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 A B S T R A C T

A numerical analysis of pressure drops and heat transfer characteristics in open-cell metal foams is presented, 
and predictive correlations relating thermo-fluid-dynamic performance to foam topology and flow conditions 
are proposed. The new possibilities offered by additive manufacturing in terms of cell geometry customization 
have in fact expanded the design parameter space for metal foams. Consequently, surrogate models able to 
account for specific geometrical features are required. For this purpose, a large dataset of cells was generated 
from a broad variety of configurations, resulting in a total of 540 simulations. The numerical simulations 
were conducted in laminar flow conditions, using air as the heat transfer fluid. The flow patterns within 
the cells were analyzed, to uncover the mechanisms driving the observed heat transfer and pressure drop 
behavior. From this extensive dataset, predictive correlations were derived for key performance indicators, 
including the friction factor, Nusselt number, and area goodness factor. Correlations were developed through 
symbolic regression, implemented using genetic programming. Unlike conventional regression approaches 
based on predefined functional forms, this approach derives thermo-hydraulic correlations directly from the 
data. The proposed correlations were then assessed against selected experimental and numerical datasets from 
the literature, including porous structures and cell geometries not represented in the regression dataset. The 
proposed protocol is intended to provide both a better understanding of how geometric and fluid dynamics 
parameters influence the performance of 3D printable metal foams, and how Machine Learning techniques can 
be helpful towards design of improved heat exchangers.
1. Introduction

Thanks to their lightweight porous structure, open-cell metal foams 
offer interesting characteristics for applications where enhanced heat 
transfer is important, such as design of improved heat exchangers [1,2] 
and heat sinks [3,4]. Depending on the target morphology, metal foams 
can be obtained via different production methods [5]. Among these lat-
ter, additive manufacturing is an emerging field due to the exceptional 
possibilities it provides for generating complicated 3D shapes, and for 
customizing the material characteristics [6–8].

Several lattice structures have been proposed as representative cell 
designs for heat transfer applications. These include: Weaire–Phelan 
structures, Laguerre–Voronoi foams, cubic cells, face diagonal-cube 
structures and Kelvin cells [9]. Kelvin cells, particularly, have been 
extensively studied due to their simple structure, which makes them 
a suitable choice for representing open-cell metal foams in heat ex-
changer designs [10–13]. The ability to design and fabricate these

∗ Corresponding author.
E-mail address: luca.bergamasco@polito.it (L. Bergamasco).

complex structures using additive manufacturing not only enhances 
the performance of heat exchangers but also opens new opportunities 
for innovative thermal management technologies. However, while the 
thermal performance of heat exchangers based on metal foams may 
be potentially superior to that of traditional heat exchangers, the 
pressure losses are also generally increased [2]. Indeed, the perfor-
mance evaluation of these systems should always consider the trade-off 
between heat transfer enhancement and pressure losses, making an 
accurate thermo-hydraulic characterization essential for their practical 
application in compact heat exchangers. Similar thermo-hydraulic opti-
mization challenges have also been addressed for other classes of heat 
exchangers through advanced CFD simulations, conjugate heat trans-
fer analyses and geometry optimization techniques, further highlight-
ing the importance of predictive modeling in thermal system design
[14–19].
https://doi.org/10.1016/j.icheatmasstransfer.2026.112629
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Nomenclature

Latin symbols
𝐴𝑠𝑓 solid–fluid interface area [m2]
𝐴𝑉𝑟𝑎𝑡𝑖𝑜 surface area-to-volume ratio [m−1]
𝐴𝑉 𝑟𝑎𝑡𝑖𝑜 dimensionless surface area-to-volume ratio
𝐵𝑖 Biot number
𝑐𝑝 specific heat capacity [J∕(kgK)]
𝑑 ligament diameter [m]
𝑑𝑝 pore diameter [m]
𝐷ℎ hydraulic diameter [m]
𝑓 friction factor
𝑔𝑑𝑛 area goodness factor
ℎ convective heat transfer coefficient 

[W∕(m2 K)]
𝐻𝑔 Hagen number
𝑗 Colburn factor
𝐿 characteristic length [m]
𝐿𝑧 cell length along the flow direction [m]
𝑙eff effective ligament length [m]
𝑙̃ dimensionless total ligament length
𝑁𝑝 number of planes used for averaging
𝑁𝑢 Nusselt number
𝑝 pressure [Pa]
𝛥𝑝 pressure drop [Pa]
𝑃𝑃𝐼 pores per inch
𝑃𝑟 Prandtl number
𝑟 ligament radius [m]
𝑟̃ dimensionless ligament radius
𝑅𝑒 Reynolds number
𝑇 temperature [K]
𝑢 velocity [m∕s]
𝑉 volume of the cell [m3]
𝑧𝑓 cell elongation ratio (flow-direction length 

to transverse width)
Greek symbols
𝛼 thermal diffusivity [m2∕s]
𝜀 porosity
𝜆 thermal conductivity of the fluid [W∕(mK)]
𝜆𝑠 thermal conductivity of the solid [W∕(mK)]
𝜇 dynamic viscosity [Pa s]
𝜈 kinematic viscosity [m2∕s]
𝜌 density [kg∕m3]
𝜑 specific heat flux [W∕m2]

Subscripts

𝑏 bulk
𝑐 cell length
𝑑 ligament diameter
𝐷ℎ hydraulic diameter
𝑠𝑜𝑙 solid
𝑡𝑜𝑡 total
𝑣 volumetric
𝑤 wall

Numerous studies have investigated the heat transfer and fluid flow 
characteristics in open-cell foams and porous structures, focusing on 
variables such as porosity, pores per inch (PPI), conductivity of the 
2 
material, shape of the ligaments and unit cell morphology. A founda-
tional study by [20] demonstrated improved heat transfer in copper 
foams due to higher thermal conductivity, and provided empirical 
correlations for heat transfer and pressure drop. Similarly, correlations 
based on Reynolds or e.g. Hagen numbers have been proposed by other 
authors [21–23]. Simulation studies employed idealized geometries as 
Kelvin cells [24,25] and more realistic micro-CT reconstructions [26–
28] to assess thermal and hydraulic performance, often revealing that 
real structures differ significantly from ideal ones in pressure drop and 
heat transfer characteristics. High porosity generally reduces pressure 
drop but may reduce heat transfer, though increased PPI tends to 
improve heat transfer due to higher surface area [29,30]. Structural 
aspects like ligament shape and strut convexity or tapering [28,31] 
were shown to significantly affect both pressure drop and heat ex-
changer efficiency. The flow regime was another critical factor; for 
instance, laminar regimes exhibited distinct thermal behaviors depend-
ing on boundary-layer or stagnant conduction dominance [32], while 
turbulent regimes were also explored using numerical simulations in 
representative configurations [33,34]. Comparative analyses of various 
unit cell types (e.g., Kelvin, Octet, Cubic) found notable differences in 
thermal performance and flow resistance, with metrics such as area 
goodness factor and efficiency index used to rank geometries [35,36]. 
Advanced designs, including functionally graded foams and geome-
tries with variable porosity or extended throats, achieved substantial 
performance improvements [10,37]. Moreover, the impact of additive 
manufacturing (AM) processes on foam performance was noted, espe-
cially regarding discrepancies caused by cell clogging or morphological 
defects [38,39]. Surface roughness can also affect heat transfer and 
pressure drop [40]. Several studies also validated numerical models 
with experimental data, underscoring the importance of accurate ge-
ometry reconstruction (e.g., [41,42]). More recent studies have further 
confirmed the key role of pore-scale geometrical parameters in en-
hancing heat transfer performance in metal foams, highlighting the 
strong dependence of thermo-hydraulic behavior on microstructural 
features [43–45].

Clearly, the new possibilities provided by additive manufacturing in 
terms of geometrical customization of the cells also expand the param-
eter space in which the desired cell characteristics can be optimized. 
Indeed, while most of the conventional optimization primarily relies 
on porosity or PPI, thanks to the enhanced manufacturing capabilities 
it is now possible to modify the geometric features that also play a role 
such as cell topology, cell elongation along the flow direction or even 
the strut geometry to optimize the target thermal-fluid dynamic char-
acteristics. Such expansion of the parameters available for performance 
tuning has led to the need for efficient optimization algorithms and, 
ultimately, for surrogate model development in terms of correlations 
able to take key parameters into account, extending beyond classical 
empirical formulations commonly reported in the literature [46]. This 
scenario perfectly fits with modern Machine Learning (ML) techniques, 
which provide several tools suitable for the problem at hand, including 
data-driven predictive models based on Artificial Neural Networks [47–
49], as well as evolutionary optimization algorithms coupled with CFD 
simulations for the automated optimization of geometrical and oper-
ating parameters [50]. Sequential Learning techniques have also been 
successfully employed for the multi-variable optimization of complex 
energy systems [51,52]. In the present study, genetic programming 
and symbolic regression are used to develop closed-form analytical 
correlations for the thermo-hydraulic performance of various open-cell 
metal foams, based on data obtained from numerical simulations.

To the latter end, the pressure drop and heat transfer were nu-
merically investigated within a representative volume of a 3D printed 
lattice designed for solid–fluid heat exchange across a broad range of 
geometries. Here, 18 different unit cell topologies were considered, 
each with 5 different porosities and 6 different elongations along the 
fluid direction. The extensive dataset generated from these simulations 
was used to derive new correlations for both pressure drop and heat 
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transfer within the 3D printed lattice. These correlations aim to help 
a better understanding of the thermal fluid dynamic behavior of 3D 
printed cells, and thus ultimately of heat exchangers, contributing to 
more efficient and optimized designs for various industrial applications.

The remainder of the paper is as follows. Section 2 presents the 
geometries, the adopted physical model, the computational methods 
and the regression algorithm. The results, which include the validation 
of the numerical model, the analysis of the flow and thermal char-
acteristics for different geometries and the proposed correlations are 
reported in Section 3, along with a discussion of the related confidence 
level obtained. Finally, the conclusions on this work are drawn in 
Section 4.

2. Materials and methods

2.1. Cell geometries

The analyzed dataset included 18 different unit cell geometries, 
each of which was characterized by 5 distinct porosity values and 
6 elongation factors, resulting in a total of 540 configurations. The 
geometries considered in this study are idealized and do not include 
surface roughness or manufacturing-induced defects, allowing the ef-
fects of topology on thermo-fluid performance to be isolated. The 
main unit cell geometries (see Fig.  1) included the following groups: 
cubic (including cube, face diagonal cube, body-centered cube, face-
centered cube, and full cube), octet (including octet, octahedron, V-
octahedron, cross-octahedron, and body-centered octahedron), trun-
cated cubic (with variants such as truncated cube, and truncated cube 
3 and 4, where the ligaments correspond to the edges of a cube with 
truncated vertices), hexagonal (one configuration without ligaments on 
the inlet and outlet faces, and another with all connections between 
the vertices of the hexagonal faces), rhombicuboctahedron, diamond, 
and Kelvin cell. The examined porosity range was 𝜀 = 0.8, 0.85, 0.9, 
0.95, and 0.98. The elongation factor 𝑧𝑓 = 𝐿𝑧∕𝐿𝑥, defined as the ratio 
between the dimension of the cell along the fluid-flow direction (𝐿𝑧) 
and that perpendicular to it (𝐿𝑥), was varied at 1.0, 1.3, 1.5, 2.0, 2.3, 
and 2.5.

To define a unit cell, three key parameters were required: the 
cell geometry, the elongation factor, and the radius of the struts. The 
geometry of the unit cell was specified using Cartesian coordinates for 
the lattice points, along with a connectivity matrix to define the grid. 
The coordinates of these points were functions of the elongation of 
the cell along the flow direction 𝑧. Since the struts are independent 
of the fluid flow direction, the connectivity matrix is triangular. With 
the positions of the points and their connections established, the radius 
of the struts 𝑟 for a given target porosity 𝜀 can be obtained from the 
approximation: 
𝑉𝑠𝑜𝑙 = 𝑉𝑡𝑜𝑡 (1 − 𝜀) ≈ 𝜋𝑟2𝑙eff , (1)

where 𝑉𝑠𝑜𝑙 and 𝑉𝑡𝑜𝑡 are the solid and total volumes of the unit cell, 
and 𝑙eff  the effective length of the struts, which accounts for their 
relative positions within the unit cell. For example, a strut with length 
𝑙 that lies on a cell face contributes half of its volume to the cell, with 
the remaining half contributing to the adjacent cell. Accordingly, its 
effective length within the unit cell is considered half its total length. 
Similarly, a strut located on the edge of the unit cell has an effective 
length equal to one-quarter of a fully enclosed strut. The unit cells 
were designed using the CAD software Ansys SpaceClaim [53]. Each 
strut was modeled as a cylinder with radius 𝑟 and, at each vertex, a 
sphere with the same radius as the struts was added to fill the gaps. 
The resulting exact porosity was then calculated directly in the CAD 
software as 𝜀 = (𝑉𝑡𝑜𝑡 − 𝑉𝑠𝑜𝑙𝑖𝑑 )∕𝑉𝑡𝑜𝑡. A dedicated Python script for Ansys 
SpaceClaim was developed to automatically read the cell parameters 
from an external file and generate the final geometry of the cells. 
The complete list of all the cells and the Python scripts developed to 
generate the geometries and calculate the aforementioned parameters 
are provided in the Supplementary Data file.
3 
Table 1
Mesh independence study. The relative error was computed with respect to 
the finest mesh.
 Cells 𝛥𝑝 (Pa) Error (%) 𝑁𝑢 Error (%) 
 633948 1813 11.99 30.653 2.37  
 831117 1859 9.76 30.618 2.25  
 1080795 1902 7.67 30.408 1.55  
 1449163 1943 5.68 30.682 2.47  
 2024862 1982 3.79 30.408 1.55  
 3153072 2022 1.84 30.222 0.93  
 5258295 2051 0.44 30.024 0.27  
 6632082 2060 0.00 29.943 0.00  

2.2. Computational domain and mesh

After designing the cell geometries, the computational domain was 
created. In order to avoid possible influence of boundary conditions 
on the results, an entry and an exit region were added along the 
flow direction. Particularly, the length of the inlet region, which is 
the distance between the cell inlet highlighted in red in Fig.  2 and 
the domain inlet, was set equal to the cell width. The outlet region, 
defined similarly, was set as twice the size of the cell width. The 
inlet and outlet boundaries of the unit cell are defined by two planes 
perpendicular to the nominal flow direction and passing through the 
foremost and rearmost points of the ligament axes, respectively. The 
lengths of the inlet and outlet extensions were determined through a 
domain independence study. The inlet extension was varied from 0.2 
to 3 times the cell width, while the outlet extension ranged from 0.6 
to 6 times the cell width. The selected dimensions were those ensuring 
domain-independent numerical predictions. A detailed analysis of the 
flow conditions was carried out to ensure that the flow was able to 
adapt to the cell geometry at entry and exit, ensuring that it remained 
independent of the inlet and outlet conditions. This approach was 
chosen as it was already adopted in other works that have been used 
for validation of the numerical models [25]. For the complete domain 
independence study see Supplementary Section S1.

The mesh for the simulations was then generated using the Meshing 
Module of the Ansys Workbench. A tetrahedral discretization was 
adopted, with a base-to-max element size ratio equal to 1:2, and a 
growth rate of 1.1. The curvature normal angle was set to 18◦, meaning 
that each cylinder section is divided into 20 segments. An overview of 
the mesh for the whole computational domain and a detailed view of 
the mesh in the proximity of the cell walls are provided in Fig.  3. A 
mesh independence study was carried out prior to the parametric anal-
ysis to assess the influence of the spatial discretization on the numerical 
predictions. The refinement was performed by progressively reducing 
the minimum curvature and defeature sizes in the meshing procedure, 
while keeping the remaining meshing parameters unchanged. The pres-
sure drop across the cell and the average Nusselt number were adopted 
as convergence metrics. The study was conducted on both the Cube 
and Octet unit cells, selected as representative of the simplest and 
the most geometrically complex topologies considered, respectively. 
Since the Octet cell required the finest discretization to achieve mesh-
independent results, the corresponding mesh settings were adopted for 
all the investigated geometries. The mesh independence study for the 
octet unit cell is reported in Table  1, while the complete study for both 
geometries is reported in the Supplementary Section S2. The pressure 
drop is defined as the difference between the area-averaged pressure at 
the inlet and outlet of the cell. The meshes are ordered from the coarsest 
to the finest discretization. The second-to-last mesh was selected for 
the subsequent simulations, as the differences with respect to the finest 
mesh were below 0.5% for both the pressure drop and the Nusselt 
number.
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Fig. 1. Overview of the analyzed geometries: (a) Cube cell; (b) FD-Cube cell; (c) Octet cell; (d) Kelvin cell; (e) SC-BCC truss cell; (f) SC-FCC truss; (g) SC-Full 
truss; (h) Octa cell; (i) V-Octet cell; (j) T-Cube cell; (k) Octa cross cell; (l) Body center cell; (m) Diamond cell; (n) Truncated Cube4; (o) Truncated Cube3 cell; (p) 
Rhombicuboctahedron cell; (q) Hexagonal-empty cell; (r) Hexagonal cell. The porosity is 𝜀 = 0.981 for all cells, except for the (o) Truncated Cube3 cell (which is 
𝜀 = 0.982).
2.3. Physical model

The fluid flow in the computational domain is modeled using the 
steady, incompressible version of the Navier–Stokes-Fourier system of 
equations, that is

∇ ⋅ 𝐮 = 0, (2)

𝜌𝐮 ⋅ ∇𝐮 = −∇𝑝 + 𝜇∇2𝐮, (3)

𝐮 ⋅ ∇𝑇 = 𝛼∇2𝑇 (4)
4 
with 𝐮 being the velocity field, 𝑝 the pressure, 𝑇  the temperature, 𝜇 and 
𝛼 the dynamic viscosity and thermal diffusivity of the fluid (assumed 
both constant) respectively.

At the inlet boundary (see Fig.  2), a constant temperature and a con-
stant velocity along the 𝑧 direction are imposed. At the outlet boundary, 
an outflow condition with imposed reference pressure is adopted. At the 
interface between the fluid and the struts of the cell, a no-slip boundary 
condition is imposed for momentum, and a constant specific heat flux 
was set. This latter condition is common in pore-scale numerical studies 
targeting the analysis of heat transfer coefficients [34]. Moreover, 
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Fig. 2. Unit cell of a representative 3D printed lattice (Kelvin cell with 
porosity 𝜀 = 0.9) for solid–fluid heat exchange. The boundaries of the simulated 
domain are depicted with black lines, while the solid struts of the 3D printed 
cell are represented in blue. The cell inlet and outlet planes for the fluid flow 
are highlighted in red and yellow, respectively (note that, these latter planes 
do not coincide with the inlet and outlet boundaries of the domain).

Fig. 3. Meshing of the computational domain: (a) overview of the mesh of 
the whole domain for a Kelvin cell; (b) detail of the mesh in the proximity of 
the Kelvin cell geometry.

solving only the fluid domain is justified because, for metallic ligaments 
in forced convection, internal conduction in the solid is not typically 
rate limiting. This can be quantified using the Biot number Bi = ℎ𝑟∕𝜆𝑠, 
where the strut radius can be taken here as the characteristic length. 
Considering a conservatively-low thermal conductivity of the solid (𝜆𝑠) 
in the order of ∼ 15 W∕(mK) for e.g. stainless steel (for Al- and Cu-
based foams it would be much higher), and that the maximum typical 
heat transfer coefficients (ℎ) range below 103 (here around 5 × 102

W∕(m2 K)), the Biot number typically ranges below 0.1, which supports 
negligible internal temperature gradients in the solid [54].
5 
On the lateral sides of the domain, boundary conditions were set 
according to the different unit-cell types that were considered: if the 
cells had symmetry planes perpendicular to the 𝑥 and 𝑦 axes passing 
through the cell center, a periodic boundary condition along the paral-
lel side planes was set; otherwise, a symmetry boundary condition for 
the planes perpendicular to the 𝑥 and 𝑦 axis was imposed. An overview 
of the adopted boundary conditions is reported in Table S3.

Simulations were carried out using the Computational Fluid Dynam-
ics (CFD) software Ansys Fluent [55], which relies on the Finite Volume 
Method (FVM) for the numerical solution. The SIMPLE algorithm was 
chosen for the pressure–velocity coupling [56]. A second order upwind 
scheme was adopted for momentum and energy equations, and a 
second order scheme was used for pressure. The convergence thresholds 
were set to 10−4 residual on the continuity equation, 10−6 for each 
component of the velocity along the three axes, and 10−8 for energy. 
In those cases where convergence criteria could not be achieved, a 
total of 2000 iterations were carried out. However, these latter simula-
tions were not included in the dataset to derive the correlations (only 
simulations meeting the convergence criteria were indeed used for 
regression purposes). The scripts to set up the simulations with common 
parameters and run the simulations in batch mode are provided in the 
Supplementary Data file.

2.4. Operating conditions

The simulations were carried out using air as working fluid, with 
constant thermophysical properties. The inlet flow velocity was im-
posed as a uniform profile, the inlet temperature was prescribed at 
300 K, and a zero-gauge pressure was imposed at the outlet. A uniform 
heat flux equal to 500 W/m2 was applied on the solid surfaces. The 
Reynolds number based on the strut diameter (𝑅𝑒𝑑) was varied between 
5 and 100.

2.5. Post-processing

The cell inlet plane, not to be confused with the domain inlet, was 
defined as the plane perpendicular to the fluid flow direction passing 
from the first point of the solid cell encountered by the flow (Fig.  2, red 
plane). Similarly, the cell outlet plane was defined using the last point 
encountered along the flow direction (Fig.  2, yellow plane). The bulk 
temperature of the fluid is the average temperature that would result 
if the fluid was thoroughly adiabatically mixed [57]. This definition 
is required for heat transfer problems in ducts and pipes, where the 
temperature of the flow is not constant even in steady state conditions, 
but depends on the position. Considering ideal fluid properties, the bulk 
temperature 𝑇𝑏 can be computed as [57]: 

𝑇𝑏 =
∫𝐴 𝜌𝑐𝑝𝑢𝑇 𝑑𝐴

∫𝐴 𝜌𝑐𝑝𝑢 𝑑𝐴
, (5)

where 𝜌 is the density, 𝑐𝑝 is the specific heat, 𝑢 is the local fluid velocity 
in the streamwise direction, corresponding to the 𝑧 axis in the present 
simulations, and 𝐴 is the considered flow cross-section. For constant 𝜌
and 𝑐𝑝, the bulk temperature reduces to 

𝑇𝑏 =
∫𝐴 𝑢𝑇 𝑑𝐴

∫𝐴 𝑢 𝑑𝐴
. (6)

The (average) convective heat transfer coefficient (ℎ) can then be 
computed as [25]: 
ℎ =

𝜑

𝑇𝑤 − 𝑇 𝑏

, (7)

where 𝜑 is the specific heat flux exchanged across the solid–fluid 
interface. The average wall temperature is 

𝑇𝑤 = 1 𝑇𝑤 𝑑𝐴, (8)

𝐴𝑠𝑓 ∫𝐴𝑠𝑓
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where 𝐴𝑠𝑓  is the solid–fluid interface area, and 𝑇𝑤 is the solid wall 
temperature. Note that the specific heat flux 𝜑 was the same for all 
simulations, as it was imposed as boundary condition. Eq. (7) uses the 
length-averaged bulk temperature 

𝑇 𝑏 =
1
𝑁𝑝

𝑁𝑝
∑

𝑖=1
𝑇𝑏,𝑖, (9)

which was calculated in the discrete domain of the simulations as the 
average 𝑇𝑏 of 25 different planes (𝑁𝑝 = 25) over the cell size along the 
main fluid flow direction 𝑧. Additional planes normal to the 𝑥, 𝑦, and 
𝑧 axes were defined at intervals of 0.25 mm throughout the computa-
tional domain. These planes were used to extract contours of pressure, 
total pressure, velocity, temperature, and velocity vectors. In addition, 
15 lines aligned with the 𝑧 axis were defined to monitor the spatial 
evolution of pressure, total pressure, velocity, and temperature along 
the main flow direction. The exact location and a visual representation 
of these lines are provided in Supplementary Section S3.

The main dimensionless quantities employed to characterize the 
flow and heat transfer are introduced below. The Reynolds number 
based on the cell diameter 𝑅𝑒𝑐 was defined as 

𝑅𝑒𝑐 =
𝜌𝑢(𝐿𝑧∕𝜀)

𝜇
, (10)

where the cell diameter is defined as in [24]. In the cases evaluated 
here, it corresponds to the length of the unit cell 𝐿𝑧. The volumetric 
Nusselt number (𝑁𝑢𝑣) is defined using the same characteristic length 
as: 

𝑁𝑢𝑣 =
ℎ𝐴𝑉𝑟𝑎𝑡𝑖𝑜(𝐿𝑧∕𝜀)2

𝜆
. (11)

Additionally, the Reynolds number based on the hydraulic diameter 
and the porosity was defined as: 

𝑅𝑒𝐷ℎ−𝜀 =
𝜌𝑢𝐷ℎ
𝜇𝜀

, (12)

where the hydraulic diameter (𝐷ℎ) is calculated as 

𝐷ℎ = 4 𝜀
𝐴𝑉𝑟𝑎𝑡𝑖𝑜

, (13)

and the 𝐴𝑉𝑟𝑎𝑡𝑖𝑜 is the ratio between the solid surface of the cell and its 
total volume.

Other additional useful quantities were the Hagen number [58], 
defined as 

𝐻𝑔 = 𝛥𝑃
𝛥𝐿

𝐷3
ℎ

𝜌𝜈2
, (14)

the friction factor, defined as 

𝑓 = 𝛥𝑃
𝐿𝑧

4𝑟
𝜌𝑢2

, (15)

with 𝑟 being the strut radius and 𝑢 the average velocity, and the Colburn 
factor defined using the hydraulic diameter: 

𝑗𝐷ℎ
=

𝑁𝑢𝐷ℎ

𝑅𝑒𝐷ℎ
𝑃𝑟1∕3

, (16)

with 𝑃𝑟 being the Prandtl number. The ratio between the Colburn 
factor (𝑗) and the friction factor (𝑓 ) is known as the area goodness 
factor [13]. Here it is defined as: 
𝑔𝑑𝑛𝐷ℎ

= 𝑗𝐷ℎ
∕𝑓. (17)

The pressure drop per unit length 𝛥𝑝∕𝐿𝑧 is evaluated as the difference 
between the average total fluid pressure at the cell inlet and outlet, 
divided by the cell size along the fluid flow direction. Finally, the 
dimensionless quantities ̃𝑟, ̃𝑙 and 𝐴𝑉 𝑟𝑎𝑡𝑖𝑜 used in the correlations were 
defined as: 
𝑟 = 𝑟

√

𝐿2 + 𝐿2 + 𝐿2
, (18)
𝑥 𝑦 𝑧

6 
𝑙 =
∑𝑛

𝑖=1 𝑙𝑖
𝐿𝑧

, (19)

𝐴𝑉 𝑟𝑎𝑡𝑖𝑜 =
𝐴𝑠𝑓

𝑉 2∕3
𝑡𝑜𝑡

, (20)

being 𝐿𝑥, 𝐿𝑦 and 𝐿𝑧 the dimensions of the cell in the three directions. 
All the previous quantities were obtained from the Ansys CFD-Post 
software. Further details are provided in the Supplementary Section 
S4. The dedicated protocols and Python scripts are also provided in 
the Supplementary Data file.

2.6. Regression on the results

The results of the simulations were analyzed by means of Symbolic 
Regression (SR), in order to obtain closed-form analytical expressions 
for the target performance metrics as a function of relevant cell de-
scriptors. In this view, SR is particularly useful because it enables 
expressions based on interpretable descriptors to be obtained directly 
from an available dataset [59]. Unlike traditional methods, where 
regression relies on predefined equation templates, SR enables the iden-
tification of complex, non-linear relationships that would be otherwise 
very difficult to discover [60].

Here, HeuristicLab [61], an open-source optimization environment 
that implements SR using Genetic Programming (GP), was employed. 
This approach enables candidate mathematical expressions to be evolved
to model target variables from the input data. Each candidate model is 
represented as a tree structure, where the internal nodes correspond to 
mathematical operators (such as addition, multiplication or trigonomet-
ric functions), and leaf nodes represent input variables or constants. The 
GP algorithm iteratively refines these trees through genetic operations, 
such as mutation and crossover, guided by a function that quantifies 
the prediction error of the model. In order to balance accuracy and 
complexity, constraints on tree depth (max number of hierarchical lev-
els) and tree length (the total number of nodes) are typically enforced 
during evolution. This allows the discovery of compact, closed-form 
expressions that capture latent relationships in the data.

In the present study, the goodness of each candidate expression 
was evaluated based on its ability to accurately fit the simulation data, 
focusing specifically on minimizing the errors with respect to geometric 
descriptors of the cells and flow-related parameters (e.g. the Reynolds 
and Nusselt numbers). The analysis started with the generation of an 
initial set of candidate fitting equations. Each expression was then 
evaluated based on fitness functions that, in this case, were the Root 
Mean Square (Percentage) Error (RMSE) and the Average Relative Error 
(ARE) between the predicted values (𝑦𝑚,𝑖) and the simulation data (𝑦𝑖), 
namely 

RMSE =

√

√

√

√

1
𝑛

𝑛
∑

𝑖=1

( 𝑦𝑚,𝑖 − 𝑦𝑖
𝑦𝑖

)2
, (21)

and 

ARE = 1
𝑛

𝑛
∑

𝑖=1

|

|

|

|

𝑦𝑚,𝑖 − 𝑦𝑖
𝑦𝑖

|

|

|

|

. (22)

The best candidate expressions were then improved further us-
ing genetic operators, such as mutation and crossover, to introduce 
variations in the equations and to combine the most performing fea-
tures from different candidate expressions. This evolutionary process 
was repeated several times (generations), to progressively improve the 
accuracy and the simplicity of the final fitting equations.

For the analysis, the generated dataset was reduced from the overall 
540 simulations to remove some outliers: the max pressure drop per 
unit length was set to 9000 Pa/m. These high-pressure-drop configu-
rations were not considered non-physical; rather, they were treated as 
outside the intended validity range of the proposed correlations, which 
are aimed at open-cell configurations without severe inlet blockage. 
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Simulations that did not reach a continuity residual below 10−4 were 
also discarded. Based on these criteria, the final dataset included 397 
simulations. All input variables were derived from the geometrical 
features of the cell and from the fluid-dynamic and thermal operating 
conditions, ensuring that all descriptors retain a clear physical meaning 
within the framework of porous media modeling. In particular, the 
selected descriptors were formulated in terms of dimensionless groups 
and geometrically meaningful quantities, while avoiding redundancy 
and multicollinearity among variables. For this reason, mutually de-
pendent quantities were not used simultaneously (e.g., porosity was 
not included as an independent variable when the hydraulic diame-
ter was adopted). The full dataset was then shuffled and split into 
a training set (66%) and a test set (34%). Symbolic regression was 
performed using a population of 1000 candidate equations evolved 
over 500 generations, retaining the two best-performing individuals at 
each generation (elitism). The mutation probability was set to 15%, 
crossover was implemented through subtree swapping, and tournament 
selection was adopted [62]. To increase interpretability and limit model 
complexity, the maximum tree depth and tree length were constrained 
(typically up to 8 levels and 40 nodes), and the final expressions were 
further reduced using the ‘‘Simplify Model’’ function.

3. Results and discussion

3.1. Model validation

Upon identification of the correct numerical set-up that guarantees 
independence of the solution from domain discretization and size of the 
control volume, the simulations were validated against simulation and 
experimental data available in the literature. Particularly, the results 
obtained for the Cube, FD-Cube and Octet geometries were compared 
with the simulation data in [25]. In that work, flow and thermal 
transport was analyzed across one grid with infinite extension in the 
directions perpendicular to the flow, and with a length of one cell in the 
direction of the flow. Four different unit cell geometries, with a porosity 
of 0.986, and at 5 different inlet flow speeds (from 0.5 to 2.3 m/s) were 
simulated. The 4 cells were the Cube, the FD-Cube, the Octet and the 
Tetrakaidecahedron (TKD); however, while the first three had struts 
with a circular cross section as in the present work, the TKD structure 
had the fiber with a tricuspid shape. Consequently, the results obtained 
here were only compared with the correlations obtained for cells with 
the fibers with a circular cross-section. The correlations were in the 
form [25] 
𝑁𝑢𝑣 = 𝑎𝑅𝑒𝑏𝑐𝑃𝑟

0.4, (23)

where 𝑎 and 𝑏 are two coefficients based on the cell topology, 𝑅𝑒𝑐 is the 
Reynolds number based on the cell diameter and 𝑁𝑢𝑣 is the volumetric 
Nusselt number.

The geometric coefficients 𝑎 and 𝑏 used in Eq. (23) were: 3.1733 
and 0.3168 for the Cube cell, 4.7926 and 0.3566 for the FD-Cube cell, 
9.3982 and 0.3926 for the Octet cell [25]. The results are shown in Fig. 
4. The errors obtained for the Cube, the FD-Cube and Octet geometries 
were 2.5%, −6.8% and 6.5% respectively.

Kelvin cells are largely used to model random foams [24], so the 
results for this specific geometry were validated by comparing them 
to semi-empirical correlations for pressure drop developed for single-
phase flow in open cell ceramic sponges [58]. The same correlation 
was then validated using a large dataset of experimental values for flow 
through both metal and ceramic sponges [23]. The equation is valid for 
a wide range of Reynolds numbers 𝑅𝑒𝐷ℎ−𝜀 (between 10−1 and 105). The 
dimensional correlation was based on Ergun type equations, and it can 
be written as 
𝛥𝑃 = 110

𝜇
2
𝑢 + 1.45

𝜌
2

𝑢2. (24)

𝛥𝐿 𝜀𝐷ℎ

𝜀 𝐷ℎ
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Fig. 4. Comparison of the volumetric Nusselt number obtained in the current 
study for different cells with the correlations reported in [25].

Fig. 5. Comparison of the Hagen numbers obtained in the current study for a 
Kelvin cell (with 1.0 elongation along the flow direction and porosity values 
in the range 0.83 to 0.981) and the correlation in Eq. (25), developed by [58].

Using the definition of the Reynolds number in Eq. (12), and of the 
Hagen number [58] defined in Eq. (14), Eq. (24) can be recast in 
dimensionless form as [58] 

𝐻𝑔 = 110𝑅𝑒𝐷ℎ−𝜀 + 1.45𝑅𝑒2𝐷ℎ−𝜀
. (25)

This latter function is shown in Fig.  5, along with the values 
obtained in the current study for a Kelvin cell with an elongation of 
1.0 along the flow direction and porosity values in the range 0.83 
to 0.981. The relative errors for the Hagen number 𝐻𝑔 for the five 
simulations were calculated to be between 1% and 8% with respect to 
the correlation.

Figs.  4 and 5 together provide a complementary validation: Fig.  4 
accounts for geometric features at a representative working condition, 
while Fig.  5 accounts for the effect of Reynolds number within the 
considered range.

For the sake of completeness, the results obtained for Kelvin and 
Diamond cells were also compared with the correlations developed 
by [63], based on both simulation and experimental data. The errors 
obtained between the simulations and the correlation were: 0.2%, 12% 
and 20% for porosity values of 0.91, 0.87 and 0.84 for a Kelvin cell 
and 2%, 18% and 31% for porosities of 0.91, 0.87 and 0.84 for a 
Diamond cell. The details of this latter comparison are reported in the 
Supplementary Section S5.
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Fig. 6. Pressure drop per unit length as a function of the porosity 𝜀 (without 
the Hexagonal_GEO geometry).

3.2. Raw results

While examining the results on the computed pressure drop per unit 
length for all the considered cases, it was found that the hexagonal 
cells in the lowest porosity range, that is 0.8-0.9, exhibited a significant 
deviation compared to the other cells (see Figure S20). These large 
deviations can be attributed to the vast portion of the inlet region of the 
cell occupied by solid volume, which leaves only some small gaps for 
the fluid to pass through. The same geometry with porosity 𝜀 = 0.98 is 
shown in Fig.  1(r). The significant deviation with respect to all the other 
topologies led us to exclude these values from the dataset. The cleaned 
dataset is shown in Fig.  6. The pressure drop per unit length shows 
a decreasing trend with increasing porosity, as the cells with higher 
porosity have struts with smaller radius and thus smaller recirculation 
zones. The friction factor, defined in Eq. (15) follows a similar trend 
to that of the pressure drop per unit length as expected, since it is by 
definition linearly dependent on the pressure drop. For completeness, 
the friction factor 𝑓 as a function of the porosity 𝜀 is shown in Fig-
ure S21. Note that, in general, well-established classical porous-media 
closures such as Carman-Kozeny and Darcy-Forchheimer [64] provide 
elegant representations of permeability and inertial losses for random 
porous media. However, for ordered lattice cells, pressure losses depend 
strongly on topological features (e.g., ligament arrangement), which 
cannot be accurately captured by the porosity only. For this reason, 
here the solutions are not constrained to target equation templates.

The mean heat transfer coefficient was found to be less dependent 
on the porosity compared to the pressure drop per unit length (see 
Fig.  7). The wide range of mean heat transfer coefficient per given 
porosity, especially for the highest porosity values, suggests that other 
topological factors influence the parameter on the 𝑦-axis. For example, 
the surface area of the solid volume of the cell has a clearer influence on 
the mean heat transfer coefficient ℎ, as shown in Figure S22. The mean 
heat transfer coefficient decreases as the surface area increases. Under 
the imposed heat flux conditions indeed, a larger surface area implies 
an increase in the heat transfer rate; however, in steady laminar flow, 
additional surface can be also associated with sheltered low-velocity 
regions and thicker thermal boundary layers, which may ultimately 
induce a reduction of the heat transfer coefficient. Therefore, this trend 
can be partially explained by the fact that the heat transfer coefficient 
becomes lower as the cell elongation along the flow direction increases, 
as also found in [34].

The Colburn factor defined in Eq. (16) decreases as the surface area 
of the cell increases, as shown in Figure S23. The trend is similar to that 
observed for the heat transfer coefficient, and can be partially explained 
by the decrease in the Colburn factor associated with an increase in the 
8 
Fig. 7. Mean heat transfer coefficient as a function of the porosity 𝜀.

elongation of the cell along the flow direction, in accordance with the 
results in [34]. The highest values for the Colburn factor were obtained 
for the highest values of porosity.

The area goodness factor, defined as the ratio (𝑗∕𝑓 ) between the 
Colburn factor and the friction factor (see Eq. (17)), decreases as the 
dimensionless surface-to-volume ratio, defined in Eq.  (20), increases. 
The data are shown in Figure S24. It can be observed that the inverse 
dependence is stronger compared to the previous plots. The highest 
values of the goodness factor were obtained for the cells with the 
highest porosity: in particular all the values above 1.5 are obtained 
from cells with porosity greater than 0.97.

Finally the relations between Nusselt number and Reynolds number 
were different depending on whether the dimensionless quantities were 
based on the hydraulic diameter or on the strut diameter as characteris-
tic length. In the first case, plotted in Figure S25, the volumetric Nusselt 
number decreases as the Reynolds number based on the hydraulic 
diameter increases. However, when the same Nusselt number is plotted 
against the Reynolds number based on the cell length and the porosity 
for a specific cell, it is found that the Nusselt number increases as the 
Reynolds number increases for a specific geometry, as shown in Figure 
S26. This is in accordance with [25,65].

Finally, the relation between the Nusselt and the Reynolds number 
which use the strut diameter 𝑑 as characteristic length is shown in 
Figure S27. In this case the Nusselt number 𝑁𝑢𝑑 increases as the 
Reynolds number 𝑅𝑒𝑑 increases.

3.3. Flow analysis: physical insights

In order to gain physical insight into the fluid-dynamic reasons for 
the results obtained on pressure drop and heat transfer, a representative 
set of simulations for all the considered geometries (𝑧𝑓  = 1.0 and 𝜀 = 
0.98, see Table S4) was examined in detail.

To ease the comparison of different cells, a custom Graphical User 
Interface (GUI) program was developed in Python. The tool allows 
to compare the relevant quantities and the flow structures around 
different topologies (see Supplementary Section S6), thus allowing to 
appreciate e.g. the different velocity distributions for the different 
geometries.

The cells with the lowest pressure drop were the Cube, the Body 
center and the Diamond. The first one had the ligaments concentrated 
around the border of the unit cell, allowing the flow to pass in the 
middle without obstacles, while the other two cells had no ligament 
perpendicular to the flow direction. Thanks to the angle between the 
flow direction and the ligament, the section seen by the flow was 
not circular, but elliptical. This has multiple effects on the flow. The 
body behaves as a streamlined geometry. In laminar cross-flow condi-
tions, this configuration reduces the adverse pressure gradient along 
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Fig. 8. Results of the 397 simulations in the final dataset, and best fitting 
curve according to Eq. (26). The obtained values of the fitting parameters are 
also reported, along with the RMSE error.

the surface which in turn delays boundary-layer separation, leading 
to a narrower wake region compared to a circular cylinder. As a 
consequence, both the pressure drag and the associated friction factor 
are significantly reduced. These results are consistent with previous 
studies [34,66]. The cells in which the struts were not in the wakes of 
other ligaments, on the other hand, achieved the highest heat transfer 
coefficient ℎ. These geometries were the Kelvin cell, the Octet, the Di-
amond and the Rhombicuboctahedron. Thanks to these characteristics, 
the Diamond and the Body center had the largest goodness factors, 
followed by the Rhombicuboctahedron, the Kelvin, the Octa and the 
Octet cells.

3.4. Correlation equations

The data obtained from the simulations were used to generate 
different correlation equations based on the quantities of interest. A 
simple correlation was first developed using the curve fitting function 
of the SciPy Python package [67]. A set of more complex equations 
were then derived using Symbolic Regression (see Section 2.6).

The simplest versions of the correlation equations were based on the 
equations of the type 
𝑁𝑢𝑑 = 𝑎𝑅𝑒𝑏𝑑 , (26)

where 𝑁𝑢𝑑 and 𝑅𝑒𝑑 are the Nusselt number and the Reynolds number 
based on the ligament diameter respectively, while 𝑎 and 𝑏 are two 
coefficients. These latter coefficients were best-fitted on all the 397 
simulations of the final dataset, with RMSE and ARE equal to 21% 
and 16.3%, respectively. The fitting curve along with the raw data are 
shown in Fig.  8.

The cleaned dataset included multiple types of cells with 20 or 
more simulations, which were used to calculate the specific coefficients 
for a certain type of geometry (the detailed results are reported in 
the Supplementary Table S5). The observed spreading of data is then 
expected, and can be related to topology-dependent effects. For all 
cases, the Nusselt number was found to be proportional to 𝑅𝑒0.566. The 
exponent close to 0.5 is consistent with the findings in [32], where 
a relation of the type 𝑁𝑢 = 𝑅𝑒0.5 for 𝑅𝑒𝑑 > 2 or 𝑅𝑒𝐷ℎ

> 30 was 
proposed. The observed scaling 𝑁𝑢 ∝ 𝑅𝑒0.5 can be interpreted in terms 
of laminar boundary-layer theory, where the thermal boundary-layer 
thickness scales as 𝛿𝑡 ∝ 𝑅𝑒−0.5 when 𝑃𝑟 = 𝑂(1). Consequently, the heat 
transfer coefficient scales as ℎ ∝ 𝑘∕𝛿𝑡 ∝ 𝑅𝑒0.5, leading to the observed 
Nusselt number dependence. The errors for the equations of this type 
are between 4% and 10%. The correlation for the Hexagonal-empty 
geometry provided the best approximation of the simulation results, 
9 
while that for the Diamond cell was the least accurate. Supporting plots 
for the topology-specific power-law fits are reported in Supplementary 
Figures S18 and S19.

Symbolic Regression was then used to explore a larger set of equa-
tions, and to find the parameters with the largest influence on the 
investigated quantities. All the sets (combinations) of input variables, 
directly or indirectly, included all the basic geometric variables. The fi-
nal correlations shown in this section were derived through a multi-step 
process (see also Section 2.6), where the initial trials were conducted 
with a tree length around 150, and a large number of independent 
variables, resulting in very complex expressions. After the first runs, 
the input variables with a negligible impact (less than 5% influence on 
the final result) were discarded from the set. The parameters as well as 
the variables were then progressively reduced and simplified, to obtain 
a final correlation that depended on a maximum of 4 or 5 variables and 
with a tree length below 40.

At the end of the process, the only variables that were found to have 
an influence on the target quantities were: the z_factor, i.e. the ratio 
between the length of the cell along the flow direction and the width 
of the cell; the porosity (𝜀), defined as the volume of void over the 
total volume of the cell; the 𝐴𝑉𝑟𝑎𝑡𝑖𝑜 and its dimensionless counterpart 
𝐴𝑉 𝑟𝑎𝑡𝑖𝑜, i.e. the ratios between the surface of the solid volume and the 
total volume of the cell; the dimensionless radius 𝑟̃, i.e. the radius of 
the ligaments divided by the cell diagonal to make it dimensionless; ̃𝑙, 
i.e. the total length of the ligaments divided by the length of the cell; 
𝐷ℎ, the hydraulic diameter. For the definition of all these quantities, 
see Section 2.5 and Supplementary Section S4.

Clearly, these variables were selected as a possible minimal set of 
effective descriptors for the problem under investigation. Additional 
variables extracted during the CFD post-processing phase were also 
evaluated, but were found to have a negligible influence on the target 
quantities. These were: the mean angle between the flow and the struts; 
all the ratios between the ligaments at certain angles and the total 
length of the ligaments; the length of the projection of the ligaments 
on the frontal area of the cell divided by the diagonal of the frontal 
area; the percentage of frontal area covered by the ligaments.

Based on the selected set of variables, the following derived equa-
tions were chosen as the most promising in terms of simplicity and 
accuracy: one equation for the Nusselt number as a function of the 
Reynolds number; one equation for the friction factor as a function 
of the Reynolds number; one equation for the area goodness factor. 
In addition to the correlations presented in this section, several alter-
native symbolic regression models were also explored using different 
combinations of input variables. Although these models provided useful 
insights, they exhibited lower predictive performance and were there-
fore not retained in the main discussion. Their corresponding equations 
and validation results are reported in the Supplementary Section S7.

For each equation presented below, statistical indicators are re-
ported to assess predictive accuracy, including the Average Relative 
Error (ARE) and the coefficient of determination (𝑅2), evaluated on 
both training and test datasets. In addition, a variable importance 
measure, referred to as Variable Impact, is provided. This metric is 
computed within the HeuristicLab framework using a permutation-
based sensitivity analysis. Specifically, the predictive model is first 
evaluated on the original test dataset to establish a baseline perfor-
mance. Subsequently, each input variable is individually perturbed by 
randomly permuting its values across the dataset, while keeping all 
other variables unchanged. This procedure breaks the statistical rela-
tionship between the selected variable and the target output without 
altering its marginal distribution. The model is then re-evaluated on the 
test set, and the resulting degradation in predictive performance is used 
to quantify the relative importance of that variable. A higher Variable 
Impact value indicates a stronger contribution of the corresponding 
parameter to the model output.
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𝑁𝑢𝐷ℎ
=

0.39969 ⋅ 𝑅𝑒𝐷ℎ
(

2.7425 ⋅ 𝑙̃ + 17.853
)

(

4.1912 ⋅ 𝑟̃ ⋅ 𝑧𝑓 + 𝑅𝑒𝐷ℎ
⋅ 2.2021 × 10−5

)

+ 10.316

(27)

Eq.  (27) can be used to calculate the Nusselt number 𝑁𝑢𝐷ℎ
 based 

on the Reynolds number 𝑅𝑒𝐷ℎ
, the dimensionless radius 𝑟̃, the cell 

elongation ratio 𝑧𝑓  and the dimensionless length ̃𝑙. In this case, the ARE 
for the training and the test sets were 11.67% and 12.25% respectively 
with corresponding coefficients of determination of 𝑅2 = 0.923 and 
𝑅2 = 0.906. The variables exhibiting the highest Variable Impact on 
the target response were the dimensionless radius (𝑟̃) and the Reynolds 
number based on the hydraulic diameter (𝑅𝑒𝐷ℎ

), with values of 0.59 
and 0.51, respectively. The z-factor (𝑧𝑓 ) and the dimensionless length 
(̃𝑙) showed a comparatively lower influence, with Variable Impact 
values of 0.41 and 0.24, respectively.

The equation for the friction factor 𝑓 relies on the Reynolds number 
based on the hydraulic diameter 𝑅𝑒𝐷ℎ

, the dimensionless radius ̃𝑟, the 
z_factor 𝑧𝑓  and the dimensionless length ̃𝑙 as: 

𝑓 = 3.6333 × 103 ⋅ 𝑟̃
0.61142 ⋅ 𝑅𝑒𝐷ℎ

+ 𝐴1 − 𝐵1 − 27.121
− 4.9804 × 10−3 (28)

with 
𝐴1 =

1
1.8938 × 10−2 ⋅ 𝑙̃ ⋅ 𝑟̃

(29)

𝐵1 = 0.55227 ⋅
(

𝑅𝑒𝐷ℎ
⋅ 𝑟̃ ⋅ 𝑧𝑓 ⋅

(

1.4113 ⋅ 𝑧𝑓 + 𝑙̃ ⋅ 0.21407
))

(30)

The regression achieved an ARE of 8.98% for the training set and 
10.6% for the test set, with corresponding coefficients of determination 
of 𝑅2 = 0.979 and 𝑅2 = 0.971, respectively. For this correlation, the 
Variable Impact analysis indicated that the dimensionless ratio (𝑟̃) was 
the most influential parameter, with a value of 0.917. The Reynolds 
number based on the hydraulic diameter (𝑅𝑒𝐷ℎ

) showed a secondary 
but still relevant contribution (0.311), followed by the elongation 
along the flow direction (𝑧𝑓 ) (0.244). The dimensionless length (̃𝑙) 
exhibited the lowest impact on the model output, with a value of 0.140, 
indicating a comparatively minor role within the investigated range.

It can be observed that the friction factor scales as 𝑓 ∝ 1∕𝑅𝑒𝐷ℎ
, 

which is consistent with the Darcy’s regime, where viscous forces dom-
inate the pressure drop. In this regime, the pressure drop is proportional 
to the superficial velocity, resulting in the inverse dependence of the 
friction factor on Reynolds number.

The equation for the goodness factor was more complicated, and 
involved a higher number of variables. It relates the goodness factor 
𝑔𝑑𝑛𝐷ℎ

 with the 𝑁𝑢𝐷ℎ
, the ̃𝑟, the ̃𝑙, the 𝑧𝑓 , the 𝐴𝑉 𝑟𝑎𝑡𝑖𝑜 and the porosity 

of the cell 𝜀. It yields as
𝑔𝑑𝑛𝐷ℎ

= − 0.0041074 ⋅𝑁𝑢𝐷ℎ
+
(

6.0907 × 10−4 ⋅ 𝑟̃
)

+

+ 𝐴4 − 𝐵4 + 0.0052336 (31)

with 

𝐴4 =
𝑁𝑢𝐷ℎ

⋅ (0.34805 ⋅ 𝑙̃ + 2.009 ⋅ 𝜀) ⋅ 4.4903 × 10−4

0.54135 ⋅ 𝑙̃ ⋅ 𝑟̃
(32)

𝐵4 =
3.5679 × 10−4 ⋅𝑁𝑢𝐷ℎ

⋅ 𝑧𝑓

1.2692 ⋅ 𝑟̃ ⋅
(

0.34746 ⋅ 𝑧𝑓 + 2.238 ⋅ 𝐴𝑉 𝑟𝑎𝑡𝑖𝑜

) (33)

The errors obtained in this case were 11.47% and 9.69% for the 
training and test sets, respectively. Similarly, the coefficients of deter-
mination were 𝑅2 = 0.964 for the training and 𝑅2 = 0.981 for the 
test set. In this case, the Variable Impact analysis indicated that the 
most influential parameters were 𝑁𝑢𝐷ℎ

 and 𝑟̃, with impact values of 
0.781 and 0.737, respectively. The dimensionless length 𝑙̃ showed a 
moderate influence (0.206), while the remaining parameters, including 
the 𝑧  and the dimensionless area-to-volume ratio 𝐴𝑉 , exhibited a 
𝑓 𝑟𝑎𝑡𝑖𝑜
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progressively lower contribution (0.035 and 0.032, respectively). The 
porosity 𝜀 had a negligible impact (0.003), indicating a marginal role 
within the regression model.

As previously done for the simple correlation equation at the begin-
ning of this section, specific equations for the Nusselt numbers 𝑁𝑢𝐷ℎ
and 𝑁𝑢𝑑 as a function of the Reynolds numbers 𝑅𝑒𝐷ℎ

 and 𝑅𝑒𝑑 were also 
derived. These equations are reported in the Supplementary Section S8.

Please note that, while the present symbolic-regression models were 
derived as analytical expressions based on flow and geometric de-
scriptors, further improvement towards mechanistic interpretability is 
possible. One possible way could be to consider different physically-
ground descriptors (e.g. for flow separation or wake interaction) for 
the regression. Another possibility could be to constrain the search 
space of the correlations using physically-motivated equation templates 
(e.g., viscous-inertial decomposition for pressure losses, or boundary-
layer based scaling for heat transfer), allowing the regression to identify 
geometry-dependent coefficients within predefined mechanistic forms. 
As an example, the generated dataset could be used to formulate a 
Darcy-Forchheimer type equation [64], where the effective permeabil-
ity and inertial coefficients can be correlated to geometric descriptors 
using symbolic regression, thus providing a direct link between the cell 
topology and classical porous-media modeling frameworks.

3.5. Correlation assessment

The correlations presented in the previous section were assessed 
against independent datasets corresponding to cell topologies that were 
not included in the symbolic regression training dataset. Since the 
proposed models were developed using a numerical database repre-
sentative of open-cell metal foams with pore densities close to 10 
PPI, the validation was restricted to literature data within the same 
geometrical range. This approach provides an initial assessment of 
the generalization capability of the correlations for previously unseen 
geometries within their intended domain of applicability.

The three geometries used were the Weaire–Phelan structure from
[68], the modified Kelvin cell from [34] and the tetrahedral cell 
from [36]. The data from the first study were obtained through simu-
lations, while the last one includes both simulations and experimental 
measurements. The first structure consists of two types of cells: the 
Dodecahedron and the Tetrakaidecahedron. The two different geome-
tries are connected in a ratio of three tetrakaidecahedron cells for 
each dodecahedron cell. This geometry is also a good approximation 
to model real random foams [68]. The modified Kelvin cell is a Kelvin 
cell where the windows perpendicular to the flow direction are larger 
to enhance the overall performance of the cell. The measure used to 
characterize the cell was the diagonal of the window perpendicular to 
the flow direction. In the study, two variations of the basic Kelvin cell 
are used: one has the diagonal equal to 1.3 times the base one and the 
other equal to 1.5. The tetrahedral cell was a pyramid structure with 
all faces being equal.

In Fig.  9(a) it is possible to see the accuracy of correlation (28) 
for Tetrahedral cells with both experimental and simulation data. Most 
of the considered points fall within the ±40% deviation band for cells 
with porosity from 𝜀 = 0.75 to 𝜀 = 0.90 and in laminar regime. 
The correlations proposed by Calmidi [69] and Dukhan [70] were not 
included in this comparison because they were developed for open-cell 
metal foams described through foam-scale parameters such as porosity 
and pore density, whereas the Tetrahedral cells considered here are 
ordered lattice structures with a substantially different topology.

In Fig.  9(b), the correlation is able to reasonably predict the fric-
tion factor for the modified Kelvin cell and for some points of the 
Weaire–Phelan structure at 10 pores per inch, together with the cor-
relations proposed by Calmidi [69] and Dukhan [70]. The proposed 
correlation gives predictions comparable to the Calmidi correlation 
for the 10 PPI Weaire–Phelan data. For the modified Kelvin data, the 
proposed correlation provides estimates comparable to those obtained 
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(a) 

 
(b) 

  
(c) 

 

Fig. 9. (a) Correlation (28) compared with experimental and simulated data from [36]; (b) Correlation (28) compared with simulation of a modified Kelvin 
cell [34], a Weaire–Phelan structure [68] and correlations from Calmidi [69] and Dukhan [70]; (c) Correlation (27) compared with Tetrahedral (triangular 
markers) and modified Kelvin cells (square markers). The black dashed lines correspond to the correlation line, the light-blue dashed lines to ±20% error, and 
the red dashed lines to ±40% error.
Fig. 10. Correlation (31) used with modified Kelvin cells (square markers, Sun 
et al. 2022) and with Tetrahedral cells (triangular markers, Son et al. 2017). 
The black dashed lines correspond to the correlation line, the light-blue dashed 
lines to ±20% error, and the red dashed lines to ±40% error.
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with the Calmidi and Dukhan correlations. This comparison suggests 
that Eq. (28) retains reasonable predictive capability for unseen Kelvin-
like and Weaire–Phelan geometries, although within the limits of the 
laminar and geometrical range considered in this work.

Correlation (27) was compared with the studies in which the heat 
transfer data were available. The results are shown in Fig.  9(c). The 
predicted results generally fall within a ±40% deviation band for the 
modified Kelvin cells and for the Tetrahedral cells within the range 
of porosity 0.85-0.95, which is considered suitable for preliminary 
engineering estimates within the intended validity range.

Fig.  10 compares the predicted values of the goodness factor given 
by Eq. (31) with the data for the modified Kelvin cells (Sun et al. 2022) 
and for the Tetrahedral cells (Son et al. 2017). For the modified Kelvin 
cells, most deviations remain within the ±20% band; on the other hand, 
for the Tetrahedral cells the errors can be larger.

In general, the best performance of the proposed correlations is 
found for laminar conditions and porosity between 0.8 and 0.95 in most 
cases, whereas a larger scatter is observed outside this range and for 
different geometries. In such cases, larger errors can be expected, and 
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Fig. 11. 𝑁𝑢𝐷ℎ
 as a function of the dimensionless radius ̃𝑟.

reflect the balance between the current model generality and predictive 
accuracy.

3.6. Discussion of the equations

Eq.  (26) shows a relation of the type 𝑁𝑢 = 𝑎𝑅𝑒𝑏, where the 𝑏
coefficient (on a per-geometry basis) was in the range 0.426 − 0.575. In 
a similar correlation found by [25], shown in Eq.  (23), the coefficient 
of the Reynolds exponent was in the range 0.3382 − 0.4001, as shown 
in Section 3.1. The main difference is that the aforementioned authors 
used the volumetric Nusselt number and the Reynolds number based 
on the cell dimension instead of the dimensionless quantities based on 
the ligament diameter. Despite that, the trend of the two correlations 
is similar, with exponents in a similar range.

In Eq.  (28), for a fixed cell geometry, the friction factor exhibits an 
approximately inverse scaling with 𝑅𝑒𝐷ℎ

 which is consistent with the 
characteristic ∼ 1∕𝑅𝑒 in laminar flows. However, the complexity of the 
cell introduces additional geometric parameters, such as 𝑟̃, 𝑙̃ and 𝑧𝑓 , 
which act as topological correction factors.

In Eq.  (27), the strongest effect on the Nusselt number can be at-
tributed to the term ̃𝑟 𝑧𝑓 . The strong dependence of the Nusselt number 
on the dimensionless radius 𝑟̃ is clearly visible in Fig.  11, whereas 
the dependence on the cell elongation 𝑧𝑓  (not shown) was found to 
be smaller. Unlike conventional empirical correlations, the symbolic 
regression framework automatically identified the relative importance 
of the geometric descriptors without prescribing a functional form a 
priori. In particular, the recurrent appearance of the dimensionless lig-
ament radius ̃𝑟 in the derived expressions indicates that this parameter 
plays a dominant role in determining both the hydraulic and thermal 
performance of the investigated unit cells. This suggests that the ratio 
between ligament radius and the cell dimension should be regarded 
as a primary design variable during the optimization of additively 
manufactured metal foams.

The equation for the goodness factors (31) also shows a diminishing 
trend for increasing values of the dimensionless radius. The goodness 
factor increases as the elongation factor 𝑧𝑓  increases, as also found 
by [34] in their studies.

In all the equations derived for specific cells, namely from equation 
S21 to equation S40, the two parameters that have the largest effects 
on the target variables are the Reynolds numbers and the cell elon-
gation ratio. In the equations where both the Nusselt number and the 
Reynolds number use the hydraulic diameter as characteristic length, 
the majority of the correlations include a dominant term 𝑁𝑢𝐷ℎ

∼
𝑅𝑒2𝐷ℎ

∕(𝑐1 𝑧𝑓+𝑐2) and, a few more, terms in the form 𝑁𝑢𝐷ℎ
∼ 𝑅𝑒2𝐷ℎ

∕𝑒𝑐3 𝑧𝑓
(with 𝑐1, 𝑐2 and 𝑐3 indicating here generic constants). The hydraulic 
diameter was defined accordingly to Eq. (13), so the cells with the 
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largest 𝐴𝑉𝑟𝑎𝑡𝑖𝑜, which were the ones with the largest porosity 𝜀, had 
the smallest hydraulic diameter. Overall, the correlations capture the 
expected increase of the Nusselt number with the Reynolds number. 
Regarding the correlation with both Nusselt number and Reynolds 
number based on the ligament diameter instead, only a subset of 
them included terms in the form 𝑁𝑢𝑑 ∼ 𝑅𝑒𝑑∕(𝑐1 𝑧𝑓 + 𝑐2) or 𝑁𝑢𝑑 ∼
𝑅𝑒𝑑∕𝑒

𝑐3𝑧𝑓 , whereas others showed more complex combinations of 𝑅𝑒𝑑 , 
𝑧𝑓 , and 𝜀. In conclusion, while the heat transfer–pressure drop trade-off 
is well established, the present work extends this analysis to addi-
tively manufactured open-cell geometries through data-driven symbolic 
regression models. Unlike conventional regression approaches based 
on predefined functional forms, the proposed methodology provides 
explicit analytical expressions that directly quantify the influence of 
the main geometric descriptors, thereby offering practical guidance for 
geometry selection during the preliminary design of heat exchangers 
based on open-cell metal foams.

4. Conclusions

The effect of different unit cell geometries on the heat transfer and 
pressure drop characteristics in metal foams for heat exchangers was 
analyzed.

A large dataset with the thermal-fluid dynamics characteristics of 
a wide range of unit cell geometries was created. Particularly, 18 
different unit cell geometries with 5 different porosity values and 6 
elongations along the principal flow direction were simulated, for a 
total of 540 different cases. The flow pattern inside the cells was ana-
lyzed, to understand which features influence the thermo-fluid dynamic 
performance of the cells. The ligament radius as well as the angle 
between the ligaments and the flow direction significantly impacted 
the heat transfer and the pressure drop inside the cell. Thick ligaments 
created large recirculation zones, which increased the pressure losses 
and decreased the heat exchange between the fluid and the cell struts.

Then, a set of correlation equations between fluid dynamics parame-
ters and geometric parameters were derived using symbolic regression. 
The developed correlations were assessed against three structured-foam 
geometries that were not included in the initial dataset. The topology of 
the cells has been found to play an important role in both heat transfer 
and pressure drop characteristics.

When compared with selected literature datasets within the in-
tended laminar and geometrical range of applicability, Eq. (28) gen-
erally predicted the friction factor within a ±40% deviation band. For 
the Nusselt number, two different equations were derived: a complex 
correlation where the Nusselt number was based on the hydraulic 
diameter (Eq. (27)) was found to be more precise than a simpler 
correlation of the type 𝑁𝑢𝑑 = 𝑎𝑅𝑒𝑏 (shown in Eq. (26)). For the area 
goodness factor, the correlation (31) provided predictions within ±20%
for the modified Kelvin cell and ±40% for the Tetrahedral cell. Finally, 
specific equations for the Nusselt numbers as a function of the Reynolds 
numbers were also derived for each cell geometry.

In summary, symbolic regression powered by genetic program-
ming was shown to be a useful tool for developing explicit thermo-
hydraulic correlations. Here the analysis was conducted for laminar 
flow conditions and assuming air as the heat transfer fluid. Although 
the correlations have been formulated using dimensionless arguments, 
the extension to other fluids with substantially different Prandtl number 
or with strong property variations (e.g., liquids or supercritical CO2) 
requires potential inclusion of explicit Pr- and/or property-ratio terms, 
along with an augmented training dataset to calibrate the correla-
tion coefficients. Therefore, future work could focus on extending the 
training dataset to a wider range of operating conditions, including 
transitional and turbulent flow regimes and different working fluids. 
It could also include additional geometrical features (e.g., non-circular 
ligament shapes) or fabrication-induced imperfections, in order to fur-
ther improve both the predictive accuracy and the applicability range 
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of the proposed equations. Finally, incorporating additional descrip-
tors could enrich the geometrical characterization and enhance the 
capability of the correlations to capture topology-specific effects.
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