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A B S T R A C T

Triply Periodic Minimal Surfaces are gaining significant attention as engineered porous media for applications in 
fluid transport and thermal management systems due to their unique geometric properties. However, accurate 
prediction of pressure drop across TPMS structures remains a challenge, particularly in transitioning flow re
gimes. This study addresses this gap by investigating the hydrodynamic behavior of Gyroid, Diamond, and Split-P 
geometries using computational fluid dynamics simulations across a range of Reynolds numbers, from viscous to 
weakly inertial regimes. Two modeling frameworks were utilized: the Ergun equation, commonly used for 
packed beds, and the Darcy-Forchheimer equation, enhanced with newly developed correlations for permeability 
and inertial drag factor. An adapted Kozeny-Carman equation was also applied for permeability prediction. The 
developed correlations, expressed as power-law functions of porosity and tortuosity, demonstrated high accu
racy, with relative errors below 10 % for most configurations and a maximum error of 21 % for the more complex 
Split-P1 geometry. Validation in larger-scale geometries, such as pipes filled with TPMS, confirmed the scal
ability and robustness of the proposed models, even when accounting for variations in the hydraulic diameter 
due to wall effects. The results demonstrate the superior suitability of the Darcy-Forchheimer equation with the 
developed permeability and inertial drag factor models, particularly for complex geometries like Split-P. In 
contrast, the Ergun equation fails to accurately predict pressure drop across the investigated TPMS, underscoring 
its limitations for these geometries. Furthermore, while the inclusion of tortuosity in the correlations provides 
additional detail, it does not offer significant advantages over the simpler permeability-porosity relation for any 
of the investigated TPMS, making the latter a more practical choice for design and optimization applications in 
systems such as heat sinks and porous flow devices

1. Introduction

First described in the late 19th century [1], Triply Periodic Minimal 
Surfaces (TPMS) represent a family of surfaces characterized by zero 
mean curvature and a three-dimensional periodic structure extending in 
all directions. Their complex and continuous geometry provides a high 
specific surface area that enhances heat transfer efficiency while main
taining a low pressure drop. Recent advancements in additive 
manufacturing have enabled the precise fabrication of TPMS structures, 
which have earned significant attention for their potential in optimizing 
thermal management and fluid flow applications. These surfaces can be 
configured as solid-TPMS with single-channel networks for applications 
such as heat sinks [2,3] or as sheet-TPMS with multi-channel 

configurations, ideal for compact heat exchangers [4–6]. TPMS are 
well-suited to a range of thermal applications, including latent-heat 
energy storage [7] and combustion in porous media [8].

Beside studies where the fluid-dynamic behavior of TPMS is inves
tigated just to provide better understanding of the flow path within the 
lattice or to develop correlations for the pressure drop [9–12], the hy
draulic behavior of different TPMS, with the assessment of permeability, 
is crucial in the design of better scaffolds in tissue engineering. This topic 
is addressed for instance in [13–15].

The airflow resistivity in TPMS lattice structures is investigated as 
one of the key factors determining the sound absorption characteristics 
in situations where those structures are used to enhance acoustic com
fort [16].

The investigation of the pressure drop across a TPMS lattice can 
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become a viable tool to assess the effect of different manufacturing 
techniques [17]. Moreover, the analysis of the pure hydraulic behavior 
of TPMS lattice allows the optimization of flow characteristics as done, 
for instance, in [18], and it constitutes a mandatory step for the inves
tigation of the thermal behavior of the porous structure in heat sinks or 
heat exchangers [19] and in transpiration cooling applications [20].

Performing detailed Computational Fluid Dynamics (CFD) simula
tions of a complete heat sink or heat exchanger equipped with TPMS 
structures is computationally demanding, particularly when accurate 
predictions of pressure drop and heat transfer are needed. As a result, 
developing suitable engineering correlations becomes essential for 
designing such equipment, allowing reliable performance estimations 
without extensive simulations. In terms of hydraulic behavior, TPMS 
have been effectively modeled as structured porous media, as demon
strated in prior literature studies. These models reveal both a viscous 
regime, governed by Darcy law, and an inertial regime, characterized by 
extensions such as the Darcy-Forchheimer equation or Ergun law. Such 
methodologies facilitate broader applications of TPMS in engineering 
applications by simplifying performance evaluations within larger 
systems.

Several studies have already been conducted focusing on the viscous 
(Darcian) regime, primarily aiming to assess the permeability of TPMS 
and its correlation with porosity. Montazerian et al. [21] numerically 
examined the longitudinal permeability of various solid-TPMS, 
including Gyroid and Diamond, and successfully fitted CFD results 
using both a power law and the Kozeny-Carman relationship. In the 
latter case, they computed the Kozeny-Carman coefficient as a quadratic 
function of porosity. Zhianmanesh et al. [22] explored the permeability 
of different TPMS with both uniform and variable porosity, also 
including the solid-Gyroid. They developed a power law 
permeability-porosity correlation for each TPMS they studied, with 
distinct coefficients and exponents. Lu et al. [23] proposed an expo
nential law to describe the permeability- porosity relationship for the 
TPMS they studied, such as solid-Gyroid and solid-Diamond. They found 
significant discrepancies in the comparison to CFD results when 
applying the standard Kozeny-Carman equation for permeability 
without adjusting the coefficients. Additionally, Asbai-Ghoudan et al. 
[24] numerically computed the permeability in the viscous regime and 
developed a single correlation for the sheet-Gyroid lattice, relating 
permeability to an equivalent pore size and porosity ranging from 50 % 

to 90 %. They also observed that the exponent in the 
permeability-porosity relationship differs notably between sheet-based 
and solid-based TPMS architectures.

The behavior of TPMS in the transition from the viscous to the in
ertial regime, has been analyzed both experimentally and numerically. 
In experimental studies, Castro et al. [25] tested three constant-porosity 
sheet-TPMS (Gyroid, Diamond, and Primitive) and observed that the 
Darcy law no longer applies at high mass flow rates. Later, Tupin and 
Ohta [26] revisited these findings using the Darcy-Forchheimer law, 
fitting the data to compute both the permeability and the (inertial) 
Forchheimer factor, though their analysis was limited to a single 
porosity value. Piedra et al. [27] performed a CFD study of 
sheet-Primitive and IWP TPMS, finding that the flow within these 
structures is well described by Darcy-Forchheimer law. They developed 
a power law model for permeability and the inertial factor, with pre
dictions showing mean errors of 5–11 % compared to CFD simulations. 
However, their study was restricted to the above-mentioned analyzed 
geometries. Ahmed and Bottaro [28] focused on six different 
sheet-TPMS (among which the Gyroid and the Split-P) at varying po
rosities and investigated the transition from the viscous to the inertial 
regime, though they did not attempt to relate permeability to any geo
metric parameters.

Alternative approaches using the Ergun equation, rather than the 
Darcy-Forchheimer equation, have also been explored. Hawken et al. 
[10] found that the original Ergun coefficients were inadequate for 
TPMS. Consequently, they derived their own set of coefficients by fitting 
the Ergun equation to experimental data for the solid-Diamond structure 
at various porosities. Similarly, Cheng et al. [29] conducted a numerical 
study and found that each TPMS required a different fit for the Ergun 
equation, with distinct coefficients for each topology they investigated.

From the previous studies, several key insights emerge regarding the 
relationship between permeability and porosity for TPMS. First, 
permeability-porosity correlations based on a power law relationship 
indicate that the exponent tends to be consistent across different solid- 
type TPMS structures, whereas it differs significantly for sheet-type 
TPMS. Moreover, within each type (whether solid or sheet), individual 
TPMS topologies exhibit a distinct fluid-dynamic behavior. As such, 
each topology must be evaluated individually to determine the appro
priate coefficients for use with either Darcy-Forchheimer or Ergun-type 
correlations.

Nomenclature

Roman letters
Awet Wetted area 

(
m2)

Ac Cross sectional area 
(
m2)

CF Inertial drag factor
c Iso-surface parameter
Dh Hydraulic diameter (m)

Dp Particle diameter (m)

K Permeability 
(
m2)

Lc TPMS cell size (m)

p Pressure (Pa)
SV surface to volume ratio 

(
m− 1)

u Velocity vector (m /s)
Us Superficial velocity (m /s)
U Velocity magnitude (m /s)
uy Velocity in the main flow direction (m /s)
uy Cross-sectional velocity in the main flow direction (m /s)
V Volume 

(
m3)

Greek letters
θ Helicity angle
μ Dynamic viscosity (Pa s)
ν Kinematic viscosity 

(
m2 /s

)

ρ Density 
(
kg /m3)

φ Porosity
τ Tortuosity
Ω Vorticity vector (1 /s)

Non-dimensional numbers
ReDh Reynolds number based on the hydraulic diameter

Subscripts
KC Kozeny-Carman
rel Relative
f Fluid
tot Total

Operators
〈⋅〉Lc

Average over Lc

〈⋅〉V Average over volume
|⋅| Magnitude
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This study presents an in-depth numerical analysis of three solid-type 
TPMS topologies, namely Gyroid, Diamond, and Split-P, focusing on 
their behavior in both viscous and inertial regimes when their porosity 
varies from 30 % to 60 %. Initially, the suitability of the Ergun equation 
for predicting pressure drops in these TPMS structures is assessed. Then, 
the applicability and accuracy of the Darcy-Forchheimer equation is 
examined, deriving permeability-porosity and inertial factor-porosity 
correlations across all studied topologies. Furthermore, this framework 
is extended by incorporating tortuosity, leading to the development of 
permeability-porosity-tortuosity and inertial factor-porosity-tortuosity 
correlations, which possibly enhance the predictive accuracy. To vali
date these findings, initially based on single-cell TPMS simulations, 
numerical tests are performed within a TPMS-packed tube, simulating 
realistic heat sink conditions. This approach ensures that the derived 
correlations are robust and applicable for practical engineering design.

The selection of the three TPMS topologies addressed here was 
guided by a balance between studying well-established structures in the 
literature, such as the Gyroid and Diamond, and exploring a relatively 
unexamined topology, the Split-P. Additionally, our study is restricted to 
uniform TPMS structures, ensuring that one of the lattice axes aligns 
with the main fluid flow direction, without any modifications or rota
tions of the cell. This foundational approach is essential for developing a 
thorough understanding of the fundamental geometries before 
expanding to more complex or hybrid configurations. By initially 
examining the unmodified structures, the development of baseline cor
relations is targeted, that may later be extended to describe modified or 
rotated configurations, rather than treating these as entirely separate 
geometries.

2. Selection of TPMS lattices

This study investigates solid-type TPMS, focusing on three repre
sentative topologies: Gyroid, Diamond, and Split-P. These lattices are 
parameterized by a characteristic length scale Lc, which defines the cell 
size along the orthogonal axes x, y, and z. All TPMS lattices were 
generated using the nTop software [30], and the y-axis coincides with 
the main flow direction.

2.1. TPMS geometries and flow direction

The three TPMS topologies considered are defined by the following 
set-level functions, where X = 2πx

Lc
, Y =

2πy
Lc 

and Z = 2πz
Lc

:
• Gyroid (Eq. (1)): 

f(x, y, z) = sin(X)cos(Y) + sin(Y)cos(Z) + sin(Z)cos(X) = c (1) 

• Diamond (Eq. (2)): 

f(x, y, z) = sin(X)sin(Y)sin(Z) + sin(X)cos(Y)cos(Z)

+ cos(X)sin(Y)cos(Z) + cos(X)cos(Y)sin(Z)

= c (2) 

• Split-P (Eq. (3)): 

f(x, y, z) = 1.1 × (sin(2X)sin(Z)cos(Y)+ sin(2Y)sin(X)cos(Z)
+ sin(2Z)sin(Y)cos(X)) − 0.2 × (cos(2X)cos(2Y)
+ cos(2Y)cos(2Z)+ cos(2Z)cos(2X)) − 0.4
× (cos(2X)cos(2Y)cos(2Z)) = c

(3) 

In the literature, the Diamond lattice is sometimes represented by an 
alternative formulation (Eq. (4)), derived from Eq. (2) through a suitable 
rotation of the coordinate axes. This redefinition mismatches the 
alignment of the main flow direction adopted here (along the y-axis in 
all cases) with the principal axes of the lattice xʹ, yʹ and ź . Such a 
transformation could influence the fluid interaction with the lattice 
structure, impacting the hydraulic characteristics, so that only the 
formulation in Eq. (2) has been adopted. 

f(xʹ, yʹ, ź ) = cos(Xʹ)cos(Yʹ)cos(Zʹ) − sin(Xʹ)sin(Yʹ)sin(Zʹ) = c (4) 

2.2. Parameterization and isosurfaces

The porosity φ, defined as the ratio of fluid volume Vf to the total 
volume Vtot, as in Eq. (5), is a key parameter used to describe the 
structure of the TPMS lattice. 

φ =
Vf

Vtot
(5) 

Each TPMS lattice is characterized by the isosurface parameter c, 
which separates the two sub-volumes. If these sub-volumes are inter
preted as solid and fluid domains, respectively, a “solid” lattice is 
generated (the “sheet” lattice is beyond the scope of this study). When 
c = 0, the Gyroid, Diamond, and Split-P lattices have a porosity of 0.5, 
indicating equal volumes of solid and fluid. However, unlike the Gyroid 
and Diamond structures, where the fluid and solid domains are fully 
interchangeable, the Split-P lattice does not exhibit this interchange
ability. For the Split-P lattice, the fluid and solid regions are comple
mentary but not equivalent, even at equal partitioning, as shown in 
Fig. 1. When c ∕= 0, the ratio of fluid to solid volume changes, leading to 
different porosities for each lattice configuration.

This study investigates TPMS structures with porosities of 30 %, 40 
%, 50 %, and 60 %, analyzing how the void fraction influences fluid 
dynamics across these solid-TPMS configurations. As mentioned above, 
the Split-P topology produces two distinct, bi-continuous domains, 
namely Split-P1 and Split-P2. This effectively doubles the configurations 
for this topology, resulting in 16 configurations for analysis, as shown in 
Fig. 1.

2.3. Geometric parameters and their variation with porosity

Key geometric parameters, such as the isosurface parameter c, 
wetted area, hydraulic diameter, and tortuosity, were examined for their 
variation with porosity. The parameter c modulates the porosity by 
shifting the isosurface of the TPMS lattice, adjusting the fluid volume Vf 

relative to the total volume Vtot . As illustrated in Fig. 2a, the porosity 
varies nearly linearly across the examined range (30 %− 60 %), consis
tently with previous findings by Montazerian et al. [31] and Fisher et al. 
[32] for the solid Gyroid.

As shown in Fig. 2b, the wetted surface area follows a parabolic trend 
with porosity, reaching its maximum at 50 %. At this porosity, the 
volumes of solid and fluid are equal, resulting in the highest possible 
interface between the two phases. Moving away from this point, either 
by increasing or decreasing the porosity, leads to a symmetric reduction 
in the wetted area. For example, configurations with 40 % and 60 % 
porosity exhibit the same wetted surface. This behavior reflects the 
symmetry in the solid-to-fluid volume ratio around the 50 % threshold, a 
trend also reported by Lu et al. [23].

Fig. 2c illustrates the relationship between hydraulic diameter Dh 
and porosity φ across the different TPMS configurations. The hydraulic 
diameter Dh can be expressed as in Eq. (6): 

Dh = 4φ
Vtot

Awet
= 4

Vf

Awet
=

4
SV

(6) 

where SV = Awet
Vf 

is the surface-to-volume ratio. The increase in Dh with 
porosity reflects the behavior of SV . Indeed, as porosity increases, SV 
decreases, indicating that the lattice has a lower wetted area relative to 
the fluid volume. This decrease in SV at higher porosities corresponds to 
larger, more accessible flow channels within the structure.

In terms of specific structures, Gyroid exhibits the highest hydraulic 
diameter across all porosities, which corresponds to its relatively open 
and interconnected structure, providing broader flow paths compared to 
the Diamond and Split-P configurations. Diamond shows a moderately 

E. Gajetti et al.                                                                                                                                                                                                                                  International Journal of Heat and Mass Transfer 252 (2025) 127439 

3 



lower hydraulic diameter. Split-P1 and Split-P2 display identical Dh 
values at the same porosity due to their complementary domain struc
tures. For example, if Split-P1 at 40 % porosity is considered, Split-P2 at 
the same porosity has a value of Awet corresponding to that of Split-P1 at 
60 % porosity. Given the symmetry in their configurations, implying 
they have the same Awet at 40 % and 60 % porosity (Fig. 2b), the value of 
Awet of Split-P2 at 40 % porosity matches the value of Awet of Split-P1 at 
the same porosity and thus they have the same Dh.

2.4. Tortuosity trends and flow characteristics

The tortuosity τ, defined as in Eq. (7), is expressed as the ratio of the 
volume-averaged velocity magnitude 〈U〉V to the volume-averaged ve
locity in the main direction 

〈
uy
〉

V , providing insight into the complexity 
of flow paths within the TPMS. Traditionally, the tortuosity is defined as 
the ratio of the actual path length to the straight-line distance, focusing 
on the geometric complexity of flow paths. The velocity-based approach 
used here is equivalent at low Reynolds numbers (ReDh ≈ 1), where 
viscous forces dominate and flow paths reflect the geometric constraints 
of the structure [33–36]. Evaluating tortuosity in this regime ensures 
that it captures intrinsic geometric properties, providing a robust, 
flow-sensitive measure tied to the lattice structure and unaffected by 
inertial effects. 

τ =
〈U〉V〈
uy
〉

V

(7) 

As shown in Fig. 2d the tortuosity, unlike hydraulic diameter, de
creases with increasing porosity across all TPMS structures. This trend 
suggests that as porosity increases, the fluid pathways within the lattice 
become less convoluted, offering more direct flow channels. However, 

the rate and pattern of tortuosity reduction vary between the structures, 
reflecting differences in their geometries.

For Diamond, Gyroid, and Split-P 2, tortuosity decreases nearly lin
early as porosity increases. This linear decrease suggests a gradual 
simplification of flow paths as the fluid domain expands, making it 
easier for fluid to traverse the structure with fewer directional changes 
or obstructions. In these structures, the tortuosity reduction follows a 
predictable pattern, with Diamond consistently showing the highest 
tortuosity across the porosity range, indicating more intricate flow 
paths, and Gyroid exhibiting intermediate values. In contrast, Split-P1 
displays an almost parabolic relationship between tortuosity and 
porosity over the observed range. At lower porosities (around 30 %), 
Split-P1 shows a higher tortuosity compared to Split-P2, but as porosity 
increases, tortuosity drops more sharply, eventually converging to 
similar values as Split-P2 at higher porosities (around 60 %). This 
parabolic trend indicates a more rapid transition from complex to 
streamlined flow paths within the Split-P1 configuration, suggesting 
that its geometric structure undergoes a pronounced change in flow 
behavior as porosity increases.

These observations underscore the importance of the tortuosity as an 
indicator of fluid flow complexity within TPMS lattices. While the hy
draulic diameter provides consistent scale information across configu
rations, the tortuosity highlights differences in the flow field. Previous 
studies by Dolamore et al. [37] and Gado et al. [38] found similar hy
draulic diameter and tortuosity values for Gyroid and Diamond struc
tures. Such insights emphasize that simplified models relying only on 
hydraulic diameter or porosity could be insufficient to capture the 
complexities of fluid flow in TPMS structures. Detailed pore-scale ana
lyses are essential to fully understand how tortuosity, specific structural 
features, and porosity interact to influence flow dynamics.

Fig. 1. Fluid volume of analyzed TPMS geometries at 30, 40, 50 and 60 % porosities. a) Gyroid, b) Diamond, c) Split-P1, d) Split-P2.
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3. Computational methodology and simulation setup

This section describes the computational framework and simulation 
strategies employed to analyze the flow characteristics within TPMS 
structures. The methodology refers to a single TPMS unit cell, repre
senting an infinite periodic medium. This approach allows for the 
development of predictive pressure drop correlations for individual 
TPMS structures, which are later validated in larger, more complex 
configurations comprising multiple unit cells.

3.1. Computational domain, boundary conditions, and Reynolds number 
range

In this study, each TPMS geometry is simulated within a single pe
riodic unit cell of size LC = 10 mm. As shown in Fig. 3, periodic 
boundary conditions are applied to eliminate boundary effects and 
enforce a pressure drop along the main flow direction, while main
taining zero transverse pressure gradients. This setup allows a fully 
developed flow field across the cell, with velocity variations occurring 
internally but not across the boundary faces. Similar approaches have 
been used in prior studies [39].

The simulations cover a range of Reynolds numbers from 0.3 to 100, 
calculated based on the hydraulic diameter Dh (Eq. (8)), 

ReDh =
DhUPρ

μ =
DhUsρ

μφ
(8) 

In the above equation, ρ is the fluid density, μ the dynamic viscosity 
and Up is the pore velocity, calculated as the superficial velocity 
Us divided by the porosity φ. The superficial (or Darcian) velocity Us is 
defined as the volume flow rate V̇ divided by the total cross sectional 
area of the unit cell as in Eq. (9). 

Us =
V̇
L2

c
(9) 

Fig. 2. Variation of geometric parameters for the investigated TPMS: (a) Porosity φ vs. isosurface parameter c, (b) wetted surface Awet vs. φ, (c) hydraulic diameter Dh 
vs. φ, (d) tortuosity τ vs. φ.

Fig. 3. Periodic boundary conditions on the boundary faces and pressure drop 
enforced across inlet and outlet faces.
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3.2. Numerical model, solver configuration and mesh uncertainty

The Reynolds numbers span both viscous and inertial regimes, 
remaining well within the range where turbulent effects are negligible, i. 
e. approximately ReDh < 300 [40]. The steady-state, incompressible 
Navier-Stokes equations for laminar flow are solved for an isothermal, 
Newtonian fluid. The continuity and momentum equations are dis
cretized and solved using OpenFOAM v2212, where pressure-velocity 
coupling is managed via the SIMPLE algorithm. Convective terms are 
discretized using a linear upwind scheme, while a central difference 
scheme is applied to the diffusive terms. This setup ensures accuracy and 
stability across the entire range of Reynolds numbers analyzed.

Polyhedral meshes without boundary layers were generated using 
STAR-CCM+ (version 17.02.008-r8). Four progressively refined grids 
were prepared to evaluate the numerical error and assess the reliability 
of the simulation results for the 30 % porosity configurations, where the 
highest velocity values are expected for a given flow rate. The corre
sponding cell counts for each grid are reported in Table 1, and visuali
zations of the surface meshes are shown in Fig. 4.

The uncertainty analysis followed the guidelines of the ASME V&V 
20–2009 standard [41] to ensure rigorous evaluation of the numerical 
accuracy. The study employed a systematic grid refinement approach to 
estimate discretization errors and compute numerical uncertainties. The 
analysis was based on the finest grid (Grid 1), as presented in Table 1, 
with all computed numerical uncertainties falling below 5 % for the 
volume-averaged velocity magnitude at the highest investigated Rey
nolds number ReDh ∼ 100. These results validate the robustness of the 
selected mesh configuration. The refinement study revealed that the 
Gyroid structure, being less intricate, requires fewer cells to capture its 
flow features accurately compared to the Split-P structures, which are 
the most geometrically complex. The finest mesh (Grid 1) was subse
quently employed for all simulations at 30 % porosity. The same grid 
generation strategy was applied to other porosity values, providing a 
uniform level of detail and a conservative estimation of the accuracy in 
all cases.

4. Results and discussion

4.1. Velocity distribution analysis

Fig. 5 presents the velocity distribution, normalized to the maximum 
inlet velocity, in the main flow direction for Gyroid, Diamond, Split-P1 
and Split-P2 at 50 % porosity, comparing low (ReDh ∼ 0.3) and high 
(ReDh ∼ 100) Reynolds numbers. At low Reynolds numbers, all TPMS 
structures exhibit smooth, stable flow profiles, indicating that viscous 
forces dominate. As Reynolds number increases to ReDh ∼ 100, the ve
locity profiles become more complex, reflecting the influence of inertial 
forces. In the Gyroid structure, localized regions of negative velocity can 
be observed, indicating minor flow separation or reversal near specific 
surfaces, which indicates increased flow complexity due to inertial ef
fects. The Diamond structure, however, maintains a relatively uniform 
velocity distribution even at ReDh ∼ 100, demonstrating a more stable 
flow regime with little evidence of separation.

The Split-P1 and Split-P2 structures exhibit much greater flow 
complexity at ReDh ∼ 100, with significant velocity variations, including 

wider areas of negative velocity, which denote flow reversal. The 
intricate geometry of the Split-P structures seems to enhance inertial 
effects, leading to more complex flow patterns and greater variation in 
velocity profiles.

4.2. Vorticity and flow complexity

Fig. 6 illustrates the normalized vorticity field by its maximum value 
within the different TPMS at ReDh ∼ 0.3 and ReDh ∼ 100. At the lower 
Reynolds number, the Gyroid, Diamond, and Split-P1 show highly 
organized flow fields, where the vorticity patterns appear regular and 
stable, reflecting the dominant effect of viscous forces. The Split-P2, on 
the other hand, already displays more irregular and intricate patterns at 
the same low Reynolds number, indicating that its geometry tends to 
induce a more complex flow even under viscous-dominated conditions. 
As the Reynolds number increases to around 100, all structures exhibit a 
noticeable increase in flow complexity: the vorticity patterns show 
greater structural complexity and variability, with intensified swirling 
and the formation of more irregular flow features throughout the domain. 
This transition clearly shows the growing influence of inertia on the flow 
behavior. Notably, the Split-P configurations generate stronger varia
tions in the flow field compared to the Gyroid and Diamond, underlining 
their greater potential for enhancing internal mixing.

It is important to note that while the vorticity fields are normalized by 
their maximum values at each Reynolds number, the maximum dimen
sional vorticity at ReDh ∼ 100 is approximately 1000 times higher than at 
ReDh ∼ 0.3. This reflects the substantial increase in rotational motion in
tensity in the inertial regime, which is visually captured in the LIC patterns 
as regions of high vorticity become more pronounced and complex.

4.3. Helicity angle and flow alignment

In order to better assess the swirl at different Reynolds numbers, the 
helicity angle θ is evaluated, as defined in Eq. (10), where Ω is the 
vorticity vector, i.e. the rotor of the velocity vector. 

Table 1 
Number of polyhedral cells (in thousands) for the 30 %-porosity TPMS, along 
with the volume averaged velocity magnitude for the simulation at ReDh ∼ 100 
and the corresponding computed numerical uncertainty (cm/s).

Grid 1 Grid 2 Grid 3 Grid 4 〈U〉V (cm/s)

Gyroid 72 36 20 8.7 2.57±0.04
Diamond 75 31 18 8.7 3.2 ± 0.1
SplitP-1 90 51 28 11 3.77 ± 0.08
SplitP-2 99 54 29 15 3.9 ± 0.2

Fig. 4. Surface mesh views: (a) Gyroid, (b) Diamond, (c) Split-P1 and (d) 
Split-P2.
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θ = acos
(

Ω⋅u
|Ω| |u|

)

(10) 

Fig. 7 shows the probability density function (PDF) of the helicity 
angle in the fluid domain for the different TPMS at ReDh ∼ 0.3 (blue bars) 
and ReDh ∼ 100 (orange bars). The helicity angle quantifies the alignment 
between the velocity and vorticity vectors within the flow, offering 
insight into local flow structures that affect mixing efficiency and flow 
stability. A helicity angle of 90◦ indicates that the vorticity vector is 
orthogonal to the local velocity direction, characteristic of rotational flow 
structures such as vortex tubes oriented perpendicular to the main flow. 
In contrast, angles near 0◦ or 180◦ reflect alignment between velocity and 
vorticity, corresponding to helicoidal (corkscrew-like) motion where 
fluid particles follow helical paths along the main flow axis [42]. These 
aligned structures typically promote flow stability and coherence, help
ing to maintain organized, layered flow and limiting transverse mixing.

Across all TPMS geometries, the PDFs peak near 90◦, indicating that the 
flow predominantly exhibits rotational structures with vorticity oriented 
transversely to the velocity. This suggests a general tendency toward 
vortex-dominated flow, which can enhance cross-sectional mixing by 
inducing rotational motion. At ReDh ∼ 0.3, the distributions are sharply 
peaked around 90◦, consistent with a laminar regime dominated by viscous 
forces, where the flow remains highly organized and stable. Despite the 
orthogonal alignment, the low inertial forces limit disruption of coherent 
structures, thus constraining mixing efficiency. At ReDh ∼ 100, all TPMS 
configurations show a broadened helicity angle distribution, reflecting 
increased flow complexity. The Split-P1 and Split-P2 structures exhibit 
PDFs similar in shape and width to that of the Diamond configuration, 
indicating comparable levels of velocity–vorticity misalignment. In 
contrast, the Gyroid maintains a narrower distribution, suggesting a more 
organized flow pattern even at higher Reynolds numbers.

Fig. 5. Normalized velocity in the flow direction for 50 % porosity. (a), (c), (e), (g) ReDh ~ 0.3, (b), (d), (f), (h) ReDh ~ 100 for Gyroid (a),(b), Diamond (c),(d), Split- 
P1 (e),(f) and Split-P2 (g),(h), respectively.

Fig. 6. Line integral convolution of the normalized vorticity within the 50 % porosity TPMS. (a), (c), (e), (g) ReDh ~ 0.3, (b), (d), (f), (h) ReDh ~ 100 for Gyroid (a), 
(b), Diamond (c),(d), Split-P1 (e),(f) and Split-P2 (g),(h), respectively.
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4.4. Assessment of the Ergun equation

The Ergun equation [43] is a widely used empirical model for esti
mating the pressure drop across porous media. It has traditionally 
proven effective for characterizing flow in porous materials with rela
tively simple geometries, such as beds of packed spheres, capturing both 
linear and quadratic dependence on the superficial velocity Us, thus 
accounting for both the viscous and the inertial terms, as shown in Eq. 
(11).

The latter can be rearranged to the dimensionless form of Eq. (12), 
where Re∗ and Δp∗ are defined in Eqs. (13) and (14) respectively, and the 
particle diameter Dp (Eq. (15)) is obtained for sphere packings. Indeed, 
Dp is considered a good surrogate of an equivalent characteristic length 
at the scale of the pore. 

Δp
L

= 150

(
μUs

D2
p

)
(1 − φ)2

φ3 +
7
4

(
ρU2

s
Dp

)(
1 − φ

φ3

)

(11) 

Δp∗ =
150
Re∗

+
7
4

(12) 

Δp∗ =

(
Δp
ρU2

s

) (
Dp

L

)(
φ3

1 − φ

)

(13) 

Re∗ =
ρDpUs

μ(1 − φ)
(14) 

Dp =
3
2
(1 − φ)

φ
Dh (15) 

The primary objective of this section is to compare the predicted 
pressure drop obtained applying the Ergun equation to the complex 
TPMS geometries investigated here against the numerical results ob
tained through computational simulations. These TPMS structures 
significantly differ from the random packings Ergun equation was 
originally designed for. Thus, it is critical to assess whether the Ergun 
coefficients and assumptions are still valid, or if significant deviations 
suggest the need for an alternative or modified approach.

As shown in Fig. 8, across the entire range of Reynolds numbers Re∗, 
the deviation between CFD results and Ergun equation remains signifi
cant, even at Re∗ < 1, where viscous effects dominate. The error bars 
indicate that for all TPMS configurations, including simpler geometries 
like Gyroid and Diamond, the relative error is already above 30–50 % at 

Fig. 7. Probability density function (PDF) of the helicity angle. (a) Gyroid, (b) Diamond, (c) Split-P1 and (d) Split-P2.

Fig. 8. Comparison of TPMS results with the Ergun equation at different porosities with zooms in the inertial region: (a) 30 % and (b) 60 %. The relative errors for 
Split-P2 in (a) exceed the maximum value of the axis and are well beyond 100 % for the highest Re∗ value.
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low Re∗. This discrepancy becomes even more pronounced for more 
complex structures, such as the two Split-P configurations. While the 
difference between CFD results and Ergun equation decreases for the 
Gyroid and Diamond structures at higher porosity and Reynolds 
numbers, it overall remains unacceptably large, particularly for the 
Split-P structures. These observations underscore the insufficiency of 
Ergun equation in accurately modeling pressure drop in intricate TPMS 
configurations.

Modified versions of the Ergun equations were developed for some of 
the TPMS analyzed here by other authors. The comparison between CFD 
results for Gyroid (Fig. 9a) and Diamond (Fig. 9b) structures with the 
modified versions of Ergun equation by Cheng et al. [29] and Hawken 
et al. [10] reveals notable differences in predictive accuracy. The cor
relation of Cheng et al. [29], which was developed for both Gyroid and 
Diamond, tends to better capture the pressure drop for the Gyroid, in the 
higher Re∗ region, while significant discrepancies are evident at low Re∗. 
However, for the Diamond structure, the Cheng’s model shows signifi
cant deviation at higher Reynolds numbers, indicating an increasing 
mismatch as inertial effects dominate.

For the Diamond structure, the model of Hawken et al. [10], which 
was specifically developed for this geometry, shows good agreement 
with the CFD data in the high Re∗ range, compared to Cheng’s model. 
However, it still does not fully capture the detailed flow resistance across 
all Reynolds number ranges, especially at lower Re∗, where viscous ef
fects are significant. These observations imply that neither of the two 
modifications is fully adequate for accurately modeling pressure drops 
in complex TPMS structures like Gyroid and Diamond across all flow 
regimes.

4.5. Assessment of the Darcy and Darcy-Forchheimer relations

The Darcy law (Eq. (16)) models the viscous flow of a fluid through a 
porous medium for the limit of laminar (low Reynolds) regime, where K 
is the permeability of the porous medium. 

Δp
L

= −
μ
K

Us (16) 

When the flow enters the transition region to the inertial regime, the 
Darcy law is no longer able to provide an accurate characterization of 
the pressure-velocity relationship. The non-linearity must be accounted 
for by adding a quadratic term in the equation, formulated as the Darcy- 
Forchheimer law (Eq. (17)), where CF is the inertial drag factor. Note 
that Rathore et al. [44], studying the solid-Diamond and Gyroid, utilized 
a cubic relationship between the linear pressure drop and the mean 
velocity, but here the well-established quadratic Darcy-Forchheimer law 
is considered. 

Δp
L

= −
μ
K

Us −
ρCF
̅̅̅̅
K

√ U2
s (17) 

Fig. 10 presents the relationship between linear pressure drop Δp/L 
and superficial velocity Us for the analyzed TPMS geometries for po
rosities of 30 %, 40 %, 50 %, and 60 %. The results refer to a water flow 
at 20 ◦C. Across all configurations, a linear correlation between pressure 
drop and superficial velocity is observed up to ReDh ~ 10, represented by 
the fourth data point in each plot. This linear regime indicates that Darcy 
law (represented by the dashed lines) accurately captures the flow 
resistance in this low-velocity, viscous-dominated range. Importantly, 
this threshold appears consistent across different TPMS types and 
porosity levels, establishing a clear boundary where Darcy law remains 
valid up to ReDh ∼ 10.

As the Reynolds number exceeds 10, the relationship between 
pressure drop and velocity becomes nonlinear. In this regime, the Darcy- 
Forchheimer law (indicated by the dashed-dotted lines) provides a more 
accurate representation by incorporating an additional inertial term, 
allowing for the modeling of the observed quadratic increase in pressure 
drop with velocity.

To quantify the flow resistance parameters for each TPMS and 
porosity level, the simulation results at different Reynolds numbers were 
fitted to both the Darcy and the Darcy-Forchheimer equations. This 
fitting process enabled the extraction of permeability Krel and inertial 
drag factor CF , as summarized in Table 2. These parameters characterize 
the viscous and inertial contributions to flow resistance for each 
configuration.

To facilitate the comparison of permeability values across different 
characteristic lengths, the concept of relative permeability, Krel, is 
introduced. In this study, Krel is calculated by scaling the dimensional 
permeability K by the square of the cell size LC, which is fixed at 10 mm. 
This approach aligns with methodologies employed by Asbai-Ghoudan 
et al. [24] and Callens et al. [45], who demonstrated that normalizing 
permeability in this way enables generalization to different character
istic sizes of the porous medium. Although only a single LC value is 
considered in the present work, the use of Krel allows for potential 
extrapolation to other cell sizes. This normalization is thus a practical 
step to make the present permeability results more versatile without 
requiring the analysis of multiple cell sizes for correlation.

The permeability Krel increases with porosity across all TPMS struc
tures, reflecting a reduction in flow resistance within more open con
figurations. In contrast, the inertial drag factor CF decreases with 
porosity, indicating a reduced impact of inertial effects in higher- 
porosity structures. This trend is consistent across all geometries, with 
Gyroid and Diamond generally exhibiting higher permeability and lower 
inertial drag factors compared to the more complex Split-P1 and Split-P2 
structures. This difference in behavior highlights the impact of TPMS 
geometry on flow characteristics, with simpler structures like Gyroid 

Fig. 9. Comparison of CFD results with modified Ergun equations by Hawken et al. and Cheng et al. (a) Gyroid, (b) Diamond.
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and Diamond allowing for smoother flow paths and thus lower drag. The 
high-quality fits achieved in all cases underscore the accuracy of the 
Darcy-Forchheimer model in describing the flow behavior across the 
range of TPMS structures and porosity levels analyzed. The results ob
tained here are not directly compared to others in literature as most of 
the works published so far employing the Darcy-Forchheimer law focus 
on sheet lattices (as [25–28]), rather than solid lattices.

4.6. Porosity-dependent scaling of relative permeability and inertial drag 
factor in TPMS structures

In order to accurately characterize the fluid flow behavior within 
each TPMS structure, it is essential to establish correlations for both 
permeability and inertial drag factor as functions of porosity. These 
parameters are crucial for predicting pressure drop and flow resistance 
across different flow regimes, from viscous-dominated to inertia- 
influenced conditions. Given the geometric complexity of TPMS 

structures and the variability in flow resistance characteristics between 
different topologies, structure-specific correlations are necessary to 
ensure precise modeling.

The plots of Fig. 11 show the dependence of Krel (Fig. 11a) and CF 
(Fig. 11b) on porosity for each TPMS geometry.

The relationship between Krel and φ, as well as CF and φ, is fitted 
with power law equations as defined in Eqs. (18) and (19). 

Krel = aφn (18) 

CF = bφm (19) 

Eqs. (18) and 19 with the values listed in Table 3 are valid for 30% ≤

φ ≤ 60% and 0.3 ≤ ReDh ≤ 100.
Fig. 11 shows a good fit for all TPMS geometries and porosity values, 

as verified by the star symbols used for quality assessment of the cor
relation at φ = 55% as later discussed in Section 5.1.

As shown in Table 3, the exponent n spans a narrow range from 
approximately 2.8 to 3 across all structures, indicating a consistent 
response of permeability to changes in porosity among the TPMS to
pologies. Notably, the exponent found for the Gyroid structure (2.78) 
aligns closely with the value reported by Zhianmanesh et al. [22], who 
determined an exponent of 2.54 for the same structure, supporting the 
robustness of our results within the context of existing literature. This 
consistency in the exponent values suggests a generalizable relationship 
for Krel across different TPMS types, enhancing the predictive capability 
of our correlations.

Regarding the inertial drag factor CF, some variation in the exponent 
m is observed, especially between the Split-P configurations. While all 

Fig. 10. Linear pressure drop vs superficial velocity for water. (a) Gyroid, (b) Diamond, (c) Split-P1 and (d) Split-P2.

Table 2 
Power law fitting parameters (Krel and CF) for the different TPMS and porosities.

φ ( %) Gyroid Diamond Split-P1 Split-P2

Krel CF Krel CF Krel CF Krel CF

30 5.6e-4 0.81 3.5e-4 0.52 1.9e-4 1.2 1.6e-4 1.7
40 1.2e-3 0.53 7.6e-4 0.30 4.3e-4 0.65 4.1e-4 0.85
50 2.2e-3 0.31 1.4e-3 0.20 8.1e-4 0.46 8.0e-4 0.50
60 3.9e-3 0.20 2.4e-3 0.19 1.4e-3 0.34 1.4e-3 0.31
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TPMS structures show a negative exponent for CF (indicating a decrease 
in inertial drag with increasing porosity), the exponent values differ, 
particularly for Split-P2, which has a larger magnitude of m = − 2.39 
compared to the other structures. This higher sensitivity in Split-P2 re
flects its increased drag in the inertial regime, if compared to Split-P1, 
despite their equal permeability values.

The comparison between the two Split-P structures at 50 % porosity 
and ReDh ∼ 100 reveals insights into why they exhibit the same Krel but 
different CF values, as shown in Fig. 11 and Table 3. These differences 
arise due to the varying nature of the flow field and velocity distribution 
along the flow direction. Firstly, the normalized cross-sectional area Ac 

/L2
c in Fig. 12a varies along the flow direction for both Split-P1 and Split- 

P2, reflecting the periodic geometric variations of these structures. 
However, the average cross-sectional area over the length, < Ac>Lc , 
proportional to the area under the curves, remains the same for both 
configurations. Indeed, it is proportional to the fluid volume, which is 
identical for the two structures due to their equal porosity (50 %).

The area under the curves in Fig 12b, proportional to the cross- 
sectional mean velocity over the cell length, < uy>Lc , results to be 
equal for Split-P1 and Split-P2. Because in the viscous regime, Δp de
pends on < Ac>Lc , the wetted surface area Awet, and < uy>Lc and these 
parameters are identical for Split-P1 and Split-P2, the pressure drop, 
described by Darcy’s law, is also identical, implying equal permeability 
values. Differently, in the inertial regime, Δp still depends on < Ac>Lc 

and Awet , but now on the square of the mean cross sectional velocity over 
the cell length, < u2

y>Lc . This quantity, proportional to the area under 
the curves in Fig. 12c, differs between Split-P1 and Split-P2. As a result, 
when applying the Darcy–Forchheimer law, the inertial drag factor CF 
must differ for Split-P1 and Split-P2.

In Fig. 13a, which shows the Gyroid structure, the correlation from 
Lu et al. [23] (dashed red line) lies within the 95 % confidence interval 
of the present study correlation across the entire range of porosities. The 
results from Zhianmanesh et al. [22] and Dolamore et al. [37] also fall 
largely within the confidence bounds of the present study, indicating a 
high degree of consistency in the permeability behavior predicted for the 
Gyroid structure. This alignment across multiple sources strengthens the 
validity of the present correlation for Gyroid, supporting its predictive 

Fig. 11. Relative permeability Krel (a) and inertial drag factor CF (b) as functions of porosity for the four TPMS topologies, evaluated using Eqs. (18) and 19, 
respectively. Symbols represent the computed results, lines indicate the corresponding power-law fits, and star symbols denote values used to verify the quality of the 
developed correlations (see Section 5.1).

Table 3 
Power law fitting values for the permeability and inertial factor as a function of 
the TPMS porosity. The coefficient of determination R2of the different fits is also 
reported.

TPMS Gyroid Diamond Split-P1 Split-P2

Krel a 0.0156 0.0106 0.00631 0.00653
n 2.78 2.89 2.95 3.04
R2 0.9994 0.9996 0.9997 0.9999

CF b 0.0908 0.0666 0.127 0.0941
m − 1.81 − 1.69 − 1.83 − 2.39
R2 0.9880 0.9788 0.9963 0.9998

Fig. 12. Comparison between the two Split-P structures at 50 % porosity and ReDh ∼ 100: (a) normalized cross sectional area, (b) normalized velocity in the flow 
direction and (c) square of the normalized velocity in the flow direction.
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capability across the tested porosity range.
In contrast, Fig. 13b, which displays the Diamond structure, shows a 

different pattern. Here, the correlation from Lu et al. [23] lies outside 
the 95 % confidence interval of the present study, especially at higher 
porosities, predicting higher permeability values. Dolamore et al. [37], 
however, aligns closely with the present study correlation and remains 
well within the confidence interval, especially at mid-to-high porosities. 
This consistency with Dolamore et al. [37] supports the accuracy of the 
present correlation for the Diamond structure. The 95 % confidence 
interval for the present study serves as a reliable benchmark, encapsu
lating most of the permeability trends reported in previous literature for 
both Gyroid and Diamond structures. The fact that Lu et al. [23] values 
fall within the confidence interval for Gyroid but outside for Diamond 
underscores the importance of geometry-specific evaluations and the 
potential variability introduced by different modeling approaches.

4.7. Application of the Kozeny-Carman equation to permeability-porosity 
relations in TPMS structures

The Kozeny-Carman equation, in Eq. (20), is a fundamental model to 
describe the relationship between permeability and porosity in porous 
media. It models permeability as a function of porosity, the surface-to- 
volume ratio SV and the dimensionless Kozeny constant CK. 

KKC = CK
φ3

S2
V

(20) 

Originally developed for packed beds, the Kozeny-Carman equation 
has been adapted to TPMS structures due to its ability to capture the 
dependence of permeability on structural parameters, like φ and SV .

In this study, the Kozeny-Carman approach is further modified by 
modeling CK as a quadratic function of porosity (Eq. (21)), as also pro
posed by Montazerian et al. [21]: 

CK = c0 + c1 φ + c2 φ2 (21) 

This quadratic dependence of CK on φ is expected, given that the 
square of the surface-to-volume ratio S2

V also has a quadratic dependence 
on porosity (from Eq. (6) and Section 2.3, 4

Sv
= 4φ Vtot

Awet
, where Awet ∼ φ2), 

so that the cubic dependence on porosity remains valid for the perme
ability. This is consistent with the exponents (with a value of approxi
mately 3) derived in Section 4.6 for the permeability of all analyzed 
TPMS configurations.

Table 4 presents the fitting coefficients c0, c1, and c2 for each TPMS 

configuration. Eq. (21) with the values listed in Table 4 is valid for 
30% ≤ φ ≤ 60%.

Therefore, in agreement with the results of Section4.5, for a given 
porosity value Gyroid has the highest permeability, followed by Dia
mond, Split-P1 and Split-P2. In Fig. 14, it can be observed that Gyroid 
and Diamond have relatively higher CK values at lower porosities, with 
Gyroid displaying the highest values among the analyzed TPMS struc
tures. As porosity increases, the CK values for all structures converge. 
This is particularly noticeable at porosity values around 0.55 to 0.6, 
where the CK values for all structures are nearly identical.

4.8. Permeability-porosity-tortuosity relations

In porous media, permeability Krel and inertial drag factor CF are 
influenced by structural parameters such as porosity φ and tortuosity τ. 
For TPMS structures, these correlations can be described using power 
law relationships, incorporating both porosity and tortuosity: 

Krel = a1φkτl (22) 

CF = a2φpτq (23) 

The correlations of Eqs. (22) and 23 with the values listed in Table 5
are valid for 30% ≤ φ ≤ 60% and 0.3 ≤ ReDh ≤ 100. Fig. 15a and b 
illustrate the dependence of Krel on porosity and tortuosity, respec
tively, with the exponents listed in Table 5. Across all TPMS structures, 
Krel increases with porosity and decreases with tortuosity, but the de
gree of sensitivity varies by geometry. For a given porosity, tortuosity is 
fixed for each structure. Indeed it is a geometric parameter, as discussed 
in Section 2.3.

The coefficient k represents the sensitivity of Krel to porosity. The 
Gyroid has the highest k = 3.77, which reflects its relatively open 
geometry and high sensitivity to porosity changes. The Split-P1 (k =

3.52) and Split-P2 (k = 2.93) lattices demonstrate a slightly weaker 

Fig. 13. Comparison in terms of relative permeability between results from literature and present work, and 95 % confidence interval for the present work. a) 
Gyroid, b) Diamond.

Table 4 
Fitting coefficients for CK , computed for the different TPMS according to Eq. 
(21). The value of the R2 is also reported.

TPMS Gyroid Diamond Split-P1 Split-P2

c0 6.51 5.52 5.11 4.10
c1 − 20.1 − 16.4 − 14.7 − 11.0
c2 16.6 13.2 11.7 8.2
R2 0.9967 0.9977 0.9987 0.9996
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dependence, indicating that their more tortuous pathways moderate the 
increase in permeability as porosity rises. The Diamond has the lowest k 
= 2.2, suggesting that permeability in this structure is less influenced 
by porosity changes compared to the others.

The coefficient l governs the influence of tortuosity on Krel. For 
Gyroid (l = 5.56) and Split-P1 (l = 2.52), the positive values indicate 
that decreases in tortuosity with increasing porosity lead to a more 
gradual increase in permeability. In contrast, for Diamond (l = −

3.08) and Split-P2 (l = − 1.81), the negative l values suggest that 
decreases in tortuosity significantly amplify any increases in perme
ability.

Fig. 16a and b illustrate the dependence of CF on porosity and tor
tuosity, respectively. These relationships highlight the inverse trend 
between CF and porosity, as well as the direct trend between CF and 
tortuosity, with variations in sensitivity governed by the p and q expo
nents (Table 5).

For the Diamond, despite its sharp decrease in CF with porosity (p =

− 5.18), the large negative tortuosity coefficient (q= − 21.3) smooths 
this decline. The combination of these effects results in a more gradual 
decrease in CF, as seen in Fig. 16a, where the Diamond exhibits the least 
pronounced reduction in CF, compared to other TPMS, at increasing 
porosity. For the remaining structures the positive q coefficients asso
ciated with tortuosity further contribute to the decrease in CF as porosity 
increases, reinforcing the trend driven by the p coefficients.

5. Model validation and applicability to TPMS-based systems

The correlations developed in this work for permeability (Krel) and 
inertial drag factor (CF), along with the Karman-Cozeny permeability 
(KKC), offer a comprehensive framework for predicting pressure drop in 
TPMS structures using the Darcy-Forchheimer equation across both 
viscous and inertial regimes. However, their validity and applicability 
must be critically assessed through direct comparisons with high fidelity 
numerical simulations. In this section, a two-step validation process is 
performed to evaluate the effectiveness and generalizability of these 
models.

First, the developed correlations are validated by simulating a single 
unit cell with a porosity of 55 %, comparing the pressure drop results 
from numerical simulations with those predicted by the derived 
permeability-porosity, permeability-porosity-tortuosity, and Kozeny- 
Carman-based models. Additionally, the widely used Ergun correlation 
is also included. This comparison serves as a benchmark for assessing the 
predictive accuracy of the Darcy-Forchheimer equation with the re
lations developed in this study. Second, the validation is extended to a 
more practical scenario by simulating a pipe section filled with the 
different TPMS geometries analyzed in this work. The goal is to evaluate 
whether the correlations, derived for a single unit cell, can reliably 
predict the pressure drop in more complex configurations, such as heat 
sinks or fluid channels filled with multiple TPMS unit cells where the 
presence of the walls is also considered. By comparing the results from 
these simulations with predictions based on single-cell models, the 
feasibility of scaling the developed models to larger, real-world systems 
is analyzed.

5.1. Discussion of model predictions for the single unit cell domain

Fig. 17 shows the analysis for a single TPMS unit cell with 55 % 
porosity. Although this porosity value differs from those used to derive 
the developed correlations, it remains within the porosity range covered 
by the models, enabling a meaningful validation of their predictive 
accuracy.

Fig. 14. CK vs φ for the different TPMS unit cells.

Table 5 
Fitting coefficients for the Krel − φ − τ and CF − φ − τ relations, computed for the 
different TPMS according to Eqs. (22) and (23), respectively. The value of the R2 

is also reported.

TPMS Gyroid Diamond Split-P1 Split-P2

Krel a1 0.00937 0.0149 0.00624 0.00758
k 3.77 2.26 3.52 2.93
l 5.56 − 3.08 2.52 − 1.81
R2 0.9981 1.0000 0.9999 1.0000

CF a2 0.0184 1.27 0.146 0.0514
p − 0.629 − 5.18 − 0.0537 − 2.18
q 11.2 − 21.3 6.69 6.10
R2 0.9991 0.9978 0.9999 0.9998

Fig. 15. Relative permeability Krel as a function of porosity (a) and tortuosity (b), according to Eq. (22).
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The relative error is computed as: 

Relative error (%) =
ΔpCFD − Δpcorr

ΔpCFD
⋅100 (24) 

The Kozeny-Carman relation, designed for permeability prediction in 
the viscous-dominated regime, is only compared at low Reynolds 
numbers ReDh ∼ 5. It consistently underperforms compared to the 
developed Krel − φ and Krel − φ − τ correlations. Even for simpler ge
ometries such as Gyroid and Diamond, the Kozeny-Carman relation fails 
to match the accuracy of the developed models, emphasizing its limited 
applicability to TPMS structures.

The developed models, based on Krel − φ and Krel − φ − τ relations, 
demonstrate strong predictive capabilities across all Reynolds numbers 
and TPMS geometries. Relative errors are consistently below 10 %, with 
only minor differences between the two formulations. The similar per
formance of these models suggests that incorporating the tortuosity τ in 
addition to porosity φ does not significantly enhance the predictive ac
curacy. This can be attributed to the interdependence of φ and τ, as 
discussed in Section 2.3 and shown in Fig. 2d Since τ and φ are not 
entirely independent variables, the simpler Krel − φ model is sufficient 
for practical use, providing nearly identical results with reduced 
computational complexity.

The Ergun equation, while widely used for porous media, performs 
poorly across all Reynolds numbers and TPMS structures. At low Rey
nolds numbers, it consistently underpredicts pressure drop, with large 
errors particularly for the Split-P geometries, where the complex flow 
pathways deviate significantly from the assumptions underlying the 
Ergun model. Even at higher Reynolds numbers ReDh ∼ 100, where in
ertial effects dominate, the Ergun equation shows only marginally 
improved accuracy for the Gyroid and Diamond structures but remains 
unreliable for Split-P geometries. This indicates that the Ergun model 

lacks the ability to account for the geometric complexity and tortuosity 
of TPMS.

5.2. Discussion of model predictions for a pipe filled with TPMS

Two pipe geometries with diameters of 20 mm and 40 mm, both with 
a total length of 50 mm and filled with TPMS, are simulated. The unit 
cells size is LC = 5 mm, smaller than the 10 mm unit cell size used in the 
development of the correlations. This design choice enables testing the 
scalability of the developed Krel correlations to LC different from those 
used during their formulation. Fig. 18 exemplarily illustrates the 40 mm 
diameter pipe filled with the four different TPMS structures, all 
configured at a porosity of 60 %. Periodic boundary conditions with a 
specified pressure drop were applied at the inlet and outlet of the pipe to 
minimize the computational domain and reduce computational expense, 
while the internal surface and the external walls were set as no-slip. The 
same discretization schemes and solution algorithm used for the single 
unit cell and described in Section3.2 are also adopted here. The grid 
generation strategy, optimized for accuracy and computational effi
ciency in single cells simulations, is consistently applied to larger ge
ometries to ensure consistency across scales. This approach results in a 
highly detailed grid and computationally intensive simulations. For 
example, for the larger 40 mm pipe, this methodology leads to a sub
stantial number of computational cells, which is representative of the 
high computational cost associated with simulating real heat sinks filled 
with TPMS structures. These high computational costs underscore the 
practical importance of developing reliable permeability and inertial 
drag factor correlations to reduce dependency on full-scale CFD simu
lations during the design and optimization of such equipment.

The predicted pressure drops for a water flow at 20 ◦C were 
compared to CFD simulations under two flow regimes (ReDh ∼ 5 and 

Fig. 16. Inertial drag factor, CF , as a function of porosity (a) and tortuosity (b), according to Eq. (23).

Fig. 17. Comparison of predicted pressure drop for the unit cell with 55 % porosity using the developed models and CFD results. (a) ReDh ~ 5, (b) ReDh ~ 100.
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ReDh ∼ 100). Figs. 19 and 20 provide an overview of these comparisons, 
highlighting the relative errors and model performance under varying 
conditions.

The developed Krel − φ and Krel − φ − τ correlations demonstrated 
superior accuracy compared to the Ergun and Kozeny-Carman equa
tions. The relative errors for the developed models were consistently 
<10 % across all configurations and Reynolds numbers, with the 
exception of Split-P1, where the error reached a maximum of 21 %. In 
contrast, the Ergun equation produced errors as high as 30 %, particu
larly for Split-P geometries. This highlights the inability of the Ergun 
equation to capture the nuanced flow behavior within the complex ge
ometries of TPMS structures. In the low Reynolds number regime 

(ReDh ∼ 5), the Kozeny-Carman relation performed similar or worse 
than the developed correlations.

Also here a notable agreement exists between predictions made using 
Krel − φ and Krel − φ − τ correlations, for the same reasons discussed in 
Section 5.1 for the single unit cell. Consequently, the simpler Krel − φ 
correlation is recommended for practical applications due to its com
parable accuracy and lower computational complexity.

The differences in pressure drop results between the pipe geometries 
and the single unit cell can be partially explained by the variation in 
hydraulic diameter Dh. In the pipes, the presence of the external wall 
modifies the wetted area Awet compared to the single cell configuration, 
resulting in deviations in Dh. These differences are more pronounced for 

Fig. 18. Geometry and boundary conditions of the pipes D = 40 mm diameter (and L = 50 mm). a) Gyroid, b) Diamond, c) Split-P1 and d) Split-P2.

Fig. 19. Comparison of predicted linear pressure drops of water in the pipes at ReDh ∼ 5, using the developed models and CFD results. φ and φ − τ in the legend refer 
to the developed power laws for the permeability, one depending only on porosity, and the other on porosity and tortuosity. KC refers to the Kozeny-Carman 
equation. The horizontal lines refer to the models predictions.
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simpler geometries like Gyroid or Diamond, where the wall significantly 
alters Awet, while more complex geometries exhibit less sensitivity to the 
wall effects. The smaller Dh in the pipe configurations, at the same ReDh , 
leads to a higher superficial velocity and, consequently, a higher linear 
pressure drop. This effect is particularly noticeable in the smaller 
diameter pipe D1 = 20 mm, where the reduced Dh amplifies the velocity 
and thus pressure drop compared to the larger diameter pipe D2 =

40 mm. Despite these geometric differences, the model predictions are 
mostly within the uncertainty of the CFD results for both pipe sizes. This 
robustness highlights the scalability of the developed correlations to 
configurations beyond single unit cells, demonstrating their potential for 
use in practical engineering applications. The relatively small influence 
of pipe diameter on the predictive performance further emphasizes the 
generalizability of the models.

6. Summary and conclusions

This study presents a comprehensive investigation into the hydro
dynamic behavior of solid-type TPMS, with a focus on the Gyroid, 
Diamond, and Split-P geometries. Flow characteristics were analyzed 
using CFD simulations across a wide range of Reynolds numbers 
(0.3 ≤ ReDh≤ 100), spanning from viscous to weakly inertial regimes, 
and porosities between 30 % and 60 %. One single TPMS cell with pe
riodic boundary conditions was investigated, representing a reference 
element volumae of an infinite lattice. Two modeling frameworks were 
employed for pressure drop prediction: the Ergun equation and the 
Darcy-Forchheimer equation, the latter enhanced with newly developed 
correlations for permeability and inertial drag factor. Additionally, an 
adapted Kozeny-Carman equation was introduced to extend its appli
cability to TPMS geometries for permeability prediction. The perme
ability and inertial drag factor correlations were expressed as power-law 
functions of porosity and tortuosity. While the inclusion of tortuosity 
provided an additional predictive layer, it was found that due to the 
intrinsic relationship between porosity and tortuosity, porosity-based 
correlations alone produced similar accuracy. The proposed models 
demonstrated strong agreement with CFD results, achieving relative 
errors below 10 % for most configurations and a maximum error of 21 % 
for the more complex Split-P1 geometry. This performance significantly 
surpassed that of the Ergun equation, which exhibited errors as high as 
30 % for the Split-P configurations. Validation in larger-scale geome
tries, such as pipes filled with TPMS, confirmed the scalability and 
robustness of the developed correlations. Despite variations in hydraulic 
diameter caused by wall effects, the proposed models accurately pre

dicted pressure drops in these configurations. This underscores their 
reliability for practical applications, including heat sinks and porous 
media systems.

In conclusion, this work provides a robust framework for modeling 
flow in TPMS geometries, enhancing their potential for engineered 
porous media applications in fluid transport and thermal management 
systems. By reducing reliance on computationally expensive CFD sim
ulations, these correlations offer a practical tool for the design and 
optimization of TPMS-based systems. Future research should aim to 
integrate thermal effects, investigate additional TPMS topologies, and 
explore configurations with nonuniform porosities to broaden the 
applicability and utility of these findings.
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