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airflow characteristics through a porous gas mask filter cartridge using Computational
Fluid Dynamics (CFD) to evaluate the effects of inlet velocity and filter thickness on
airflow performance. A three-dimensional model of the filter cartridge was developed
and simulated using ANSYS Fluent under steady, incompressible, and isothermal
conditions. The porous filter was modelled using a homogeneous porous media
approach with a porosity of 0.8. Three inlet velocities of 1.0 m/s, 1.5 m/s, and 2.0 m/s
were applied to represent different breathing intensities, while three filter thicknesses
of 28 mm, 30 mm, and 32 mm were investigated. The results show that increasing filter
thickness leads to higher flow resistance, causing greater pressure drops and reduced
airflow velocity within the porous region. Quantitatively, a pressure drop of
approximately 279 Pa was obtained at an inlet velocity of 1.0 m/s, with pressure losses
increasing consistently as inlet velocity and filter thickness increased. The 32 mm filter
produced the highest pressure drop and lowest airflow velocity, whereas the 28 mm
filter showed the lowest resistance but may compromise filtration effectiveness.

Keywords: Overall, the 30 mm medium-thickness filter provided the most balanced performance
Gas mask filter cartridge; porous media; by maintaining acceptable airflow while avoiding excessive pressure loss. These
airflow analysis; pressure drop; findings demonstrate that CFD is an effective tool for evaluating airflow behaviour and
breathing resistance supporting the optimisation of gas mask filter cartridge design.

1. Introduction

Gas masks are widely used as personal protective equipment to protect users from inhaling
harmful gases, vapours, aerosols, and fine particulate matter [1]. They are commonly applied in
industrial workplaces, healthcare environments, emergency response operations, and military
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applications. The main function of a gas mask is to ensure that the air inhaled by the user is safe for
breathing [2]. This protection is mainly provided by the filter cartridge, which is an essential
component of the gas mask system. The filter cartridge typically consists of porous materials such as
fibrous filters and activated carbon, which allow air to flow through while removing hazardous
contaminants from the air stream [3].

The performance of a gas mask filter cartridge is strongly influenced by airflow behaviour inside
the porous filter material [4]. When air flows through the porous structure, resistance is generated
due to friction and flow interaction within the pores. This resistance causes a pressure drop across
the filter, which directly affects breathing comfort [5]. A high-pressure drop can make breathing
difficult and lead to fatigue during prolonged use, while a low pressure drop improves comfort and
usability. In addition, uniform airflow distribution across the filter is important to ensure that the
entire filter area is effectively utilized. Non-uniform airflow may reduce filtration efficiency and cause
uneven loading of the filter material, which can shorten the service life of the cartridge [6].

The problem addressed in this study is the difficulty in analysing airflow behaviour and pressure
drop inside porous gas mask filter cartridges using experimental methods alone [7]. The complex
internal structure of the porous filter makes direct measurement of velocity and pressure
challenging, while experimental testing requires high cost and long development time. High airflow
resistance can lead to breathing discomfort, and uneven airflow distribution may reduce filter
effectiveness. As a result, a reliable and efficient numerical method is required to evaluate airflow
characteristics inside gas mask filter cartridges and support performance assessment and design
improvement.

Airflow through porous media is complex and depends on several factors, including porosity,
permeability, filter thickness, and airflow rate [8]. As air passes through the interconnected pores of
the filter material, energy losses occur, resulting in changes in velocity and pressure. Understanding
these flow characteristics is essential for improving gas mask filter design and performance [9].
However, studying airflow inside porous filter cartridges using experimental methods is challenging.
The internal structure of the filter is very fine and complex, making it difficult to directly measure
velocity and pressure within the porous material. Experimental testing is often limited to measuring
inlet and outlet pressure, while detailed internal flow information remains inaccessible [10].
Furthermore, experimental studies can be expensive and time-consuming, especially when multiple
design variations need to be evaluated.

Due to these limitations, there is a need for an alternative approach that can effectively analyse
airflow behaviour inside gas mask filter cartridges [11]. Computational Fluid Dynamics (CFD) has
become a widely used numerical tool for analysing fluid flow in complex systems [12]. CFD solves the
governing equations of fluid motion using numerical methods, allowing detailed prediction of
velocity fields, pressure distribution, and flow resistance. Unlike experimental methods, CFD enables
visualization of airflow inside porous filter materials, providing valuable insight into internal flow
behaviour. As a result, CFD has been increasingly applied in the design and analysis of air filtration
systems, including gas mask filter cartridges [13].

In CFD simulations, porous filter materials are commonly modelled using a porous media
approach [14]. Instead of explicitly modelling the detailed microstructure of the filter fibres, the
porous media model represents the resistance of the material using macroscopic properties such as
permeability and inertial resistance coefficients [15]. This approach significantly reduces
computational cost while still producing reliable predictions of pressure drop and airflow distribution
[16]. Many previous studies have successfully applied porous media models to simulate airflow
through gas mask canisters and respirator filters, demonstrating the effectiveness of CFD in
predicting aerodynamic performance.

11



Semarak Journal of Thermal-Fluid Engineering
Volume 8, Issue 1 (2026) 10-22

Although previous research has shown that CFD is a useful tool for analysing gas mask filters,
many studies focus mainly on filtration efficiency and contaminant removal [17]. Fewer studies
provide detailed discussion of airflow characteristics such as velocity distribution and pressure drop
under simplified steady-state conditions. For educational and engineering design purposes,
simplified CFD models are valuable because they allow fundamental airflow behaviour in porous
filters to be clearly understood without excessive modelling complexity [18]. Therefore, further
numerical studies focusing on airflow resistance and internal flow distribution in porous gas mask
filter cartridges are still needed.

The objective of this study is to analyse airflow through a porous gas mask filter cartridge using
Computational Fluid Dynamics. This study aims to simulate steady-state airflow inside a three-
dimensional filter cartridge model using ANSYS Fluent, evaluate the airflow velocity distribution
within the porous media, and determine the pressure drop across the filter under inhalation
conditions. The porous filter material is modelled using a homogeneous and isotropic porous media
approach to represent flow resistance without resolving the detailed microstructure. The analysis
focuses on airflow behaviour only and does not consider chemical reactions or particle filtration
mechanisms.

2. Methodology
2.1 Cartridge Geometry and Material Characterization

Rather than replicating the filter's physical shape, we use actual geometric information for the
gas mask filter cartridge, including its inlet, outlet and porous filler region. The porous medium, which
stands for the filter filler material, for these key material properties like porosity, permeability, and
thickness, we depend on manufacturer data or literature. These properties are especially important
when representing airflow resistance within the cartridge. Figure 1 show the gas mask filter cartridge.

Fig. 1. Gas mask filter cartridge [19]

For this study, three different substrate thicknesses were selected for the gas mask filter
cartridge: 32 mm, 30 mm, and 28 mm. These thicknesses represent typical variations in filter design.
The inlet body (C) and outlet body (A) dimensions were kept constant across all three cases to isolate
the effect of the substrate thickness (B) as the sole variable. A three-dimensional, full-body model of
the entire filter cartridge was created, including the inlet body (C), substrate (B), and outlet body (A).
This approach, using a complete 3D model rather than exploiting symmetry, was adopted to capture
any potential three-dimensional flow asymmetries in the turbulent flow field, ensuring a more
thorough and physically representative simulation. As shown in Figure 2, this method provides a
comprehensive representation of the geometry and flow domains within the filter cartridge system.
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Fig. 2. gas mask filter cartridge geometry domain

2.2 Discretization

The computational domain for the gas mask filter cartridge is discretized into a finite number of
small control volumes to allow the governing flow equations to be solved numerically. The
discretization process converts the continuous form of the continuity and momentum equations into
algebraic equations that can be handled by the CFD solver. A finer mesh is applied within and near
the porous filter region to accurately capture steep velocity and pressure gradients caused by flow
resistance inside the filter material. Regions close to the inlet and outlet of the cartridge also use
refined elements to properly represent flow development and pressure changes. Coarser mesh
elements are applied in regions where airflow is more uniform, such as open flow zones away from
the porous media. This mesh strategy ensures accurate prediction of airflow distribution and
pressure drop across the gas mask filter while keeping the computational cost at a reasonable level,
as reported in [20].

2.2.1 Generate mesh

Mesh generation was carried out to discretize the computational domain into a finite number of
control volumes for numerical analysis. An automated meshing method was applied to ensure
consistent element distribution throughout the model. A uniform mesh size was used across most
regions, while relatively finer elements were applied near the inlet, outlet, and porous filter region
where higher velocity and pressure gradients were expected. This meshing strategy allows accurate
prediction of airflow behaviour and pressure drop within the gas mask filter cartridge while
maintaining reasonable computational efficiency. The generated mesh was checked to ensure
acceptable quality in terms of element size and distribution before proceeding with the CFD
simulations.

Mesh generation was performed using an automated meshing process. Body sizing controls were
applied to specify the base element size in the converging section, with finer elements applied around
the throat and exit, where high velocity gradients and strong shear were expected. Figure 3 shows
the meshing of the gas mask filter cartridge. The mesh generation for the model was conducted using
an automated process, with a mesh size of 1.2 mm applied across the entire domain. The model's
dimensions, as shown, include sections labelled A, B, and C. No converging section or throat was used
in this model. The finer mesh elements were applied near the exit region, where high velocity
gradients and strong shear are expected. Figure 3 illustrates the mesh distribution of the model with
consistent element size throughout.
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Fig. 3. Meshing of the gas mask filter cartridge

2.3 Governing Equation

Computational Fluid Dynamics (CFD) describes fluid flow behaviour using governing equations
derived from fundamental conservation laws. For the analysis of airflow through a porous gas mask
filter cartridge, these equations are essential for predicting air movement, pressure drop, and flow
resistance inside the filter material. The three main governing equations are the continuity equation
(mass conservation), the momentum equation (Navier-Stokes), and the energy equation (energy
conservation). This study mainly focuses on mass and momentum conservation because airflow is
assumed to be incompressible and occurs at constant temperature.

2.3.1 Continuity equation (mass conservation)

The conservation of mass for airflow through the porous filter cartridge is expressed by the
continuity equation shown in Eq. (1). This equation states that the rate of change of air density within
a control volume, combined with the net mass flux leaving the volume, must be zero. For a gas mask
filter, Eq. (1) ensures that air entering the cartridge either flows through the porous media or
accumulates within it, without any artificial creation or loss of mass in the numerical model. CFD
simulations apply the equation to maintain physically realistic airflow distribution inside the porous
filter structure, which is essential for accurate prediction of velocity fields and pressure drop, as
reported in [21].

%, p.
e TV (oW (1)
where p= fluid density, u= velocity vector t=time

2.3.2 Momentum equation (Navier—Stokes)

The conservation of momentum for airflow through the gas mask filter cartridge is described by
the Navier—Stokes equation given in Eq. (2). This equation represents the balance between the rate
of change of momentum and the forces acting on the air, including pressure forces, viscous resistance
within the porous material, and body forces such as gravity. For porous filter analysis, Eq. (2) plays
an important role in predicting airflow resistance and pressure loss across the cartridge. CFD
calculations solve the equation to capture how pressure gradients drive airflow through the filter
while viscous stresses oppose the motion due to the fine pore structure. Accurate solution of Eq. (2)
allows assessment of breathing resistance and overall filter performance.
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p<g—¢+|7-(pu))=—|7p+\7xr+pb (2)

where p= pressure, T= viscous stress tensor, b= body force per unit mass
2.4 Boundary Condition

The CFD simulations in this study were performed using air as the working fluid under steady-
state and incompressible flow assumptions. These assumptions are widely adopted in respiratory
flow and gas mask filtration analyses, where airflow velocities are relatively low and density
variations are negligible [22],[23]. The primary boundary conditions employed in this work comprise
a velocity inlet, a pressure outlet, a porous zone definition, and no-slip wall conditions. Such
boundary condition selections are commonly used in CFD investigations of gas mask filters and
protective cartridge systems to represent inhalation flow behaviour realistically [24],[25].

The gas mask filter region was modelled as a porous medium with a porosity value of 0.8.
Modelling the filter as a porous zone enables the capture of pressure drop and flow resistance effects
without explicitly resolving the complex micro-scale pore structure, which significantly reduces
computational cost while maintaining accuracy [26]. At the inlet, a uniform velocity profile was
imposed to represent different breathing intensities. Three inlet velocities were considered 1.0 m/s
for parameter 1, 1.5 m/s for parameter 2, and 2.0 m/s for parameter 3 (Table 1). The use of velocity
inlet conditions enables a consistent comparison of pressure loss and flow behaviour under varying
airflow demands, as recommended in previous CFD studies on filter and porous media performance
[14]. A turbulence intensity of 5% and a turbulent viscosity ratio of 10 were specified to represent
moderate turbulence levels typically observed in inhalation flows [27].

The outlet, a pressure outlet boundary condition with a gauge pressure of 0 Pa was applied to
provide a reference pressure condition, which is a standard approach in CFD analyses of internal
flows and filtration systems [28]. All solid surfaces were modelled as stationary no-slip walls with a
standard roughness model, which is essential for accurately predicting near-wall velocity gradients
and pressure losses in porous filter applications.

Table 1

Boundary conditions for CFD simulation

Boundary Type Specification Value

Inlet Velocity inlet Parameter 1 1.0 m/s
Parameter 2 1.5m/s
Parameter 3 2.0m/s

Porous zone  Fluid zone Porosity 0.8

Outlet Pressure outlet Gauge pressure 0 Pa

Wall Wall No-slip condition Stationary
Roughness model Standard

2.5 Parameter of Study

This study investigates the effect of airflow velocity and filter thickness on the airflow behaviour
inside a porous gas mask filter cartridge. Two main parameters were selected to represent realistic
breathing conditions and common filter design variations. The first parameter is inlet airflow velocity,
which represents different breathing intensities during inhalation [29]. Three inlet velocities were
applied at the velocity inlet boundary: 1.0 m/s, 1.5 m/s, and 2.0 m/s. These values were chosen to
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simulate low, moderate, and high breathing rates. The inlet velocity directly influences the pressure
drop across the filter and the airflow velocity distribution inside the porous media.

The second parameter is filter thickness, which affects the flow resistance within the porous
region. Three different filter thicknesses were analysed which is 28 mm, 30 mm and 32 mm. All other
geometric dimensions, material properties, and boundary conditions were kept constant to ensure
that the effect of filter thickness could be evaluated independently [30]. By varying these two
parameters, the study aims to identify how design and operating conditions influence airflow
performance and breathing resistance.

2.6 Analysis of Study

The analysis of this study focuses on evaluating airflow characteristics inside the gas mask filter
cartridge using CFD simulation results. The main flow variables analysed include pressure
distribution, velocity distribution, and velocity streamlines within the computational domain [31].
Pressure analysis is performed to determine the pressure drop across the porous filter, which is an
important indicator of breathing resistance. Higher pressure drop indicates greater resistance to
airflow and reduced breathing comfort. Pressure contours are used to visualise how pressure
changes from the inlet to the outlet for different filter thicknesses and inlet velocities.

Velocity analysis is conducted to examine the airflow velocity distribution inside and downstream
of the porous filter. Velocity contours help identify regions of high and low airflow, as well as the
influence of filter thickness on airflow reduction. In addition, velocity streamlines are analysed to
observe airflow paths and flow uniformity through the filter cartridge. Streamline patterns provide
gualitative insight into flow resistance, energy loss, and airflow disturbance caused by different filter
designs. Comparison of results for all cases allows identification of the filter configuration that
provides a balance between acceptable airflow and reasonable pressure drop. This analysis supports
the selection of an optimal filter thickness that improves breathing comfort while maintaining
effective airflow behaviour.

2.7 Grid Independence Test

A grid independence test was conducted to ensure that the CFD results were not influenced by
mesh size. Several meshes with different element sizes were tested, and the pressure drop across
the filter cartridge was used as the comparison parameter. Results showed only small differences
between successive mesh refinements, indicating that the solution had reached grid independence.
The selected mesh provides accurate results while maintaining reasonable computational efficiency.

2.8 Related Theory

Inlet velocity is defined as the speed of the air flowing toward the porous filter surface which is
important in the assessment of breathing comfort and filtration efficiency. When air flows through
porous media at low velocities and in a laminar manner, the relation between inlet velocity and
pressure drop can be defined using Darcy’s Law. For the airflow through fibrous filters like gas masks
and respirator materials, Darcy’s Law works as the flow is assumed to be incompressible, steady and
dominated by viscous effects [32]. The inlet velocity is given by Eq. (3):

v= ﬁAP (3)
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where AP(Pa) is the pressure drop across the porous filter, u(Pa-s) is the dynamic viscosity of air, L(m)
is the thickness of the porous medium, and k(m?) represents the permeability of the porous material.

The velocity defined in this equation is the superficial velocity which is computed from the total
inlet section instead of the pore area. This is the standard approach in computational fluid dynamics
(CFD) for the inlet boundary condition, as it streamlines the modelling process of flow in porous
media. More significant inlet velocities will generate a higher pressure drop, which corresponds to
greater breathing resistance [33]. Thus, it is necessary to control the inlet velocity in order to find an
optimal point of trade-off between the filtration efficiency and the comfort of breathing.

3. Results
3.1 Grid Independence Test

A grid independence test (GIT) was executed using the velocity distribution to determine the
optimal mesh size for the gas mask filter simulation. The relative error between two successive
meshes was calculated using the Eq. (3), and the normalized relative error was found to be less than
5% for all samples. Grid-convergence was confirmed as the pressure difference and exit velocity
profiles showed minimal changes when transitioning from medium to fine mesh. As shown in Table
2, the analysis of pressure differences supported this conclusion. The mesh size of 1.2 mm was
identified as the best option since it exhibited the lowest error and the largest element size, ensuring
a faster simulation run. Therefore, the 1.2 mm mesh size was selected for all subsequent runs,
offering a good balance between accuracy and computational efficiency.

Table 2

Grid independence test based on pressure variation in the computational domain
Mesh size (mm) Number of nodes Pressure drops (pa) Error (%)

1.2 164476 279.42453 -

1.1 197888 279.3534 0.03

1.0 242292 279.03108 0.12

The truncation error was calculated using Eq. (4) for each mesh configuration shown in Table 2,
and the mesh that provided the lowest error while still maintaining reasonable computational
efficiency was selected for the final simulations. This step ensures that the numerical results reflect
the true physical behaviour of the flow, rather than artifacts introduced by the discretization process.

Error(%) = |%| x 100 (4)
3.2 Pressure Distribution

Figure 4 shows the pressure contours for the three filter designs with different thicknesses which
is thin, medium, and thick at inlet velocities of 1 m/s, 1.5 m/s, and 2 m/s. For all cases, a clear pressure
gradient is observed from the inlet to the outlet, indicating pressure loss due to flow resistance within
the porous filter. Higher pressure is consistently observed near the inlet region, followed by a gradual
pressure decrease along the flow direction as air passes through the porous medium.

Relatively higher local pressure values are observed near the inlet region for the thin filter of
Design 1, especially at higher inlet velocities. This behaviour is mainly caused by the thinner filter
thickness, which leads to a more concentrated pressure build-up at the entrance of the porous zone.
Despite this local pressure increase, Design 1 exhibits the lowest overall pressure drop across the
porous region, indicating lower resistance to airflow.
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A progressive increase in overall pressure drop is observed with increasing filter thickness in
medium Design 2 and thick Design 3 at all inlet velocities. Design 3 experiences the highest-pressure
accumulation near the inlet and the steepest pressure gradient across the porous filter. These results
confirm that thicker filters impose greater resistance to airflow due to longer flow paths and
increased viscous losses.

Higher inlet velocities from 1 m/s to 2 m/s result in increased pressure magnitudes for all filter
thicknesses, reflecting greater flow momentum and resistance within the porous media. The general
trend related to filter thickness remains consistent across all velocities. Agreement with porous flow
theory is observed, where pressure drop is directly proportional to both flow velocity and porous
medium thickness.

Pressure . A -
Pressure Contour Design 1 Design 2 Design 3
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Fig. 4. Pressure contours of the gas mask filter cartridge for Design 1, Design 2, and Design 3 at inlet velocities
(a)-(c) 1.0 m/s (d)-(f) 1.5 m/s (g)-(i) 2.0 m/s

3.3 Velocity Distribution

Figure 5 shows the velocity contours for all three filter designs with different thicknesses (thin,
medium, and thick) at inlet velocities of 1 m/s, 1.5 m/s, and 2 m/s. In all cases, higher velocity regions
are observed near the inlet and above the porous filter, followed by a reduction in velocity as the
airflow passes through the porous medium. This velocity reduction indicates energy loss due to flow
resistance within the filter.

Relatively higher velocity magnitudes are observed within and downstream of the porous region
for the thin filter of Design 1 at all inlet velocities. This behaviour is attributed to the lower flow
resistance associated with the thinner filter thickness, which allows air to pass through more easily.
The velocity distribution in Design 1 also appears more uniform, indicating smoother airflow through
the porous medium.

A noticeable reduction in airflow velocity occurs across the porous zone as the filter thickness
increases in medium Design 2 and thick Design 3 configurations at all inlet velocities. Design 3 exhibits
the lowest velocity magnitudes, confirming that thicker filters significantly restrict airflow. This
reduction in velocity is consistent with the increased pressure drop observed in the pressure
distribution results.
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Higher inlet velocities from 1 m/s to 2 m/s produce increased velocity magnitudes near the inlet
region for all designs, reflecting greater flow momentum. The overall trend remains consistent
despite changes in inlet velocity, where increasing filter thickness leads to reduced airflow velocity.
These findings indicate that filter thickness plays a dominant role in controlling airflow behaviour
within the porous filter cartridge.
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Fig. 5. Velocity contours of the gas mask filter cartridge for Design 1, Design 2, and Design 3 at inlet velocities
(a)-(c) 1.0 m/s (d)-(f) 1.5 m/s (g)-(i) 2.0 m/s

3.4 Velocity Streamline Distribution

Figure 6 illustrates the velocity streamline patterns for all three filter designs with different
thicknesses (thin, medium, and thick) at inlet velocities of 1 m/s, 1.5 m/s, and 2 m/s. The streamlines
provide qualitative insight into airflow paths and flow uniformity as air passes through the porous
filter cartridge. The streamlines for the thin filter of Design 1 are smoother and more evenly
distributed as they enter and pass through the porous region at all inlet velocities. Minimal curvature
and reduced streamline congestion are observed in the flow paths, indicating lower flow resistance
and more stable airflow behaviour. This observation aligns with the higher velocity magnitudes and
lower overall pressure drop reported in the previous sections.

Increasing the filter thickness causes the streamline patterns to become progressively denser
near the inlet region, particularly above the porous filter. Greater streamline curvature and clustering
appear, indicating higher flow resistance and greater energy loss as air moves through thicker, porous
media. The most pronounced streamline distortion occurs in Design 3, confirming that it experiences
the highest resistance to airflow.

Higher inlet velocities, from 1 m/s to 2 m/s, generate denser streamline patterns and stronger
curvature near the inlet region for all filter thicknesses, reflecting increased flow momentum. Despite
the effect of inlet velocity, the general trend regarding filter thickness remains consistent: thicker
filters produce more restricted and disturbed airflow patterns. Overall, the streamline analysis
supports the pressure and velocity distribution results, showing that increasing filter thickness leads
to higher flow resistance and reduced airflow uniformity. These findings emphasise the importance
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of selecting an optimal filter thickness to ensure acceptable airflow performance and breathing
comfort.

Velocit Design 1 Design 2 Design 3
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Fig. 6. Velocity streamline of the gas mask filter cartridge for Design 1, Design 2, and Design 3 at inlet velocities
(a)-(c) 1.0 m/s (d)-(f) 1.5 m/s (g)-(i) 2.0 m/s

4. Conclusions

This study successfully achieved its objective of analysing airflow behaviour through a porous gas
mask filter cartridge using Computational Fluid Dynamics. The CFD simulations effectively captured
the pressure, velocity, and streamline characteristics of airflow through porous media at inlet
velocities of 1 m/s, 1.5 m/s, and 2 m/s, demonstrating the suitability of CFD as a reliable tool for
evaluating airflow performance in porous filter systems.

The results clearly indicate that filter thickness has a significant influence on airflow behaviour.
Based on the combined pressure, velocity, and streamline analyses, thinner filters produce lower
overall pressure drop, higher airflow velocity, and smoother streamline patterns, which contribute
to improved breathing comfort. In contrast, thicker filters generate higher pressure loss, reduced
airflow velocity, and more disturbed streamline behaviour due to increased flow resistance within
the porous medium. Although increasing inlet velocity increases pressure and velocity magnitudes,
the overall trend with respect to filter thickness remains consistent.

Among the three designs investigated, Design 1 (thin filter) exhibits the lowest pressure drop and
highest airflow velocity, indicating superior breathing comfort, but its reduced thickness may limit
filtration effectiveness. Design 3 (thick filter) shows the highest flow resistance and pressure loss,
which may lead to breathing discomfort. Therefore, Design 2, with moderate filter thickness, provides
the most balanced performance by maintaining acceptable airflow characteristics while avoiding
excessive pressure loss, making it the most suitable design among the three for gas mask filter
applications.
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