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Abstract: The fluid flow field at the upper airways is highly complex due to the complex structure
of the airway. The inhaled particle flow, the air streamline and the interaction of the continuum and
discrete phase could significantly affect the transport behaviour of the inhaled particles. A range of
analytical, mathematical and computational fluid dynamics (CFD) models analyzed the airflow and
particle transport in different idealized and asymmetric airway models. A precise understanding of
the continuum and discrete phase interaction in realistic human airways is missing, and this study
aims to develop a CFD-DEM model for particle transport in realistic airways. This study uses the
CFD model for the continuum phase and the discrete element method (DEM) for the discrete phase.
A soft sphere approach is used for the interaction of the discrete phase. Proper validation is per-
formed for particle transport efficiency. The CFD-DEM model analyzed the particle transport in an
idealized and realistic airway model, and different methods are used to analyze the transport be-
haviour. During the particle-particle interaction, a stagnation point and a high-pressure zone are
observed at the airway model's carinal angle. The numerical results report higher deposition effi-
ciency (DE) for particle-particle interaction than without interaction. The flow field becomes highly
complex with the spring constant values, and higher DE is found for high spring constant values.
The spring dashpot friction-dshf method shows higher deposition at the upper part of the airways
than other interaction methods. The findings of this study and more case-specific analysis would
improve the knowledge of aerosol transport in airways and the health risk assessment of the patient.

Keywords: CFD-DEM,; Particle-particle interaction; Upper airway; DE; Spring constant.

Introduction

A precise understanding of the fluid flow and particle transport dynamics in the hu-
man respiratory system is important for the respiratory health risk assessment of respira-
tory patients and the efficient design of the targeted drug delivery devices. Inhalation
therapy is usually used to treat chronic obstructive pulmonary diseases and bronchial
asthma (Murphy et al., 2000). Inhalation is preferable to oral delivery and injection for
drug absorption due to the lung's effective absorption area and thin epithelial cells
(Sakagami, 2006). The main advantage of this method is the administration of medications
that are difficult to be absorbed, such as peptides, which cannot be absorbed from the
gastrointestinal tract. Inhalation can be roughly classified into two types, including me-
tered dosage inhalation and dry powder inhalation. This is technically based on the tech-
nique and fundamental principle (Newman, 2005; Telko et al., 2005). In general, for ther-
apeutic activity by inhalation therapy, the inhaled drugs must be deposited in the respir-
atory system, including the lung and airway mucous (Rahman et al., 2022; Sécher et al.,
2019). To ensure that the amount of inhaled drugs is delivered appropriately, it is essential
to understand the airflow characteristics, drug transport and deposition within the spe-
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cific area along the airway. Because of this reason, realistic models of the human respira-
tory system are employed to simulate airflow dynamics and related particle deposition
through computational fluid-particle dynamics (Koullapis et al., 2018). For the micropar-
ticle size drug delivery, most inhaled particles typically deposit before passing into the
trachea because of inertial impaction and strong turbulence dispersion in the mouth-
throat region (Kleinstreuer et al., 2008). Therefore, particle-particle interaction mecha-
nisms can be ignored in this region because the residual particle suspension is diluted
before it enters the tracheobronchial airways (Ghahramani et al., 2014).

Typically, the airway wall is considered as a fully trapped wall for the boundary con-
dition of the particle-wall interaction, as the layers of mucus always cover the inner wall
of the human respiratory system (Garcia et al., 2007). Prior research on particle deposition
in the human lung mostly used the computational fluid dynamics-discrete phase model
(CFD-DPM). Standard Euler-Lagrange methods are usually used for the CFD-DPM as
these methods are reliable in such situations for the estimation of particle transport and
deposition in lung airways. However, the CFD-DPM does not consider the contact be-
tween the fluid, particle, and wall surfaces (Vulovié et al., 2018). The interaction between
a simulation model's particle surface and particle was disregarded in the CFD-DPM ex-
periment (Islam et al., 2022). In fact, particle-particle and particle-wall interactions are the
key factors that significantly affect particle passage and deposition in lung airways, espe-
cially when significant levels of air pollutants are breathed or dense pharmaceutical par-
ticle suspensions are supplied for targeting the lung (Feng et al., 2014).

To consider the effect of particle-particle interaction, the computational fluid dynam-
ics-discrete element method (CFD-DEM) is one of the appropriate techniques. Based on
this technique, the particle’s motion will be calculated individually, corresponding to the
time during particle travelling inside the airways (Chen et al., 2012; Branco Junior et al.,
2015). Then, it will provide the natural particle flow correctly. An idealized pulmonary
airway model was applied to examine the properties of particle transportation and depo-
sition under the CFD-DEM for the first time (Chen et al., 2012). From the available litera-
ture, most studies only focused on the investigation of airflow patterns, particle transport
and deposition within the human lung airways by using the CFD-DPM under a non-real-
istic lung model and a realistic lung model. The non-realistic lung model was only used
for the CFD-DEM. A comprehensive investigation of using CFD-DEM with two-way cou-
pling for dense particle suspension flow in a realistic lung model is still required. Further-
more, requiring two-way interaction are also dense particle-suspension flows along com-
plicated paths. In order to investigate how particle deposition behaves in the respiratory
system and their reachability, the CFD-DEM model is employed in computational simu-
lations in the current study by using the realistic central part of the human lung airway.
The CFD-DEM model analyses particle transport quantitatively while taking spherical
particles and their interactions with the surface of the human respiratory system. The
comparison of the effect of the particle-particle interaction on the airflow characteristic
and particle deposition between the realistic lung model and the non-realistic lung model
is performed in this study. Furthermore, the effect of particle-particle interaction on the
airflow patterns and particle deposition is also compared to the case without particle in-
teraction.

Methodology
1. Geometrical Generation

Two geometrical lung models of the central airway were employed in this study and
presented in Figure 1. These included the non-realistic model and the realistic model. The
non-realistic lung model of the central airway was created by using SolidWorks based on
Weibel’s lung dimension (Weibel 1963). For the realistic model, the 3D model of a central
airway was generated from the CT image of the upper airway from 51 years healthy male,
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which was used in the previous study (Islam et al., 2019). Figure 1a illustrates the sym-
metric lung model for a non-realistic case, while Figure 1b presents the realistic model of
the lung at the central airway after proper surface rendering and reconstruction. It should
be noted that the left side of the realistic model is referred to as the right lung in reality,
as the diameter of this side is larger than another side. Therefore, the right side of this
model is referred to as the left lung.

Right Lung

(@ (b)

Figure 1. Geometrical models of central airway. (a) non-realistic model and (b) realistic model.

2. Mesh Generation and Validation

The commercial software ANSYS meshing module was used to create unstructured
tetrahedral elements with the inclusion of an inflation layer for the mesh treatment at the
wall. From this method, the minimum orthogonal quality of the generated mesh is 0.19.
The grid refinement test was performed under various parameters, including dynamic
pressure at the outlet, velocity magnitude at the inlet, and DE. The results from this test
indicated that all of the values from selected parameters were stable at 7.2 million compu-
tation elements. To save the computational time, this value was selected for further simu-
lations. More details regarding mesh generation and grid refinement can be found in the
authors previous study (Islam et al., 2019). Figure 2 demonstrates the unstructured mesh
for the non-realistic model (Figure 2a) and realistic model (Figure 2b).

(@ (b)


https://doi.org/10.20944/preprints202211.0500.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2022 d0i:10.20944/preprints202211.0500.v1

4 of 20

Figure 2. Unstructured mesh of central airway. (a) non-realistic model and (b) realistic model.
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Figure 3. Deposition efficiency (DE) comparison at extrathoracic airway in terms of inertial param-
eter with available literature (Heyder et al., 1986; Stahlhofen et al., 1981; Stahlhofen et al., 1986).
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Figure 4. Deposition efficiency (DE) comparison at extrathoracic airway in terms of impaction pa-
rameter with available literature (Corda et al., 2022; Inthavong et al., 2011).

Figure 3 and Figure 4 shows the DE of the microparticle at the extrathoracic airway
as a function of inertial parameter. The DE for different inertial parameter values show a
good agreement with the available literature.

3. Numerical Methods

The numerical simulation from this study is performed by using ANSYS Fluent based
on 3D simulation, pressure-based solver and double precision serial processing model.
The effect of particle-particle interaction on the fluid flow patterns and particle transport
and deposition is analyzed based on various initial parameters, including flow rates and
particle sizes. In the present study, the CFD-DEM is used by considering the fluid flow as
the continuous phase for the CFD and particles as discrete particles for DEM.

The governing equations for the continuous fluid flow inside the domain for the CFD
are based on the mass and momentum conservations as Equation 1 and 2, respectively.
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where p is the fluid static pressure, g is a body force of gravity, and F is a body
force of external force (particle—fluid interaction force) which is given by (Chen et al.,

2012);
n
1

where fD,i is the drag force exerted on particle i, n refers to the number of particles
in the specific computational cell, and AV is the volume of the cell.

In the DEM model, the translational and rotational motions of an individual particle
in a system are governed by its interactions with neighbouring particles, walls, and sur-
rounding fluid. The governing equations for DEM are described by Newton's second law
of motion (Zhu et al., 2007). The present study employs the soft-sphere approach (Figure
5) which was originally developed by Cundall & Strack (1979). The motions of individual
particles are determined by Equation (4) and Equation (5)

G’u

i
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dv;
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dw;
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where m;, I;, v;, and w; refer to the mass, moment of inertia, translational, and ro-
tational velocities of particle i, respectively. R; denotes the vector from the centre of par-
ticle i to a contact point where Fj; is used. F/} and F{; are normal and tangential con-
tact forces due to the interaction between particle i and j at the current time step. 7;;
refers to the torque due to rolling friction.

In general, the forces from the inter-particle collision for the soft sphere approach are
determined by the deformation or overlap between two particles. By this technique, the
particle motion equation is integrated over time to capture the interaction of the particle.
A spring constant value for the soft sphere approach can be estimated by several factors,
including the collision time, restitution coefficient, and the relative velocity of the collid-
ing particle (Islam et al., 2020).
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Figure 5. Particle-particle interaction and soft sphere approach.

To calculate the particle contact forces, there are three techniques that can be used.
These include the spring collision law, the spring-dashpot collision law, and the friction
collision law. To obtain the results, a spring constant is the key parameters for these three
techniques. The spring constant (K) can be calculated by using Equation (6).

2

K=—
3e2

D, (6)

where D is the parcel diameter, p and v are the particle mass and relative velocity
between two colliding particles, respectively. ¢j is the fraction of the diameter for allow-

able overlap. The collision time scale can be defined as =« \/%, where m is the parcel mass

pD3m

which is defined by —

The spring collision law is basically based on a unit vector (€;,) is determined for two
particles from the centre of particle 1 and the centre of particle 2 as the following equation;

3. — (X2 — x9)
I e Ta——
Il — x4l

)

where x; and x, are the position of the particle 1 and 2, respectively. The overlap
(6) between two particles during contacting should be less than zero, which is calculated
by the following equation;

8 = Iz = x11l = (1 = 12) (8)

where 7, and 1, are the radius of the particle 1 and 2, respectively.

From this technique, the force on particle 1 (F;) is calculated by using a spring con-
stant (K) which should be greater than zero. For the force on particle 2 (132), it is depended
on the Newton’s third law. The force on particle 1 and particle 2 can be calculated by using
Equation (9) and Equation (10), respectively.

F, = K§8,, )
F, = —F, (10)

For the spring-dashpot collision law, a dashpot term (; 0 < 1 < 1) from the spring-
dashpot collision law is defined with spring constant (K) and the coefficient of restitution.
The force during the particle collision can be calculated based on the expressions for the
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loss factor and so-called reduced mass of the two particles that are defined by the follow-
ing equation;

floss = vV m? + lnzn 8)

mym;
myy, = —— 9
- )
The collision timescale (t.,;) of the particle and damping coefficient (y) are deter-
mined based on the following equations;

teou = fioss Tz (10)

K

my,Inn
v=-2 (11)

m
V72 + In?n / =
The relative velocity between particle 1 and particle 2 is defined as;

V12=V2—7 (12)

where ¥; and ¥, are the velocity of particle 1 and 2, respectively.
Based on this technique, the force on particle 1 is defined as Equation (13), while the
force on particle 2 is still based on Equation (9).

Fi = (K& +y (V13- €12))ér, (13)
The friction collision law is calculated based on the equation for Coulomb friction

(Ffriction);

Ffriction = UFnormai (14)

where, p is the friction coefficient and F,,,mq is the force that is normal to the sur-
face.

It should be noted that most numerical simulations from this study are performed by
using this the spring dashpot collision technique. However, the comparision of particle
depositons between these three techniques are maded and presented in the results and
discussion section.

Under the DEM model, the injection file is applied for the initial locations of released
particles along the domain. The boundary conditions are taken as the inlet velocity of the
fluid flow at the top surface of the domain and the outlet outflow at the end of the left and
right lung sides. The initial velocities at the inlet are various based on the daily physical
activities, including 15 Ipm, 30 Ipm, and 60 Ipm. The selected sizes of a spherical particle
in this study include 1 pm, 5 um, and 10 pum. Table 1 presents the physical input proper-
ties of the fluid (air) and aerosol.

Table 1. Properties of air and aerosol.

Properties Air Aerosol
Density (kg/m?) 1.225 1100
Viscosity (kg/m-s) 1.7893 x 10 -

The average total particle count per injection is 1,016 particles for all numerical sim-
ulations. The boundary conditions at the wall are set as a stationary wall, with a no-slip
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condition and a trap condition to catch the particle when touching the walls. The conver-
gence criteria of the continuity and momentum equations are set as 0.0001.

1. Airflow Analysis
1.1. Velocity Analysis

The velocity analysis in this section is focused on the comparison of the flow charac-
teristics between the different lung geometries and selected parameters of the DEM
model.

1.1.1. Velocity Analysis for non-realistic model and realistic model

_ Non-realistic model Realistic model
Velocity
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Figure 6. Velocity contour at X-Y Plane for 60 Ipm flow rate between non-realistic model and real-
istic model.

Figure 6 presents the comparison of velocity magnitude along the velocity contour
at the X-Y plane between the non-realistic model and realistic model under the 60 Ipm
flow rate. Furthermore, the difference in flow velocity between particle interaction and
without particle interaction is also presented in this figure. From this figure, it can be seen
that the lower and lowest velocity magnitudes were found at nearly the upper wall of the
left and right sides of these models. Considering the flow pattern inside the bifurcation
between these models, the flow patterns from the realistic model with and without parti-
cle interaction are similar, but these patterns are different from the non-realistic model
case. This is because of the change of cross-sectional area in the realistic model, which
generates the vortices during fluid flows inside the bifurcation. A highly asymmetric an-
atomical model from a realistic case significantly generates a higher flow distribution dur-
ing flowing inside the bifurcation. However, the velocity magnitude of the bifurcation
between the non-realistic model and the realistic model without particle interaction is
quite similar, as the maximum velocity magnitude from these two models is lower than
7.33 m/s. The higher and highest velocity magnitudes were observed at the realistic model
with particle interaction case nearly the wall of the right lung side (larger than the left
lung side) at 9.42 m/s to 10.47 m/s, while the velocity magnitudes at other areas are around
7.33 m/s to 8.38 m/s. In the real situation during inhalation, the inhaled particle can collide
with each other. When having particle-particle interaction, the flow in that area will be-
come more complex and turbulent. This can support the velocity pattern on the realistic
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model with particle interaction case that particle-particle interaction generates a high-ve-
locity magnitude along the bifurcation. The details of particle-particle interaction are pro-
vided in the particle analysis section.

. Non-realistic model Realistic model
Velocity

11.78

! 10.47
r9.16

r 7.85

- 6.54
5.24 ]
3.93 7.
2,62 /
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0.00
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Figure 7. Velocity streamline for 60 Ipm flow rate between non-realistic model and realistic model.

Velocity streamline for all three cases under the 60 Ipm flow rate is presented in Fig-
ure 7 to provide a better understanding of the flow field dynamics inside the lung airway.
From this figure, it is clear that particle-particle interaction significantly generates a higher
flow velocity inside the domain compared to other cases. The highest velocity magnitude
at 11.78 m/s was found in this case, while the highest velocity magnitude from other cases
was observed to be lower than 7.85 m/s. From the non-realistic model, the highest flow
was found at the central area of the left lung and right lung, while the lowest flow was
found at nearly the wall of the airway. However, for the realistic model, the highest flow
was observed on the right side instead. This can be because the complex structure of the
realistic model affects the change in flow patterns during passing the airway.

1.1.2. Velocity Analysis for various selected parameters of the discrete element method
(DEM)
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Figure 8. Velocity contour at three selected locations for different injection methods with 60 Ipm
flow rate.
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In general, during inhalation, the flow field in the mouth-throat area is usually a uni-
form flow and becomes a parabolic flow at the trachea and upper airways (Gemuci et al.,
2008). In the CFD simulation, the airway walls were set as the no-slip boundary condition.
This leads to having a parabolic flow in this field (Chen et al., 2021). To compare the flow
characteristics between the uniform and parabolic velocity distribution, the velocity con-
tours at three selected locations are created and provided in Figure 8 under the DEM
model with the flow rate at 60 Ipm.

From this figure, it can be seen that a lower velocity magnitude usually locates at the
wall of bifurcation for all selected locations. The higher velocity magnitude was found at
the top plane and the left plane (represent the right lung due to having a larger size com-
pared to another side). This can be because the airway characteristic is larger and more
complex than the left lung. The maximum velocity magnitude from the left lung is lower
than 8.14 m/s. However, the maximum velocity magnitude from another two locations is
10.18 m/s. Focusing on the flow patterns between these two methods, the parabolic injec-
tion method significantly generates a higher flow velocity for all selected locations, which
results in the difference in flow patterns, especially at the right lung side.

_____________ -| -1
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'— —
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15
L 4.91 =1
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15
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Figure 9. Velocity contour at three selected locations for different spring constants with 60 Ipm flow
rate.

In fact, the DEM is a numerical method that is used to model the interaction between
individual particles and boundaries. When using DEM, the spring constant (k) in the con-
tract force model of DEM is usually reduced for calculation time or calculation cost pur-
poses. However, the reduction in spring constant significantly changes the agglomeration
behaviour of cohesive particles (Toshitsugu & Kimiaki 2018).

To understand the effect of spring constant on the flow patterns of the human lung
airway, the four selected spring constants are used as the input parameters under the flow
rate at 60 lpm. Figure 9 presents the velocity contours at three selected locations under
different spring constants, including k-100, k-800, k-1000, and k-400. From this figure, it is
clear that a higher spring constant significantly generates a higher flow velocity for all
locations. From the spring constant at 100, the maximum velocity was found to be lower
than 1.40 m/s for all locations. The velocity fields are similar for the spring constant at 800
and 1000 from the upper part (top plane) and right lung (left plane), while the velocity
fields are different at the left lung (right plane). However, the maximum velocity magni-
tude from these two constants still does not exceed 5.62 m/s. The highest spring constant
at 4000 significantly causes the difference in velocity patterns, especially at the right lung
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(left plane). The maximum velocity at 7.02 m/s was found on this side near the right wall,
while the second highest value at 6.32 m/s was found at the right wall of the left lung

(right plane).
6
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Figure 10. Velocity profile at three selected locations for different spring constants with 60 Ipm flow
rate. (a) selected locations of three lines, (b) velocity profile at line 1, (c) velocity profile at line 2, and
(c) velocity profile at line 3.

To clarify the effect of spring constant on the flow pattern, the velocity profile is plot-
ted at the same selected location from Figure 9 and presented in Figure 10 under the flow
rate at 60 Ipm. In general, the velocity profile represents the variation in velocity on a line
at the right angles to the original flow’s flow direction. This profile demonstrates the ve-
locity magnitude and the change in the flow direction, which is caused by the different
shapes within the domain (Larpruenrudee et al., 2021). With this technique, the flow’s
behaviour during transportation through the domain is easy to be evaluated. In this study,
the velocity profile was plotted from the wall at the selected location to another side of the
wall, as shown in Figure 10a. Figure 10b-c present the velocity profiles from Lines 1-3,
respectively. From Figure 10, The flow pattern from Line 1 is a uniform flow for all spring
constants, while Line 2 and Line 3 have a parabolic flow pattern. Furthermore, it is clearly
seen that the velocity magnitude from the spring constant at 100 is significantly lower
than other spring constants. From Line 1 (Figure 10b), the trend of the velocity profile is
similar to the spring constant at 800 to 4000. However, at the right lung (Line 2) and left
lung (Line 3), the trend of the velocity profile is totally different, especially at the 4000 of
spring constant, which becomes more fluctuated near the wall. The discussion of the
spring constants on particle deposition is provided in the particle analysis section.

1.2. Pressure Analysis

Non-realistic model Realistic model
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Figure 11. Pressure contour at X-Y Plane for 60 Ipm flow rate between non-realistic model and real-
istic model.

The pressure variations inside the non-realistic and realistic lung airway are investi-
gated and presented in Figure 11 as the pressure contour under the flow rate at 60 Ipm. In
fact, pressure variation could be changed due to the effect of fluid flows during the do-
main. From this figure, it is clear that the pressure patterns between these three cases are
different, especially in the non-realistic lung model. From the non-realistic model, the
higher pressure was found at the inlet and the bifurcation area, while the left lung and
right lung were found to have a lower pressure. From the realistic model without particle
interaction, the higher pressure was observed at the left edge of the inlet and at the bifur-
cation area, while around nearly the right lung wall was found to have a lower pressure.
However, the maximum pressure magnitude from these two cases is still lower than 13.68
Pa. When having particle interaction, a higher pressure was observed from several loca-
tions of the realistic model, especially at the left edge of the inlet and at the bifurcation
area. The highest pressure at 45.59 Pa was noticed at the bifurcation area in this case. Re-
ferring to the velocity contour in Figure 6, the particle-particle interaction significantly
affects the flow pattern inside the domain, which results in the change of pressure varia-
tion for this case compared to other cases without having particle interaction.

1.3. Wall Shear Analysis

Non-realistic model Realistic model
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Figure 12. Wall shear stress contour at X-Y Plane for 60 Ipm flow rate between non-realistic model
and realistic model.

The shear stress on the wall of the lung airway is analyzed and presented in Figure
12 under the comparison between non-realistic and realistic cases with 60 lpm flow rate.
Wall shear stress refers to the shear stress of fluid which is usually occurring in the layer
next to the wall of a domain (Larpruenrudee et al., 2021). Normally, the fluid flows fastest
at the central area of the domain and flows slowest close to the wall of the domain. Due
to the complicated structure of the realistic model, the variation of shear stress on the wall
from this model is different from the non-realistic model. However, it can be seen the
highest wall shear stress at 1.46 locates at the inlet area for all cases. The highest wall shear
stress from other areas is still lower than 0.88 for the non-realistic model and realistic
model without particle-particle interaction. At the right lung and left lung, the highest
wall shear stress at 1.32 was found from the realistic model with particle-particle interac-
tion.

2. Particle Analysis

Particle transport and deposition within the lung airways play an essential role in
drug delivery. To obtain accurate results for particle transport and deposition, the com-
prehensive analysis of particle distribution and motion during transport within the hu-
man lung airways is significant. This can be done by numerical simulation based on the
discrete element method (DEM). The numerical calculation from the DEM is generally
based on Newton’s second law, which will calculate the individual element’s motion. The
advantages of DEM are to consider friction, contact plasticity, gravity, cohesion and other
interactions as well as record the information (position, velocity, forces exerted on) of each
individual particle during the simulation (Chen et al., 2012). However, one of the main
disadvantages of the DEM is a high computational demand as a high number of particles
is usually involved for the real system, and each particle in the system must be tracked all
the time (Branco Junior et al., 2015). Therefore, this section proposes a comprehensive
analysis of particle transport and deposition under the DEM model for various initial

2.1. Particle with interaction and without interaction
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Figure 13. Particle DE between particle interaction and without interaction for various flow rates.
(a) particle size at 1pm, (b) particle size at 5 um, and (c) particle size at 10 pum.

The comparison of particle transport and deposition within the bifurcation for vari-
ous flow rates and particle sizes is analyzed and presented as the particle DE (DE) in Fig-
ure 13. The numerical simulations were proposed based on the realistic lung model with
and without particle-particle interaction. Figure 13a-c illustrate the DE from particle size
as 1-10 um, respectively. For the DE in this study, it refers to the percentage of total parti-
cles trapped during transportation through the domain which is divided by the total num-
ber of injected particles from the inlet of the domain. The remaining particles are classified
as the escaped particles, which travel from the outlet of the right and left lungs. Basically,
the DE is dependent on the particle diameter, flow rate, and density (Islam et al., 2021).
For the microparticle, A greater particle diameter usually has a higher DE rate, while a
higher flow rate generally results in a higher DE rate.

From the 15 lpm flow rate, the maximum DE was found to be lower than 20% and
50% for the case without particle interaction and with particle interaction, respectively.
For the 30 lpm flow rate, the maximum DE was observed to be less than 35% and 67%
from the case without particle interaction and with particle interaction, respectively. For
the highest flow rate at 60 Ipm, the maximum DE was noticed to be around 42% for the
case without particle interaction and around 76% for the case with particle interaction. It
can be seen that the results from the present study also support the above discussion that
a higher flow rate results in a higher DE for both particle-particle with and without inter-
action and all particle sizes.

Focusing on the effect of particle size on the DE rate, it can be summarised based on
the following discussions. For particle size at 1 um (Figure 13a), the maximum DE from
the case without particle interaction and with particle interaction was found to be less
than 30% and 56%, respectively. From the particle size at 5 um (Figure 13b) and 10 um
(Figure 13c), the maximum DE from the case without particle interaction was observed to
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be less than 34% and 43%, respectively. However, for the particle size at 5 um and 10 um
from the particle interaction cases, the maximum DE was found to be around 60% and
76%, respectively. It is obvious that a higher particle diameter results in a higher DE for
all flow rates. This is because of the particle inertia which is higher from a larger particle
size (van Ertbruggen et al., 2004; Ma & Lutchen 2009).

In addition, one of the most important things was observed that the DE from the case
with particle interaction is significantly higher than the case without particle interaction,
especially the case with 15 Ipm flow rate and 1 um particle diameter (around 1-time
higher).

151pm 30lpm 60lpm

@ Without interaction
© DEM: Uniform injection
@ DEM: Parabolic injection

@ Without interaction

L @ DEM: Uniform injection
E . @ DEM: Parabolic injection
L]

@ Without interaction
© DEM: Uniform injection 2
@ DEM: Parabolic injection

Figure 14. Particle deposition scenario for different injection methods for various flow rates with
particle size at 10 pm.

To support the discussion of the DE from the case with and without particle interac-
tion (refer to Figure 13), the particle deposition scenario was performed and presented in
Figure 14. The blue particles refer to the case without particle interaction. The green par-
ticles and red particles refer to the case with particle interaction for uniform and parabolic
injection of the fluid flow, respectively. It can be seen that a higher flow rate results in a
higher particle deposition along the lung airway. Without particle interaction (blue parti-
cles), less particles are trapped at the inlet area, while most particles are trapped at the
bifurcation. However, the cases with particle interaction have a higher particle deposition
around the inlet area for both uniform injection (green particles) and parabolic injection
(red particles).

2.2. Particle interaction for uniform injection and parabolic injection

15 Ipm 30 Ipm 60 Ipm
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Uniform injection

Parabolic injection

Figure 15. Particle deposition scenario between uniform injection and parabolic injection with
spring constant at k-800.

The particle deposition scenarios from various flow rates and particle sizes were per-
formed and presented (in Figure 15) under the uniform and parabolic injection of fluid
flow. From Figure 15, it is clearly seen that most particles (all sizes) are usually trapped at
the inlet area for all flow rates. Larger particle size is generally trapped at the inlet area,
which results in a lower deposition at other areas, especially the particle size at 10 pum.
However, a higher particle density concentration around the inlet area was found in the
parabolic injection cases compared to uniform injection cases for all flow rates and particle
sizes.

2.3. Particle interaction for different initial parameters

Table 2. Particle DE for various spring constants at 15 Ipm flow rate and 10 pum.

Particle DE (%)
k=50 k=100 k=200 k=300 k=400 k=500 k=800 k=1000
42.98 58.36 49.80 54.44 63.48 66.73 73.13 76.87
Table 2 shows the DE for different spring constants at 15 L/min flow rate. The overall
DE shows an increasing trend with the spring constant. The numerical results report that
the interaction between the particles is higher for the high spring constant values. When
the interaction is higher, more particles deviate from the air streamline and increase the
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overall DE. At k=50, the lowest DE is observed, while the highest DE is reported for
k=1000.
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Figure 16. Particle deposition concentration and deposition scenario for different spring constants
at 15 Ipm flow rate. (a) particle deposition concentration and (b) particle deposition scenario.

As mentioned earlier regarding the effect of the spring constant on the velocity flow
pattern, a higher spring constant will result in a higher velocity flow along the lung air-
way. Figure 16 presents the particle deposition concentration (Figure 16a) and deposition
scenario (Figure 16b) for various selected spring constants under the 15 Ipm flow rate and
10 pum of particle size. The results from Figure 16 could support the velocity flow pattern
from Figure 8 that the highest spring constant at 4000 has the highest particle density,
while the lowest spring constant at 500 has the lowest particle deposition. From all cases,
it can be seen that around the inlet area has a higher particle concentration.
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Figure 17. Particle deposition concentration and deposition scenario for different interaction meth-
ods at 15 Ipm flow rate. (a) particle deposition concentration and (b) particle deposition scenario.

Figure 17 presents the particle deposition concentration (Figure 17a) and deposition
scenario (Figure 17b) for different interaction methods at 15 Ipm flow rate under the par-
ticle size at 10 um. These methods include the none spring dashpot (red line and red par-
ticle), spring friction-dshf (green line and green particle), and spring dashpot friction-dshf
(blue line and blue particle). From this figure, it can be seen that the trend of particle dep-
osition concentration is similar for all cases that have a higher particle deposition at the
inlet area. However, from the inlet area, the particle deposition concentration from the
spring dashpot friction-dshf case (blue colour) was found to be slightly higher than an-
other two cases, while other areas were found to be similar.

Conclusions:

The CFD-DEM model analyzed the flow and particle transport in the upper airway
of an idealized and realistic airway model. Different inhalation methods and interaction
methods are employed to analyze the particle transport behaviour. The key findings of
the CFD-DEM model are listed below;

e  The fluid flow field for the particle-particle interaction model is found significantly
complex than the without-interaction model. The CFD model shows a uniform flow
field in the upper part of the airways, while the CFD-DEM model shows the flow
field is highly complex in the upper airways;

e  The velocity profile for CFD-DEM model at various selected positions of the first bi-
furcation is highly complex than the CFD model. The uniform and parabolic inhala-
tion method also shows the variation of the flow profiles;

e  The higher value of the spring constant significantly influences the flow fields. With
the high spring constant value, multiple vortices are generated at the upper airways;

e  The overall DE for the particle-particle interaction model is higher than the without-
interaction model. The DE also increases with the flow rate and particle diameter
irrespective of the CFD and CFD-DEM models;


https://doi.org/10.20944/preprints202211.0500.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2022 d0i:10.20944/preprints202211.0500.v1

19 of 20

e Inhalation and injection method influences the DE in upper airways. For larger di-
ameter aerosol and parabolic injection method, higher DE is observed at the upper
part of the airways than uniform injection;

e For a high spring constant value, the particle-particle interaction is found signifi-
cantly higher at the upper part of the first bifurcation. Higher deposition concentra-
tion is observed at the upper part of the airway, and the opposite scenario is observed
for the lower spring constant value.

e  The particle-particle interaction and DE at the upper part of the first bifurcation are
found higher for the spring dashpot friction-dshf method than other interaction
methods.

The study employed different interaction and injection methods and analyzed the
flow fields and particle transport in upper airways. The findings of this study would im-
prove the knowledge of particle interaction in airways. The present study and a more
case-specific study would improve the knowledge of the CFD-DEM and particle transport
behaviour in upper airways.
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