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around the world. This pMDI inhaler system has a problem which is the particle does
not penetrate into the alveolar. ANSYS Fluent Version 19.2 was used to find the best
angle of the actuator nozzle by parametric analysis. Standard K-epsilon was used as the
turbulence model with enhanced wall treatment function. Discrete phase model
(DPM) was applied to represent the particle flow. The result shows the best actuator
nozzle angle is 120-degree which affects the maximum magnitude of particle velocity.
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1. Introduction

Inhalation aerosols called Pressurized Metered-Dose Inhalers (pMDI) can provide drug delivery
efficiency in the respiratory system of the human airways. The pMDI is easy to use and can deliver in
an atomized form [1]. In addition, a dose of medication is set and can be supplied with each actuation
[2]. In medication treatment for inhalation, there are three (3) types of inhaler products such as
nebulizers, dry powder inhalers and pressurized metered-dose inhalers (pMDI) [3]. These devices
may generate solutions that contain drugs, suspend solid drug particles in a gas or dry powder solid
particles [4]. In 1998, the pMDI inhaler boost from 440 million unit to 800 million units in 2000 and
produce more than 80% of the medicine therapy devices marketed worldwide in 2004 [5]. The
efficiency of pMDI has steadily increased since chlorofluorocarbon (CFC) was banned by the United
Nations because of its harmful effects on the ozone layer [6]. The new era for pMDI began with the
launch of hydrofluoroalkane (HFA) as a new propellant that replace chlorofluorocarbon (CFC) [7],
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these improvements result in an enormous achievement for pMDI because HFA propellants do not
have ozone-depleting and environmentally friendly properties [8]. From the previous researcher
Leach et al., [9] shows the difference between HFA and CFC propellant in dose-reaching deposition
in the respiratory tract. It is shown that the HFA propellant can produce small particle size and the
dose can enter the lung by 40% compared to CFC, only 20% of the dose can reach the lung [9].
Kleinstreuer et al., [10] is one of the leading researchers researching HFA-pMDI and CFC-pMDI
numerically in the oral airway model. In his research, 2000 particles were used in the oral airway
model, 150 m / s for initial velocity, the cone angle is 35°, and Dunbar et al., [22] obtained the size
distribution. The result was enormous, i.e. the droplet inhaled entered the lung for HFA-pMDI is 47%
and the droplet inhaled for CFC-pMDI is 23% [10]. Drug formulation that is stored in the device can
be replaced at any time by a disposable canister [11]. There are five (5) types of the main component
that can be found in the pMDI inhaler device, which is the metering chamber, the formulation
canister, the container, the propellant and the actuator of the nozzle. The pMDI schematic cross-
section are shown in Figure 1 [12].
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Actuator Nozzle

Fig. 1. pMDI schematic cross-section [12]

By using the HFA as a propellant, the aerosol plume can be supplied at a higher temperature with
a lower impact force of 25.5mN compared to the 95.4mN CFC propellant [13]. Ahmed Fadl et al., [14]
shows in their journal that the mouthpiece entrance angles can influence the drug particles
penetration. The various parameters are being tested, such as flow rate (30,60 and 90 L/min), angle
of entrances (0°,10°,20°,30° and 40°) and mouthpiece diameters (16 mm and 20 mm) are being study.
The result shows that the entrance angle 30° has the highest penetration compared to the other
angle for 16 mm diameter of the mouthpiece with flow rate (30, 60 and 90 L / min). For 20 mm
diameter of mouthpiece with flow rate (30, 60 and 90 L/min), the 30° and 20° has the maximum
penetration [14]. Through reducing the diameter of the orifice from 0.22 to 0.14 mm, the plume
length from 0.5s can be increased to 1.2s and the actuator angle decreased [15]. Experimental and
numerical results showed that increasing the angle of inclination would boost the output of the pipe
to a maximum value of 90° [16]. The spray deposition rate can be reduced by increasing the initial
spray velocity over the range of 100-150 m / s and by increasing the range of 2°-10° for the spray
cone angle [17].

Previous researcher Cheng et al., [18] reported that the spray angle for propellant HFA and CFC
are 35°, nevertheless, the Oliveira et al., [19] suggest that the HFA-pMDI angle is 10° and 17°.
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Crosland et al., [20] experimental particle image velocimetry (PIV) shows that the spray cone angle
was unstable and varied up to 8° during the first 100 msec of the transient spray case. No researcher
investigated the effect of the actuator angle on its performance in terms of the magnitude of particle
velocity. Hence, this work is aimed at examining various parametric designs for actuator nozzle
consistent with this research objective.

2. Methodology
2.1 Geometrical Modelling

The isometric section view of pMDI inhaler device was design by using SolidWorks 2016 are
shown in Figure 2(a) while the hollow part of the nozzle (yellow color) is presented in Figure 2(b) and
the schematic of an internal parts in the actuator nozzle is shown in Figure 2(c). Geometrical
representation pMDI Inhaler dimension was referred from previous literature on the pMDI Sprays:
theory, experiment and numerical simulation [21]. Based on the simulation results performed by
Ricardo F. Oliveira et al., [19] it is possible to determine the base design diameter for pMDI units, the
diameter of the orifice being 0.49 mm, the angle of the actuator being 165° and the length of the
orifice being 1.50 mm. A parameter was used to define the geometry of the actuator nozzle was
orifice diameter (D), length of the orifice (L) and angle of the actuator (8) that shown in Figure 2(c).

/ Actuator
Mouthpiece
\ Actuator ——
> Nozzle Actuator

Nozzle

(c)
Fig. 2. Geometrical modelling of pMDI inhaler device. (a) Isometric section view of pMDI inhaler
device, (b) The hollow part of the nozzle (yellow color), (c) Schematic diagram of internal parts in
the actuator nozzle

2.2 Grid Independent Test of Actuator Nozzle inside the pMDI Device

A pMDI inhaler model devices was redesigned from the previous literature study on pMDI Sprays:
theory, experiment and numerical simulation [21]. By using the Grid-independent test, the model's
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precision can be maintained and it is compulsory. The Grid-independent test value must remain as
low as possible in order to maintain its accuracy. Nonetheless, in this GID series, the coarse, medium
and fines meshed can be generated and the solution can shift between medium and fine mesh. Grid
independent test for actuator nozzle are shown in Table 1. There are nine (9) GID tests performed.
The best GID is based on the lower skewness mesh metric value and the higher orthogonal mesh
metric. It shows that number three (3) meets the selection of criteria for the GID. The GID already
selected by selecting number three (3) for further analysis of simulation.

Table 1

Grid independent test for based model

No Number of Nodes Number of Elements Skewness Mesh Metric Orthogonal Mesh Metric
1 336534 513533 0.9455 0.9530
2 351646 460923 0.9171 0.9143
3 313697 582244 0.8560 0.9926
4 342386 518691 0.9440 0.9544
5 301486 462832 0.8639 0.9889
6 317223 325814 0.9409 0.8891
7 312259 389231 0.9417 0.8143
8 398541 458975 0.9254 0.8456
9 348948 418618 0.8896 0.9236

The main properties of drug formulation for propellant-HFA 134a, ethanol and salbutamol
involved in this study a listed in Table 2:

Table 2

Property of drug formulation [21]

Properties HFA-134a Ethanol Salbutamol
Density (kg/m3) 1311 790 1230
Specific Heat (j/kg-k) 982 2470 -

Thermal Conductivity (w/m-k) 0.0857 0.182 -

Viscosity (kg/m-s) 0.000211 0.0012 -
Molecular Weight (kg/kmol) 102.032 46.07 337.387

2.3 Meshing of Actuator Nozzle Inside the pMDI Device

The below dimension meshed model that be designed in mesh mode of Ansys components
systems are shown in Figure 3. The infinite number of particles in the meshing process can be
transformed into the finite number of particles. The mandatory measuring cell must be carried out
with high efficiency and accuracy. The refining mesh (used in smaller cells) can be set up for a large
solution gradient and fine geometric data, but the coarse mesh (used in giant cells) can be used
elsewhere. To achieve a good mesh quality, it is necessary to maintain the accuracy and stability of
the solution. In the ANSYS, there are four operation mesh mode can be done. The process was
beginning with specifying the global mesh setting, inserting a local mesh setting, generating the mesh
and checking mesh quality [22-23]. By using proximity and curvature, the curve object (cylinder) and
square object (box) can be pick as the convergent segment. To select the meshing size, the Grid
Independent Test was required. Meshed model of the nozzle is shown in Figure 3(a) and details view
for the angle of actuator in the actuator nozzle is presented in Figure 3(b).

70



CFD Letters
Volume 12, Issue 6 (2020) 67-79

Penerbit

Akademia Baru

(a)
Fig. 3. Meshing process for internal parts in the actuator nozzle. (a) Meshed model of the nozzle (b)
details view for the angle of actuator in the actuator nozzle
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2.4 CFD Simulation Method for Actuator Nozzle Inside the pMDI Device

The purpose of this simulation is to illustrate the configuration parameters better suited to the
real-life case of a pMDI inhaler spray using commercially available CFD software, such as ANSYS ®
Fluent version 19.2. Rosin-Rammler was selected as the diameter distribution in the Discrete phase
model. The CFD solver accepts this type of distribution by inserting its parameters in Table 3 [24].

Table 3

Property of Particle Diameter [22]
Parameter Value
Diameter distribution Rosin-Rammler
Minimum diameter (ium) 1.22
Maximum diameter (um) 49.50
Mean diameter (um) 16.54

Spread parameter 1.86

The drug amount of puff (100ug) can be used and divided by the duration of a puff (0.1s). The
spray flow rate can be determined using the puff quantity and puff duration. The solver spray
configuration parameters are shown in Table 4 below.

Table 4

Property of Spray Configuration
Parameter Value
Spray type Solid-cone [9,18]
Angle (°) 10 [21]
Velocity (m/s) 100 [9]
Radius (m) 0.00025 [25,19]
Flow rate (kg/s) 1e®[21]

Parameters for the discrete phase model have already been evaluated in different configurations
and those described here seemed best suited for simulation purposes. The inject time step size (s)
use for this DPM are particle time step. The unsteady particle tracking was used because of the
limited period time (0.1s) for the injection was occur. The spherical type was used as the drag law
and this simulation activates the two-way coupling turbulence [25].
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2.5 Verification of Actuator Nozzle Inside the pMDI Device

In this verification system of pMDI devices, four (4) parameters were selected from the previous
literature analysis as shown in Table 5, which is particle velocity magnitude, velocity magnitude, air
temperature and HFA mass. The reference model for verification was refer from the pMDI Sprays:
theory, experiment and numerical simulation [21] The previous model was simulated using version
14.0 of Ansys Fluent. On the other hand, this analysis would use Ansys Fluent version 19.2 to do the
simulation. The highest relative error for geometric modeling shown in the table below is 6.2%. For
the numerical simulation, the average limit for comparing two (2) simulated models is below 10%,
according to Goswami, Kumar and Munshi 2015 [26]. As the maximum value is below the average
limit and the geometric simulation is appropriate, the further simulation can be performed.

Table 5
Verification of based model geometry
Velocity Variable Parameters Result by Fluent 14.0 Result by Fluent  Relative Error
Inlet (m/s) [27] 19.2 (%)
100 Particle Velocity Magnitude (m/s)  29.298 28.421 3.6
Velocity Magnitude (m/s) 10.29 10.91 6.0
Air Temperature (K) 293.15 293.01 0.05
HFA Mass Fraction 0.0029 0.0027 6.2
3. Results

3.1 Qualitative Analysis of Flow characteristic of Actuator Nozzle along the Axis of Center-line

The axis of center-line inside nozzle is presented in Figure 4, while the flow characteristic in term
of particle mass concentration, eddy viscosity, pressure, turbulent eddy dissipation, turbulent kinetic
energy and velocity development along the nozzle center-line are presented in Figure 5. X axis (m)
are represented direction of the center-line inside the nozzle.

a) Particle mass concentration

The concentration of particle mass against average position along the center-line x axis is shown
in Figure 5(a). Particle mass concentration describes the distribution of drugs along the center-line of
the orifice. The result was taken from the inlet to outlet of the orifice that represent the axis of the
center-line. The result shows that the graph pattern increased in the particles mass concentration
inside the center-line of the orifice when the difference angle was changed. Another significant result
shows that the angle of 130-degree gives the lowest value of particle mass concentration along the
center-line axis from the remainder. The rising concentration of particles mass is due to collisions
between particles in actuator nozzle and along the center-line axis nozzle.

b) Eddy viscosity

The graph of eddy viscosity versus the position of x axis along the center-line was display in Figure
5(b). With the increment of the angle of actuator nozzle and position along the center-line of the
orifice as presented in Figure 5(b), the overall trends for the eddy viscosity also increased. The result
shows that angle of 120-degree give the highest value of eddy viscosity from the rest. It is proved
that narrow angle of the actuator nozzle can generate highest particle flow development inside the
orifice.
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c) Pressure

The result pressure against the average position along the x axis of center-line was displays in
graph Figure 5(c). The pressure of particles represents the drug distribution along the orifice center-
line. The increased angle of the actuator nozzle can increase the pressure generally. From the graph,
the results show that the pattern of the graph slowly decreased before the position of -0.00010m
and steeply decreased after that. In point of fact, the data shows that the angle of 150-degree and
125-degree give the highest and lowest value of pressure respectively. Its is shows that the wider
angle of the actuator nozzle can increased the pressure compared to the narrow angle.

d) Turbulence eddy dissipation

The graph in Figure 5(d) displays the turbulence eddy dissipation against the position along the x
axis of the center-line. The graph shows the increase in trend before the -0.00002 m position and
then start to decrease after the point. By reducing the angle of the actuator nozzle can rising the
turbulence eddy dissipation as shown in graph where the narrow angle tested is 120-degree. The
highest value for turbulence eddy dissipation in the graph is 130-degree. The same trend was
observed by Syazwan et al., [28] it is shows that reducing the angle of actuator nozzle can increased
the flow velocity. This result can be affected the development of the turbulence flow which is
turbulence eddy dissipation.

e) Turbulence kinetic energy

Turbulence kinetic energy against the position along the x axis of the center-line is presented in
Figure 5(e). Generally, the turbulence kinetic energy trend starts to increase in the range between -
0.00010 to -0.000015 and decline afterward. The highest value for the turbulence kinetic energy is
150-degree and the lowest is 125-degree. Increasing the angle of the actuator nozzle can increasing
the value of the turbulence kinetic energy. By referring to graph in Figure 5(b), particle mass
concentration increased with increment of the position. Thus, this cause more particle collisions to
each other and subsequently create turbulence kinetic energy.

f) Velocity

The graph in Figure 5(f) displays the velocity against the position along the x axis of the center-
line. The velocity shows increasing in trends against position ranging from -0.00010 to -0.00002 and
decline after that range. Another significant result shows that the gradient of angle 125-degree
increased sharply along the axis of the center-line from the rest. Accordance to the graph Figure 5(d),
the statement told that the narrow angle can produce highest flow velocity inside the actuator orifice
compared to the wider one. Therefore, the narrow angle can reduce the pressure and rising the
velocity.
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Fig. 5. Flow characteristic angle of actuator nozzle along axis of center-line (a) particle mass concentration
along the center-line (b) eddy viscosity (c) pressure (d) turbulence eddy dissipation (e) turbulence kinetic

energy (f) velocity

3.2 Qualitative Analysis of Particle Velocity Magnitude on Actuator Nozzle

The particle velocity magnitude on different angle of actuator nozzle is shown in Figure 6. The
simulation on the particle velocity magnitude is one of the critical parameters to recognize the flow
inside the actuator nozzle. The result shows that the narrow angle produce highest velocity
magnitude and lesser particle can be generated from the actuator nozzle. The 120-degree of actuator
nozzle as shown in Figure 6(a) has the highest velocity while the lowest velocity of actuator nozzle is
150-degrees as shown in Figure 6(j). These values can be seen in color contour legend.
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4, Conclusions

The characteristics for particle flow in the actuator nozzle was analyzed by using the standard
wall of the K-epsilon function and Discrete particle model (DPM) mode. In the analysis under way, a
3-Dimensional (3D) simulation has been carried out for tenth (10) different angle of the actuator
nozzle. After some parametric analyzes, it was found that 120-degree was the highest particle
velocity compared to others. Furthermore, result shows that the 120-degree angle can give the
highest turbulence kinetic energy that resulted in the lowest pressure and the highest velocity
development along the actuator orifice cavity as presented in section 3.1. The highest particle
velocity magnitude can possibly make the drug reach the alveolar. Furthermore, Computational Fluid
Dynamic (CFD) simulation is one of the best tools to provide a marvelous understanding of the flow
feature and particles inside the actuator nozzle. It can also provide a good indicator of changing
particle flow with varying color contours. In this analysis the simulation focuses only on the angle of
the actuator, without relying on other parameters. Therefore, certain parameters such as the length
of the orifice can be considered for simulation research in future work.
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