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Accepted: 3 August 2025 airborne pollutants, yet their performance is strongly influenced by

Available online: 31 December 2025 internal airflow behavior. In this study, Computational Fluid Dynamics
(CFD) was employed to investigate pressure drop, velocity distribution,
and air age (residence time) within a gas mask cartridge. The

Keywords simulations revealed a maximum pressure drop of 41.94 Pa, well within
Computational fluid dynamics, gas acceptable breathing resistance limits, but with non-uniform
mask filter, flow channeling, distribution across the absorbent bed. Velocity contours showed flow
pressure drop, air age, porous channeling forming near the inlet and outlet, leaving regions further
media, sorbent utilization from the outlet underutilized. Air age analysis confirmed these

patterns, with some regions achieving the required 0.67-0.80 s contact
time for effective adsorption, while others fell below this threshold.
These findings highlight that cartridge can affect airflow uniformity,
adsorption efficiency, and sorbent utilization. The findings can guide
the optimization of filter design in achieve more balanced flow
distribution and improved performance.

1. Introduction

Workers in industries exposed to hazardous gases must be equipped with reliable respiratory protection to
prevent inhalation of toxic contaminants. Gas mask filters play a critical role in safeguarding worker health,
particularly in sectors such as oil and gas where airborne pollutants are common. In Malaysia, the National
Institute of Occupational Safety and Health (NIOSH) highlights the importance of continuous monitoring and
proper selection of respiratory protective equipment [1], [2]. Exposure to chemical and particulate pollutants has
been linked to severe health risks, with global statistics estimating that a worker dies every 30 seconds due to
toxic exposure and inadequate protective measures [3], [4]. These concerns underscore the need for certified and
high-performance gas mask filters [5]-[7]. Although commercial gas mask filters are designed to capture harmful
substances, their performance can degrade over time due to continuous use, high contaminant concentrations,
and humid environmental conditions [8], [9].

Subsequently, the large surface area of filter media can lead to reduced adsorption efficiency [10], [11], while
variations in cartridge geometry directly influence airflow resistance and sorbent utilization [12], [13]. Several
studies have reported that airflow inside filters often becomes non-uniform, forming preferential flow paths
where air follows the path of least resistance [14], [15]. This causes dead zones and recirculation regions, reducing
filtration efficiency—particularly under elevated temperature and humidity, where density and flow behavior of
air-vapor mixtures change significantly [16], [17]. Similar challenges have also been identified in chemical
warfare canisters and CBRN respirator systems [18], [19]. Computational Fluid Dynamics (CFD) has proven to be
a powerful tool for analyzing such flow behavior, allowing detailed visualization of internal airflow patterns,
pressure losses, velocity fields, and dead-zone formation.

This is an open access article under the CC BY-NC-SA 4.0 license.

©I8Q




Int. Journal of Integrated Engineering Vol. 17 No. 8 (2025) p. 313-323 314

Previous research has demonstrated the effectiveness of CFD in assessing respirator performance and
predicting transient flow behavior under various operating conditions [20]. Recent studies have integrated CFD
with experimental validation and even virtual-reality-based design methods to further optimize cartridge
performance [21], [22]. Beyond respirators, preferential flow modeling using CFD has been widely applied in
porous media systems [23], adsorption studies, and activated carbon structures, emphasizing its usefulness in
evaluating flow resistance, pressure drop, and filter service life [24]-[26]. Despite these advancements, limited
studies have specifically examined how cartridge geometry influences internal flow distribution, particularly in
terms of flow channeling, resistance zones, and residence time variations across the sorbent bed. This represents
a significant knowledge gap in understanding how geometric design affects filter efficiency and sorbent utilization.

To address this gap, the present study employs CFD to investigate airflow behavior inside a gas mask filter
cartridge. Three key parameters such pressure drop, velocity distribution, and air age (residence time) are
analyzed to identify flow channeling, restricted zones, and underutilized regions within the filter medium. The
results are presented through contour plots and plotted profiles to provide a clear interpretation of internal flow
characteristics. This study aims to provide insights that support the optimization of gas mask filter geometry,
ultimately improving airflow uniformity, adsorption efficacy, and overall respiratory protection performance
under diverse environmental conditions [27].

2. Methodology

2.1 Geometry of Gas Mask Filter Cartridge

The filter cartridge used in this study was a 3M™ Organic Vapour Cartridge 6001 (A1) [28] and was developed
using 3D scanner then import into SOLIDWORKS like (a) Casing of cartridge in Fig. 1, then imported into ANSYS
Design Modeler for preprocessing. The internal airflow region was created using the “Fill” operation, which
automatically detects enclosed cavities and generates a corresponding solid body representing the air domain
shown at (b) Fluid domain of cartridge in Fig. 1.

To support the geometric representation used in the CFD model, the main dimensions of the gas mask
cartridge are summarized from the scanned physical unit. The cartridge has an overall height of 107 mm, with a
top length of 87 mm and a bottom length of 52 mm, which defines its tapered external profile. The outlet port
measures 36 mm in diameter with an axial depth of 3.5 mm and functions as the single flow path. Internally, the
filter assembly consists of a 2 mm paper pre-filter followed by a 10 mm activated charcoal layer, all enclosed
within a 27 mm canister wall. The complete dimensional reference is provided in Appendix A.

.

(b)
Fig. 1 The geometry of the gas mask cartridge (a) Casing; (b) Fluid domain

2.2 Meshing of the Gas Mask Cartridge

As seen in Fig. 2, Meshing of the gas mask model and details at the inlet and outlet is shown. The total number of
elements and nodes were present in Table 1 below:

Fig. 2 Dtail meshed model
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Table 1 Number of nodes and elements for each geometry

Model
Number of nodes 543,429 232,640 464,374
Number of elements 2,195,055 1,106,746 2,416,318

2.3 Governing Equation

Airflow inside the gas mask cartridge was modeled as an incompressible, steady-state flow governed by the
continuity and Navier-Stokes momentum equations. The continuity equation is,

V-(pu)=0 (1)
where, p = fluid density (kg:-m~3), u = velocity vector (m-s™*). Next, momentum equation is written as,
pu-MNu=-rp+V-@Wu)+F (2)

where, p = static pressure (Pa), u = dynamic viscosity (kg:-m™*-s™*), F = body force term (e.g., gravity), (u-V)u
= convective acceleration. Equations (1) and (2) form the basis for predicting velocity, pressure, and flow patterns
inside the filter cartridge. To represent the filter layers, the Forchheimer porous media model was applied, as
recommended by Park [18] and Rakyoung et al. [17]. This model extends Darcy’s law by including inertial losses,
making it more accurate for predicting flow resistance in fibrous and granular filter media. The governing
relationship is expressed as:

AP 3
- = ekt BpVe (3)
where AP is the pressure drop across a porous layer of thickness L, Vs is the superficial velocity, p is the fluid
viscosity, and a and 8 are the viscous and inertial resistance coefficients, respectively. In addition to airflow
resistance, the concept of air age (residence time) was introduced as a performance indicator. Air age quantifies
how long air remains within the filter media, reflecting the potential adsorption contact time. It is governed by:

ax, (pw7) = O_xL(a_TO_xl) +p

where, o = viscous resistance coefficient (m™2), B = inertial resistance coefficient (m™). This formulation
extends Darcy’s law by including inertial losses, which is essential for porous media with moderate-to-high
Reynolds numbers, such as granular activated carbon beds. The values of a and 8 used in this study were adopted
from Su & Li (2009) [29] for commercial activated carbon cartridges with similar packing density and particle size
(0.7-0.9 mm), ensuring consistency with experimentally validated porous-media data. Air age (residence time)
was computed using a scalar transport equation implemented through a UDF. The governing equation is:

V- (putr) =V - (otpeffVz) +p (5)

where t = local air age (s), p_eff = effective viscosity (turbulent + laminar), o_t = air-age turbulent Schmidt
number. The source term p represents continuous inflow of fresh air, enabling the scalar field to increase with
residence time inside the porous medium. This formulation is commonly used in CFD studies of adsorption filters
because air age correlates directly with sorbent contact time and filtration efficiency.

2.4 Boundary Conditions and Parameter Assumptions

The canister inlet maintained a steady inhalation flow rate of 30 L/min throughout all simulations. Due to the
fixed inlet area, the flow rate was converted to a mean velocity using the inlet area (A) of the canister opening, the
mean inlet velocity (U) was calculated as which was then applied to the inlet boundary conditions. The gauge
pressure of 0 Pa was imposed at the outlet, allowing the solver to determine the corresponding inlet pressure
based on internal flow resistance. All solid walls were treated with a no-slip boundary condition. The SST k-w
turbulence model was selected because it provides accurate predictions in flows involving porous media, sharp
pressure gradients, and near-wall behavior. This model has been widely used in respirator and filter-related CFD
studies and is suitable for capturing transitional turbulence effects within the canister. Fig. 3 and Table 2 below
show the boundary condition position and material properties that have been used:
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Fig. 3 Boundary condition setup at the gas mask filter type 1

Table 2 Material properties

Material Air Water vapor Activated charcoal
Density (kg.m-3) 1.225 0.552 650
Specific heat (j.kg. K1) 1006.43 1000 800
Thermal conductivity (W.m-1. K1) 0.0242 2.5 0.27
Viscosity (kg.m. s'1) or porosity 0.000017894 0.483 0.5

2.5 Porous Media Parameters

The gas mask filter consisted of two porous media layers with pre-filter for coarse particle removal and an
activated charcoal bed for gas adsorption. Both layers were modeled using the Darcy-Forchheimer equation.
where L is dynamic viscosity, o is permeability, is inertial coefficient, p is density, and v is superficial velocity. The
assumed porous media parameters and physical properties are listed in Table 3. The coefficients listed were
applied directly within ANSYS Fluent’s Porous Zone settings, not through UDF coding. For each porous layer, the
permeability a and inertial coefficient § were entered under Cell Zone Conditions at Porous Zone tab and listed in
Porous Media Inputs, enabling Fluent to automatically apply the corresponding viscous and inertial momentum
sinks. Only the air-age scalar uses UDF, all porous resistance effects rely on Fluents built-in model.

Table 3 Material properties

Layer Porosity Permeability (m-?), a Inertial coefficient (m™), 8 Source

Pre-filter layer 0.90 1.52x10° 6.41x103 Su and Li
[29]

Activated charcoal bed 0.40 2.39x10° 3.21x104 Su and Li
[29]

2.5.1 Grid Independence Test

Grid Independence Test (GIT) was performed to ensure that the CFD results for the gas mask filter cartridge were
not influenced by mesh density. Four mesh levels were generated by progressively refining the cells within the
porous media and near-wall regions. The total element count ranged from approximately 1.1 million to 3.0 million,
which is consistent with mesh resolutions commonly used in respirator CFD studies. For example, Rakyoung et al.
[17] and Su and Li [13] employed meshes between 1-4 million elements to achieve stable predictions of pressure
drop and flow distribution through porous filter layers. The velocity across the cartridge was monitored as the
refinement criterion. As shown in Fig. 4 and summarized in Table 4.
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Fig. 4 GIT chart for geometry
Table 4 Elements and nodes for each geometry
Parameters Type 1 Type 2 Type 3
Number of elements 2,195,055 1,106,746 2,416,318
Number of nodes 543,429 232,640 464,374

3. Results

This section presents the results of the computational analysis performed to evaluate the flow parameters within
the gas mask filter cartridge

3.1 Pressure Drops

Pressure contours were taken to visualize the resistance encountered by airflow as it passed through the pre-filter
and activated charcoal layers. Fig. 5 shows the pressure field using a cross-sectional cut through the centre of the
canister. The contour observed gradual in pressure reduction from the inlet region toward the outlet, as expected
for porous media region. The highest pressure occurs immediately downstream of the inlet, where flow first
encounters the pre-filter, while the lowest pressure appears at the outlet where a zero-gauge boundary condition
is imposed. The activated charcoal zone exhibits a visibly larger pressure gradient than the pre-filter, consistent
with its lower permeability.

Pressure [Pa]

Fig. 5 Pressure drop within filter

A top-view contour of the charcoal bed in Fig. 6 reveals non-uniform pressure distribution across the
absorbent surface. Regions located farther from the outlet exhibit higher local pressure, indicating increased flow
resistance and reduced air penetration. Conversely, areas adjacent to the outlet show lower pressure, suggesting
these regions function as preferential pathways for airflow. The color scale clearly highlights these differences,
supporting the identification of high-resistance and low-resistance regions across the bed.To quantify the
gradient, a reference line was drawn across the charcoal surface, and the pressure values were sampled along this
line in Fig. 6 The resulting plot confirms a monotonically decreasing trend from the outer region toward the outlet,
with a pressure difference of approximately 7-10 Pa across the surface. This reinforces the contour interpretation
and confirms that the uneven pressure field is geometry-dependent.
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These findings are in agreement with Rakyoung et al. [17], who demonstrated that outlet positioning and
cartridge geometry significantly influence internal pressure gradients and contribute to the development of flow
channeling zones. The observed pressure gradient across the bed in this study further highlights outlet placement
in determining the overall flow distribution. To illustrate this effect, a pressure gradient was plotted along a
reference line, as shown in Fig. 7, which confirms the gradual increase in resistance with flow distance.

The pressure drop increase as the distance travel along the surface reflecting towards previous contour
shown. The increase in pressure drop with travel distance reflects the presence of high-resistance regions, which
potentially restrict airflow and lead to uneven sorbent utilization. Similarly, Park [18] reported that pressure loss
in activated carbon canisters increases with path length and medium thickness, supporting the higher resistance
measured in distant regions of the bed. The combination of top-view contours and gradient plots demonstrates
that some regions within the bed become more difficult for airflow to penetrate, thereby reinforcing the presence
of preferential flow channels.

Reference
@ ™ line

(b) ()
Fig. 6 (a) Side view cartridge; (b) Cross-sectional view with reference line; (c) Top view contour of the activated
charcoal bed
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Fig. 7 Pressure drop along reference line

3.2 Velocity Distribution

Velocity contours were examined to assess how airflow propagates through the pre-filter and activated charcoal
layers. All velocity plots were presented with a consistent color map and units (m/s), including clear legends and
figure numbering for ease of comparison. Fig. 7(a) shows the velocity magnitude on a mid-plane cross-section.
The airflow accelerates as it enters the pre-filter due to geometric contraction and then decelerates upon
encountering the more resistive charcoal bed. The highest velocities occur along pathways closest to the outlet,
where the flow experiences lower hydraulic resistance. In contrast, areas that are farther from the outlet show
significantly lower velocities, reflecting increased porous drag and longer flow paths.
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Fig. 7 Velocity contour (a) Side view; (b) Top view at absorbent surface

A top-view velocity contour of the charcoal surface in Fig. 7(b) reveals clear non-uniformity in flow
distribution. Regions adjacent to the outlet demonstrate velocities of approximately 0.18-0.22 m/s, while
peripheral zones exhibit much lower values, ranging from 0.05-0.09 m/s. This represents a velocity variation of
nearly 60-70% across the absorbent surface, indicating the presence of flow channels. Such non-uniformity is
consistent with results reported by Rakyoung et al. [17], who showed that the location of the outlet significantly
biases internal flow paths within the filter. To visible and quantify this behavior, a velocity profile was extracted
along a reference line drawn across the top surface of the charcoal bed Fig. 8. The profile shows a clear downward
trend as the distance from the outlet increases, confirming that airflow travels through the low-resistance central
region while bypassing outer sections of the absorbent bed. This uneven flow distribution is directly associated
with geometry-dependent resistance differences across the bed and may reduce local sorbent utilization. These
results collectively indicate that cartridge geometry—particularly outlet placement and surface layout—plays a
major role in shaping velocity distributions within the porous medium.
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Fig. 8 Velocity profile along refference line

3.3 Air Age Distribution

The air-age scalar was computed using a dedicated UDF to evaluate the residence time of air within the porous
media. Air age serves as a key indicator of adsorption potential, as longer residence times correspond to improved
contact between the air stream and the sorbent. The contours and plots are presented with units in seconds and
labeled color scales for interpretation. Fig. 9 illustrates the air-age distribution along a vertical cross-section. The
air-age field is strongly influenced by flow channeling: regions near the inlet and outlet exhibit shorter residence
times due to higher velocities, while the central and upper portions of the charcoal bed display higher air-age
values, indicating zones of slower flow renewal.

Fig. 10 further highlights this pattern. The air age near the preferred flow channel (adjacent to the outlet)
ranges from 0.30-0.45 s, whereas regions located farther away reach 0.60-0.75 s, and in some localized areas
exceed 0.80s. According to Su and Li [29], an effective residence time of approximately 0.67-0.80 s is required for
meaningful gas-sorbent interaction in activated charcoal. The present results show that only portions of the bed
achieve this threshold, while other regions fall below it.
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Fig. 9 Air age distribution side view Fig. 10 Air age at absorbent

To quantify this behavior, an air-age profile was extracted along a reference line across the absorbent surface
Fig. 11. The plot shows a distinct peak in air residence time at mid-span distances, confirming that air tends to
accumulate longer in the central region of the charcoal layer, where local flow velocities are the lowest.
Conversely, areas near the outlet show rapid air turnover, resulting in lower residence times. Similar preferential
flow behavior has been reported in porous bed studies [25], [29], demonstrating that airflow tends to concentrate
in regions of lowest resistance, leaving adjacent areas underutilized. These results indicate that although some
regions of the bed meet the required residence-time criterion for efficient adsorption, a significant fraction of the
charcoal volume is underutilized due to non-uniform flow distribution. This suggests that modifications to the
outlet positioning or internal flow-guiding structures may be necessary to achieve more uniform air residence
and improve overall sorbent efficiency.
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Fig. 11 Air age at absorbent

3.4 Comparison with Literature Value

A validation of the predicted internal flow behaviour was performed by comparing the present CFD results with
benchmark studies on gas mask cartridges with similar geometries and porous media configurations. Two
well-established references like Luxmoore and Ferrand [25], who analysed an improved respirator cartridge
using experiments and CFD, and Su and Li [29], who performed a detailed aerodynamic study of a commercial gas
mask canister containing an activated carbon layer. Both works employed a volumetric flow rate of 30 L/min and
reported velocity fields inside the porous adsorption bed, enabling direct comparison with the present simulation.

Luxmoore and Ferrand [25] reported that internal velocity magnitudes within the porous bed ranged from
0.05-0.25 m/s, with localized high-velocity streaks near inlet perforations reaching 0.28-0.32 m/s. Low-velocity
regions were observed along the peripheral annulus and inner wall surfaces. Their velocity distribution patterns
including preferential jetting through the main inlet holes and gradual reduction toward the outer radius are
consistent with the flow structures observed in the present cartridge geometry. Similarly, Su and Li [29]
demonstrated that the activated carbon layer in a commercial canister exhibits low-velocity regions of 0.02-0.06
m/s and high-velocity zones up to 0.18-0.26 m/s at the same flow rate of 30 L/min. Their tangential velocity
position profiles confirm that porous flow generates a strong velocity gradient between the central jet region and
the outer stagnant pockets, a characteristic also reproduced in the current study.

The present simulation predicts velocity magnitudes of 0.05-0.09 m/s in peripheral regions and 0.18-0.22
m/s near the outlet zone. These values lie well within the ranges reported by Luxmoore and Ferrand [25] and Su
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and Li [29]. Furthermore, the spatial flow patterns specifically, the presence of a peripheral low-velocity ring, local
acceleration through inlet perforations, and re-acceleration near the outlet show close qualitative correspondence
with the experimentally validated studies. Overall, the agreement in both velocity magnitude and flow structure
indicates that the current CFD model demonstrates physically realistic internal flow behaviour and is consistent
with validated gas mask cartridge simulations in the literature. Therefore, the present model can be considered
reliable for predicting internal flow distribution, pressure drop, and air-age characteristics within the cartridge.

4. Conclusions

This study used Computational Fluid Dynamics (CFD) to analyze airflow behavior within a gas mask filter
cartridge, focusing on pressure drop, velocity distribution, and air age as key performance indicators. The
simulation results show that pressure resistance increases progressively with distance from the outlet, with a
maximum pressure drop of 41.94 Pa—well within acceptable inhalation resistance limits. However, this pressure
distribution was non-uniform, and regions located farther from the outlet experienced noticeably higher
resistance. Velocity contours revealed the formation of preferential flow channels, where air primarily traveled
through low-resistance pathways near the inlet and outlet, while other regions—particularly the upper and
peripheral zones of the absorbent bed—experienced significantly lower velocities. This uneven flow behavior
directly contributed to non-uniform residence times within the sorbent layer. Air-age analysis showed that certain
zones achieved the required 0.67-0.80 s contact time for efficient adsorption, whereas other zones fell below this
threshold, indicating underutilization of the activated carbon. The combined findings confirm that cartridge
geometry, especially outlet positioning, strongly influences internal flow uniformity and sorbent utilization. Flow
channeling and high-resistance zones reduce the effective working volume of the absorbent material, potentially
shortening service life and limiting overall filtration performance.

To enhance gas mask filter efficiency, future cartridge designs should prioritize geometrical optimization to
achieve more uniform flow distribution across the porous media. Strategies may include repositioning the outlet,
adjusting internal flow paths, or modifying porous media resistance to minimize stagnant regions and improve
overall sorbent utilization. Further work should include experimental validation, mesh-independence refinement,
and parametric studies covering varying flow rates, humidity levels, and sorbent packing configurations to
strengthen the reliability and applicability of the findings
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Fig. A1 The geometric dimensions (a) Side view; (b) Lower view
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Table A1 Dimension of cartridge

Parameters Type 1

Outlet diameter, Do 36 mm
Outlet length, Lo 3.5 mm
Activated charcoal thickness, Ta 10 mm
Paper filter thickness, Tu 2 mm

Canister thickness, T« 27 mm
Canister height, H 107 mm
Bottom length, Ly 52 mm
Top length, Lt 87 mm
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