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Abstract

Triply periodic minimal surface (TPMS) structures offer smooth, interconnected flow chan-
nels and are promising as additively manufactured flow-equalizing inserts for local inert-
gas delivery systems. This study used pore-resolved simulations to analyze argon transport
through Diamond (D), Gyroid (G), and Primitive (P) TPMS architectures. Equivalent flow
resistance was assessed via pressure drop-based permeability metrics, and outlet-flow uni-
formity was measured with a velocity uniformity index. The impacts of porosity, unit-cell
size, wall thickness, and topology were examined, recognizing their coupled nature. Higher
porosity enhances gas throughput but slightly improves outlet uniformity. Larger unit cells
significantly lower hydraulic resistance and boost permeability but tend to create preferred
flow paths, reducing uniformity. Thicker walls decrease effective flow area and increase
viscous resistance. Among the configurations studied, G-type topology offers the best
balance between gas throughput and outlet-flow uniformity. Based on permeability and
uniformity rankings, G-type structures with high porosity and medium-to-large unit cells
are promising for future device evaluations. This work is an idealized, single-component
numerical study, without considering external Ar-air mixing, oxygen levels, thermal effects,
manufacturing variations, or experimental validation. Therefore, the identified parameter
space should be viewed as a hydrodynamic screening outcome rather than a definitive
engineering design for shielding performance.

Keywords: TPMS; argon transport; permeability; outlet-flow uniformity

1. Introduction
Driven by the growing demand for lightweight, high-strength, and multifunctional

metallic parts in aerospace, biomedical engineering, and related sectors, metal additive
manufacturing has become increasingly important [1]. In open or semi-open forming
setups that use arc or laser heat sources, highly reactive alloys such as Al-Zn-Mg-Cu [2] are
highly sensitive to the stability of the local inert atmosphere. Without adequate shielding,
defects such as porosity and cracking can occur, significantly degrading the mechanical
properties of the finished components [3].

Current shielding concepts, including tent-style global shields [4], laminar-flow local
shields [5], and asymmetrical local shielding nozzles [6], help reduce exposure to oxygen
and hydrogen. However, these approaches often struggle with high gas consumption,

Appl. Mech. 2026, 7, 80 https://doi.org/10.3390/applmech7040080

https://crossmark.crossref.org/dialog?doi=10.3390/applmech7040080&domain=pdf&date_stamp=2026-09-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applmech
https://www.mdpi.com
https://orcid.org/0009-0000-6121-2857
https://orcid.org/0000-0001-7735-4702
https://doi.org/10.3390/applmech7040080


Appl. Mech. 2026, 7, 80 2 of 18

uneven flow distribution, or edge entrainment issues [7]. Therefore, optimizing local shield-
ing structures to achieve low-resistance gas transport and uniform coverage while using
a limited argon supply has become a primary focus. In addition to experimental meth-
ods, computational fluid dynamics (CFD) has proven to be a valuable tool for designing
shielding gas systems and analyzing local flow behavior [8,9].

Recently, triply periodic minimal surface (TPMS) structures have attracted growing
interest due to their smooth, continuous surfaces, interconnected 3D channels, and high
compatibility with additive manufacturing techniques [10–12]. These features make TPMS
designs ideal for applications requiring a balance of flow capacity, uniform flow, and ease of
manufacturing, such as biomedical scaffolds [13], fluid engineering components [14], and
heat transfer devices [15]. Given their complex geometry and prominent curved surfaces,
traditional machining techniques cannot fabricate TPMS structures precisely. Instead, they
primarily rely on additive manufacturing methods such as laser powder bed fusion (LPBF)
or wire arc additive manufacturing (WAAM) [16–18].

For example, gradient-porous scaffolds have been developed to meet the mechanical
and permeability requirements of natural bone [19]. Gyroid-based ceramic structures have
been shown to improve heat-transfer uniformity and reduce temperature fluctuations
by 29% [20]. Additively manufactured TPMS structures also exhibit superior mechani-
cal properties compared to traditional lattice structures [21]. Zhang et al. [22] used an
LPBF-fabricated I-Graph-Wrapped Package-type TPMS structure to achieve low-frequency
vibration isolation. Oh et al. [23] enhanced TPMS heat exchanger designs via additive man-
ufacturing, incorporating boundary filters that reduced pressure drop by 85% and more
than doubled heat transfer efficiency compared to standards. Lin et al. [24] constructed
a three-channel heat exchanger with TPMS plates, improving heat transfer, stabilizing
flow, and balancing flow distribution, resulting in a 31–35% pressure drop compared with
solid structures.

Bobbert et al. [25] demonstrated that additively manufactured metallic TPMS porous
structures can combine advantageous topology, mechanical strength, and transport proper-
ties. Recently, Gajetti et al. [26] studied the hydrodynamic behavior of Gyroid and Diamond
TPMS structures in viscous-to-mildly inertial flow regimes. Nonetheless, research on TPMS
structures for medium transport applications remains limited, particularly when using
argon as the working fluid and designing for local shielding or flow-equalizing units.
Notably, the combined effects of topology, porosity, unit-cell size, and wall thickness on gas
permeability and outlet-flow uniformity remain incompletely understood.

Permeability is an important measure of a porous structure’s ability to transmit fluid,
while outlet-flow uniformity indicates how consistently gas velocity is distributed across the
exit plane. Both are closely linked to the geometric features of TPMS structures. Research on
traditional porous media, such as lattices, honeycombs, and sintered porous materials, has
demonstrated that factors such as pore size, porosity, variable-cross-section channels, and
structural parameters significantly influence flow resistance and transport behavior [27,28].
These results suggest that a similar relationship between geometry and performance should
exist for TPMS-based gas delivery structures. However, the underlying mechanisms may
differ due to their periodic surfaces and complex three-dimensional connectivity.

In this study, Diamond (D), Gyroid (G), and Primitive (P) TPMS structures were
selected as representative topologies. By developing three-dimensional fluid models,
steady laminar argon flow was simulated within the explicit fluid domain. Equivalent
permeability was obtained from the pressure-drop/flow-rate relationship. Outlet-flow
uniformity was evaluated using a velocity uniformity index. In the intended application,
the TPMS component acts as a porous flow-equalizing insert or outlet diffuser situated
between an upstream argon plenum and the discharge plane of a local shielding device.

https://doi.org/10.3390/applmech7040080

https://doi.org/10.3390/applmech7040080


Appl. Mech. 2026, 7, 80 3 of 18

The current numerical model only captures the internal argon flow through this porous
insert and does not account for the external atmosphere or the downstream Ar-air mixing
region. Consequently, this work aims to develop structure–transport relationships and a
screening-level permeability-uniformity framework for TPMS inserts, rather than directly
predicting oxygen levels or shielding effectiveness. External factors such as entrainment,
Ar-air multicomponent diffusion, thermal convection, surface roughness, manufacturing
deviations, and experimental validation are planned for future device-level analyses.

2. Materials and Methods
2.1. TPMS Structure Modeling

TPMS geometries are characterized by implicit trigonometric equations, whose contin-
uous periodic surfaces create interconnected flow channels. Surface morphology and the
network of periodic channels strongly influence gas transport and spatial redistribution
within complex porous structures. Table 1 provides the implicit functions for the three
TPMS structures.

Table 1. Implicit functions and representative unit cells of three TPMS topologies.

TPMS Topology Implicit Function Representative Unit Cells

G-type sinXcosY + sinYcosZ + sinZcosX = C

 

D-type cosXcosYcosZ − sinXsinYsinZ = C

 

P-type cosX + cosY + cosZ = C

The isosurface is given by φ(x, y, z) = C, the isosurface is given by φ(x, y, z) = C, where
the level-set constant C was kept fixed in the present study. The dimensionless coordinates
are defined as X = 2απx, Y = 2βπy, and Z = 2γπz, where α, β, and γ are constants related to
the unit-cell sizes along each axis. This work employs sheet-based TPMS architectures. A
solid region with finite thickness is created from the implicit TPMS function by defining two
offset level sets around the mid-surface and keeping the region between them. The offset or
threshold parameter is fine-tuned to achieve the desired wall thickness and porosity. The
pore space is then extracted as the fluid domain with resolved pores. The actual porosity
(φ) used in CFD analysis is calculated directly from the resulting geometry, rather than
assumed from the nominal level-set value. It is defined as the ratio of void volume to the
apparent total volume of the porous structure, as shown in Equation (1).

φ =
Vvoid
Vtotal

× 100% =

(
1 − Vsolid

Vtotal

)
× 100% (1)

where Vvoid is the pore volume, Vsolid is the volume of the solid skeleton, and Vtotal is the
apparent volume of the TPMS structure, including both pores and solid material. Because
the same porosity can correspond to different channel shapes across TPMS topologies, the
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relative wall thickness (t/L) is also reported as a dimensionless geometric descriptor, where
L represents unit-cell length, and t denotes wall thickness.

2.2. Numerical Simulation of Fluid Performance
2.2.1. Methods

The device-level schematic in Figure 1a shows the intended position of the TPMS
insert and clearly identifies the part that is included in the calculated domain. The TPMS
investigated in this work is neither a standalone nozzle nor a simple porous plate, but
rather serves as a porous flow-distribution insert positioned between the gas inlet and
outlet within the device. After argon enters the TPMS region, it splits and redistributes
through the periodic interconnected channels to improve the outlet velocity distribution.

Figure 1. (a) Device-level schematic showing the intended position of TPMS insert; (b) boundary
conditions used in flow model; (c–e) tetrahedral mesh of G-, D-, and P-type TPMS structures;
(f) mesh-independence analysis.

The numerical model was developed using COMSOL 6.2. It solved single-phase,
steady laminar Navier–Stokes equations directly within the pore-resolved fluid domain.
The equivalent permeability was then derived from the pressure drop and flow rate. The
working fluid was 99.99% pure argon at ambient conditions of 293 K and 1 atm. The
dynamic viscosity of argon is µ = 2.2624 × 10−5 Pa·s, and its density is ρ = 1.673 kg/m3.
An inlet velocity of 0.127 m/s was selected based on a practical shielding-gas flow rate of
approximately 15 L/min at the device scale. This value was assigned to the open pore area
and remained constant throughout the simulation.

This work employs idealized periodic TPMS unit-cell models. For the G-, D-, and
P-type structures, the computational domain contains one complete periodic unit in each
direction. The mean flow direction is defined as the +x direction, as schematically shown
in Figure 1b from an example of a G-type structure. The inlet and outlet are located at
the x = 0 and x = L planes, respectively. The inlet velocity was set perpendicular to the
inlet plane. The apparent cross-sectional area perpendicular to the mean flow direction
is defined as A = L2, and the height of the porous region is H = L. A zero-gauge pressure
of 0 Pa is applied at the outlet. Periodic boundary conditions are applied on the lateral
boundaries. The solid surfaces were treated using a no-slip boundary condition to represent
the interaction between the fluid and the TPMS walls. These dimensions represent the
geometric scale of an idealized periodic computational domain, not the overall physical
size of an actual local shielding device. Meanwhile, the absolute values of pressure drop
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and permeability in this study should be regarded as idealized numerical results, because
the relative trends, topological rankings, and uniformity comparisons are more robust.
Future device-level simulations should include appropriately sized free-flow regions to
reduce boundary-induced uncertainty.

To verify numerical reliability, we performed a mesh-independence analysis on the
three TPMS structures with 60% porosity and a 1 mm unit-cell length. As shown in
Figure 1c–f, the pressure drop increased with mesh refinement. When the mesh was refined
from medium to fine, the pressure drop (∆P) varied only slightly by approximately 0.04%,
0.10%, and 0.08% for the G-, D-, and P-type structures, respectively. This indicates that
further mesh refinement has a limited influence on the computational results. Consequently,
a medium-density mesh was used in subsequent simulations to optimize accuracy and com-
putational efficiency. For the medium mesh, the average element quality of the tetrahedral
mesh is approximately 0.6783, the minimum element quality is approximately 0.10–0.20,
and the minimum element size is approximately 0.0187 mm. The steady-state solution
uses a relative tolerance of 10−3. Convergence is achieved when the solver’s relative error
estimate satisfies the specified tolerance and the flow-field variables no longer exhibit
noticeable changes. Consistent solver settings and convergence criteria were applied to
all cases.

2.2.2. Key Performance Metrics

To focus on how geometric structure affects transport behavior, the following assump-
tions were made. Argon was modeled as an incompressible Newtonian fluid; heat transfer,
gravity, and wall roughness were ignored; the pore space was fully connected and gas-
filled; and all solid walls adhered to the no-slip condition. The equivalent permeability was
determined using Darcy’s law, as shown in Equation (2),

K =
H × µ × Q

A × ∆P
=

H × ν × µ

∆P
(2)

where K is the equivalent permeability (m2), H is the structure height (m), µ denotes the
dynamic viscosity (Pa·s), Q stands for the volumetric flow rate (m3/s), A represents the
whole cross-sectional area L·L (m2), v is the superficial gas velocity (m/s), which concerns
the whole cross-sectional area, and ∆P is the pressure drop between the inlet and outlet
(Pa). To calculate the Darcy superficial velocity, Q is first obtained by integrating the normal
velocity over the open inlet boundary. Based on the total apparent cross-sectional area of
the TPMS, A = L2, the Darcy superficial velocity is defined as v = Q/A.

To verify that the investigated configurations operate within the Darcy regime, the
pore Reynolds number was evaluated for all simulation cases. Following the established
literature [26,29–31], the pore Reynolds number is defined as:

Re = ρvdh/µ (3)

where dh is the hydraulic diameter of the TPMS channels. The hydraulic diameter was
calculated as dh = 4Vf /Aw, where Vf is the fluid volume, and Aw is the wetted surface area
within the unit cell. The calculated Reynolds numbers for all configurations range from
approximately 0.9 to 27.4, as summarized in Supplementary Table S1.

In addition, we examined the linearity of the pressure drop versus superficial velocity
relationship by simulating multiple velocities (0.04, 0.08, 0.127, 0.17, and 0.22 m/s) for
selected configurations spanning a large parameter space. As shown in Supplementary
Figure S1, the pressure drop increases linearly with superficial velocity in most cases,
confirming that Darcy’s law applies. However, for configurations with large unit-cell
lengths, weak inertial effects appear when the unit-cell length reaches 5 mm. The deviations
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from Darcy’s law are relatively small for these extreme cases. Therefore, the permeability
values reported herein are designated as “Darcy-equivalent permeabilities” in the present
work. Since the inertial term may contribute to the total pressure drop, future work
incorporating the full Forchheimer formulation may be warranted to accurately describe
pressure-drop behavior at high flow rates or with very large cell sizes.

The study assessed gas-transport behavior using pressure drop and velocity-field
morphology. Pressure drop indicates flow resistance and the energy required for gas
delivery, while the velocity field shows primary flow paths, high-speed areas, and zones
of low or stagnant flow. To evaluate permeability and flow uniformity, we analyzed the
velocity distribution at the outlet plane and the internal velocity vectors.

Outlet-flow uniformity was assessed with the uniformity index (UI), as introduced by
Li et al. [32]. This metric measures the variation between local and average velocity across
a sampling plane, reflecting how effectively the porous component provides consistent gas
coverage at the outlet. In the numerical post-processing, we did not pre-set a finite number
of discrete sampling points. Instead, the area integral operator is used to statistically
evaluate the velocity field over the entire outlet fluid cross-section. Equation (4) defines the
outlet mean velocity.

−
V =

1
Aout

∫
Aout

VdA (4)

The uniformity index (UI, γV) is described by Equation (5) in the continuous area as

γV = 1 − 1

2Aout
−
V

∫
Aout

|V −
−
V|dAout (5)

where Aout is the pore cross-sectional area of the outlet fluid, V is the magnitude of the
local velocity vector at any position on the outlet plane, and V is the mean velocity across
the outlet plane. This method ensures that the entire outlet fluid region participates in the
uniformity evaluation, avoiding the influence of the number and distribution of discrete
sampling points on the results. The UI value ranges from 0 to 1. A higher value indicates a
more uniform outlet velocity distribution, while a lower value suggests flow concentration
in local low-resistance channels. This metric allows for quantitative comparison of gas-
distribution performance across different topologies and geometric parameters.

3. Results and Discussion
3.1. Effects of Porosity and Unit-Cell Length on Permeability and Uniformity

As demonstrated in Figure 2a–c, permeability in all three TPMS topologies increases
with higher porosity and larger unit-cell lengths, with the unit-cell length having a particu-
larly significant influence. At 85% porosity, increasing the unit-cell length from 1 mm to
5 mm boosted the permeability of G-, D-, and P-type structures by 1799.1%, 762.8%, and
4359.1%, respectively. These results imply that larger unit-cell lengths can substantially
enhance gas transport. Figure 2d compares the three topologies at a 1 mm unit-cell length.
When porosity decreases from 85% to 75%, permeability drops by approximately 26.8%,
38.9%, and 30.5% for G-, D-, and P-type structures, respectively. At 1 mm unit-cell length
and 85% porosity, the permeabilities of D- and P-type structures are 48.1% and 77.0% lower
than those of G-type. Overall, G-type structures exhibit superior permeability within the
tested parameters.
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Figure 2. Effects of unit-cell length and porosity on permeability of three TPMS structures: (a–c) G-,
D-, and P-type structures, respectively, where 1, 3, and 5 denote unit-cell length in millimeters;
(d) comparison of permeability among three structures at a unit-cell length of 1 mm.

The permeability improvement with porosity can be attributed to increased effective
flow space and reduced channel resistance. Increasing the unit-cell length further amplifies
the channel-scale effect, causing the permeability curves for different cell lengths to separate
more clearly. More importantly, the G-type structure contains continuous channels with
relatively smooth transitions, which favor overall gas transport. In contrast, the D-type
structure has a more complex channel network, where local contraction and branching
introduce additional resistance. The P-type structure shows relatively low permeability
at small cell length, but its permeability increases markedly under large cell length and
high porosity. Therefore, TPMS permeability is governed by the combined effects of
porosity, unit-cell length, and topology; porosity alone is insufficient as a design criterion.
Upon experimental measurements, Santos et al. [33] studied the permeability of three
TPMS structures within a porosity range of 50–80%, showing that the Darcy permeability
ranged from 10−10 to 10−9 m2, with the topological ranking G > P > D. These findings
were supported by the combined experimental and numerical investigation conducted by
Castro et al. [34]. The consistent topological ranking and comparable order of magnitude
of permeability provide qualitative and quantitative support for the present numerical
results. This comparison serves as a literature-based consistency check rather than a direct
validation, which still requires future experimental verification using argon.

As depicted in Figure 3a–c, the uniformity index across all three TPMS structures
increased only slightly with higher porosity, suggesting that porosity has a relatively stable
but limited impact on outlet-flow uniformity. Conversely, the unit-cell length exerted a
more significant influence. At 85% porosity, increasing the unit-cell length from 1 mm to
5 mm decreased the uniformity index of G-, D-, and P-type structures by 5.3%, 13.3%, and
7.2%, respectively. This indicates that a larger unit-cell length reduces the consistency of
the outlet velocity field, with the D-type structure being most sensitive to scale changes.
Figure 3d compares the effects of porosity at a fixed unit-cell length of 1 mm. When porosity
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went from 75% to 85%, the uniformity index increased only about 1.4%, 3.2%, and 2.7% for
G-, D-, and P-type structures, respectively. At 85% porosity, the uniformity of D- and P-type
structures was 3.0% and 1.1% lower than that of the G-type, respectively. Overall, the
G-type structure demonstrated superior uniformity and stability within the tested porosity
and unit-cell length ranges.

Figure 3. Effects of unit-cell length and porosity on outlet-flow uniformity of three TPMS structures:
(a–c) G-, D-, and P-type structures, respectively, where 1, 3, and 5 denote unit-cell length in millimeters;
(d) comparison of outlet-flow uniformity among three structures at a unit-cell length of 1 mm.

The slight variation in uniformity with porosity suggests that increasing porosity
expands local flow space without greatly changing the flow-rate distribution among outlet
channels. By contrast, increasing the unit-cell length heightens differences at the channel
scale, allowing gas to flow more easily through low-resistance paths, leading to high-speed
main flows and stagnant or slower areas. This diminishes the spatial uniformity of outlet
velocities. The similar position of the G-type uniformity curves across various unit-cell
lengths indicates a more stable flow distribution. In contrast, the D-type structure shows a
clearer decline in uniformity at larger unit-cell lengths, indicating that its complex channels
are more prone to developing preferential flow paths. For the P-type structure, the overall
decline in uniformity with increasing unit-cell length suggests that larger channels disrupt
the balance among multiple pathways.

3.2. Effects of Wall Thickness on Permeability and Uniformity

As shown in Figure 4a–f, increasing wall thickness decreased both permeability and
uniformity index across all three TPMS structures, with permeability being more sensitive
to changes in wall thickness. The maximum permeability reductions for the G-, D-, and
P-type structures were about 24.4%, 57.3%, and 48.6%, respectively. The D-type structure
showed the greatest decrease, indicating that its gas-transmission capability is most strongly
influenced by wall thickness. Notably, the permeability of the D-type structure at a unit-cell
length of 3 mm was similar to that at 5 mm, unlike the G- and P-type structures, which
showed higher permeability at a 5 mm unit-cell length. This suggests a stronger relationship
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between unit-cell length and wall thickness in the D-type topology. The largest reductions
in the uniformity index for the G-, D-, and P-type structures were approximately 1.1%, 3.4%,
and 2.5%, respectively, implying that wall-thickness changes primarily affect flow resistance
and have a more limited effect on the uniformity of the outlet velocity distribution.

Figure 4. Effects of wall thickness on flow performance of three TPMS structures: (a–c) permeability
of the G-, D-, and P-type structures, respectively; (d–f) outlet-flow uniformity index of G-, D-, and
P-type structures, respectively.

Increasing wall thickness reduces the effective flow cross-section and increases local
viscous resistance, which significantly lowers permeability. It also enhances resistance
differences among channels, causing gas to favor low-resistance areas and slightly de-
creasing the uniformity index. The G-type structure exhibits smooth permeability and
uniformity curves, suggesting that its continuous channels help buffer against resistance
variations caused by wall-thickness changes. In contrast, the D-type structure, with its
more complex flow path, is more sensitive to wall-thickness changes, especially in local
contraction and branching areas, which affects flow capacity. The P-type structure can
sustain high permeability even at larger unit-cell lengths, but the flow tends to concentrate
locally at the outlet, making velocity distribution more uneven.
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3.3. Synergistic Effects of Multiple Structural Factors

Supplementary Table S2 provides the correspondence among unit-cell length, wall
thickness, porosity, pressure drop, permeability, and uniformity index for all cases included
in the approximately 75% porosity series across the three TPMS topologies. The results
show that porosity, unit-cell size, and wall thickness all affect how TPMS structures conduct
gases. However, these factors are interconnected geometric variables. Relying on porosity
alone to evaluate structures does not fully capture the actual flow behavior of TPMS
porous media. For a given topology, porosity mainly depends on unit-cell size, wall
thickness, and surface spatial distribution. Different topologies, even with the same porosity,
can vary greatly in channel connectivity, tortuosity, local contraction or expansion, and
wall-area distribution.

Table 2 presents the relationship between unit-cell length and wall thickness for three
TPMS structures at about 75% porosity. As the unit-cell length increases from 1 mm to 6
mm, the wall thickness across all structures grows nearly proportionally, with porosity
remaining relatively stable within 0.7502–0.7509. This suggests that, at nearly constant
porosity, the key factor is not absolute wall thickness or unit-cell length alone, but the ratio
of wall thickness to unit-cell length, defined as relative wall thickness (t/L). According
to Table 2, these ratios are approximately 0.080 for G-, 0.066 for D-, and 0.054 for P-type
structures. Different topologies thus require different relative wall thickness to maintain
the same porosity. Compared with D- and P-type structures, the G-type topology requires
walls about 21% and 48% thicker, respectively, at the same porosity. This variation reflects
distinctions in surface-area density, solid-skeleton distribution, and channel openness
among different TPMS topologies. Equal porosity does not guarantee identical channel
shapes, flow resistance, or outlet-flow patterns.

Table 2. Correspondence between unit-cell length and wall thickness for three TPMS topologies at a
porosity of approximately 75%.

Topologies G-Type D-Type P-Type

Unit-Cell
Length (mm)

Wall Thickness
(mm) Porosity Wall Thickness

(mm) Porosity Wall Thickness
(mm) Porosity

1 0.08 0.75082 0.066 0.75023 0.054 0.75057
3 0.24 0.75086 0.198 0.75025 0.162 0.75052
4 0.32 0.75084 0.264 0.75024 0.216 0.75058
5 0.40 0.75086 0.330 0.75027 0.270 0.75051
6 0.48 0.75085 0.396 0.75023 0.324 0.75052

Figure 5 illustrates that among wall thickness, unit-cell length, and porosity, porosity
is most influenced by changes in wall thickness. As wall thickness increases, porosity
decreases substantially because the solid skeleton expands, compressing the pore space.
Conversely, unit-cell length has less impact on porosity, especially when relative wall
thickness varies only slightly. Therefore, TPMS designs should not solely aim to increase
unit-cell length to boost porosity or decrease wall thickness to improve permeability.
Instead, they should consider the combined effects of wall thickness, unit-cell length, and
the distribution of topological surfaces. For gas-transport applications, reducing wall
thickness can enhance porosity and reduce flow resistance, but excessively thin walls
may be limited by LPBF fabrication constraints, structural stability, and surface roughness.
Increasing the unit-cell length can also create larger open channels, but it may weaken the
structure’s ability to distribute flow evenly.
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Figure 5. Variation in porosity under synergistic influence of multiple geometric parameters.

Figure 6 further illustrates how multiple parameters jointly influence flow performance.
Compared to single-factor curves, the data points in Figure 6a exhibit a much wider spread
along the permeability axis, indicating that permeability is highly responsive to specific
combinations of geometric parameters. Generally, larger unit-cell lengths, smaller wall
thicknesses, and higher porosity correlate with increased permeability due to a larger
effective flow area, decreased local contraction losses, and reduced wall-induced viscous
shear resistance. However, higher permeability does not automatically mean more uniform
flow. Although the variation in the uniformity index in Figure 6b is less pronounced than
that of permeability, notable differences persist across topologies and scale combinations.
This suggests that outlet-flow uniformity is more affected by the flow-splitting mode,
differences in inter-channel resistance, and the tendency to develop preferred flow paths.
Specifically, as the unit-cell length increases, local low-resistance channels are more likely to
govern gas transport, creating high-speed jets in some regions and stagnant or low-speed
zones in others, thereby reducing the consistency of the outlet velocity distribution.

Figure 6. Coupled effects of unit-cell length, wall thickness, and topology on TPMS flow performance:
(a) permeability index; (b) uniformity index.

Table 2 and Figures 5 and 6 collectively show that the fluid-transport efficiency of
TPMS structures depends on the interplay of porosity, unit-cell length, wall thickness, and
topology. Porosity mainly influences the overall available space for gas flow; unit-cell
length affects channel size and the likelihood of forming preferred paths; wall thickness
determines the effective flow area and local viscous resistance; and topology impacts
channel tortuosity, branching patterns, and flow redistribution. Consequently, optimizing
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TPMS for shielding devices should focus on balancing these factors, rather than simply
maximizing porosity or permeability. An ideal design integrates appropriate geometry to
ensure ample gas throughput, stable flow distribution, and high outlet uniformity. The
G-type structure shows greater robustness because its smooth, interconnected channels
yield lower permeability and smaller uniformity fluctuations with parameter changes. In
contrast, the D-type is more sensitive to the interaction between wall thickness and unit-cell
length, whereas the P-type can attain high permeability under large-cell and high-porosity
conditions but tends to cause outlet-velocity concentration. Hence, G-type TPMS is better
suited as a local argon-shielding flow guide where both transport efficiency and flow
uniformity are desired. However, because thicker walls are necessary to maintain the same
porosity, the G-type structure may be less optimal for extreme lightweight applications.

3.4. Internal Flow-Field Characteristics

The G-type TPMS structure shows promising potential for local shielding applications.
Figure 7 illustrates the internal pressure and velocity distributions within the G-type
structure at 80% porosity and a 1 mm unit-cell length, with cross-sections along the flow
path from 0 mm to 1.00 mm. As shown in Figure 7a, the static pressure decreases in the
streamwise direction, consistent with the pressure loss required to overcome viscous shear
and local form resistance within the TPMS channels. At the inlet, the flow must overcome
both channel-contraction effects and wall-induced viscous resistance, which primarily
cause the pressure drop. Because of the TPMS’s complex curved surfaces and periodic
channels, the local pressure field shows pronounced spatial non-uniformity along the flow
direction. High-pressure zones gradually form and tend to concentrate around regions
with sharp curvature or channel contractions, becoming relatively pronounced near x = 0.3
mm. Subsequently, the location and extent of these high-pressure regions are redistributed
and gradually become more dispersed. This indicates that the local pressure distribution
does not simply change monotonically along the flow direction. Instead, it exhibits spatial
evolution characteristics closely related to the geometric features of the TPMS. Within the
periodic network, the pressure field exhibits a repeated spatial pattern associated with
the periodic channel geometry. Near the outlet, residual local pressure nonuniformity
corresponds to channels with different hydraulic resistance and is accompanied by local
variations in outlet velocity.

The velocity-field distribution in Figure 7b closely aligns with the pressure-field
evolution. Flow velocity is higher at the inlet. As the fluid moves into the internal channels,
high-speed zones form primarily along the main flow paths, while speeds near the curved
walls remain low due to the no-slip boundary condition. As the flow progresses, the
velocity field exhibits a consistent periodic pattern, indicating that the unit-cell structure
effectively governs the gas flow and the distribution of local resistance.

Figure 8 shows the velocity contours on the transverse cross-section and outlet plane
of G-type TPMS structures with various unit-cell lengths. As the unit-cell length increases,
the velocity pattern on the transverse cross-section remains relatively stable, suggesting
that the internal flow within the main channel is minimally affected by changes in cell
size. However, at the outlet plane, the velocity distribution becomes more focused as the
unit-cell length increases. The number and size of high-speed regions increase, and the
velocity differences across areas become more distinct. This is because different unit-cell
sizes create varied channel geometries and wall-thickness combinations, affecting local
resistance and directing flow toward low-resistance paths. Smaller, more uniform cells
promote a more even distribution of flow among multiple channels, leading to a more
consistent outlet flow.
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Figure 7. Evolution of internal flow field in G-type TPMS structure at different streamwise cross-
sections: (a) pressure distribution; (b) velocity-magnitude distribution. Values marked in each panel
indicate the distance of each section from the starting position in millimeters.

Figure 8. Velocity contours on transverse cross-section and outlet plane of G-type structure at different
unit-cell lengths.

3.5. Determination of the TPMS Parameter Window

Excessively low permeability results in high pressure drops and impedes gas delivery,
making it difficult to cover the target area quickly. Conversely, too high permeability can
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cause gas to concentrate along low-resistance pathways, leading to high-velocity jets and
edge entrainment that compromise the shielding layer’s stability. Therefore, the optimal
TPMS flow-equalizing structure should balance two key factors, providing sufficient argon
flow and maintaining a uniform outlet velocity.

Following this design approach, permeability and outlet uniformity were normal-
ized to develop a standardized K-UI scatter plot and a design-region criterion, illustrated
in Figure 9. The horizontal axis displays the normalized permeability, Knorm = Ki/Kmax,
indicating the relative gas-transmission ability of each parameter set. The vertical axis
shows the normalized uniformity index, UInorm = UIi/UImax, reflecting how closely the
outlet-flow field approaches the most uniform state. Unlike separate assessments of perme-
ability or uniformity, the K-UI map simultaneously evaluates both the ease of gas passage
through the structure and the uniformity of gas distribution at the outlet. This method
more effectively meets the comprehensive needs of local shielding devices, which demand
low flow resistance, high stability, and uniform coverage. In this study, the performance
parameter (S) was defined as S = (Knorm × UInorm)1/2, and the optimal design space was
characterized by Knorm ≥ 0.65 and UInorm ≥ 0.85. Designs within this region are preferred
because they exhibit high permeability alongside good outlet-flow uniformity. Narrower
selection windows can be identified for more targeted design objectives.

Figure 9. Normalized K-UI scatter plot and design-region criterion.

Figure 9 demonstrates that different TPMS topologies and parameter configurations oc-
cupy distinct regions within the K-UI performance space. Structures with smaller unit-cell
lengths generally display high UInorm but low Knorm, indicating strong flow equalization
yet limited gas throughput due to smaller channels and increased wall resistance. In
contrast, larger unit-cell structures tend to have much higher Knorm, though their UInorm

often decreases, reflecting improved gas transmission but more channel preferences and
concentrated outlet velocities. Typically, higher porosity architectures achieve a greater
Knorm, while improvements in UInorm are modest, implying that porosity primarily af-
fects throughput rather than outlet uniformity. Increasing wall thickness usually reduces
Knorm and slightly lowers UInorm, as thicker walls constrict flow channels and increase
resistance differences.
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The normalized K-UI map is retained as a comparative screening tool rather than as a
direct measure of shielding effectiveness. High permeability reduces internal hydraulic
resistance, and high UI indicates a more evenly distributed outlet velocity field. These two
quantities describe different aspects of the internal flow and should be interpreted jointly.
Within the numerical design space examined here, G-type structures occupy the most
favorable portion of the K-UI map because they combine relatively high gas throughput
capacity with comparatively uniform outlet flow. High-porosity G-type configurations
with medium-to-large unit cell lengths, which are approximately 3–5 mm in the present
model, are therefore identified as numerically favorable candidates for subsequent device-
level evaluation. Its smooth, continuous surfaces and interconnected three-dimensional
channels help minimize local contraction losses and enable flow redistribution through
multiple paths, preventing excessive velocity peaks at outlets. The D-type structure can
also achieve high Knorm values when porosity and cell size are large, but it is more sensitive
to uniformity and wall thickness, resulting in a narrower viable parameter range and a
less robust design. The P-type structure shows a notable increase in permeability with
larger unit-cell length, although some combinations have UInorm values near or below
the recommended threshold. This suggests that its large-channel design is more likely
to create local high-speed regions and is less capable of maintaining a stable shielding
layer. Recent research on hydrodynamics and mass transfer indicates that differences in
TPMS topologies depend not only on pore size but also on factors such as tortuosity, the
flow-splitting behavior of channel subunits, and pressure loss in low-inertia regions [26].

For local argon shielding, higher permeability does not always mean better protec-
tion, as strong preferential channels can lead to local impingement and edge entrainment.
Instead, moderate flow resistance combined with more uniform outlet flow helps estab-
lish a stable protective layer. This indicates that maintaining a low-oxygen laminar zone
is more important than simply increasing the gas flow rate through the shielding noz-
zle [9]. Supplementary Table S3 provides recommended structural parameters for the
considered TPMS topologies, including cell features, permeability, and uniformity index.
Although a G-type TPMS structure with 85% porosity, a unit size of 5 mm, and a wall
thickness of 0.25 mm is recommended for local shielding devices, this parameter region
is not a manufacturing-qualified or experimentally validated shielding design. In partic-
ular, the nominal wall thickness must be selected according to the alloy, LPBF process
window, dimensional accuracy, surface roughness, power-removal requirements, and
mechanical integrity.

Published LPBF work demonstrates that nominal thin TPMS sheets can be fabricated
under selected process conditions, but also shows pronounced sensitivity of mechanical
response to sheet thickness and scan strategy. Based on recent literature on LPBF of
metallic TPMS structures, the generally reliably printable wall thickness is approximately
130–152 µm depending on the material and machine [16,17]. Wall thicknesses below
0.25 mm pose significant challenges for slicing accuracy, layer integrity, and dimensional
accuracy. Surface roughness, inherent to additively manufactured components, may also
increase flow resistance beyond values predicted by the idealized smooth-wall model.
Furthermore, structural requirements such as stiffness, strength, and fatigue resistance
impose additional constraints on minimum wall thickness [17]. Therefore, the 0.25 mm wall
thickness should be regarded as a numerical candidate derived from the idealized model,
rather than a definitive manufacturing prescription. Practical implementation should
involve iterative design considering specific machine capabilities, material properties, and
structural requirements. Furthermore, the present model does not resolve the external
Ar-air mixing layer. Consequently, outlet uniformity should be treated as a hydrodynamic
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precursor metric that may favor shielding-gas distribution, not as proof of low oxygen
concentration or suppression of edge entrainment.

4. Conclusions
This study numerically examined pore-resolved single-component argon transport

through D-, G-, and P-type TPMS structures and evaluated the combined effects of topol-
ogy, porosity, unit-cell length, and wall thickness on hydraulic resistance and outlet-flow
uniformity. The principal conclusions are as follows:

(1) Increasing porosity increases the available flow area and decreases hydraulic re-
sistance, whereas its influence on outlet-flow uniformity is comparatively modest.
Increasing unit-cell length notably enhances permeability but promotes preferential
pathways, causing decreases of 5.3%, 13.3%, and 7.2% in uniformity for the G-, D-, and
P-type structures. Increasing wall thickness constricts the effective flow section and
raises local viscous resistance. These trends should be interpreted with recognition
that porosity, wall thickness, and unit-cell size are geometrically coupled rather than
independent.

(2) At comparable porosity, the three TPMS topologies require different relative wall
thickness and exhibit different channel connectivity, tortuosity, branching, and local
contraction behavior. The G-type structure provides the most favorable compromise
between throughput and outlet-flow uniformity within the investigated numerical
design space and is comparatively less sensitive to geometric variation than the D-
and P-type topologies.

(3) A combined permeability-uniformity framework was used to rank the simulated
configurations. High-porosity G-type TPMS structures with medium-to-large unit
cells were identified as numerically favorable candidates for further local argon
delivery studies. This result is a screening-level hydrodynamic conclusion and should
not be interpreted as a fully established engineering design.

(4) The present work is an idealized numerical study of internal single-component argon
flow. External Ar-air mixing, oxygen concentration, thermal disturbance, as-built sur-
face roughness, manufacturing deviations, structural qualification, and experimental
validation were not included. Future work should therefore couple the TPMS in-
sert with an external multicomponent shielding domain and experimentally validate
pressure drop, velocity distribution, and oxygen concentration.
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www.mdpi.com/article/10.3390/applmech7040080/s1, Figure S1: Correlations between superficial
velocity (v) and pressure drop (∆P) under increasing unit-cell lengths: (a–c) G-, D-, and P-type
structures in sequence; Table S1: Pore Reynolds numbers and Darcy regime verification; Table S2:
Correspondence among unit-cell length, wall thickness, relative wall thickness, porosity, pressure
drop, permeability, and uniformity index for three TPMS topologies at a porosity of approximately
75%; Table S3: Recommended structural parameters for TPMS topologies.
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