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Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory coronavirus-
2 syndrome (SARS-CoV-2) were first reported by officials in Wuhan City, China, in 
December 2019. COVID-19 patients have a symptom of respiratory pneumonia 
diseases which have difficulties in breathing normally. Previously, the nebulizer 
machine commonly used to treat respiratory pneumonia diseases. However, the usage 
for this machine was not suggested during this COVID-19 period because the virus will 
be spread off easily. To overcome these shortcomings, the uses of Metered-Dose 
Inhaler (MDI) with MDI disposable inhaler spacer is preferable. Besides, it had been 
known that the used of MDI disposable inhaler spacer helps to increase the uptaking 
of the drug into the lung. Besides that, the high demand for the MDI Disposable Inhaler 
Spacer in the hospital, causing a shortage of supply in Malaysia. Thus, this study aims 
to produce a new design of this spacer to full fill the market need. This new design of 
MDI Disposable Inhaler Spacer (AeroCup) was designed by using Solid Work 2018. 
Then, the parameters for flow characteristic such as particle velocity magnitude, 
velocity, Eddy viscosity, turbulence Eddy dissipation and turbulence kinetic energy 
(TKE) was successfully characterized and compared with commercial design A using 
ANSYS Fluent Version 19.2. The result showed that new design (AeroCup) had the 
desired characteristic, which was almost similar to commercial design A. This study can 
provide a piece of information to produce the low-cost metered-dose inhaler (MDI) 
disposable inhaler spacer to enlighten the burden shouldered by front liners, especially 
during the pandemic and also can scale-up the economic viability.  
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1. Introduction 
 

In late December 2019, an outbreak of mysterious pneumonia caused by severe acute respiratory 
coronavirus-2 syndrome (SARS-CoV-2) happened in a seafood wholesale wet market in Wuhan, 
Hubei, China [1]. This disease is known as Coronavirus disease 2019 (COVID-19). So far, the virus of 
this disease infected more than 64 million individuals and killed almost 1.6 million people worldwide 
[2]. The first case reported in Malaysia was on 25 January 2020 on traveller from China arriving via 
Singapore [3]. As of 5 December 2020, a total of 69 095 confirmed cases with 376 deaths nationwide 
as documented by the Ministry of Health (Malaysia) [4]. The virus was previously named as Wuhan 
coronavirus or 2019 novel coronavirus (2019-nCov) by the Chinese researchers. The name was then 
identified as SARS-CoV-2 and the disease as COVID-19 by the International Committee on Taxonomy 
of Viruses (ICTV) [5]. Coronaviruses belong to the Coronaviridae family in the Nidovirales order, got 
its name from the crown-like spikes on the outer surface of the virus. Coronaviruses are minute in 
size (65–125 nm in diameter) and contain a single-stranded RNA as a nucleic material, size ranging 
from 26 to 32kbs in length [6]. This virus is a member of the β group coronaviruses that occurred 17 
years ago. It believed that the virus is zoonotic, meaning it spread from animals to human [7]. 
According to Datuk Dr Noor Hisham, Malaysia's Health Director-General, coronavirus (SARS-CoV-2) 
infections develop through 5 different stages. Nearly 80% of patients in Malaysia who tested positive 
for COVID-19, displayed either mild symptoms, or none at all. The remaining 20% of patients were 
the ones who fell into the moderate and critical categories of positive coronavirus infections [8].  

Ministry of Health (Malaysia) reported that the nebulizer previously used to treat pneumonia 
patients [9]. However, the use of nebulizer can increase the risk of infection transmission via droplet 
nuclei and aerosols [10]. Thus, the use of nebulizer is currently not suitable to treat pneumonia 
patients caused by COVID-19. Nevertheless, the use of metered-dose inhaler (MDI) could be 
considered as alternatives to flow driven nebulization [9]. The MDI inhaler potentially used for stage 
4 patient as the symptom of the shortness breath, and it was easy to use. Nevertheless, MDIs has a 
vital weakness, such as their propensity, to be used in optimally and inaccurately [11]. The release of 
particles at high speed frequently trapped in the oropharynx and blocked from entering the lungs 
[12].  

It was not easy to synchronize actuation and inhalation, where most children and 25–51% of 
adults have trouble with this technique [13]. Thus, the introduction of inhaler spacer can help to 
overcome this problem, which varies in their design features and benefit [14]. Spacers also minimize 
the need for patients to coordinate inhalation with MDI action and catch large particles that would 
typically accumulate mucosa in the mouth and throat by expanding the MDI mouthpiece and by 
providing additional volume for an aerosol catch [15]. This spacer significantly decreases the 
deposition of oropharyngeal drugs through the accumulation of large aerosol particles in the holding 
chamber, thereby decreasing the risk for local side effects associated with corticosteroids and 
systemic absorption [16]. Spacers were designed with one-way valves and holding chambers to 
optimize the drug delivery time and make spacers even easier to use. Valved spacers are a particular 
benefit to children and adults with inadequate inhalation techniques [17]. 

The spacers attached to MDIs as shown in Figure 1 at one end through a port and at the other 
end fitted with a face mask or mouthpiece, in practice, spacers extend the inhaler mouthpiece and 
channel the drug plume into the mouth. As the plume of actuated aerosol passes through the spacer, 
the particles lose momentum, causing the propellant to evaporate and the larger, non-breathing 
particles (created by drug particles coalescing) to settle [18]. The objective of this study is to modify 
the commercial MDI disposable inhaler spacers to create a new design of MDI disposable inhaler 
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spacers to full fill the market need. Another objective was to investigate the flow characteristic of the 
new design and compared with commercial design A of MDI disposable inhaler spacer. 
 

 
Fig. 1. Dispozable spacer attach with MDI 
inhaler [18] 

 
2. Methodology  
2.1 Geometrical Modelling 
 

The 2-Dimensional view for the new design MDI disposable inhaler spacer (AeroCup) and 
commercial design A of MDI disposable inhaler spacer model attached with actuator nozzle design 
by using Solid Works 2018 shown in Figure 2.  
 

 
Fig. 2. Geometrical modelling of commercial design A and new design (AeroCup) 
for MDI disposable inhaler spacer (a) Right view of AeroCup (b) Right view of 
commercial design A (c) Schematic diagram of internal parts in the actuator 
nozzle  
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The geometrical modelling for the commercial design A created by using the real scale of the 
existing spacer. Actuator nozzle dimension designed according to previous literature [19]. AeroCup 
has been designed in this project to see if this design can be comparable to the commercial design in 
term of performance and flow characteristics. Based on the simulation results performed by Oliveira 
et al., [20] it was possible to determine the base design diameter for MDI units, the diameter of the 
orifice is 0.49mm, the angle of the actuator being 165o and the length of the orifice being 1.50 mm. 
This actuator nozzle attached at the back of the feeder cap. A parameter used to define the geometry 
of the actuator nozzle was orifice diameter (D), length of the orifice (L) and angle of the actuator (θ) 
that shown in Figure 2(c). 
 
2.2 Grid Independent Test for Commercial Design a Model of MDI Disposable Inhaler Spacer 
 

The commercial design A of MDI disposable inhaler spacer redesigned from the real scale of the 
existing MDI disposable inhaler spacer. In this study, it was compulsory to maintain the model's 
precision by using the Grid-independent test. The grid-independent test value must remain as low as 
possible to maintain its accuracy. Nonetheless, in this GID series, the coarse, medium and fines 
meshed can be generated, and the solution can shift between the medium and fine mesh. Grid 
independent test for actuator nozzle, as shown in Table 1. There were nine (9) GID tests performed. 
The best GID obtained based on the lower skewness mesh metric value and the higher orthogonal 
mesh metric. It shows that number six (6) meets the selection of criteria for the GID. The GID already 
selected by selecting number six (6) for further analysis of simulation.  
 

Table 1 
Grid independent test for commercial design A model 
No Number of Nodes Number of Elements Skewness Mesh Metric Orthogonal Mesh Metric 

1 556325 831166 0.9563 0.9622 
2 546123 863216 0.9254 0.9365 
3 514865 832362 0.9165 0.9532 
4 586326 798622 0.8962 0.9244 
5 550032 873265 0.9321 0.9665 
6 579313 816325 0.8831 0.9788 
7 516186 896532 0.9365 0.9233 
8 596265 963216 0.9254 0.9135 
9 536181 886135 0.9623 0.9061 

 
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 [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 
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2.3 Meshing for New Design (AeroCup) and Commercial Design a Model of MDI Disposable Inhaler 
Spacer 
 

The meshed model in mesh mode of ANSYS components systems shown in Figure 3. The infinite 
number of particles in the meshing process transformed into the finite number of particles. In the 
current study, an intelligent mesh tool is used, which generates the best possible precise and efficient 
mesh in a single click for the given geometry [21]. The mandatory measuring cell carried out with 
high efficiency and accuracy. The higher the number of elements, the more precise the results are. A 
higher number of elements, however, will result in a longer time required for the results of computing 
[22]. The refining mesh used in smaller cells was set up for an extensive solution gradient and fine 
geometric data. It was necessary to maintain the accuracy and stability of the solution to achieve a 
good mesh quality. In the ANSYS, there was 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 [23,24]. 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.  
 

 
(a)       (b) 

Fig. 3. Meshing process for MDI disposable inhaler spacer (a) AeroCup (b) 
commercial design A 

 
2.4 CFD Simulation Method for New Design (AeroCup) and Commercial Design a Model of MDI 
Disposable Inhaler Spacer 
 

The purpose of this simulation was to illustrate the configuration parameters better suited to the 
real-life case of a new design (AeroCup) and commercial design A model of MDI disposable inhaler 
spacer using commercially available computational fluid dynamic (CFD) software, such as ANSYS ® 
Fluent version 19.2. Rosin-Rammler priorly 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 [20]. 

The drug amount of puff (100μg) 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 showed as in Table 4 below. 

 
Table 3 
Property of particle diameter [20] 
Parameter Value 

Diameter distribution Rosin-Rammler 
Minimum diameter (μm) 1.22 
Maximum diameter (μm) 49.50 
Mean diameter (μm) 16.54 
Spread parameter 1.86 
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Table 4 
Property of spray configuration 

Parameter Value 

Spray type Solid-cone [25,26] 
Angle (o) 10 [19] 
Velocity (m/s) 100 [20] 
Radius (m) 0.00025 [20,27] 
Flow rate (kg/s) 1e-6 [19] 

 
Parameters for the discrete phase model previously evaluated in different configurations, and 

those described here seemed best suited for simulation purposes. The inject time step size (s) use 
for this DPM were particle time step. The unsteady particle tracking presently used because of the 
limited period time (0.1s) for the injection to occur. The spherical type used in this study as the drag 
law, and this simulation activated the two-way coupling turbulence [27]. 
 
2.5 Verification of Actuator Nozzle with Commercial Design Model of MDI Disposable Inhaler Spacer 
 

In this verification system of MDI devices with commercial design model, four (4) parameters 
were selected from the previous literature analysis as shown in Table 5, which was particle velocity 
magnitude, velocity magnitude, air temperature and HFA mass. The reference model for verification 
obtained from Oliviera et al., [28]. 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 modelling shown in the table below was 6.2%. For the 
numerical simulation, the average limit for comparing two (2) simulated models was below 10% [29]. 
As the maximum value was below the average limit, and the geometric simulation was appropriate, 
and further simulation can proceed. 
 

Table 5 
Verification of based model geometry 

Velocity Inlet 
(m/s) 

Variable Parameters Result by Fluent 14.0 
[28] 

Result by Fluent 
19.2 

Relative error 
(%) 

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 New Design (AeroCup) and Commercial Design A of 
MDI Disposable Inhaler Spacer Along the Axis of Center-line 
 

Figure 4 illustrated the design of AeroCup and commercial design A. The X-axis (m) represented 
in the direction of the centre-line inside the chamber. It clearly can be seen that AeroCup design and 
commercial design A is different in term of their chamber length, the size of a mouthpiece and the 
size of universal backpiece. The difference in these properties might contribute to the difference in 
flow characteristics such as Eddy viscosity, turbulence Eddy dissipation, turbulence kinetic energy 
(TKE), and velocity.  
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Fig. 4. Axis of centre-line inside the (a) AeroCup design (b) commercial design A 

 
3.1.1 Eddy viscosity  
 

Figure 5 displayed the graph of Eddy viscosity versus the position of x-axis along the centre-line. 
Eddy Viscosity was the proportionality factor describing the turbulent transfer of energy as a result 
of moving eddies, giving rise to tangential stresses. From Figure 5(a) graph, the results show that the 
pattern of the graph rapidly rise from 0 to 0.01m and after 0.02m, the graph was steadily increasing. 
The graph steeply decreased from 0.09 to 0.11m. This Figure 5(a) graph shows a similar trend to 
Figure 5 (b) graph. 
 

 
(a)        (b) 

Fig. 5. Flow characteristic of Eddy viscosity along axis of centre-line (a) AeroCup design (b) Commercial 
design A 

 
3.1.2 Turbulence eddy dissipation 
 

Figure 6 displayed the graph of turbulence Eddy dissipation versus the position of x-axis along the 
centre-line. With the increment distance from 0 to 0.005m, the peak turbulence Eddy dissipation in 
Figure 6(a) rapidly increased, which was 9500 m2s-3. The peak went down sharply from 0.005m 
distance to 0.01m and remained steady at 0 m2s-3 afterwards until 0.11m. The trend of Figure 6(b) 
graph was quite similar to Figure 6(a), but, the peak turbulence Eddy dissipation for Figure 6(b) was 
9000 m2s-3 which a bit lower. 
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         (a)                        (b) 

Fig. 6. Flow characteristic of turbulence Eddy dissipation along axis of centre-line (a) AeroCup 
design (b) commercial design A 

 
3.1.3 Turbulence kinetic energy 
 

Figure 7 presented the turbulence kinetic energy against the position along the x-axis of the 
centre-line. The value of TKE directly represents the' strength' of the turbulence in the flow. The peak 
in Figure 7(a) showed a steep rise of TKE from 0 to 0.005m, producing a sharp peak which indicates 
the highest state of TKE (3.0 m2s-2). Then, the peak of TKE was dropping sharply at 0.01m and 
continue decreasing gradually. Interestingly, the trend of this result was in accord with the result, as 
shown in Figure 7(b). However, the peak produced in Figure 7(b) slightly lower compared to Figure 
7(a). A possible explanation for these results might have resulted from the difference between the 
lengths of both chambers. 
 

 
           (a)                       (b) 

Fig. 7. Flow characteristic of turbulence kinetic energy along axis of centre-line (a) AeroCup 
design (b) commercial design A 

 
3.1.4 Velocity 
 

The study further analyzed the velocity of flow produced by both designs. Figure 8(a) shows a 
dramatically increased inflow velocity from 0 to 0.005m, producing a sharp peak that indicates the 
highest flow velocity at 4.7 m/s. However, the flow velocity sharply dropped at 0.01 m and gradually 
begins to decline. This result was in good agreement with Figure 8(b), which also showed a similar 
trend. Nevertheless, it clearly can be seen that the peak of Figure 8(b) slightly higher, which was 5.4 
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m/s. This result might have resulted from the difference of chambers length, which slightly shorter, 
but still, did not affect the function of the new design spacer (AeroCup). 
 

 
        (a)       (b) 

Fig. 8. The flow characteristic of velocity along the axis of centre-line (a) AeroCup design (b) 
commercial design A 

 
3.2 Qualitative Analysis of Flow characteristic of New Design (AeroCup) and Commercial Design a of 
MDI Disposable Inhaler Spacer  
 

In this study, the discrete phase model (DPM) was used to find the velocity magnitude of the drug 
particles for both AeroCup design and commercial design A. The results, as shown in Figure 9, showed 
the velocity magnitude of the drug particles for both spacers was almost similar. The velocity 
magnitude of drug particles for AeroCup was 28.01 m/s, whereas, for the commercial design A was 
28.80 m/s. This result suggested that the speed of drug particles was not affected by the differences 
between the shape and the size of both design, AeroCup design and commercial design A. 
 

 
(a)       (b) 

Fig. 9. Particle velocity magnitude by using the discrete phase model (a) AeroCup design (b) 
commercial design A 

 
The flow characteristic further analyzed through the velocity vector. The velocity vector was 

crucial as it can provide excellent visualization of the flow around the module, depicting details of 
the wake structure. Figure 10 shows the velocity vector for the AeroCup design and commercial 
design A. The result showed that the AeroCup design has the lowest velocity vector compared to 
commercial design A. The velocity vector for the AeroCup design was 24.88 m/s, and commercial 
design A was 26.72 m/s.  
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(a)       (b) 

Fig. 10. Velocity vector for MDI disposable inhaler spacer (a) AeroCup design (b) commercial 
design A 

 
Streamline are the lines travelled by neutrally buoyant particles in equilibrium with the fluid 

motion. It was an excellent tool for visualization of complex three-dimensional flows. In this study, 
the streamline used to examine the flow around and in the wake of the module. Figure 11 shows the 
streamline for the AeroCup design and commercial design A. The velocity streamlines for AeroCup 
design was 24.88 m/s, and for the commercial design A was 26.72 m/s.  
 

 
(a)       (b) 

Fig. 11. Streamline for MDI disposable inhaler spacer (a) AeroCup design (b) commercial design A 

 
4. Conclusions 
 

This study was successful in producing a new design of MDI disposable inhaler spacers (AeroCup) 
that have desired characteristic which comparable to commercial design A. The pattern and particle 
flow characteristics of the new design (AeroCup) were analyzed and compared to commercial design 
A using the standard K-epsilon function wall and the Discrete Particle Model (DPM) mode. The 
parametric analysis found that there was slightly different in particle velocity magnitude for AeroCup 
and commercial design A. Further qualitative analysis also showed a slight difference in the Eddy 
viscosity, turbulent Eddy dissipation, turbulent kinetic energy (TKE) and velocity of the flow. This 
study can provide a piece of information to produce the low-cost MDI disposable inhaler spacer to 
enlighten the burden shouldered by front liners, especially during the pandemic and also can scale-
up the economic viability. However, it recommended studying the design of the feeder cap further 
to make it more universal and user-friendly. Besides, the compatibility of the material used for the 
fabrication of the AeroCup should also be studied to avoid the uses of toxic material, especially for 
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health-care application. All the considerations outlined here was needed to provide a complete and 
profound understanding of AeroCup application in future.  
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