a wake is developed near the back 
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stagnation point of the particle (Fig. 2.14), which reduces the drag 

coefficient. 
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Fig. 3.23 The hydro-torque-coefficient as a function of the particle 

Reynolds number under various shear flow conditions. The 

straight solid line denotes the analytical result by Hubbe (1984). 

The square denotes the linear shear flow and the particle has close 

contact with the wall (Section 2.2). The circle denotes the wall 

induced shear flow where the particle has close contact with the 

wall (Fig. 3.21a). The triangle denotes the wall induced shear flow 

with a rough wall (Fig. 3.21b) (Rcylinder/Rdrug = 1.25 μm/2.5 μm, L 

= 4 μm). 

 

Comparing the linear shear flow (square) with the wall induced shear flow 

(cycle) at Re = 10, the value of the htc increases considerably. One reason 

could lie in the difference of the definition of the particle Reynolds number 

(Eq. 2.13 & 3.15). In the linear shear flow, the flow velocity field is 

prescribed, so that the flow velocity at the particle centre is known, and the 

particle Reynolds number is easily determined with this value. In the wall 

induced shear flow, the most proper way to define the particle Reynolds 

number is to take the inlet velocity. Therefore the local particle Reynolds 

number should be smaller than this definition. After adding the roughness 



Flow Detachment Model  101 

 

elements to the plane wall (triangle), the htc increased from 0.31 to 0.33. 

The main reason is that the height of the particle is increased from 2.5 µm 

to 3.17 µm by the rough elements, and then the particle encounters much 

larger effective flow velocity (Fig. 3.22). Another reason could be the rough 

structure covers part of the particle’s contour at the lower half, and thus 

induces a greater asymmetry of the flow over the drug particle. 

 

Fig. 3.24 exhibits the htc for different rough structures under the wall 

induced shear flow. In order to facilitate a clear comparison, the asperity 

distance, L, and the size ratio, Rcylinder/Rdrug, are transformed into the contact 

distance, ar, by Eq. 3.16. The data points are therefore clustered into two 

groups. The squares signify the data collected by changing the contact 

distance with the variation in asperity distance, while the triangles show 

data points collected by changing the contact distance by the variation in the 

size ratio. Additionally, data points at a lower Reynolds number of 3.5 with 

the contact distance changing by the asperity ratio are also exhibited. 
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Fig. 3.24 The hydro-torque-coefficient for different rough structures as a 

function of the contact distance under the wall induced shear flow. 

Square: varying the asperity distance with fixed size ratio (Fig. 

3.21 Case b and d) (Re = 10, Rcylinder/Rdrug = 1.25 μm/2.5 μm). 
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Triangle: varying the size ratio with fixed asperity distance (Fig. 

3.21 Case b and c) (Re = 10, Rdrug = 2.5 μm, L = 4 μm). Cycle: 

varying the asperity distance with fixed size ratio (Fig. 3.21 Case 

b and d) (Re = 3.5, Rcylinder/Rdrug = 1.25 μm/2.5 μm). 

 

The htc increases with the rising contact distance for all three curves as 

shown by Fig. 3.24. The reason is the following. As the contact distance 

increases, the height of the particle decreases, as shown in Fig. 3.17 Case a 

and c. Further, the decrease of the height of the particle leads to an effective 

reduction of the particle Reynolds number as shown in Fig. 3.22. As a result 

the value of the htc increases, as shown in Fig. 3.23. The observed 

overlapping of the triangles and the square show that the contact distance is 

the influencing factor for htc. The comparison of the two Reynolds 

numbers, 3.5 and 10, show an agreement with the finding of Fig. 3.23. 

 

Fig. 3.25 reports the drag coefficient and the lift coefficient of the particles 

as a function of the contact distance. Case a and b investigate the influence 

of the asperity distance while keeping the size ratio constant. Case c and d 

examine the influence of the size ratio with a fixed asperity distance. The 

straight solid lines indicate the drag and lift coefficients in the case of the 

plane wall (Fig. 3.21a), and its drag and lift coefficients are constant for a 

fixed particle Reynolds number (see Eq. 3.15 and 3.17). The difference of 

drag and lift coefficients between the plane and rough wall simulation 

results is as a result of two conflicting factors. On the one hand, the 

effective velocity experienced by the particle is enhanced by the existence 

of the roughness elements (see Fig. 3.22), and then it increases the drag and 

lift forces. On the other hand, the area of the cross section becomes smaller 

because part of the particle surface is in the shadow of the roughness 

elements; therefore the drag and lift forces of the particle become smaller. 

The ultimate consequence is that the drag and lift coefficients could be 

either raised or minimized by the addition of the roughness elements. When 

increasing the contact distance, both the drag and lift coefficients show a 

decreasing tendency. The main reason is that the height of the drug is 
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decreased (Fig. 3.17a and c) which yields the reduction of effective velocity 

experienced by the particle. 

 

 
Fig. 3.25 Drag and lift coefficients of the particle as a function of the 

contact distance for different rough structures. a) and b): the 

roughness varies in asperity distance with a fixed size ratio (Re = 

10, Rcylinder/Rdrug = 1.25 μm/2.5 μm), c) and d): the roughness 

varies in size ratio with a fixed asperity distance (Re = 10, Rdrug = 

2.5 μm, L = 4 μm). The definition of drag and lift coefficients are 

based on the inlet velocity and the particle diameter. 

 

Fig. 3.26 shows the rolling and sliding ratios of the drug particle exposed to 

wall induced shear flow as a function of the contact distance with a fixed 

size ratio. The rolling and sliding ratios encounter approximately a linear 

decrease while increasing the contact distance, which makes the detachment 

more difficult. This is due to the reduction of the drag and lift coefficients 

while increasing the contact distance (Fig. 3.25 Case a and b). When the 

particle Reynolds number grows from 3.5 to 10, rolling and sliding ratios 
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both increase, on account of the increase of the fluid dynamic force. As 

shown in Fig. 3.26, only sliding detachment occurs at Re = 10. 
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Fig. 3.26 Rolling and sliding ratios of the drug particle as a function of the 

contact distance with a fixed size ratio (Rcylinder/Rdrug = 1.25 

μm/2.5 μm, surface treatment: TC 8h). 
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Fig. 3.27 Rolling and sliding ratios of the particle as a function of the size 

ratio with a fixed asperity distance (L = 4 μm, Rdrug = 2.5 μm, Re 

= 10, surface treatment: TC 8h). 

 

Fig. 3.27 shows rolling and sliding ratios as a function of the size ratio with 

a fixed asperity distance under the wall induced shear flow. Rolling and 

sliding ratios exhibit nearly a linear increase while the size ratio increases, 
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which leads to an easier detachment. The reason is given by Fig. 3.17 Case 

c and d. The increasing size ratio results in a decreasing contact distance. 

Further this leads to the increase of the height of drug particle, and therefore 

the particle encounters larger drag and lift forces as shown in Fig. 3.25. As 

indicated by Fig. 3.27, rolling detachment is not likely to occur, whereas 

sliding detachment happens for a wider range. The straight solid lines in 

Fig. 3.26 and Fig. 3.27 are rolling and sliding ratios of the plane wall. The 

value of sliding ratio of the plane wall is 3.21 and is a little higher than the 

rough wall results. The value of rolling ratio of the plane wall is 8.23, which 

is much larger than the value of the rough wall. 

 

As discussed in section 3.1.5, the rolling detachment always occurs earlier 

than the sliding detachment in the plane wall detachment model. In the 

rough wall detachment model, go back to Eq. 3.11 to 3.13, from which 

yielding a non-dimensional ratio:  

 
   

    
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n d t d d

rM R F cos a F a c
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F sin cos F cos sin

os 
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



 

 
 3.18 

If the variable Ratio is larger than one, the rolling detachment occurs first; if 

Ratio is smaller than one, the sliding detachment occurs first on the 

contrary. By applying the precondition in Table 3.1 and Table 3.2, it is 

possible to calculate the value of Ratio for different roughness structures. 

Fig. 3.28 gives an overview of Ratio for two different particle Reynolds 

numbers with a fixed size ratio. The straight solid line indicates the critical 

value. It is obvious that all values of Ratio are smaller than one. The reason 

is that the contact distance is introduced into the rolling detachment 

criterion for the rough wall which increases the adhesion torque 

significantly (Eq. 3.13 right). Therefore, the particle encounters much larger 

torque resistance in the rough wall detachment model compared to the plane 

wall detachment model (Eq. 3.4). As a result sliding detachment is easier 

than rolling detachment in the frame of the rough wall detachment model. 
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In conclusion the rough structures decrease remarkably the probability of 

rolling and sliding detachment. It should be emphasized that the above 

rolling and sliding detachment studies use the same adhesion forces (TC 

8h). However, in experiment the increase of roughness reduced the adhesion 

force. This phenomenon is not considered in the present study. 
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Fig. 3.28 Ratio as a function of the contact distance with a fixed size ratio 

for two particle Reynolds numbers (Rcylinder/Rdrug = 1.25 μm/2.5 

μm, surface treatment: TC 8h). 
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4 Wall Collision Detachment Model 
 

Based on the macro scale simulation of the internal flow field of the inhaler 

and the accompanied particle trajectory by the OpenFOAM program, high 

rates of cluster-wall collision were found inside the swirl chamber (Fig. 

1.3). When a carrier particle collides with the wall, the inertia force is 

exerted on the drug particles which reside on the carrier surface. The 

detachment of the drug particles may happen when the maximum inertia 

force is larger than a certain level. 

 

 
Fig. 4.1 Collision of a particle cluster to the solid wall (coverage degree = 

50%, Ddrug/Dcarrier = 5/100). 

 

Fig. 4.1 illustrates a typical collision of the particle cluster with the solid 

wall. The carrier particle, covered by hundreds of drug particles, collides on 

the wall with an initial translational velocity, U
(0)

, an initial angular 

velocity, ω
(0)

, and a certain impact angle, α, measured from the plane solid 

surface. There are two basic collision processes: either the carrier particle 
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surface hits the wall; or the drug particles on the carrier will do so. When 

the drug particle collides onto the wall first, there exist two deformations. 

One is in between the colliding drug particle and the wall, and one is in 

between the colliding drug particle and carrier particle. The deformation 

between the colliding drug particle and carrier particle cannot be fully 

developed, since the carrier will slide or roll even at very small deformation. 

The carrier will be detached from the colliding drug particle and then 

collides onto the wall again with another impact angle. Therefore, only the 

situation which the carrier collides with the wall is considered in this 

chapter. 

 

In the collision study the following four assumptions are taken to simplify 

the collision process: 

I. Vacuum, i.e. particles are very inertial that fluid forces can be 

neglected; 

II. Isotropic and homogeneous particle body; 

III. Elastic deformation of carrier and drug particles; 

IV. The wall is a rigid body; 

 

The first assumption is reasonable because it will be shown later in this 

section that the fluid dynamic force is much smaller compared to the inertia 

force. Assumption II is a common simplification regarding the material 

property. Assumption III and IV are widely adopted in the theory and 

application of Hertz contacts so that the conversion formulas of geometry 

and elasticity are well established (Al-Bender & Moerlooze, 2008). 

 

The collision of a particle onto a rigid solid wall can be divided into two 

phases: compression phase and recovery phase (Fig. 4.2). Before collision, 

the particle moves with an initial translational velocity, U
(0)

, which can be 

normalised on the xy-plane, and an initial angular velocity, ωz
(0)

, around the 

z-axis. The rotation around the x and y axis are not interested since they 

have no influence on the force. However, the method to evaluate the 

reduction of ωx and ωy during the collision process will be provided either. 

In the compression phase, the initial kinetic energy of the particle is partly 
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transformed into elastic potential energy. In the recovery phase, the elastic 

potential energy is transformed back to the kinetic energy. The Coulomb’s 

law of friction is assumed to hold for a sliding collision. The change of the 

particles translational and rotational velocities during the bouncing process 

can be calculated from the momentum equations of classical mechanics 

(Crowe, et al., 2012; Sommerfeld, et al., 2008). Depending on the period 

during which the particle slides along the wall, the formulation is separated 

into the following three cases: 

Case I: the particle stops sliding in the compression period. 

Case II: the particle stops sliding in the recovery period. 

Case III: the particle continues to slide throughout the compression and 

recovery phases. 

 

 
Fig. 4.2 The compression and recovery phases of the particle-wall 

collision. 

 

A detailed explanation for each case will be given after the introduction of 

the forces on particles. 

 

4.1 Theory formulation 

4.1.1 Force on particles 

As shown in Fig. 4.3 left, the carrier particle together with the attached drug 

particles moves with an initial translational velocity, U
(0)

, on the xy-plane, 

an initial angular velocity, ωz
(0)

, around the z-axis and approaches the wall 

with a certain impact angle, α. In the compression phase, the carrier is 

deformed by the amount y (i.e. y is the temporally varying deformation), 
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which induces the normal force (or resistance force), FN, on the carrier 

particle as shown in Fig. 4.3 right. During the compression process, the 

carrier can slides and rolls on the wall. The tangential velocity component 

(x-direction) of U
(0)

, U
(0)

cosα, is reduced by the friction force, Ff. By 

Coulomb’s law of friction, Ff = μwFN, where μw is the friction coefficient 

between the colliding particle and the wall. The gravities of the carrier and 

drugs are rather small comparing to their inertia force and thus are ignored. 

 

 
Fig. 4.3 Schematic diagram of a compressed elastic carrier particle with 

one drug particle attached; left: velocity vectors; right: force 

vectors. 

 

As shown in Fig. 4.3 right, the inertia force of the carrier, Fin,c, is introduced 

to recover Newton’s second law in the non-inertial reference frame. The 

relationships between the normal force, the friction force and the inertia 

force are given by: 

 
x-direction:

y-direction:

c c

c c
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f x in,c,x x

N y in,c, y y
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 4.1 

where Fin,c,x = Fin,c cosβ and Fin,c,y = Fin,c sinβ are the tangential and normal 

components of the inertia force of the carrier with mass mc. If the drug 

particles are not detached during the compression phase, the inertia force on 

the drug particles, Fin,d, is:  

 d dm , m   
in,d,x x in,d, y y

F a F a  4.2 
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where md is the mass of the drug. If all drugs keep the same size, the inertia 

forces, Fin,d, on all drug particles as well as their components have the same 

value, and preserve the same direction as the inertia force of the carrier 

particle, Fin,c. The drug inertia force can be separated into a normal (Fin,n) 

and a tangential (Fin,t) component as shown in Fig. 4.3 right. The normal 

inertia force is balanced by the van der Waals force (FvdW) which yields a 

potential lift-off detachment. The tangential inertia force is always a 

positive value and is balanced by the friction force of the drug particle (Ff,d). 

The normal and tangential components of the drug inertia force are essential 

for the detachment study and can be expressed by: 

 
2 2

in ,n in,t in ,d in,nF , F F F


  
in,d

F n

n
 4.3 

where n is the position vector and indicates the location of a drug particle. 

Although all drugs share the same inertia force, the normal and tangential 

inertia forces on each drug particle are different depending on their 

locations. The solution of the normal force, FN, was given by Landau and 

Lifshitz (1986) for small deformations of two elastic solid particles as: 

   1 5

0 5

2

1 2

1 1
.

.

NF y D y
R R



  
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  
 4.4 
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 
 4.5 

where σ1, σ2 and E1, E2 are the Poisson’s ratio and the Young’s modulus of 

two particles, and R1, R2 are the radii of two particles. Since the wall is 

assumed as a planar rigid body (Assumption IV), the wall’s Young’s 

modulus, E1, becomes infinity and its Poisson’s ratio, σ1, is damped to zero. 

Hence Eq. 4.4 is simplified to: 

  
 2

1 5
4

3 1

c c

N
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.
E R

F y y


 


 4.6 
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where σc, Ec and Rc are the Poisson’s ratio, the Young’s modulus and the 

radius of the carrier particle. At the end of compression phase, the 

momentum of the carrier particle in y-direction is fully transformed into the 

elastic potential energy. From the energy balance we have: 

 
    

2
0

0

1

2

h

c Nm U sin F y dy    4.7 

From Eq. 4.6 and 4.7, the maximal compression distance, h, can be written 

as: 

 

  0
2

2 5

2115

16

. c
c

cc

m U sin
h

ER

  
    4.8 

 

4.1.2 Case I 

The symbols used for the translation velocities, angular velocities in Case I 

are shown in Table 4.1. The compression period in Case I is subdivided into 

sliding and non-sliding periods. The superscripts of (0), (s), (1) and (2) on 

velocities relate to the values at the end of the period. At the sliding period a 

friction force, Ff, acts on the carrier in the direction opposite to the motion 

of the carrier (Fig. 4.3). The torque of the carrier on the detachment point X 

is   0X in,c,x c f cT F R y F R     which increases the rotation of the carrier. 

At this period, the translation and rotation of the carrier sphere occur 

simultaneously. The tangential velocity, Ux, is reduced by the friction force, 

Ff. Meanwhile the angular velocity, ωz, starts from ωz
(0)

 and is accelerated 

by the friction force. At the critical value, Ux = ωzRc, the carrier thereafter 

rolls without slipping. At this moment the frictional force disappears, and 

the sphere begins the next period of its motion. At the non-sliding period, 

the rolling speed is decelerated by the torque of the rolling resistance. The 

friction force of these two periods can be expressed by: 
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Sliding: when 

Non-sliding: 0  when 

f w N x z c

f x z c

F F , U R

F , U R

 



 

 
 4.9 

In the paper of Al-Bender & Moerlooze (2008), stage one is termed 

‘Creepage’ and stage two is termed ‘Gross Rolling’. From the above 

equation we can easily obtain: μw = Ff / FN = arctanβ. 

 

 
Table 4.1 Velocities for Case I. 

 

Then it is needed to solve the translational and angular velocities in Table 

4.1 for different periods. First the variable carrier velocity in y-direction, Uy, 

is solved in terms of the compression distance y. From Newton’s second 

law, c y Nm dU dt F   one can obtain 
y

c N

dU dy
m F

dy dt
  , then 

c y y Nm U dU F dy  . Now integrate on the both sides 

 

 

0
0

yU y y

c y y N
U sin

m U dU F dy


   , finally Uy can be written as: 

      
2 50

1
.

yU y U sin y / h   4.10 

After that, it is needed to calculate the relation between the compression 

time, t, and the compression distance, y. First write yU dy dt , then 

1

ydt U dy , integrate on the both sides: 
1

0 0

t y

ydt U dy  , the result is in a 

form of hypergeometric functions which cannot be solved analytically. Here 

we calculate the time numerically by applying a constant increment ∆y, the 

Recovery period (2) Post-collisionCompression period (1)
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collision
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relationship between the time and compression distance at the Nth time steps 

can be expressed by: 

 
 0

NN t t Ny A U sin t   4.11 

A is a mapping list for the compression distance, y, and time, t, for all time 

steps. The time for recovery phase is as same as the time for compression 

phase under Assumption III. If one wants to discretise the compression 

phase into 1000 time steps, the total elements of A will be 2000 (including 

the recovery phase) and the increment ∆y for every time step is 0.001h. The 

above equation builds a bridge between normal and tangential components. 

At the end of compression phase, y = h, the total time for compression, τ, is 

y / (0.68 U
(0)

sinα). 

 

The tangential velocity, Ux, for the sliding period is solved by accumulating 

the discretised values for every time steps as following: 

 
 0

0

i N

x x ,i

i

U U cos U 




   4.12 

The discretised tangential velocity, ∆Ux, at the Nth time step can be derived 

from Newton’s second law,  c x fm dU dt F t  . Then separate the 
xdU  

and dt  onto each side of the equation and integrate on the both sides: 

 
1 1

x ,N N

x ,N N

U t

c x w N
U t

m dU F t dt
 

   . FN(t) can be calculated by Eq. 4.6 and 

4.11. Finally the discretised tangential velocity at the Nth time step can be 

expressed by (note that the values of A between two adjacent time steps are 

considered as equal): 

   
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3 5
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2 5
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x ,N w t t.

t t
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   




   4.13 

Rolling friction behaves differently in sliding and non-sliding periods. At 

the sliding period (creepage), Ux > ωzRc, the angular velocity, ωz, is 

accelerated by the friction force and reaches the maximum at ωz
(s)

. At the 
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non-sliding period (gross rolling), Ux = ωzRc, the angular velocity is 

decelerated by the torque of the rolling resistance. We consider the sliding 

period at first. The torque at the mass centre O of the carrier is given by 

 O f c f cT F R y F R    (y is a very small deformation comparing to Rc). 

By definition we have 
O c zT I d dt , where 

20 4c c cI . m R  is the moment 

of inertia of the carrier sphere. Then separate the 
zd  and dt  onto each 

side of the equation and integrate on the both sides: 

1 1

N z ,N

N z ,N

t

f c c z
t

F R dt I d





 

  . Finally the discretised angular velocity at the Nth 

time step can be written as: 

 2 5z ,N x,N c. U / R    4.14 

The angular velocity, ωz, for the sliding period can be solved by 

accumulating the discretised values for every time steps as following: 

 
 0

0

i N

z z z ,i

i

  




   4.15 

The non-sliding period is reached at the time step where Ux = ωzRc. At the 

non-sliding period, no friction force exists and the angular velocity is 

decelerated by the torque resistance. Therefore, in order to estimate the 

instantaneous angular velocity during gross rolling, the torque resistance 

should be known. We start from the contact radius of the carrier which is 

given by  
22

c c ca R R y   , expanding to  2 2 1 2c c ca R y y / R  . 

Since y is a very small deformation comparing to Rc, the relation between ac 

and y is simplified by: 

 2c ca R y  4.16 

The contact radius of the carrier is defined as the region A in the xz-plane: 

  2 2 2

cA x,z : x z a   . The normal stress py is given by: 
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      
2 2

0 1y c cp x,z p x a z a    4.17 

with p0 constant. The total normal force, FN, can be calculated by the 

normal stress py: 

  
 

 c c

c c

a a x

N y
a a x

F p x,z dzdx
 

    4.18 

where    2 2

c ca x a x  , from Eq. 4.17 and 4.18 we can get the expression 

of p0: 
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Then the torque resistance can be calculated by: 

    
 

 
2

20

3 2

16 4 1

c c

c

a a x
c c

o y c N
a x

c

E R
T y p x,z x dzdx a F y


   

   4.20 

To(y) can transform to To(t) by Eq. 4.11. Then the discretised angular 

velocity at the non-sliding period can be calculated from the integral: 

 
1 1

N z ,N

N z ,N

t

o c z
t

T t dt I d





 

   , and is given by: 
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Then the angular velocity at Nth time step in non-sliding period can be 

expressed by: 

 
 

i N
s

z z z ,i

i s
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



   4.22 

s is the time step at the end of sliding period. At the end of compression 

phase (t = τ), U
(1)

 and ωz
(1)

 are directly obtained. 
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At the recovery phase, the normal velocity, Uy, will be fully recovered 

under Assumption III and no need to discuss here. The tangential velocity, 

Ux, stays equal to ωzRc during the recovery period. The determination of the 

decrement of the angular velocity, ∆ωz, is as same as Eq.4.21. The angular 

velocity at Nth time step for recovery period is given by: 

 
 1

i N

z z z ,i

i 

  




   4.23 

ωz
(2)

 can be obtained at t = 2τ from the above equation, and Ux
(2)

 = ωz
(2)

Rc. It 

should be noted that the carrier is possible to stop rolling during the non-

sliding period in compression and recovery phases. The loop should be 

jump out when this phenomenon happens. 

 

The angular velocities around x and y axis, ωx and ωy, are decreased during 

the whole collision process, and are given by: 
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 

      4.24 

where ∆ωx and ∆ωy can be determined by Eq. 4.21 while substitute ∆ωz to 

∆ωx and ∆ωy. Eq. 4.24 is valid for all cases. 

 

4.1.3 Case II 

The procedure for Case II follows that for Case I except that the period of 

sliding falls in the recovery period. The appropriate variables are shown in 

Table 4.2. 

 

Ux
(1)

, ωz
(1)

 and Ux
(s)

, ωz
(s)

 are calculated according to Eq. 4.12 and 4.15 at t = 

τ and t = s. The sliding periods ends at the time step where Ux = ωzRc. 

During the non-sliding period, the relationship of Ux = ωzRc keeps and the 

velocities can be calculated by Eq. 4.21 and 4.22. Ux
(2)

 and ωz
(2)

 are directly 

obtained at t = 2τ. 
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Table 4.2 Velocities for Case II. 

 

4.1.4 Case III 

Case III is the simplest because it is not necessary to distinguish between 

the period of sliding and non-sliding. The variables for Case III are shown 

in Table 4.3. All velocities can be calculated by Eq. 4.12 and 4.15. 

 

 

Table 4.3 Velocities for Case III. 

 

4.1.5 Detachment criterion 

The drugs have the maximum detachment fraction when its inertia force 

reaches the maximum. For case II and III, the maximum inertia force is 

always found at the end of compression phase, t = τ. However, for case I, 

the friction force is damped to zero at the non-sliding period, hence the 

maximum inertia force may be found at t = s. The expression of the 

maximum drug inertia force is given by: 
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Then separate the Fin,d,max into a normal (Fin,n) and a tangential (Fin,t) 

component by Eq. 4.3 and use these values for the detachment study. The 

detachment criterion is similar to the plane wall detachment model (Section 

3.1.1) while substitute the fluid dynamic force by the inertia force and 

remove the hydrodynamic toque around drug centre (Assumption I). The 

lift-off, sliding and rolling detachment criterion are given by: 

  

 

Lift-off:  

Sliding: 

Rolling:

in ,n vdW

in,t vdW

in,

in ,n d

vdW in,nt d d

F F

F F F

FF R aF





  

  

 4.26 

where μd is the friction coefficient between the drug and carrier. ad is the 

contact radius of the drug particle and can be calculated by the JKR theory 

(Eq. 3.6). 

 

4.2 Results analysis 

The material properties of the carrier and drug particles used for the 

simulation are based on Table 3.1 and Table 3.2 which are provided by our 

project partner (Cui, et al., 2014). The carrier particle is covered with a 50% 

coverage degree by drug particles, together with a size ratio Ddrug/Dcarrier = 5 

μm/100 μm. The friction coefficient between the carrier and the wall, µw, 

vary from 0.1 to 0.5. The range of the impact angle, α, is between 1° to 90° 

(0° is not considered since there is no collision). From the preliminary study 

the initial mean velocity of the cluster, U
(0)

, is approximately 10 m/s. The 

initial angular velocity, ω
(0)

, is assumed as zero. The surface treatment 

method of the carrier surface is chosen as TC 8h (Table 3.2). 
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4.2.1 Parameter study 

As discussed above, the inertia forces on all drug particles have the same 

value and preserve the same direction as the carrier inertia force. The 

maximum drug inertia force in y-direction, Fin,d,y,max (Eq. 4.2), is always 

found at t = τ and is depicted in dependence of the impact angle in Fig. 4.4. 

The maximum drug inertia force in x-direction, Fin,d,x,max, are not always at t 

= τ but sometimes at t = s, and thus was not plotted. As shown in Fig. 4.4, 

Fin,d,y,max increases while increasing the impact angle, since more kinematic 

energy is transformed into the potential energy (Eq. 4.7). From 1° to 90° of 

the impact angle, Fin,d,y,max was increased from 141 nN to 18100 nN. 

Comparing to the fluid dynamic forces on drug particles in Section 2.4, the 

drug inertia force is much larger and can lead to a direct lift-off detachment.  
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Fig. 4.4 Maximum drug inertia force in y-direction as a function of the 

impact angles (coverage degree = 50%, Ddrug/Dcarrier = 5/100, µw = 

0.1, U0 = 10 m/s). 

 

Next select the impact angle of 80° and study the transition of several 

parameters as a function of compression distance. Fig. 4.5 shows the change 

of carrier friction force during the compression phase. The friction force of 

the carrier is initially increased by the growing compression distance. This 
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is the sliding period (creepage) and the friction force is proportional to the 

normal force (Eq. 4.6 and 4.9). When the carrier reaches to the non-sliding 

period (gross rolling) at x = 0.859h, the friction force is damped to zero 

according to Eq. 4.9. From Fig. 4.5, it’s clear that the sliding period ends at 

the compression phase and this is the case I. 
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Fig. 4.5 Friction force of the carrier as a function of compression distance 

(coverage degree = 50%, Ddrug/Dcarrier = 5/100, α = 80°, µw = 0.1, 

U0 = 10 m/s). 

 

Fig. 4.6 offers an overview of the instantaneous velocities of the carrier 

particle in compression phase. The normal velocity component is decreased 

from 9.85 m/s to 0 m/s according to Eq. 4.10, meanwhile the moment in the 

normal direction is fully transformed into the potential energy. The 

tangential velocity of the carrier is decreased from 1.74 m/s by the friction 

force (Eq. 4.12 and 4.13) and the angular velocity is increased by the 

friction force (Eq. 4.14 and 4.15). At x = 0.859h, the non-sliding period 

starts. When x > 0.859h, the relationship of Ux = ωzRc keeps and the carrier 

thereafter rolls without sliding, at the non-sliding period the angular 

velocity can be calculate by Eq. 4.21 and 4.22. 
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Fig. 4.6 Instantaneous velocities of the carrier sphere as a function of 

compression distance, left: normal velocity, right: angular and 

tangential velocities (coverage degree = 50%, Ddrug/Dcarrier = 

5/100, α = 80°, µw = 0.1, U0 = 10 m/s). 

 

Fig. 4.7 shows the normal inertia force on each drug particles, which is the 

decomposition force from the inertia force in the direction of centre line 

between the carrier and drug particles (Eq. 4.3). As shown from Fig. 4.7, the 

scatter of the normal inertia force becomes larger while increasing the 

impact angle. This is reasonable due to the increase of the drug inertia force 

(Fig. 4.4). The data points for a certain impact angle are symmetrical. The 

reason is that half of the drug particles experience an inertia force which 

points to the surface of the carrier. Only the other half of drugs encounters 

an inertia force which points out of the carrier, from where the lift-off 

detachment may occur. From the experiment, the measured mean van der 

Waals force for treated carrier particle (TC 8h) is 62.48 nN. Comparing to 

the values in Fig. 4.7, nearly half of the drug particles are likely to detach 

even at impact angle 10°. The influence of the friction coefficient between 

the carrier and the wall, µw, on the normal inertia force is shown in Fig. 4.8. 

The friction force of carrier in sliding period increases while raising the µw. 

Hence the maximum drug inertia force increases either. With the increasing 

friction coefficient the scatter of the normal inertia force on drugs slightly 

grows and its maximum value moves to the rear. It should be noted that the 

non-sliding period becomes easier reachable while increasing the µw. 

Therefore, the reader should choose the µw carefully. 
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Fig. 4.7 Normal inertia force on the drug particles as a function of the 

position angle for different impact angles (coverage degree = 

50%, Ddrug/Dcarrier = 5/100, µw = 0.1, U0 = 10 m/s). 
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Fig. 4.8 Normal inertia force on the drug particles as a function of the 

position angle for different friction coefficients between the 

carrier and the wall (coverage degree = 50%, Ddrug/Dcarrier = 5/100, 

α = 10°, U0 = 10 m/s). 
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Fig. 4.9 shows the tangential inertia force on the drug particles under three 

impact angles. Across the sphere of the carrier particle, the maximum 

tangential inertia force on drugs is found along a circle, where the inertia 

force coincide the local tangential direction. Therefore the maximum values 

of the tangential inertia force are found in a wide range of position angles. 

The minimum tangential inertia force locates at the positions where absolute 

normal inertia force reaches the maximum. As shown in Fig. 4.10, there are 

two minimum of the tangential inertia force, corresponding to the two 

maximal absolute values of the normal inertia force in Fig. 4.8. While 

increasing the friction coefficient between the carrier and the wall, the 

distance between two minimum expands. However, when the non-sliding 

period is reached or the impact angle becomes 90°, there only exists one 

minimum of the tangential inertia force.   
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Fig. 4.9 Tangential inertia force on the drug particles as a function of the 

position angle for different impact angles (coverage degree = 

50%, Ddrug/Dcarrier = 5/100, µw = 0.1, U0 = 10 m/s). 
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Fig. 4.10 Tangential inertia force on the drug particles as a function of the 

position angle for different friction coefficients between the 

carrier and the wall (coverage degree = 50%, Ddrug/Dcarrier = 5/100, 

α = 10°, U0 = 10 m/s). 

 

4.2.2 Detachment study 

The drugs can be removed from carrier surface by three types of 

detachment: lift-off, sliding and rolling. The detachment criterion holds for 

each case is offered by Eq. 4.26. The coverage degree is irrelevant to the 

inertia force, hence has no influence on the drug detachment. The size of 

drug particle only influences the contact radius (Eq. 3.6). 

 

Fig. 4.11 plots the lift-off detachment probability as a function of the impact 

angle. The lift-off probability starts with 27.92% at impact angle 1°. While 

increasing the impact angle, the maximum inertia force increases 

significantly (Fig. 4.4), and hence the lift-off probability becomes larger. 

Finally it reaches up to 49.60% at impact angle 90°. 100% detachment by 

lift-off is not possible, since half of the drug particles experience negative 

normal inertia force (Fig. 4.7). 
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Fig. 4.11 The lift-off probability of drug particles as a function of the 

impact angles (coverage degree = 50%, Ddrug/Dcarrier = 5/100, µw = 

0.1, U0 = 10 m/s, surface treatment: TC 8h). 

 

If one drug particle can be detached by the lift-off, there is no more external 

load on the drug particle to the carrier surface. The friction force does not 

exist and the contact radius becomes zero. Therefore, the sliding and rolling 

detachment can only occur on those drug particles which are not yet 

detached by the lift-off. Fig. 4.12 exhibits the normal inertia force of those 

drug particles as a function of the position angle. 10° of impact angle is 

selected as the example for the detachment study. The data points with 

value larger than the measured van der Waals force (62.48 nN) are already 

removed from Fig. 4.12. Finally, 51.47% of drugs are remaining on the 

carrier surface. 
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Fig. 4.12 Normal inertia force on non-lift-off drug particles as a function of 

the position angle (coverage degree = 50%, Ddrug/Dcarrier = 5/100, α 

= 10°, µw = 0.1, U0 = 10 m/s). 

 

Fig. 4.13 exhibits the tangential inertia force corresponding with the friction 

force for the remaining drug particles. The squares are the data of the 

tangential inertia force and the points signify the friction forces on each 

drug particles. When the tangential inertia force is larger than the friction 

force, the sliding detachment takes place. Plotting the left and right parts of 

Eq. 4.26 (Rolling) as a function of the position angle, Fig. 4.14 describes the 

rolling detachment. The squares denote the left part while the points signify 

the right part of Eq. 4.26 (Rolling). The rolling only occurs when the left 

part is larger than the right part. Fig. 4.13 and Fig. 4.14 reveal that nearly 

100% of the remaining drug particles can be detached by sliding or rolling. 
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Fig. 4.13 Tangential inertia force and friction force on drug particles as a 

function of the position angle (coverage degree = 50%, 

Ddrug/Dcarrier = 5/100, α = 10°, µw = 0.1, U0 = 10 m/s, surface 

treatment: TC 8h). 
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Fig. 4.14 The left and right parts of Eq. 4.26 (Rolling) on drug particles as a 

function of the position angle (coverage degree = 50%, 
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Ddrug/Dcarrier = 5/100, α = 10°, µw = 0.1, U0 = 10 m/s, surface 

treatment: TC 8h). 

 

Finally, for those drug particles which can be detached both by sliding and 

rolling, the question is which detachment phenomenon is actually occurring: 

sliding or rolling? This may be found from Eq. 4.26 yielding a non-

dimensional ratio: 

    in,t d d in,n d in,nin,tRatio F R a F F/ F /     4.27 

If the variable Ratio is larger than one, the rolling detachment occurs first; if 

Ratio is smaller than one, the sliding detachment occurs first on the 

contrary. Fig. 4.15 depicts the data points of Ratio which are displayed as 

points for every drug particle as a function of the position angle. The 

straight solid line indicates the critical value.  Ratio reaches to the 

maximum at the middle of position angle and all its values are larger than 

one. It is obvious that the rolling is much easier than the sliding detachment 

in frame of cluster-wall collision study. 
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Fig. 4.15 Data points of Ratio (coverage degree = 50%, Ddrug/Dcarrier = 

5/100, α = 10°, µw = 0.1, U0 = 10 m/s, surface treatment: TC 8h). 
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5 Summary and Outlook 
 

The forces acting on the fine drug particles attached to the surface of a 

larger carrier particle (dry powder inhaler formulation) were numerically 

calculated for estimating the drug particle detachment probability during its 

way through an inhaler. When the particle clusters move through an inhaler 

device, they will rotate due to the shear in the flow as well as wall collisions 

whereby more drug particles might detach. Additionally, the flow in an 

inhaler is highly turbulent so that the drug particles experience higher and 

strongly fluctuating instantaneous fluid velocities. Therefore, the plane wall 

detachment model for laminar and turbulent flows, the rough wall 

detachment model and the particle-wall collision model were studied, 

respectively. 

 

At first, the particle cluster was placed centrally in a rectangular 

computational domain and exposed to a laminar plug flow with different 

carrier Reynolds number (Re ranges from 0.5 to 200). The required high 

spatial resolution of the drug particles was achieved by local grid 

refinement and a curved wall bounce-back boundary condition. Moreover, a 

special treatment of the region between particles in close contact (i.e. when 

the spacing is smaller than a grid cell) was utilized in order to allow the 

calculation of the fluid forces on the drug particles separately. 

 

To validate the computational approach first the drag and lift coefficients 

acting on a single particle which is attached to a plane wall and exposed to a 

linear shear flow was simulated. The comparison with analytical solutions 

and other numerical simulations showed very good agreement. Furthermore, 

the required domain size was carefully analysed through numerous 

simulations and the dimensions were selected in order to obtain accurate 

results for the forces on the drug particles and to minimize the 

computational effort. 
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As to be expected the normal and tangential forces on the fine particles 

strongly vary with the angular position on the carrier and increase with the 

Reynolds number. On the front hemisphere of the cluster up to position 

angles between 60° to 40° (with increasing Re) the normal force is negative 

(i.e. towards the carrier). The maximum of the normal force moves from the 

rear stagnation point at small Re to an angular position of about 75° at the 

highest value, Re = 200. Even at this high Reynolds number drug particle 

detachment by lift-off is not possible when comparing the normal force with 

the measured van der Waals forces. The tangential force is highest on the 

front hemisphere of the cluster, between about 10° and 90°, being almost 

independent on Reynolds number. 

 

With decreasing coverage degree the forces on the drug particles increase 

remarkably, as more and more small particles are exposed to higher flow 

velocities. The reduction of the drug particle size diminishes the fluid 

dynamic forces. 

 

It was shown that a shear flow (in this case G = 100,962 1/s) does not 

remarkably affect the mean normal force on the drug particles, however, the 

scatter of the forces is slightly higher than in a plug flow. 

 

The drag coefficient of the particle cluster was found to lie above that of a 

rigid sphere, especially for high coverage degree and low Reynolds number. 

 

The detachment probability in dependence of the angular position of the 

drug particles on the carrier was examined. This analysis was based on 

measured adhesion properties (i.e. van der Waals force, friction coefficient 

and adhesion surface energy). As mentioned above, lift-off is not possible 

for the considered Reynolds numbers. Hence, the remaining mechanisms 

for drug powder detachment are sliding and rolling. Sliding detachment at 

Re = 200 is only possible in a relatively narrow angular range between 25° 

and 75°, whereas rolling occurs in the whole range of position angle. 

Moreover, rolling detachment probability is much higher than that of 
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sliding. From the ratio of the conditions for rolling and sliding it was found 

that rolling detachment will always occur first for Re = 100 and 200. 

 

Turbulence was successfully generated by a digital filtering technique that 

was applied at the inlet boundary. For validating this approach, simulations 

without particles were performed and the velocity components of a series of 

fluid nodes along the stream-wised direction were recorded during the 

simulation. From these results, an almost constant turbulence field was 

found in the middle of the fluid domain, which is the prerequisite of 

conducting simulations with the particle cluster experiencing defined 

turbulence properties.  

 

Following that, a LBM simulation at a carrier Reynolds number of Re = 200 

and a prescribing turbulence intensity of I = 9.0% was conducted with the 

particle cluster, and then compared to the laminar flow. As to be expected, 

the force vector direction on the drug particles is strongly distorted by 

turbulence resulting from the temporarily varying flow structure about the 

cluster. The drug particle which has the largest normal force was found at 

position angle of 85°. Here the instantaneous maximum normal force was 

raised from 5 nN to 51 nN when increasing turbulence intensity from 0.3% 

to 9.0%. Hence, turbulence is very effective for particle detachment. 

 

For calculating detachment possibilities, the instantaneous forces and 

hydrodynamic moments are required. Lift-off is not likely to occur due to 

small normal fluid force. Sliding and rolling detachment probabilities are 

significantly increased through the action of turbulence. Compared to the 

laminar flow with Re = 200 rolling detachment probability was increased 

from 50% to 98% while sliding probability was raised from 21% to 75% 

when prescribing a turbulence intensity of I = 9.0%. Similar to laminar 

conditions, the rolling detachment probability is higher than that for sliding. 

In turbulent flow, drugs which can be detached by both rolling or sliding are 

locate over the whole range of position angle (i.e. 0 to 180°), whereas in 

laminar flow this is only observed in an angular range between 10° - 100° 

for the same Re = 200. From the ratio of the conditions for rolling and 
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sliding it was found that rolling detachment will always occur first for Re = 

200. Consequently rolling detachment results at typical carrier Reynolds 

numbers with moderate turbulence intensities in an almost 100% separation 

of the drug particles from the carrier. 

 

In the rough wall simulation, one smooth drug particle was placed on a 

rough carrier surface. The size of carrier is much larger than the drug size 

and thus was assumed as a rough wall. The roughness was simplified by a 

row of semi-cylinders in the stream-wised direction of the flow on the wall, 

and was varied by the asperity distance between the rough elements and the 

size ratio between the semi-cylinder and the drug particle. Both the size 

ratio and asperity distance can be represented by the contact distance. 

 

The required domain size was carefully analysed through numerous 

simulations and the dimensions were selected in order to obtain accurate 

results for the forces on the drug particles and keep the computational effort 

as small as possible. Furthermore, parameter study was carried to 

understand the relationship between the contact distance, the asperity 

distance, the size ratio and the particle height. 

 

At the inlet a plug flow is prescribed, a shear flow develops downstream 

due to the no-slip boundary condition of the rough wall and was named of 

the wall induced shear flow. The velocity profiles were extracted along a 

vertical line which locates in front of the drug particle. The flow velocity 

was increased of 5% - 10% at the height of 2Dd by the wall induced shear 

flow, and was further enhanced by the existence of the roughness element. 

 

The hydrodynamic torque coefficient (htc) of the drug particle which 

determines the hydrodynamic torque around the particle centre was 

numerically calculated. The htc decreases while increasing particle 

Reynolds number and increases when the contact distance rises up. 

 

The direct lift-off of the drug particle dose not occurs in the rough wall 

study. Both the sliding and rolling ratios decrease while increasing the 
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contact distance. The rolling detachment is not likely to happen whereas the 

sliding detachment happens for a wider range. It was shown that the 

roughness increases the difficulty of the rolling and sliding detachment 

probability comparing to the plane wall study. Moreover, from the ratio of 

the conditions for rolling and sliding it was found that sliding detachment 

will always occur earlier than rolling which is in contrast to the finding in 

the plane wall detachment study. The reason is that the contact distance is 

introduced into the rolling criterion of the rough wall detachment model, 

therefore the particle encounters much larger torque resistance in the rough 

wall detachment model comparing to the plane wall detachment model. It 

should be noted that the above rolling and sliding detachment studies use 

the same adhesion forces (TC 8h in Cui, et al., 2014). However, in 

experiment the increase of roughness reduced the adhesion force. This 

phenomenon is not considered in the present study. 

 

When a carrier particle collides onto the wall with an impact angle, the 

inertia force is exerted on the drug particles which reside on the carrier 

surface. During the deformation process, the carrier can slide and roll on the 

wall. Both the translation and rotation of the carrier occur simultaneously. 

The tangential velocity of the carrier is reduced by the friction force, 

whereas the angular velocity is accelerated by the friction force. When the 

linear velocity is equal to the translation velocity, the carrier thereafter rolls 

without slipping. At this moment the frictional force disappears, and the 

carrier begins the second stage of its motion. At the gross rolling stage, the 

rolling speed is decelerated by the torque of the rolling resistance. The 

whole processes were solved numerically. 

 

With an increasing impact angle the normal inertia force increases, since 

more kinematic energy is transformed to the potential energy. The 

tangential inertia force is proportional to the normal component at the 

rolling-sliding stage, and damps to zero when the gross rolling stage is 

reached. The friction coefficient of the wall increases the tangential inertia 

force. However, the wall friction coefficient should be carefully selected, 
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since the gross rolling stage becomes easier reachable while increasing its 

value. 

 

The centripetal force on the fine drug particles is very tiny comparing to the 

inertia force and thus was neglected. The hydrodynamic torque disappears 

and the inertia force is acting on the centre of the drug particles. The inertia 

force is much larger than the fluid dynamic force and dominates the 

detachment of drug particles. The lift-off probability increases while 

increasing the impact angle. However, 100% detachment by lift-off is not 

possible, since half of the drug particles experience negative normal force. 

The sliding and rolling detachment can only occur on those drug particles 

which are not yet detached by the lift-off. It was shown that nearly 100% of 

the remaining drug particles can be detached by sliding and rolling. 

Furthermore, from the non-dimensional ratio of the conditions for rolling 

and sliding it was found that rolling detachment will always occur first than 

sliding. However, the collision deformation is a time-dependent process. 

The inertia force of the drug particles is not a pulse but increases 

instantaneously. Therefore, the rolling detachment occurs first at the early 

deformation of the carrier, and then followed with the sliding and lift-off 

detachment at larger deformations. For the optimisation of the DPI high 

particle-wall collision rate is expected. 

 

In future, more turbulent simulations will be performed to enrich the data. 

Secondly, the hemisphere will be selected as the rough elements in order to 

generate the three-dimensional roughness. Thirdly, based on the above 

findings a Lagrangian detachment model will be developed which can be 

used for Euler/Lagrange calculations of an inhaler device and allow an 

optimization with regard to pressure drop and efficiency of drug powder 

delivery. 
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Nomenclature 
 

Latin letters Unit 

AP cross section area of the particle m
2 

a acceleration speed m/s
2 

ar contact distance m 

ad contact radius of the drug particle m 

ac contact radius of the carrier particle m 

Cd, CD drag coefficient - 

CL, CLS lift coefficient - 

D, DP particle diameter m 

Dc, Dcarrier diameter of the carrier particle m 

Dcluster diameter of the particle cluster m 

Dcylinder diameter of the cylinder m 

Dd, Ddrug diameter of the drug particle m 

Ec, Ecarrier Young’s modulus of the carrier particle Pa 

Ed, Edrug Young’s modulus of the drug particle Pa 

FD drag force N 

Ff friction force N 

Fin,c inertia force of the carrier particle N 

Fin,d inertia force of the drug particle N 

FL lift force N 

Flub lubrication force N 

FN normal force of the carrier N 

Fn normal force of the drug particle N 

Ft tangential force of the drug particle N 

Ftotal total fluid dynamic force of the drug particle N 

FvdW van der Waals force of the drug particle N 

fσi velocity distribution function - 

fσi
(0) 

equilibrium distribution function - 
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G shear rate s
-1

 

gl grid level -
 

h
 

maximal compression distance m 

htc hydrodynamic torque coefficient - 

I turbulence intensity - 

Ic moment of inertia of the carrier particle kg∙m
2
 

k turbulent energy m
2
/s

2 

L asperity distance of the rough elements m
 

mc mass of the carrier particle kg 

md mass of the drug particle kg 

Mhyd hydrodynamic moment around particle centre N∙m 

P external load N 

RP particle radius m 

Rc, Rcarrier radius of the carrier particle m 

Rcylinder radius of the cylinder m 

Rd, Rdrug radius of the drug particle m 

Re, Rep particle Reynolds number - 

Redrug drug particle Reynolds number - 

Recarrier carrier particle Reynolds number - 

Res shear Reynolds number of the particle - 

T turbulence integral time scale s 

t time s 

U
(0) 

initial translational velocity m/s 

U
(1) 

translational velocity at the end of compression phase m/s 

U
(2) 

translational velocity at the end of recovery phase m/s 

U
(s) 

translational velocity at the end of sliding period m/s 

Umean mean velocity m/s 
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Greek letters Unit 

α impact angle ° 

γ adhesion surface energy J/m
2 

µ dynamic viscosity of the fluid Pa∙s 

µw friction coefficient between the carrier and the wall - 

µd friction coefficient between the drug and the carrier - 

ρ fluid density kg∙m
-3 

σF forcing amplitude - 

σc, σcarrier Poisson’s ratio of the carrier particle - 

σd, σdrug Poisson’s ratio of the drug particle - 

urms root-mean-square of the turbulent velocity fluctuations m/s 

τ compression time s 

ω angular velocity of the carrier rad/s 

 

Abbreviations   

AFM Atomic Force Microscopy  

API Active Pharmaceutical Ingredient  

BGK Bhatnagar-Gross-Krook  

CD Coverage Degree  

CFD Computational Fluid Dynamics  

DMT Derjaguin-Muller-Toporov  

DNS Direct Numerical Simulation  

DPI Dry Powder Inhaler  

ED Emitted Dose  

EDF Equilibrium Distribution Function  

FH Filippova & Hänel  

FPD Fine Particle Dose  

FPF Fine Particle Fraction  

HIT Homogeneous Isotropic Turbulence  

JKR Johnson-Kendall-Roberts  

LBE Lattice Boltzmann Equation  
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LBM Lattice Boltzmann Method  

PDF Probability Density Function  

RANS Reynolds-Averaged Conservation Equations 

SR Size Ratio  
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