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Recently, a remarkable scientific interest in the inhalation therapy for respiratory
disease was spiked attributed to the growing prevalence of asthma, chronic
obstructive pulmonary disease (COPD), and coronavirus disease 2019 (COVID-19)
pandemic. A pressurized metered-dose inhaler (pMDI) is the best option by providing
fast and efficient symptomatic relief within the lung. However, the rapid development
of new inhalation devices could be critical in this competitive environment, and
optimizing the inhalation devices could be costly and time-consuming. Therefore, the
computational fluid dynamic (CFD) approach was used to shorten the development
time. In this study, response surface methodology (RSM) in ANSYS version 19.2 was
introduced to discover the optimal design for the actuator nozzle to increase the
performance of pMDI. Three (3) parameters (orifice diameter, length, and actuator
angle) were optimized, and the best design was selected according to the analysis of
particle tracking. The analysis of spray plume was also conducted and compared to
analyze the spray plume characteristic produced by three designs. The result showed
that RSM generated three (3) models for the new design of the actuator nozzle (Design
A, Design B, and Design C). Among three (3) designs, actuator nozzle design C showed
the highest injection particle number (232457) and the only one that produced
maximum particles velocity magnitude in the acceptable ranges (35.67m/s). All three
designs showed a similar pattern as maximum particle velocity magnitude decreased
along the axial length until they match the air velocity (0.03-0.04 m/s). Furthermore,
the spray plume length, angle, and width were observed to increase linearly with the
decreasing maximum particle velocity magnitude. Thus, this study suggested that
design C might have the potential as a new actuator nozzle to develop future pMDI to
relieve the respiratory condition.
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1. Introduction

In treating respiratory diseases, drug delivery to the lung has emerged as a crucial process [1].
Dry powder inhalers (DPIs) and pressurized metered-dose inhalers (pMDIs) are the most popular
devices used among end-users. These devices can produce small drug particles which can be inhaled
orally [2]. Due to their ease of use and cost-effectiveness, DPIs and pMDIs are among the most
popular ways to deliver pharmaceutical drugs [3]. Active pharmaceutical ingredient (API) in DPIs has
an aerodynamic size of around 1-5 um, suitable for inhalation [4]. However, the main issue with DPIs
is that their high surface free energy is causing them to bind together via cohesive forces. As a result,
they have poor flow and aerosolization efficiency and tend to stay inside the inhaler [5]. Moreover,
the patient must inhale more powerfully with a DPI than with a pMDI. Poor coordination such as
blowing and exhaling directly into the device can cause scattering of medicine before it can be
inhaled.

Different from DPIs, pMDIs have a canister that can help to deliver the medication to the lung.
Thus, pMDI is more suitable for the elderly, kids, first-time users, or people with nerve or muscle
weakness. As mentioned by Yazdani et al., [6] pMDI is also lowering the drug deposition in the
pharynx, consequently increasing the drug deposition in the lower respiratory. The reason is that
pMDI contained hydrofluoroalkane (HFA) as inhaler propellant, replacing harmful chlorofluorocarbon
(CFC). HFA can produce a much smaller particle size and delivering more than 10-15% of drugs to the
lower respiratory [7,8]. HFA propellants are not only non-ozone-depleting but also environmentally
friendly. These advancements explained why pMDIs propelled extraordinary interest in delivering the
drugs to the lung [9].

The world has witnessed tremendous growth in inhalation device applications over the past few
decades. Such expansions in inhaler research and development (R&D) would help those who suffer
from respiratory problems. The pMDI inhaler grew from 440 million units to 800 million units in 2000,
making for more than 80% of all medical therapy devices sold globally in 2008 [10]. In 2014, there
has been unprecedented growth in the inhaler market, which increased to $36 billion, with over 90
billion inhaled doses prescribed to patients in a single year [11]. The steady growth can be attributed
to the growing prevalence of asthma and chronic obstructive pulmonary disease (COPD).
Furthermore, people are now experiencing the most dangerous situation regarding the novel severe
acute respiratory syndrome called coronavirus 2 (SARS-CoV-2), which is the reason for the
Coronavirus disease 2019 (COVID-19) pandemic [12]. The increased number of patients suffering
from COVID-19 is anticipated to increase the demand for inhalers as a palliative treatment.

The development and optimization of inhalation devices experimentally will be very expensive
and time-consuming. In a very competitive environment, the rapid development of new devices can
be critical for their thriving market penetration. This drawback can be resolved using computational
models by decreasing the number of experiments and trials. Computational fluid dynamic (CFD)
models can substantially shorten the development time for a new inhalation product [13]. Several
studies described the use of computational tools for specific pMDI devices using CFD and discrete
phase models (or DPM) [14].

The geometry of the actuator nozzle inside pMDI is speculated to increase the performance of
the pMDI [15]. The orifice diameter, length, and actuator angle might significantly affect the
formulation’s atomization. To increase the drug deposition in the lower respiratory, the design of the
pMDI actuator is a critical subsystem that directly impacts the distribution characteristics of a pMDI
[16]. In this study, Ventolin® was used since it is one of the most commonly used medications in
developing countries to treat respiratory problems in children and adults [17]. It mainly consists of
salbutamol, the most frequently prescribed short-acting B-agonist (SABA) [18]. Thus, this paper
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presented the optimization of the actuator nozzle inside the pMDI, which potentially increased the
performance of pMDI to relieve respiratory problems.

2. Methodology
2.1 Geometrical Modelling

The geometrical modeling for the pMDI was created by using the actual scale of the commercial
pMDI referred to in the previous literature [19]. The 3-Dimensional (3D) view of the pMDI and
actuator nozzle was designed. Figure 1(a) showed the isometric view of pMDI. In contrast, the
actuator nozzle in the pMDI is the hollow part of the nozzle (yellow color) presented in Figure 1(b).
Figure 1(c) showed the internal components of the actuator nozzle.

/ Actuator
Mouthpiece
\ Actuator < =
- 4 Nozzle . Actuator
' Nozzle

(c)
Fig. 1. Geometrical modeling of pMDI: (a) isometric view of pMDI inhaler, (b) the hollow part
of the nozzle (yellow color), and (c) internal components of the actuator nozzle

Based on the simulation results performed by Oliveira et al., [19] base design diameter could be
determined for pMDI units; the diameter of the orifice was 0.49 mm, the actuator angle was 165°,
and the length of the orifice was 1.50 mm. A parameter used to define the geometry of the actuator
nozzle was orifice diameter (D), length of the orifice (L), and actuator angle (8) that shown in Figure
1(c).

2.2 General Setup for Simulation
The setup used for the grid-independent test (GIT), meshing, and discrete phase model (DPM) in
ANSYS Fluent version 19.2 and response surface methodology (RSM) were similar. The difference

setup between this simulation is the ‘Geometry’ and ‘Result’ setup. In RSM, the 3D model was
imported into the ‘SpaceClaim Geometry’, while in the ANSYS Fluent, the 3D model could be
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imported into ‘Geometry’. In the RSM ‘Result’, the 3D graphs could be produced and generating more
than 30 design points for the actuator nozzle. In comparison, the ‘Result’ of ANSYS Fluent could
generate particle tracking and spray plume of pMDI.

2.2.1 Grid independent test

The grid independent test (GIT) is necessary to preserve the model’s precision. The precision was
ensured by keeping the GIT value as low as possible, especially the skewness. Nevertheless, the
coarse, medium and fine meshes were created in this GIT sequence. The solution could switch
between the medium and fine meshes. GIT for the actuator nozzle is shown in Table 1. Nine (9) GITs
were carried out. The best GIT value could be achieved with a low skewness mesh metric and a high
orthogonal mesh metric. The table below showed that number three (3) was selected as it met the
GIT criteria for further analysis.

Table 1

Grid independent test for commercial design A model

No Number of nodes Number of elements  Skewness mesh metric  Orthogonal mesh metric
1 346636 1573738 0.9455 0.9530
2 355176 1420206 0.9171 0.9143
3 314422 1570163 0.8560 0.9926
4 342386 1472759 0.9440 0.9544
5 301486 1463389 0.8639 0.9889
6 318616 1372876 0.9409 0.8891
7 315079 1364531 0.9417 0.8143
8 314246 1433875 0.9254 0.8456
9 335689 1448698 0.8896 0.9236

Table 2 listed the important properties of the drug formulations for propellant-HFA 134a, ethanol,
and salbutamol.

Table 2

Property of drug formulation [20]

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
2.2.2 Meshing

Figure 2 illustrated the meshed model in the mesh mode of component systems. An intelligent
mesh tool was used in the current analysis to produce the most efficient and accurate mesh for the
given geometry in a single click [21]. The compulsory measuring cell was completed with high
efficiency and accuracy. The more elements there were, the more accurate the results. A larger
number of elements, on the other hand, would result in a longer time taken to compute the results
[22]. The solution’s accuracy and stability had to be maintained to achieve a good mesh consistency.
There was four mesh operating modes available in the simulation. The procedure began with
determining the global mesh setup, followed by inserting a local mesh setting, generating the mesh,
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and inspecting the mesh quality [23,24]. The curve object (cylinder) and the square object (box) could
be selected as the convergent segment using proximity and curvature.
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Fig. 2. Meshing process for internal parts in the actuator nozzle: (a) the meshing model
of the nozzle (b) details views for the actuator angle in the actuator nozzle

2.2.3 Discrete phase model setup

This simulation aimed to show the configuration parameters best suited to the real-world case of
an inhaler spray. In the discrete phase model, Rosin-Rammler was selected as a diameter distribution
setup. The CFD solver accepted this type of distribution by inserting its parameters in Table 3 [20].

Table 3

Properties of Particle Diameter [20]
Parameter Value
Diameter distribution Rosin-Rammler
Minimum diameter (um) 1.22

Maximum diameter (um) 49.50

Mean diameter (um) 16.54

Spread parameter 1.86

The amount of drug in one (1) puff (100ug) was used and divided by the duration of a puff (0.1s).
The flow rate of spray was calculated using the number of puffs and the duration of each puff. The
solver spray configuration parameters were shown in Table 4.

Table 4

Properties of Spray Configuration

Parameter Value

Spray type Solid-cone [25,26]
Angle (°) 10[19]

Velocity (m/s) 100 [20]

Radius (m) 0.00025 [20,27]
Flow rate (kg/s) 1e®[19]

The discrete phase model’s parameters had already been tested in various configurations. Those
listed here appeared to suit simulation purposes. The injection time step size (s) used for this DPM
was particle time steps. As the limited period time (0.1s) was used for the injection, unsteady particle
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tracking was selected. The spherical type used was the drag law, and this simulation activated the
two-way coupling turbulence [20].

2.3 Mathematical Modelling in ANSYS Fluent 19.2

The k- model is the most widely used for turbulence computations, with applications in various
engineering domains. It is classified as a Reynolds-Averaged Navier—Stokes (RANS) based turbulence
model, considering the eddy viscosity as linear; it is a two-equation model. This model accounts for
the generation of turbulent kinetic energy (k) as well as the turbulent dissipation of energy (&) [20].
The described model formulation is known as the Standard k-g, and it is calculated using Eq. (1) and

Eqg. (2).

0 0 2 #e) Ok _
A CLIR s (pkw;) = ox; [(li + ak) ox; + Gy — pe (1)

0 9 _ 2 AR G — Cops
3¢ (Pe) + 5 - (pewy) = ox, [(li + ag) oxy| T Crer G — Caep (2)

From the equation above, G, define as the generation of turbulent kinetic energy due to the
mean velocity gradients, o, and g, are the turbulent Prandtl numbers for the k and ¢, respectively.
C1e and C, are model constants [20].

2.3.1 SpaceClaim in ANSYS version 19.2

The 3D drawing of internal parts of the actuator nozzle was imported to SpaceClaim in ANSYS.
The base design diameter for pMDI units, including the diameter of the orifice, length of the orifice,
and angle of the actuator, was set in the root part. In the root part, the diameter of the orifice was
divided by two and become 0.245 mm because, in SpaceClaim, only the radius unit could be used.
The root part diameter of the orifice is shown in Figure 3(a). Next, the orifice of 1.5 mm base design
length was used, and for the base design angle of the actuator, 360° was set up in the root part. The
root part of the length of the orifice and the angle of the actuator, as shown in Figure 3(b) and Figure
3(c), respectively.

(a) (b)
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Fig. 3. The root part of the actuator nozzle: (a) diameter of the orifice, (b) length of the orifice,
(c) actuator angle

2.3.2 Input parameter setup

The experiment was designed to define the input parameter that could affect the objective
function of this research. Each input parameter of the actuator nozzle had to set the lower and upper
bound design variables. In this case, the lower and upper boundary of the design variable was
referred to from the previous literature review [28]. The range details of the input parameter and
the design parameter are presented in Table 5.

Table 5

Input parameter for the design point in RSM [28]

No Input parameter Symbol notation Lower bound Upper bound
1 Diameter of orifice (mm) P1 0.20 0.60

2 Length of orifice (mm) P2 0.60 2.0

3 Actuator angle (°) P3 352 360

2.4 Verification of Actuator Nozzle

In the verification system of actuator nozzle in pMDI, as shown in Table 5, four (4) parameters
were chosen from the previous literature review: particle velocity magnitude, velocity magnitude, air
temperature, and HFA mass. The model was verified according to Oliveira et al., [19]. The relative
error for geometric modeling was shown in Table 6. For the numerical simulation, the average limit
for comparing two (2) simulated models must be below 10% [29]. As all variable parameters were
below the limit and the geometric simulation was appropriate, further simulation could be
performed.

Table 6
Verification of based model geometry
Velocity Variable parameters Result by Fluent 14.0 Result by Fluent Relative error
inlet (m/s) [20] 19.2 (%)
100 Particle velocity magnitude (m/s)  29.298 28.601 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
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2.5 Analysis of Particle Tracking

The three (3) potential designs were simulated, and the particle tracking was compared to the
commercial design to analyze the performance of the potential new actuator nozzle design in pMDI.
Then, the simulation analysis was performed at least three (3) times to obtain an average value. The
injection number of drug particles, maximum particle velocity magnitude, and axial velocity were the
first pieces of evidence to determine the best design among generated new designs for actuator
nozzle. After a single puff was discharged, the injection particles and maximum particle velocity
magnitude were recorded. Moreover, the maximum particles velocity magnitude was taken along
the centerline of the spray cone at six axial locations (25 mm, 50 mm, 75 mm, 100 mm, 125 mm, and
150 mm) downstream from the edge of the pMDI mouthpiece, defined as the origin, after a single
puff was discharged.

2.6 Spray Plume Analysis Setup

Three (3) tests were conducted to analyze the characteristic of the spray plume produced by
actuator nozzle Design A, Design B, Design C, and Commercial pMDI, including the spray plume
length, spray plume angle, and spray plume width. The ImageJ software was used to measure the
spray plume length, angle, and width of potential new actuator nozzle designs in pMDI, including
commercial devices. The spray plume length test was the first test that incorporated the potential
new actuator nozzle design to validate their flow characteristic for relieving shortness of breath
caused by COVID-19 and asthma. The spray plume length test was used to measure how far the drugs
particle (HFA-134, salbutamol, and ethyl-alcohol liquid) traveled from the mouthpiece after 1 (one)
puff before being inhaled to the targeted site. The second test was the spray plume angle. The spray
plume angle test was conducted based on the plume’s conical region extending from a vertex that
occurs at or near the actuator tip, which traveled from the nozzle after 1 (one) puff. The analysis was
furthered with spray plume width. The spray plume width test was measured at 30 mm from the
mouthpiece after 1 (one) puff.

3. Results
3.1 Optimization of Inhaler Designs using Response Surface Method

Figure 4 shows the relationship of particle velocity magnitude between two (2) parameters;
orifice’s diameter and length of the actuator. The result was displayed in the RSM 3D graph. It could
be seen that decreasing the diameter of the orifice could decrease the particle velocity magnitude.
After a certain point, the particle velocity magnitude increased when the diameter further decreased.
Furthermore, it was also shown that the particle velocity magnitude slightly increased and then
steeply decreased when the orifice length decreased. Further decreasing in the length of the orifice
gradually increased the particle velocity magnitude.
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Fig. 4. Response surface chart on particle velocity magnitude

against the diameter of orifice and length of the orifice

On the other hand, Figure 5 shows the relationship of particle velocity magnitude with the two
(2) parameters; the orifice’s diameter and the actuator’s angle. The relationship between particle
velocity magnitude and the orifice’s diameter resulted in the same trend as in Figure 4, where
decreasing the diameter of the orifice decreased the particle velocity magnitude. Further decrease
in orifice diameter was gradually increased the particle velocity magnitude. Similarly, there had been
a steady decrease in the particle velocity magnitude when the actuator angle was decreased. Further
decrease in actuator angle was also increasing particle velocity magnitude.
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Fig. 5. Response surface chart on particle velocity magnitude

against the diameter of orifice and actuator angle

These findings highlighted the complexities of interactions within the actuator design, which
significantly impact particle velocity magnitude. Particle size is one of the well-known factors that
affect drugs deposition in the lung [15]. Apart from particle size, one of the most critical aerosol
features that influences inhaled medication deposition in the lungs is spray velocity magnitude [30].
According to Gabrio et al., [31] the particle velocity magnitude can be decreased by utilizing a larger
orifice diameter, which aligns with our result. Previously published reports have focused only on
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orifice diameter as a primary factor used to modify the performance of typical pMDIs. In addition to
spray plume characteristics, particle velocity magnitude can also be significantly influenced by
actuator characteristics other than orifice diameter. Orifice length and actuator angle are two
parameters of actuators that are not frequently examined or taken into account when evaluating
pMDI performance. However, they have an impact on spray pattern formation in this research. The
size of particles can also be affected by the orifice length, according to previous research [32].
However, the effect of orifice length on the spray velocity magnitude has not been widely explored.
Similarly, actuator angle is also a feature of actuator that is not typically explored to improve the
pMDI performance. However, Rahman et al., [33] reported that the narrowest angle of the actuator
produced the highest velocity magnitude, similar to our study.

According to RSM, optimizing the spray orifice diameter, length, and actuator angle could affect
the particle velocity magnitude. Contributions to changes in particle velocity magnitude were
significantly altered by changing orifice length and actuator angle, in addition to orifice diameter. It
is crucial to optimize the design of the actuator because a higher particle velocity magnitude
exceeding the acceptable range could cause turbulence, which reduced the respirable fraction of the
particles [34]. The optimal velocity magnitude of particles further enhanced drug delivery to the lung
[1]. Nevertheless, an unsuitable combination of actuator nozzle parameters could reduce fine particle
mass (FPM) and increase throat deposition because the particles were too large to inhale [30].
Deposition of drugs particle (HFA-134, salbutamol, and ethyl-alcohol liquid) in the upper throat could
cause medical conditions such as hoarseness and candidiasis. Meanwhile, increased alveolar
deposition of much smaller particles could cause an increase in systemic adverse drug reactions
resulting in increased toxicity [35]. This result suggested that optimizing the orifice diameter, length,
and actuator angle could be vital for designing a good inhaler.

3.2 Selection of New Actuator Nozzle Base on The Design Point

The thirty (30) design points resulted from the combination of three (3) parameters; orifice
diameter, length of the orifice, and actuator angle were generated in the RSM. Three (3) best design
points (Design A, Design B, and Design C) were selected for further analysis to produce the new
actuator nozzle (Table 7).

Table 7

Dimension of new optimum actuator nozzle of selected design point

Nozzle parameter Design A Design B Design C
Diameter of orifice (mm) 0.20 0.30 0.40
Length of orifice (mm) 1.42 1.45 1.49
Actuator angle (°) 353 355 357

3.3 Analysis of Particle Tracking Using ANSYS Fluent Version 19.2

After RSM results were obtained, three (3) new actuator nozzle designs were simulated to see
the qualitative image for the spray plume. The injection particle number, maximum particle velocity
magnitude, and axial velocity were compared to the commercial pMDI.

3.3.1 Injection particles number

Analysis of injection particles number was firstly employed to estimate the average particles
injected from the actuator nozzle. The number of injection particles is vital in selecting the best design
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as it could deliver more drugs into the lower respiratory, especially in the bronchiole and alveoli.
According to Stein et al., [16] the MDI actuator is a critical subsystem that significantly influences the
delivery characteristics. The results showed that actuator nozzle Design C had the highest injection
particle number compared to actuator nozzle Design A and Design B with 232457. The study also
found that actuator nozzle Design C provided an excellent result for injection particles compared to
commercial actuator nozzle pMDI (186845). The injection particle number of actuator nozzle Design
C was increased by 24.41% compared with the commercial pMDI. Both actuator nozzle Design A and
actuator nozzle Design B displayed a tremendously decreased number of particles injection, which is
only around 76976 and 88127, respectively. Thus, actuator nozzle Design A and actuator nozzle
Design B might not be suitable for producing a new actuator nozzle in pMDI. However, further
analysis needed to be done to validate this result. The average injection particles for all actuator
nozzle designs are shown in Figure 6.

260 -
240 ~
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200 -
180 A
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140 -
120 A
100 +
80 -
60 -
40 -
20 -

0 .

Average of injection particles (10%)

Actuator Nozzle Actuator Nozzle Actuator Nozzle Actuator Nozzle
Design A Design B Design C Commercial pMDI

Actuator nozzle

Fig. 6. Average injection particles for all actuator nozzle design
3.3.2 Particles velocity magnitude

The maximum particle velocity magnitude was further analyzed as the second factor to select the
best new design for pMDI’s actuator nozzle. According to Figure 7, it could be seen that those
different combinations of nozzle parameters in the actuator nozzle produced different maximum
particle velocity magnitude. Actuator nozzle Design A and Design B had the highest maximum particle
velocity magnitude with 78.14 m/s and 56.32 m/s, respectively. Even though the actuator nozzle
Design C (35.67 m/s) produced a slightly higher velocity than the commercial pMDI (28.6 m/s), its
maximum particle velocity magnitude was still in the acceptable range, ranging from 26.94 - 43.20
m/s [33]. As mentioned before, it is crucial to get the optimal maximum particle velocity magnitude
as higher velocity could cause turbulence, which could reduce the respirable fraction of the particles
[36]. According to Miller [37] higher maximum particle velocity magnitude increased particle
deposition in the pharynx, decreasing deposition in the lower respiratory. The initial high velocity in
conjunction with the larger particle sizes resulted in a sizeable proportion of particles impacting the
mouth and throat before the propellant evaporates, decreasing the number of particles available for
inhalation [38]. This result could be seen in both actuator nozzle Design A and Design B, which had
the highest maximum particle velocity magnitude exceeding the acceptable range. This result
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supported the previous analysis in which the interactions within the actuator parameters of Design
A and Design B might not be suitable for producing a new actuator nozzle in pMDI as their maximum
particle velocity magnitude was out of acceptable range.
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Fig. 7. Average of maximum particles velocity magnitude for all actuator nozzle design

3.3.3 Relationship between maximum particles velocity magnitude and axial distance

A similar axial distance trend was observed in all three (3) potential actuator nozzle (Design A,
Design B, and Design C) and actuator nozzle Commercial pMDI. The droplets’” maximum velocity
magnitude decreased along with the axial distance due to the momentum exchange with the air
velocity. The particles located downstream of the actuator mouthpiece rapidly decelerate until they
match the air velocity (0.03-0.04 m/s). In line with the previous study, the maximum velocity
magnitude droplets decreased along the axial length from the nozzle due to the dynamic exchange
[20]. Oliveira et al., [20] demonstrated that the plume behaved like a spray up to a distance of 75 mm
from the nozzle. When an aerosol downstream the distance, gas was influencing the droplet motion
until it reached air velocity. Figure 8 shows the maximum particle velocity magnitude with axial
distance for all actuator nozzle designs.
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3.4 Spray Plume Analysis for All Actuator Nozzle Design

In this study, the discrete phase model (DPM) in ANSYS Fluent version 19.2 was used to find the
spray plume for the actuator nozzle Design A, Design B, Design C, and Commercial pMDI. As
mentioned above, the spray length was measured from the edge of the pMDI mouthpiece, defined
as the origin. The spray plume angle was conducted based on the plume’s conical region extending
from a vertex that occurs at or near the actuator tip. Lastly, the plume width was measured at 30 mm
from the mouthpiece after 1 (one) puff. Figure 9 showed the simulation result for the spray plume
for all actuator nozzle designs.

particle-tracks-1
Particle Velocity Magnitude

78.14

69.46

| 60.78

52.10

43.42

34.75

26.07

17.39

871 .‘Lc;'

0.03 20 mm
[m s?-1]

(a)

39



CFD Letters Penerbit

Volume 13, Issue 7 (2021) 27-44 Akademia Bal'u

particle-tracks-1
Particle Velocity Magnitude
H 55.32
49.18 | 30mm |
43.04
- 36.89 8
B 30.75 & e R e
24.61 E i R
18.47 PR S
12.32 '
618 Z-ce»
0.04 gy
[m s?-1]

(b)

particle-tracks-1
Particle Velocity Magnitude

35.67
31.71
27.75

r 23.79

19.83
15.88
11.92
7.96
4.00
0.04

[m s?-1]

(c)

40



CFD Letters
Volume 13, Issue 7 (2021) 27-44

particle-tracks-1

Particle Velocity Magnitude
28.60 -
. 25.43
22.25
19.08
- 15.90
12.73
9.55

6.38

3.20

0.03
[m s?-1]

(d)
Fig. 9. Simulation result for the spray plume for all actuator nozzle designs: (a) actuator nozzle Design
A, (b) actuator nozzle Design B, (c) actuator nozzle Design C, (d) actuator nozzle Commercial pMDI

The orifice diameter, length, and actuator angle had been proven to affect spray patterns [33,39].
According to Figure 9, the spray plume length increased linearly with the decreasing of particle
velocity magnitude. This finding suggested that a higher particle velocity magnitude produced a
smaller spray length. The reason is that higher injection pressure resulted in a higher resultant axial
velocity component, increasing the spray plume tendency to disintegrate earlier [40]. It had also been
observed that the spray plume angle increased with the decrease of particle velocity magnitude. This
view is supported by Chu et al., [41] where the lower velocity magnitude will increase the spray cone
angle and produces the longest breakup length. In addition, it is clear that when the particle velocity
magnitude decreased, the spray plume width was also increased. Maniarasan and Nicholas [42]
validated this statement by demonstrating that the nozzle with the lowest particle velocity
magnitude produced the widest spray plume. Table 8 shows the summary of the spray plume result
regarding length, angle, and width for all actuator nozzle designs.

Table 8
Spray plume result for all actuator nozzle design
Actuator nozzle Particle velocity Spray plume
magnitude (m/s) Length (mm) Angle (°) Width (mm)
Design A 78.14 162.94 9.69 7.24
Design B 55.32 187.74 12.17 9.86
Design C 35.67 210.619 14.754 11.537
Commercial pMDI 28.60 238.783 16.231 12.987

4. Conclusions

In summary, it had been shown that the diameter of the orifice, length of the orifice, and actuator
angle could affect the spray development for pMDI. Important observations were made concerning
the importance of previously unstudied actuator design parameters. Using the response surface
methodology (RSM), three (3) new actuator nozzle designs for pMDI were analyzed; among them,
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actuator nozzle Design C was highly recommended to produce a new actuator nozzle design for pMDI.
Combining the nozzle parameters for the actuator nozzle, such as the orifice diameter, length of the
orifice, and actuator angle, was essential to improve drug particles’ deposition in the lower
respiratory by decreasing the particle velocity magnitude and the particles size. Based on these
computational results and considering the analysis of particle tracking and analysis of spray plume in
the device, specific improvements to the pMDI design became apparent. The finding of this study
could be helpful as a reference for producing a new actuator nozzle design to relieve respiratory
problems by decreasing the number of experiments and trials. However, a detailed study is necessary
to validate the drug deposition in the lung using a modified design. The rational design of pMDlIs
should consider these variables and formulation techniques and change the actuator nozzle's
geometry.
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