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Abstract: The development of novel dry powders for dry powder inhalers (DPIs) requires the in vitro
assessment of DPI aerodynamic performance. As a potential complementary method, in silico
numerical simulations can provide additional information about the mechanisms that guide the
particles and their behavior inside DPIs. The aim of this study was to apply computational fluid
dynamics (CFDs) coupled with a discrete phase model (DPM) to describe the forces and particle
trajectories inside the RS01® as a model DPI device. The methodology included standard fluid
flow equations but also additional equations for the particle sticking mechanism, as well as particle
behavior after contacting the DPI wall surface, including the particle detachment process. The results
show that the coefficient of restitution between the particle and the impact surface does not have
a high impact on the results, meaning that all tested combinations gave similar output efficiencies
and particle behaviors. No sliding or rolling mechanisms were observed for the particle detachment
process, meaning that simple bouncing off or deposition particle behavior is present inside DPIs.
The developed methodology can serve as a basis for the additional understanding of the particles’
behavior inside DPIs, which is not possible using only in vitro experiments; this implies the possibility
of increasing the efficiency of DPIs.

Keywords: dry powders inhalers (DPI); computational fluid dynamics (CFD); discrete phase model
(DPM); particle sticking; DPI efficiency

1. Introduction

Drug delivery via the pulmonary route is an important area that has been actively re-
searched in recent years. Many inhalation devices have been developed for these purposes,
including dry powder inhalers (DPI). DPIs are devices used to deliver a dry powder formu-
lation of a drug to the lungs for the purpose of treating a variety of respiratory diseases [1].
In order to be successfully delivered and deposited in the lungs, the particles should have
an aerodynamic diameter of 0.5 pm to 5 um, while those with an aerodynamic diameter of
less than 3 pm have the chance of reaching the respiratory zone [2]. The particles of such a
small diameter generated by the inhaler are very cohesive and can either form drug-only
agglomerates or can be attached to larger carrier particles [3,4]. In order for the particles
to be effectively transported and deposited in the lungs, processes of particle dispersion
and deaggregation are required. These processes occur due to the action of the fluid on
the particles and wall-particle impact. Therefore, particle detachment from the inhaler’s
wall (surface) depends on the established flow during inhalation and the geometry of the
device [5]. Finally, drug particles which are small enough are transported and deposited in
the alveolar region of the lungs.
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The biggest problem with drug delivery using DPI devices is that a large proportion
of the particles stay deposited inside the device. Therefore, a very small percentage of the
drug (less than 30%) reaches the target pulmonary regions [6]. In addition, it is necessary
to achieve good control over the process of deaggregation, i.e., the separation of drug
particles from carrier particles in order to ensure the inhalation of an equal drug dose
with each subsequent use of the inhaler [7]. As experimental investigations in this area
encounter many practical challenges, the application of computational modeling of fluid
flow and particle dynamics is becoming more frequent. For the purpose of efficient device
design, computational fluid dynamics (CFDs) are used to determine the airflow pattern
and turbulence levels, as well as to model the transport of the particles through the device
and their interaction with the inhaler wall [8].

Related Work

Previous research in this area has mainly been related to the determination of the
flow structure and simulation of the movement of particles through the device. The
simulation of airflow through an inhaler traditionally refers to the numerical solution of
Reynolds-Averaged Navier-Stokes (RANS) equations that are associated with an adequate
turbulence model [9,10]. Because some turbulent models have limited application in
modeling turbulent swirling flows in the inhaler, and since time averaging has many
disadvantages, more accurate data on fluid flow can be obtained by applying large eddy
simulations (LESs) [11,12]. In the study by Milenkovic et al. [13], a comparison of the results
of the CFD simulation using different turbulence models with LES and experimental data
showed that the most accurate results are obtained by the k-w SST turbulence model. The
aforementioned study also showed that LES has high computational requirements, and
therefore is not widely applied in practice. In a later study, using the same DPI device
geometry, Milenkovic et al. [14] modeled dynamic flow instead of stationary flow. The
particle deposition results obtained by the dynamic CFD models were shown to match
well with the experimental in vitro results. Also, the fine particle fraction (FPF) results
obtained by the dynamic CFD models matched the experimental results, while the steady
flow simulations could not determine the correct FPF values.

The development of CFD analysis created the possibility of modeling the transport
and deposition of aerosol particles in addition to simulations of turbulent and laminar
airflow through DPI devices [15]. There are several fluid-particle dynamic (CF-PD) models
for calculating air-drug mixture dynamics, which include methods such as the discrete
phase model (DPM), mixture models, and discrete element methods (DEM), as well as
dense dispersed phase models (DDPMs) [16]. Coupled CFD-DPM is used to analyze
various types of commercial DPI devices, which have been the subject of research in many
studies [13,17-19]. Using the Lagrangian approach with one-way coupling, Sommerfeld
et al. [9] investigated the influence of different fluid forces and wall collision modeling
on particle behavior. In their study, it was shown that wall collisions have a significant
influence on the movement of particles from which the dispersion of the particles occurs.
It was also shown that, with an increase in particle size, the frequency of wall-impact
increases, but the wall-impact velocity decreases. Similar conclusions were reached in the
study of Donovan et al. [20], where the influence of particle physical properties and device
type on aerosol performance was considered. Their study showed that, for both types of
inhalers considered, the wall-impact rate increases with increasing particle diameter.

The influence of inhaler geometry on flow structure and particle motion has been
investigated in several studies [21-23]. In these studies, it was concluded that mouthpiece
length, grid, and inlet size significantly affect the performance of the inhaler. The optimiza-
tion of inhaler performance by modifying its geometry has been investigated by Milenkovic
et al. [24]. This study shows that simple changes in device geometry can significantly
improve the generated flow and can increase FPF i.e., improve the efficiency of the inhaler.
An investigation of the powder dispersion mechanism using CFD and DEM was presented
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by Tong et al. [7]. It was shown that the impact of particles on the inhaler wall in the area
of the grid plays a key role in the increase in FPF.

Although several papers [9,13,20] investigated the behavior of particles inside the
DPIs and particle wall collision, there are no published studies investigating whether a
particle rebounds after impacting a wall. Our previous publication [25] compares in vitro
and in silico methods for DPI aerodynamic characterization, with the goal of comparing
the results of the CFD-DPM simulations with the results of three in vitro methods for
the DPI aerodynamic assessment of solid lipid microparticles. In the current study, we
focus on the development of CFD-DPM methods to investigate the particle detachment
process (sliding and rolling), including the fluid dynamic interaction between the flow
and the particles stuck to the wall, by defining equations to describe the sticking and
rebounding (sliding and rolling) mechanisms. The main contribution of this paper is to
investigate the underlying mechanisms of particle behavior inside DPIs using numerical
simulations. The geometry was created using RS01® as a model DPI device, after which
coupled CFD and DPM computational simulations were performed to determine both the
fluid flow and particle behavior. The simulation results were compared with the results
from the literature, specifically in terms of the total particle deposition presented in previous
publications [26,27] based on in vitro experiments and the deposition obtained in the study
of Milenkovic et al. [13], which came from numerical simulations.

2. Materials and Methods
2.1. Geometry and Meshing

The device geometry was created based on the real DPI device. The DPI device
considered in this paper was an RS01® inhaler, which was used in our previous research [25].
The inhaler geometry was obtained using commercial CAD software designed for these
purposes (i.e., CATIA version 5, Dassault Systems, France), and is shown in Figure 1.

™~
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Figure 1. Device geometry; isometric view.

Based on the created DPI geometry, an optimal finite volume mesh was generated
using Ansys fluent meshing (Figure 2).
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Figure 2. Meshing of the DPI geometry.

Fluent meshing was used to evaluate the mesh’s quality, and the mesh was then
used in Fluent to simulate airflow. Initially, the common planes and edges were meshed,
followed by the creation of a volume mesh. Refinements to the planes, edges, and corners
corresponding to the walls were made during the meshing process. Volumetric meshes were
altered in areas where considerable velocity gradients were expected. It was discovered
that at least seven grid points in the near wall region, y + 2.5, are required. To meet
this condition, the computational grids in this study were increased in the near-wall
region. Computational meshes had dimensions ranging from 2 x 10° to 2 x 107 and
were composed of tetrahedral cells, modeled based on the data from Milenkovic [28]. The
cells had a maximum skewness of 0.85. To determine mesh independence, total particle
depositions for six different meshes (about 2 x 105,5 x 10°,1 x 10°,2 x 10°,5 x 10°, and
1 x 107) were compared to 100% deposition assumptions. According to these simulations,
the 2 x 10° mesh gave enough resolution to obtain realistic particle simulation results. As
a consequence, the mesh with the total number of nodes 349,460 and the number of cells
1,930,248 (22 x 10°) was employed to get the results presented in this study.

The boundary conditions were set on the previously defined regions of the model,
i.e,, the inlet, outlet, and inhaler’s wall. This included defining wall surfaces and the inlet
and outlet pressures. Fluid flow through the inhaler is driven by the difference in inlet
and outlet pressures. In order to achieve a peak inspiratory flow rate (PIFR) of 60 1/min,
which is considered optimal for powder deaggregation into fine particles that can reach
the lungs [29], a pressure drop of 2800 Pa was set. Firstly, the airflow through the inhaler
was simulated, and after the steady flow was fully formed, particles inside the inhaler
were released. A steady-state solution was considered converged in cases where residuals
were less than 10~4. According to Milenkovic et al. [13] instantaneous volumetric flow rate
increases rapidly and reaches PIFR, i.e., maximum value. Therefore, a steady-state airflow
may be considered as a close approximation to dynamic airflow developed in DPI, because
for most of the inhalation process duration the instantaneous flow rate is approximately
equal to the PIFR. Consequently, steady-state airflow was considered in this paper. Particles
were released from a height of 12.5 mm, which corresponds to the real position of the
drug capsule inside the device. The velocity of particles was set to correspond to the fluid
velocity in that region of the inhaler.

In order to establish the particle number from an independent study, the model
was tested by performing numerical simulations with a different number of particles.
Simulations were performed with 100, 500, and 5000 injected particles to achieve the
consistency of the solution, despite the number of particles. As the behavior of the model
was identical for all three models, a number of 500 particles was adopted in order to reduce
the computational time and resources and also to obtain adequate solutions for presentation
and interpretation.

Numerical simulations were carried out using processing hardware that includes
32 GB of RAM and an Intel(R) Core (TM) i5-4590 CPU running at 3.30 GHz (4 CPUs), with
computational time ranging from 3 to 4 h.
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2.2. CFD Modeling

In the CFD model, fluid motion is specified by time-averaged conservation of mass
and momentum equations, known as Navier-Stokes equations. The turbulent flow through
the inhaler may be described by connecting these equations with an appropriate turbulence
model. Navier-Stokes time-averaged equations are named Reynolds Averaged Navier—
Stokes (RANS) equations, and are defined as follows:

uwm | 3 p 9| (om0
at T o ) = 5y Tax U(E)x]- oy T @
where u denotes velocity, p represents the pressure divided by density p = %, and v = %

represents the kinematic viscosity. As a consequence of the nonlinearity of the Navier—
Stokes equations, the term u/;u’; appears, which consists exclusively of fluctuating values.
This term represents a symmetric nonlinear second-order tensor with six unknown vari-
ables, which is called Reynolds stress tensor. By introducing six new unknown variables,
the system has more unknown variables than equations. For this reason, this tensor is
modified to represent the function of the averaged values exclusively, and the concept of
turbulent dynamic viscosity, y, is introduced:

—— ou;  duj 201 2
—pu'u'; = iy 2k | — Zkoy 2
pu i’ Mt (axj + axi 38xk 1]> 3" ( )
where §;; represents the Kronecker delta, and k is the specific turbulent energy. Assuming
an incompressible flow:
a, _
axk N

®)

The Reynolds tensor can be written via the turbulent dynamic viscosity for incom-
pressible flow in the following form:

— ou; o 2
ol — i A I ¥ O
pu'iuj = py <8xj + axi> 3k(51] 4)

Depending on the approach by which the turbulent dynamic viscosity is defined,
different RANS turbulent models are developed. Most often, turbulent flow properties are
represented by two-equation turbulence models k-w and k-¢, where w denotes the specific
turbulence dissipation rate and ¢ denotes the dissipation rate of turbulent kinetic energy. In
this paper, the shear stress transport (S55T) k-w turbulent model was used, which according
to Milenkovic et al. [13] gives the most similar results to large eddy simulations (LES)
results, as well as experimental results for the pressure drop in the DPI. The k-w SST model
is a hybrid model which combines the k-w and the k-¢ models in order to eliminate their
disadvantages. This model uses the k-w in regions close to the wall, while in free stream, it
switches to the k-e model. The transport equation for turbulent kinetic energy is given in
the following form:

Sk Sk i} B
g“ruj'aij—Pk—ﬁ kw-‘raij

(v+ (Tkvt)ékl (5)

ax]

The transport equation for dissipation rate of turbulent kinetic energy is given by
Equation (6):

1 dk dw

ow

(v + 0wVt) =—

aX]‘

ow w o 5, O
g‘i‘u]aixj—ﬂés —[Sw +87X]

(6)
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Turbulent kinematic viscosity is calculated using the following equation:

. alk
-~ max(ajw, SF)

Ut @)
where a; represents an empirically determined constant, S is defined by the strain rate
tensor S;; and functions F; and F, give the connection between the k-w and k-e¢ models.

2.3. Particle Sticking Process

The particle sticking mechanism is influenced by a number of factors, including particle
size, angle of impact, velocity, and the particle and the contact wall surface properties.
It is frequently the result of one or more of the following mechanisms: the formation of
van der Waals and electrostatic forces in dry conditions and liquid bridge forces in wet
conditions [30]. The van der Waals forces are caused by molecular interactions between
two surfaces, meaning there is a particle and a wall. If the arriving particles in the gas or
fluid stream are electrically charged, electrostatic force contributes to the sticking process.
The formation of a liquid bridge between the particle and the touch surface causes the
intensity of the liquid bridge to increase. The liquid bridge is made up of an isothermal
mass of liquid held together by surface tension between two bodies in contact [31]. Here,
dry conditions were assumed; therefore, no liquid bridge existed. Soltani and Ahmadi [32]
carried out a study of the adhesion mechanisms and stated that van der Waals force is
the main contributor to particle adhesion under dry conditions. Soltani and Ahmadi [32]
calculated the sticking power using the sample scale and the 12 properties of the object
and surface material. The sticking power, Fy, is defined by Soltani and Ahmadi [32]
as the following:

3
Ft = ZﬂWAdp (8)

where W, is the work of adhesion and d, is the particle diameter. The work of adhesion for
silicon—silicon surfaces that are in contact is available from the literature, which has been
experimentally determined by Soltani and Ahmadi [32] and is equal to 38.9 x 1073 J/m?.

Dahneke [33] established the criterion for surface-sticking particles. He investigated
the impact velocity of particles on the rebound velocity of spherical shape particles. Ac-
cording to him, when the normal impact velocity (v;) decreases, the importance of the
sticking force rises, resulting in a decrease in rebound velocity. There is no rebounding of
particles under the critical value of the normal impact velocity, and the particles adhere to
the surface. This velocity is known as the capture velocity. Brach and Dunn [34] computed
the capture velocity based on experimental data using a mathematical model for the impact
and adherence of spherical particles. The capture velocity v, is provided as follows:

2E17
Oer = |::| (9)
where:

(10)

is the El Batch parameter, also defined in the paper by Alden et al. [35]. The terms k; and
ko are defined by the Equations (11) and (12):

_ 2
k= (1715? ) (1)

_ 1_%2
ko = ( E, ) (12)
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Es and E,, are the surface and particle materials” Young’s moduli, respectively, whereas
vs and v are the surface and particle materials’ Poisson’s ratios, respectively. A particle
with a normal impact velocity larger than the critical velocity v,, > v, will bounce off the
surface when it comes into contact with it. This signifies that the deposition will take place
if the previous condition is satisfied. Table 1 defines all of the other constants.

Table 1. List of constants used to define particle sticking behavior.

Parameter Name Symbol Value Unit Reference
Young’s modulus for surface Es 4.1¢° Pa [28]
Young’s modulus for particle E, 1¢? Pa [28]

work of adhesion Wa 0.039 J/m? [9,32]

Poisson’s ratio for surface Us 0.35 / [28]
Poisson’s ratio for particle vp 0.4 / [28]
particle density Op 1230 kg/m3 [25]
air density (at 1013.25 hPa (abs) and 15 °C) 0 1.225 kg/ m3 [28]
dynamic viscosity of fluid (air) U 1.7894e 5 N s/m? [28]
correction factor for the near wall f 1.7 / [9,32]
Cunningham correction factor Cu 1 (ii);rstilll;r)ical / [9,32]
static coefficient of friction ks 0.5 / [9,32]

2.4. Particle Detachment Process

When the fluid forces are strong enough to overcome the particle adhesion forces,
the deposited particles are released and resuspended. Soltani and Ahmadi [32] looked
at several particle detachment methods. Rolling and sliding can both influence particle
detachment; however, rolling is the most likely process for spherical particles. Figure 3
depicts an overview of investigated particle forces.

A

F.
d, - particle diameter F- drag force
a - deformation of F .- sticking force
the particle along the surface )
d./2 F - lift force

b - deformation of P
the particle normal to surface

Figure 3. Forces acting on a deformed particle stuck to a wall.

If the particle bounces and continues along the trajectory in the flow, its rebound
velocity will be decreased, which is determined by the coefficient of restitution (COR)
between the particle and the surface. Because COR values from in vitro studies were
not available, the simulations explored a variety of various combinations of normal and
tangential COR. We examined all combinations for the values 0.2, 0.25, 0.5, 0.75, and
0.85 [36].
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2.4.1. Detachment by Rolling

The particle begins to roll and detaches in the case where the moment produced by the
fluid forces at a certain stage on the particle-wall-interaction interface is greater than the
moment induced by the adhesion force. The fluid and adhesion forces acting on a particle
are shown in Figure 3. When the following condition (summing the moments around the
point O) is met, the stuck particles will be released from the surface.

d
Fp (2” - b) +Fra> Fya (13)

In Equation (13), Fp is the drag force, Fy, is the lift force, a represents the distance
along the surface from the particle center to point O (deformation of the particle along
the surface), and b is the deformation of the particle normal to the surface. According to
Soltani and Ahmadi [32], the influence of lift force on detachment is small when compared
to drag force. In the case of elastic particle adhesion,b is small in comparison to the particle
diameter dp, and may thus be ignored. As a result, the particle separation by the rolling
condition is simplified to the following equation:

d
Fp (;) > Fya (14)

The distance a along the surface to point O from the particle center representing the
deformation along the surface is given by Soltani and Ahmadi [32] as:

Wad,?
0= - (15)

where K¢, defined by Equation (16), is the composite Young’s modulus:

2 N
Kc_gl(l E:)S)+(l E:P)] (16)

2.4.2. Detachment by Sliding

Wang [37] studied the effects of initial motion on particle detachment from surfaces
and established a sliding particle detachment condition. When the fluid drag force is high
enough to cause the particle to move, a particle will detach from the surface, which occurs
in case the following condition is met:

FD > kstt (17)

Here, ks is the coefficient of static friction between the particle and the wall.
Limiting Conditions for Detachment by Rolling and Sliding
The drag force on a spherical particle is defined by equation:

Fp = ;CDPVZ(RZP) (gu) (18)

where the drag coefficient is given by the equation:

24

Cp=—
b Rep

(19)

Reynolds number is given by Equation (20).

d,0V
Re, = % 20)
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Soltani and Ahmadi [32] provided a correction factor, f, for the near-wall effect, and
the value is shown in Table 1. Table 1 also includes the value of the Cunningham correction
factor, C,, for spherical particles. V = y/u2 + v,2 is the fluid velocity at the particle’s center,
where u and v, represent the fluid velocity components parallel to and normal to the wall,
respectively. Because the flow runs parallel to the wall v, = 0, we may conclude that V = u.
It is possible to define a particle in the viscous sublayer as follows:

_ Py e
which leads to the equation for Fp:
517T 2 %2
Fp = po ou (22)

where u* is the wall shear velocity.

The limiting condition, u* is defined as ur™* for rolling and u;* for sliding. These
values are then called critical wall shear velocities. Substituting the formula for drag force
in the rolling limiting condition (Equation (14)) produces the rolling critical wall shear

velocity:
. 1 1\1/3 W, 4/3
w () () @)

Substituting the expression for drag force in the sliding limiting condition (17) yields a
critical wall shear velocity for sliding:

ksW 4
ppdp

us* = 0.5 (24)

In order to detach and resuspend a particle in the flow, the wall friction velocity u*
must be greater than the critical wall shear velocities for both rolling and sliding circum-
stances, which means:

ut > ug” (25)
u* > ug* (26)
In the context of the finite element method (FEM), u* is given by:
+

« _ MY
pmds

u (27)

where y is the dynamic viscosity of fluid, pj, is the mixture density, and d; is the distance
of the first grid point from the wall.

2.5. User Defined Functions (UDF)

Based on the described methodology and equations, the workflow is illustrated in
Figure 4. The known input parameters for the model are material characteristics such as
material properties, Young’s modulus, Poisson’s ratio, the density and viscosity of the DPI
wall surface and particles, as well as the coefficient of static friction.

The boundary conditions at the inhaler’s walls are described by the user-defined
function (UDF), which simulates particle sticking and detachment mechanisms by applying
the relations described in the previous section. The UDF calculates the critical velocity
of a particle using Equation (5) and, comparing it with the normal velocity of a particle,
determines whether the particle sticks to the wall or bounces. If the particle does stick to
the wall, the UDF then applies Equations (14) and (18) to determine if the particle will
bounce back into the airflow by rolling, or via Equations (17) and (19) to determine if the
particle will bounce back by sliding. If none of the conditions are met, the particle remains
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stuck to the device’s wall. After the calculation is completed, the UDF writes several files
containing data on the particles that are stuck, detached by rolling, and detached by sliding.

from surface

.

{ Particle trajectory

[ Particles realeaseJ

calculated

Particle
impacts
at wall

Export impacted Use UDF
particle information model as BC

Impact.txt

Particle
sticks

trajectory in flow field
4

Continue particle J

Particle Particle Export deposited
slides rolls particle information
Stick. txt
A
i NO
 Export Export continues
particle information particle information
Stickrtxt Stickr.txt

Figure 4. Description of particle behavior—proposed methodology to track particle deposition
and detachment.

3. Results

Modeling particle dynamics within DPI devices involves airflow, powder dispersion,
aggregate breakage, and particle deposition in the inhaler and is, therefore, rather com-
plicated. The coupled CFD-DPM model of a DPI considered in this paper has been used
to determine dynamic flow, particle deposition in the inhaler, and FPE. Key outputs of
numerical simulations are the emitted flow, FPF, and the total number of deposited particles
in the inhaler.

The results for airflow through the inhaler are shown in Figure 5 in the form of fluid
velocity magnitude. Figure 5 shows that larger eddies occur in the middle chamber of
the inhaler. Higher values of fluid velocity magnitude occur from the inlets to the middle
chamber and in the grid zone of the inhaler. At the outlet, it is noticed that the velocity has
a value that corresponds to the flow rate of 60 1/min, i.e., approximately 12 m/s.
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Figure 5. Fluid velocity magnitude in 3D model.

In addition, Figure 6 shows the velocity magnitude field in the outlet (a), as well as in
the characteristic cross-sections, such as the horizontal cross-section in the grid zone (b),
central chamber of the inhaler (c), and capsule chamber (d).

a) b) - AEEB.

EEEREEA

EAEEEREN

gg-?g EEEEDMN

49.30 SEENEODE
- 143.82

- (38.35
32.87
27.39
21.91
16.43
10.96
5.48

0.00
[m sr1]

"EEERDR”

Figure 6. Fluid velocity magnitude in characteristic cross-sections: (a) outlet, (b) grid zone, (c) central
chamber, and (d) capsule chamber.

After a steady-state solution for airflow was established, the particles were inserted
into the inhaler. The height from which the particles were released was defined to corre-
spond to the real position of the capsule within the DP], i.e., 12.5 mm from the bottom
of the device. The initial velocity value of the particles was set to correspond to the fluid
velocity at that height.
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Because the velocity at which the particle will eventually bounce off of the wall
depends on the COR, several numerical simulations were performed for different values of
the normal and tangential COR, as shown in Table 2.

Table 2. Total particle deposition (%) in the inhaler for different combinations of tangential and
normal COR values.

COR_Normal
0.20 0.25 0.50 0.75
COR_tangential 0.25 13.1 13.4 14.0 13.2
0.50 15.1 15.2 144 15.0
0.75 17.4 16.6 17.2 14.6
0.80 18.4 17.0 18.1 16.8

The percentage of deposited particles inside the inhaler, as well as the characteristic
parts of the inhaler for different variations of the normal (nor.) and tangential (tan.) COR
are shown in Figure 7. It should be noted that the dispersion chamber is defined as a
capsule chamber + central chamber.
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Figure 7. Percentage (%) of deposited particles for different variations of the tangential and normal
COR values.

Based on Figure 7, it can be observed that the highest percentage of deposited particles
in the inhaler was obtained for nor. COR = 0.2 and tan. COR = 0.8, while the lowest
percentage was obtained for the values of nor. COR = 0.2 and tan. COR = 0.25. It can also
be seen that the combinations with a higher value of tan. COR and lower values of nor.
COR gives higher percentages of deposited particles and vice versa. The percentage of
deposited particles varies from 13.1% to 18.4% of the total number of injected particles.
What is characteristic in numerical simulations for all COR values variations is that none
of the deposited particles bounces back during airflow by rolling or sliding, i.e., all of the
deposited particles remain stuck to the wall. This is mainly caused by a lower drag moment
value than the adhesion moment value (condition for rolling), i.e., a lower drag force value
than the adhesion friction value (condition for particle sliding). In addition, the wall friction
velocity of the particles mainly has lower values for the critical wall shear velocities of
rolling and sliding, which is also the reason why particles remain stuck to the wall.

A comparison of the results with the results from the in vitro studies in the litera-
ture [26,27], as well as the results from the numerical simulations presented in [13] in
terms of total particle deposition, is shown in Figure 8. It should be emphasized that the
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comparison has been performed for other types of DPI devices (not the same as in our
study) and different types of particles, with an airflow rate of 60 1/min. In addition, it is
important to point out that the results of the numerical simulations (taken from literature
for comparison) were obtained based on the same simplifications as are in this paper, i.e.,
neglection of inhaler humidity, temperature effect, etc. It can be concluded that the DPI
device considered in this study has a lower percentage of total deposited particles (higher
efficiency) than the devices from the literature at an airflow rate of 60 1/min. In addition,
the in vitro results presented in [25] showed a 13-17% particle deposition for the same DPI
formulation, meaning that the results from the CFD-DPM simulations correspond well to
the in vitro results.

35
30
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m Milenkovic et al. (2013)
20 m de Koning et al. (2001)
m Abdelrahim (2010) -21

Abdelrahim (2010) -4l

m CFD-DPM Results

v

Total deposition at flow rate of 60 I/min

Figure 8. Comparison of the total particle deposition (%) for an airflow rate of 60 1/min.

In relation to the definition of particle behavior as a result of drag and adhesion
moment values, Figure 9 shows the drag and adhesion moment values for the same particle
ID for COR_normal = 0.75 and COR_tangential = 0.75.
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Figure 9. Relation between drag and adhesion moments for the same particle ID.

Based on Figure 9, it can be concluded that the drag moment is lower than the adhesion
moment for all deposited particles; therefore, none of the particles will bounce back by
rolling. The relationship between the normal and critical particle velocities for the same
particle ID is shown in Figure 10.
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Figure 10. Relationship between the normal (v,;) and critical (v.,) velocities for the same particle ID.

Based on Figure 10, which was created based on the Stick.txt file, it can be seen that the
particles written in this file will stick to the surface/inhaler wall since, according to theory,
a particle that has a normal impact velocity smaller than the critical velocity will deposit in
contact with the surface. This is consistent with the findings of Dahneke et al. [33], who
determined that when the normal impact velocity drops, the relevance of the sticking force
increases, resulting in lower rebound velocities. This indicates that there is no additional
bouncing of the particles below a threshold amount of normal impact velocity, and the

particles attach to the wall surface.

Figure 11 shows the dependence of the critical and normal particle velocities on

the z coordinate.
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Figure 11. Dependence of critical (vr) and normal (v;) particle velocities on z coordinate.

Based on Figure 11, it can be concluded that most of the particles will bounce off of
or stick to the grid zone, while in the lower part of the inhaler (dispersion chamber) and
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mouthpiece, a smaller number of particles impact the wall. The rest of the particles do not
impact the wall on the path toward the outlet. This figure has been created based on the

Impact.txt file.
Figure 12 shows the dependence of the critical and normal velocities on the particle
diameters.
1.2
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Figure 12. Dependence of critical (vr) and normal (v,) velocities on the particle diameters.

As can be seen in Figure 12, which was created based on the Stick.txt file, for the whole
range of the investigated diameters, there are particles where v, < v.,. This means that
these particles will stick to the inhaler’s wall. Additionally, this means that there is no
specific range of particle diameters that will stick, but particles with any diameter size can
be subjected to the sticking process.

Figure 13 shows the dependence of wall shear velocities for rolling on particle ID.
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Figure 13. Dependence of wall shear velocity for rolling on particle ID.

It can be seen from Figure 13 that u* is always smaller than ug*. For a particle to detach
by rolling or sliding, u* has to be greater than the critical wall shear velocities ug* and ug*,
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respectively. As this condition is not fulfilled, the rolling mechanism is not present in the
particle behavior inside the DPI. The same observation applies to the sliding mechanism.

Regarding the limitations of this study, we need to note that a number of complex phe-
nomena were not investigated, such as the effect of humidity inside the inhaler, the impact
of temperature, etc. Additionally, the breakage of larger particles was not investigated, and
this represents the basis for future investigation.

4. Conclusions

This study employed numerical simulations, particular computational fluid dynamics
(CFDs), and a discrete phase model (DPM) to describe particle trajectories and behavior
inside of a DPI. The methodology included a definition of the different mechanisms,
including particle deposition and the detachment process. The impact of the particles on
the DPI wall surface with a low normal velocity and low-impact angles is identified as the
primary cause of particle deposition. Particles with reduced momentum before contact with
a surface are less likely to bounce and, hence, come to a full stop. No detachment via sliding
or rolling was observed as a mechanism, meaning that simple deposition and bouncing
off are the primary behavior mechanisms of the particles. Differences in the coefficients of
restitution (COR) did not have large effects on DPI efficiency. This study complements the
results shown in our previous publication [25], where, in the former paper [25], the focus
was on the comparative assessment of in silico and in vitro methods for the characterization
of DPI aerodynamic performance, with emphasis on the in vitro results, while this study
gives a more detailed explanation of the numerical modeling aspects, the forces acting on
the particles, and the particle behavior mechanisms inside the DPI device. A comparison
with the results from the literature for other DPI devices showed that a combination of
the device and particles considered in this paper gives a lower percentage of deposited
particles (higher efficiency) than the devices investigated in the literature. Future research
will focus on expanding the mechanisms of particle behavior inside a DPlin terms of adding
additional forces. Further investigation of different airflow rates and comparisons between
the results of the numerical simulations and the in vitro experiments will be carried out
in order to predict the particle deposition for another, nonsimulated, nonexperimentally
investigated flow rate, meaning deposition trend prediction.
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List of Used Symbols
Symbol Parameter Name
%4 Fluid velocity
u Fluid velocity component parallel to the wall
Uy Fluid velocity component normal to the wall
p Pressure
v Kinematic viscosity
dij Kronecker delta symbol
k Specific turbulent energy
Fy; Sticking force
Fp Drag force
F Lift force
a Deformation of the particle along the surface
dy Particle diameter
Un Normal (impact) velocity
Uer Critical (capture) velocity
u* Wall shear velocity
uR* Wall shear velocity for rolling
ug* Wall shear velocity for sliding
ds Distance of the first grid point from the wall
Cp Drag coefficient
Rey Reynolds coefficient
K Composite Young’s modulus
Es Young’s modulus for surface
Ep Young’s modulus for particle
Wa Work of adhesion
Us Poisson’s ratio for surface
Up Poisson’s ratio for particle
Pp Particle density
oM Mixture density
0 Air density (at 1013.25 hPa (abs) and 15 °C)
U Dynamic viscosity of fluid (air)
f Correction factor for the near wall
Cy Cunningham correction factor
ks Static coefficient of friction
References
1.  Alagusundaram, M.; Chengaiah, B.; Gnanaprakash, K.; Ramkanth, S.; Madhusudhana, C.; Dhachinamoorthi, D. Nasal drug
delivery system—An overview. Int. |. Res. Pharm. Sci. 2010, 1, 454—-465.
2. Razavi Rohani, S.S.; Abnous, K.; Tafaghodi, M. Preparation and characterization of spray-dried powders intended for pulmonary
delivery of Insulin with regard to the selection of excipients. Int. |. Pharm. 2014, 465, 464-478. [CrossRef] [PubMed]
3. Daniher, D.I; Zhu, J. Dry powder platform for pulmonary drug delivery. Particuology 2008, 6, 225-238. [CrossRef]
4. Zheng, Z.; Leung, S.S.Y.; Raghvendra, G. Flow and Particle Modelling of Dry Powder Inhalers: Methodologies, Recent Develop-
ment and Emerging Applications. Pharmaceutics 2021, 13, 189. [CrossRef] [PubMed]
5. Islam, N.; Cleary, M. Developing an efficient and reliable dry powder inhaler for pulmonary drug delivery—A review for
multidisciplinary researchers. Med. Eng. Phys. 2012, 34, 409-427. [CrossRef] [PubMed]
6. Tong, Z,; Yu, A,; Chan, H.-K,; Yang, R. Discrete Modelling of Powder Dispersion in Dry Powder Inhalers—A Brief Review. Curr.
Pharm. Des. 2015, 21, 3966-3973. [CrossRef]
7. Tong, Z.B.; Zheng, B.; Yang, R.; Yu, A.; Chan, H.K. CFD-DEM investigation of the dispersion mechanisms in commercial dry
powder inhalers. Powder Technol. 2013, 240, 19-24. [CrossRef]
8. Wong, W,; Fletcher, D.; Traini, D.; Chan, H.-K.; Young, P. The use of computational approaches in inhaler development. Adv. Drug
Deliv. Rev. 2012, 64, 312-322. [CrossRef]
9. Sommerfeld, M.; Schmalfuf3, S. Numerical Analysis of Carrier Particle Motion in a Dry Powder Inhaler. J. Fluids Eng. 2016,
138, 041308. [CrossRef]
10.  Finlay, W.H.; Martin, A. Modeling of aerosol deposition with interface devices. J. Aerosol Med. Pulm. Drug Deliv. 2007, 20, 519-5S28.
[CrossRef]
11.  Yang, Y.; Knudsen Keer, S. Comparison of Reynolds Averaged Navier-Stokes Based Simulation and Large-eddy Simulation for

One Isothermal Swirling Flow. |. Therm. Sci. 2012, 21, 154-161. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2014.02.030
http://www.ncbi.nlm.nih.gov/pubmed/24560646
http://doi.org/10.1016/j.partic.2008.04.004
http://doi.org/10.3390/pharmaceutics13020189
http://www.ncbi.nlm.nih.gov/pubmed/33535512
http://doi.org/10.1016/j.medengphy.2011.12.025
http://www.ncbi.nlm.nih.gov/pubmed/22277307
http://doi.org/10.2174/1381612821666150820110958
http://doi.org/10.1016/j.powtec.2012.07.012
http://doi.org/10.1016/j.addr.2011.10.004
http://doi.org/10.1115/1.4031693
http://doi.org/10.1089/jam.2007.0554
http://doi.org/10.1007/s11630-012-0530-9

Pharmaceutics 2022, 14, 2591 18 of 18

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

Ruzycki, C.; Javaheri, E.; Finlay, W. The use of computational fluid dynamics in inhaler design. Expert Opin. Drug Deliv. 2013, 10,
307-323. [CrossRef] [PubMed]

Milenkovig, J.; Alexopoulos, A.H.; Kiparissides, C. Flow and particle deposition in the Turbuhaler: A CFD simulation. Int. J.
Pharm. 2013, 448, 205-213. [CrossRef] [PubMed]

Milenkovic, J.; Alexopoulos, A.H.; Kiparissides, C. Deposition and fine particle production during dynamic flow in a dry powder
inhaler: A CFD approach. Int. J. Pharm. 2014, 461, 129-136. [CrossRef] [PubMed]

Vulovic, A.; Sustersic, T.; Cvijic, S.; Ibric, S.; Filipovic, N. Coupled in silico platform: Computational fluid dynamics (CFD) and
physiologically-based pharmacokinetic (PBPK) modelling. Eur. |. Pharm. Sci. 2018, 113, 171-184. [CrossRef]

Feng, Y.; Kleinstreuer, C. Micron-particle transport, interactions and deposition in triple lung-airway bifurcations using a novel
modeling approach. J. Aerosol Sci 2014, 71, 1-15. [CrossRef]

de Boer, A.; Hagedoorn, P.; Woolhouse, R.; Wynn, E. Computational fluid dynamics (CFD) assisted performance evaluation of the
Twincer™ disposable high-dose dry powder inhaler. . Pharm. Pharmacol. 2012, 64, 1316-1325. [CrossRef]

Moskal, A.; Sosnowski, T. Computational fluid dynamics (CFD) and direct visualization studies of aerosol release from two
cyclohaler-type dry powder inhalers. J. Drug Deliv. Sci. Technol. 2012, 22, 161-165. [CrossRef]

Zhou, Q.; Tong, Z.; Tang, P. CFD analysis of the aerosolization of carrier-based dry powder inhaler formulations. AIP Conf. Proc.
2013, 1542, 113.

Donovan, M.; Hyen Kim, S.; Raman, V.; Smyth, H. Dry Powder Inhaler Device Influence on Carrier Particle Performance. J.
Pharm. Sci. 2012, 101, 1097-1107. [CrossRef]

Coates, M.S.; Fletcher, D.F,; Chan, H.-K,; Raper, ].A. Effect of Design on the Performance of a Dry Powder Using Computational
Fluid Dynamics. Part 1: Grid Structure and Mouthpiece Length. J. Pharm. Sci. 2004, 93, 2863-2876. [CrossRef] [PubMed]
Coates, M.S.; Chan, H.-K.; Fletcher, D.F,; Raper, J.A. Effect of Design on the Performance of a Dry Powder Inhaler Using
Computational Fluid Dynamics. Part 2: Air Inlet Size. J. Pharm. Sci. 2006, 95, 1382-1392. [CrossRef] [PubMed]

Coates, M.S.; Chan, H.-K; Fletcher, D.F,; Chiou, H. Influence of Mouthpiece Geometry on the Aerosol Delivery Performance of a
Dry Powder Inhaler. Pharm. Res. 2007, 24, 1450-1456. [CrossRef] [PubMed]

Milenkovic, J.; Alexopoulos, A.; Kiparissides, C. Optimization of a DPI Inhaler: A Computational Approach. J. Pharm. Sci. 2016,
106, 850-858. [CrossRef] [PubMed]

Ignjatovig, J.; Sustersic, T.; Bodi¢, A.; Cviji¢, S.; Puris, J.; Rossi, A.; Dobrici¢, V.; Ibri¢, S.; Filipovi¢, N. Comparative assessment of
in vitro and in silico methods for aerodynamic characterization of powders for inhalation. Pharmaceutics 2021, 13, 1831. [CrossRef]
Abdelrahim, M. Emitted dose and lung deposition of inhaled terbutaline from Turbuhaler at different conditions. Respir. Med.
2010, 104, 682-689. [CrossRef]

De Koning, V.J.M.; Oelen, G.; de Boer, A.; Van der Mark, T.W.; Coenegracht, P.; Tromp, T.; Frijlink, H. Effect of Peak Inspiratory
Flow and Flow Increase Rate on In Vitro Drug Deposition from Four Dry Powder Inhaler Devices. In Dry Powder Inhalation:
Technical and Physiological Aspects, Prescribing and Use; Rijksuniversiteit Groningen: Groningen, The Netherlands, 2001.
Milenkovic, ].M. Po#j aépa kot evardfeon ocwpxtidiwy oe elonvevotipo Enpig okévng (Airflow and Particle Deposition
in a Dry Powder Inhaler. A CFD and Particle Computational Approach). Ph.D. Thesis, Aristotle University of Thessaloniki,
Thessaloniki, Greece, 2015.

Mahler, D. Peak Inspiratory Flow Rate as a Criterion for Dry Powder Inhaler Use in Chronic Obstructive Pulmonary Disease.
Ann. Am. Thorac. Soc. 2017, 14, 1103-1107.

El-Batsh, H.H. Numerical investigation of the effect of ash particle deposition on the flow field through turbine cascades. In
Proceedings of the ASME Turbo Expo 2002, Amsterdam, The Netherlands, 3-6 June 2002.

Meseguer, J.; Slobozhanin, L.; Perales, J. A review on the stability of liquid bridges. Adv. Space Res. 1995, 16, 5-14. [CrossRef]
Soltani, M.; Ahmadi, G. On particle adhesion and removal mechanisms in turbulent flow. J. Adhes. Sci. Technol. 1994, 8, 763-785.
[CrossRef]

Dahneke, B. Further measurements of the bouncing of small latex spheres. J. Colloid Interface Sci. 1974, 51, 58-65. [CrossRef]
Brach, R.; Dunn, P. A mathematical model of the impact and adhesion of microspheres. Aerosol Sci. Technol. 1992, 16, 51-64.
[CrossRef]

Alden, A M.H.; Diab, A. Assessment of losses in annual energy production of wind turbines subjected to sand erosion. In
Proceedings of the International Conference on Fluid Dynamics, Le Méridien PyramidsHotel, Cairo, Egypt, 19-20 December 2016.
Gill, R. Improvements to Prediction and Measurement Capabilities for Airborne Dust Deposition, with Application to Redesign
of a Low-Reynolds Number Valve. Master’s Theies, University of Windsor, Windsor, ON, Canada, 2016.

Wang, H. Effects of inceptive motion on particle detachment from surfaces. Aerosol Sci. Technol. 1990, 13, 386-393. [CrossRef]


http://doi.org/10.1517/17425247.2013.753053
http://www.ncbi.nlm.nih.gov/pubmed/23289401
http://doi.org/10.1016/j.ijpharm.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23528279
http://doi.org/10.1016/j.ijpharm.2013.11.047
http://www.ncbi.nlm.nih.gov/pubmed/24296048
http://doi.org/10.1016/j.ejps.2017.10.022
http://doi.org/10.1016/j.jaerosci.2014.01.003
http://doi.org/10.1111/j.2042-7158.2012.01511.x
http://doi.org/10.1016/S1773-2247(12)50021-3
http://doi.org/10.1002/jps.22824
http://doi.org/10.1002/jps.20201
http://www.ncbi.nlm.nih.gov/pubmed/15389665
http://doi.org/10.1002/jps.20603
http://www.ncbi.nlm.nih.gov/pubmed/16625656
http://doi.org/10.1007/s11095-007-9262-z
http://www.ncbi.nlm.nih.gov/pubmed/17404813
http://doi.org/10.1016/j.xphs.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27964902
http://doi.org/10.3390/pharmaceutics13111831
http://doi.org/10.1016/j.rmed.2009.11.014
http://doi.org/10.1016/0273-1177(95)00126-Y
http://doi.org/10.1163/156856194X00799
http://doi.org/10.1016/0021-9797(75)90083-1
http://doi.org/10.1080/02786829208959537
http://doi.org/10.1080/02786829008959453

	Introduction 
	Materials and Methods 
	Geometry and Meshing 
	CFD Modeling 
	Particle Sticking Process 
	Particle Detachment Process 
	Detachment by Rolling 
	Detachment by Sliding 

	User Defined Functions (UDF) 

	Results 
	Conclusions 
	References

