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A B S T R A C T   

As additive manufacturing of periodic open cellular structures (POCS) is gaining interest in structured catalytic 
reactor research, this work seeks to thermohydraulically compare the well-known Kelvin lattice structure with 
the lesser-researched BCC and gyroid lattice structures. Using a combined CFD (Computational Fluid Dynamic) 
and experimental approach, the selected POCS are fabricated through Laser Powder Bed Fusion (LPBF), char-
acterized, and subsequently subjected to numerical analysis. From the manufacturability point of view, the 3D 
printed samples closely matched their CAD designs, showing a maximum porosity deviation of 15% below design 
values. A CFD model, validated through pressure drop experiment, was employed to compare the POCS designs 
on shared geometric attributes such as specific surface area and porosity. While all structures exhibited com-
parable performance in term of heat and momentum transfer, our findings suggest that the Gyroid lattice may 
provide the optimal balance between momentum and heat transfer rates in low-velocity region. Conversely, the 
BCC configuration may be more favourable at higher velocity. An Ergun-like correlation was also developed and 
validated for each lattice type, with a Mean Absolute Percentage Error (MAPE) below 10%. Our pressure drop 
results align quite well with existing literature correlations, showing a MAPE under 20%. Concerning heat 
transfer, the values forecasted in this research show a reasonable alignment with literature’s results, though they 
tend to be on the lower spectrum.   

1. Introduction 

In the evolving landscape of chemical engineering, there is a growing 
need for advanced catalytic technologies that are efficient, safe, and 
environmentally friendly. The traditional “packed bed reactors” (PBRs), 
while known for their straightforward design and substantial catalyst 
loading, face challenges such as flow channelling, inconsistent flow, and 
constraints in both mass and heat transfer. Additionally, these reactors 
often experience pronounced pressure drops, which amplify operational 
expenditures [1]. Designing these reactors requires a grasp of the trade- 
offs involved: while smaller catalyst pellets can enhance catalyst use and 
heat transfer, they also increase pressure drops. The complexity of 
balancing these factors make optimal designs elusive. In response, 
alternative catalytic supports have been developed, offering improved 
design flexibility and control over fluid flow, species distribution, and 

heat transfer. For example, the nature-inspired honeycomb design 
showcases advantages like a high surface-to-volume ratio, enabling 
efficient gas-to-solid mass and heat transfer rates, all while ensuring low 
pressure drops in a homogeneous structure [2 3]. Similarly, Open-cell 
foams (OCF) [4] have been introduced, characterized by their 
tortuous solid matrix of interconnected open cells. The diverse solid 
ligaments within OCFs foster fluid mixing, leading to heightened fluid-
–solid transfer rates. Recently, there has been a surge in interest sur-
rounding Periodic Open-Cell Structures (POCS) as a novel catalytic 
support [5]. These supports are defined by their structured network of 
consistently shaped, interconnected unit cells windows forming a three- 
dimensional framework. Combining the advantages of OCFs and hon-
eycombs, POCS effectively manage both axial and radial heat transfer 
while maintaining a uniform structure with a reasonable pressure drop. 
Using additive manufacturing, also referred to as 3D printing, POCS 
could offer a new way to design catalytic supports tailored to specific 
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needs [6 7]. A range of 3D printing methods have already been used to 
produced POCS with precision, including robocasting [8] selective 
electron beam melting (SEBM) [9], selective laser melting (SLM) [10 
11], direct metal laser sintering (DMLS) and stereolithography [12]. The 
literature also present a variety of unit cell types such as cubic [9 13 14], 
diamond [12 15 13], octet [16] and triply periodic minimal surface 
(TPMS) [17 18 19 20]. Commonly, these unit cells combine cylindrical 
struts and spheres at the junctions, though some studies build POCS by 
subtracting spheres [21 22]. The Kelvin cell [23 24 22 25 26 27 28], also 
known as Tetrakaidecahedron or Vine tile, is particularly popular 
because of its widespread utilization to represent OCF. Some studies 
have already showed encouraging outcome regarding catalytic POCS 
tested in reactive environment including application in methanation [17 
8] or hydrogen production through ammonia cracking [29] or methanol 
reforming [21]. 

To effectively design POCS reactors, understanding transport phe-
nomena is crucial. Previous research has often focused on heat transfer 
[26 30 31 18 19] and pressure drop [18 31], using Computational Fluid 
Dynamics (CFD) for analysis. These simulations allow for systematic 
exploration of different topologies and the derivation of engineering 
correlations. For instance, Das et al. [32] employed Direct Numerical 
Simulation (DNS) to study the friction factor of a Kelvin lattice and, 
based on simulations across several topologies, formulated a correlation. 
Similarly, Rambabu et al. (2021) [33] employed RANS simulations to 
derive a pressure drop correlation for the same lattice structure. Some 
researchers compared these structures with alternative catalyst support 
[34 28 34 35]. For instance, Lucci et al. (2017) [40] made a comparison 
between an OCF and a Kelvin cell lattice with similar porosity and 
surface area. They observed that the Kelvin cell generally had a better 
mass transfer − pressure drop trade off compared to its foam counter-
part. In a similar vein, some researchers also contrasted different unit 
cells types [26 14 36 37 38]. For example, Kaur et al. (2020) [26] 
explored the heat-transfer and pressure drop properties of four cell types 
and noted that the Octet structure outperformed the others in both 
pressure drop and Nusselt number. While numerous theoretical ther-
mohydraulic studies are available, there is only a handful of experi-
mental works on metallic POCS [9 39 15 40 41 16 30]. For instance, 
Klump et al. (2014) [9] utilized the selective electron beam melting 
(SEBM) method to study Ti-based cubic cell geometries. Their research 
emphasized the distinct flow properties arising from different cell ori-
entations. In contrast, Rebelo et al. (2018) [39] examined the design 
parameters of cubic cells, finding only minimal impact of angular 
orientation on pressure drop. They employed direct metal laser sintering 

(DMLS) for manufacturing and showcased cubic-cell foams 3D printed in 
aluminum. In an original approach Do et al. (2020) [40] delved into an 
interpenetrating POCS structure based on diamond geometry fabricated 
by fused deposition modeling. They introduced this design as adaptable, 
capable of adjusting flow characteristics to match process requirements. 
Chaudhari et al. (2019) [16] inspected the performance of the Octet- 
truss lattice structure made of AlSiMg alloy. They derived friction fac-
tor correlations for this specific sample. Busse et al. (2018) [30], con-
ducted heat transfer experiments on SEBM printed cubic cells (Ti6Al4V, 
IN718) and formulated new heat transfer correlations. They demon-
strated that enhancing the wall coupling between the POCS structure 
and the tube shell can notably increase the overall heat transfer coeffi-
cient. Specifically, a fully coupled structure displayed a heat transfer 
coefficient 3.5 times greater than a loosely structured counterpart. 

Though there is obvious advancement in POCS thermohydraulic 
research, most studies focus on specific cell types, mainly Kelvin cells. 
There is a lack of comprehensive comparisons of various POCS designs, 
with many yet to be studied. Additionally, current literature sometimes 
presents conflicting findings, and even established POCS configurations 
have debated correlations. To address this, the present study aims at 
contrasting the thermohydraulic performance of three lattices: the 
popular Kelvin cell, and the lesser-studied BCC and gyroid lattice as 
represented in Fig. 1. To achieve this aim, a holistic approach is 
employed, combining both CFD and experimental analyses. Within this 
framework, the selected POCS are printed using LPBF, comprehensively 
characterized, and then analysed numerically. This approach enables 
the derivation of Ergun-like correlations for the precise description of 
pressure drop across the selected samples. 

2. Experimental 

2.1. POCS structure characteristics 

POCS samples were produced using the LPBF (Laser Powder Bed 
Fusion) technique based on CAD designs, resulting in cylindrical models 
of 10 mm diameter and 15 mm height. These models represent three cell 
types: body-centered cubic, Kelvin, and gyroid, each with design vari-
ations to obtain different surface areas and porosities. The following 
feedstock materials were used for the printing: AlSi10Mg, IN625, and 
CuNi2SiCr. The first two materials were printed at ENGIE Laborelec 
using a SLM280 LPBF machine while the last material was printed and 
heat treated by Zare (under the BEAMIT group). AlSi10Mg is notable for 
its heat-transfer capabilities due to its high thermal conductivity but is 

Nomenclature 

Acronyms 
BCC Body-Centered Cubic Cell 
CAD Computer-Aided Design 
CFD Computational Fluid Dynamic 
DNS Direct Numerical Simulation 
FDM Fused Deposition Modelling 
LPBF Laser Powder Bed Fusion 
MAPE Mean Absolute Percentage Error 
OCF Open-Cell Foam 
POCS Periodic Open Cell Structure 
PBR Packed bed reactor 
RANS Reynolds-Averaged Navier-Stokes 
RMSE Root Mean Square Error 
SLM Selective Laser Melting 
SEM Scanning Electron Microscopy 
TPMS Triply Periodic Minimal Surface 

Latin letters 
dc Cell length(m) 
ds Strut diameter or gyroid thickness(m) 
h Surface heat transfer coefficient (W.m− 2.K− 1) 
hv Volumetric heat transfer coefficient (W.m− 3.K− 1) 
Lchar Characteristic length (m) 
SPOCS Total POCS surface (in contact with fluid)(m2) 
T Fluid temperature (◦C) 
Tref Reference temperature (either the inlet fluid temperature 

or the volume fluid averaged temperature). (◦C) 
v Fluid velocity(m.s− 1) 

Greek letters 
μ Dynamic viscosity (Pa.s) 
∊ Porosity (− ) 
λ Fluid thermal conductivity (W.m− 1.K− 1) 
ρ Fluid density (kg.m− 3) 
Φ(i) Elementary power exchanged through each i cell’s surface 

adjacent to the solid (W)  
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suitable for processes requiring limited temperature (e.g. such as 
Fischer-Tropsch synthesis or methanol steam reforming). CuNi2SiCr 
also has high thermal conductivity and can withstand up to 500 ◦C, 
suitable for higher temperature processes (e.g. methane reforming with 
membrane reactors or ammonia cracking). On the other hand, IN625 
material could stand out for Joule heating applications whilst remaining 
very suitable for high-temperature environments (at least up to 700 ◦C). 
Table 1 summarizes the design parameters of the CAD models, including 
materials, strut diameter, cell length, porosity, and specific surface. The 
latter two properties are defined as per Eq. (1) & Eq. (2) respectively. A 
noteworthy observation pertains to the post-processing of the Kelvin 
3–0,6 model in Al alloy and its counterpart in Cu alloy which underwent 
a sand blasting procedure. All other configurations in AlSi10Mg and 
IN625 were preserved in their as-built state. 

∊ =
Voidvolume
Totalvolume

= 1 −
Solidvolume
Totalvolume

(1)  

Sv =
TotalPOCSarea

Totalvolume
(2)  

2.2. Geometrical characterization & pressure drop measurements 

The samples were analysed using a Keyence VHX-7000 digital optical 
microscope. Detailed images of the POCS were taken with VHX-E20 (low 
magnification objective lens: 20–100×) and VHX-E100 (medium 
magnification objective lens: 100–500×) lenses. Measurements were 
made at various points on the struts and windows to identify any dis-
crepancies from the CAD model. Further in-depth inspection was con-
ducted with pycnometry and Scanning Electron Microscopy (SEM). A 
Multivolume Pycnometer 1305 (Micromeritics) was used to obtain true 
volume and relative densities/porosities of POCS (This device ensures a 
density calculation accuracy of ±0.1 to 0.2 % and a volume measure-
ment accuracy of ±0.2 %). The sample chamber is initially pressurized 
with helium. The later expansion of this gas into a precisely measured 
volume induces a drop in pressure. The sample’s volume, density and 
the relative porosity can then be readily calculated based on the two 
pressure readings. SEM analyses were performed with a Philips XL-30 
FEG operated at 5–20 kV. After characterization, the pressure drop of 
the samples was assessed using two different methods. In method “A”, a 
U-tube manometer (internal diameter = 1 cm, length = 13.5 cm) con-
nected to a reactor containing the sample measured the pressure drop 
across various superficial velocities. N2 at ambient temperature was 
introduced, and its flow rate was measured with a digital flowmeter 
(Agilent ADM 2000). The water height differential in the U-tube was 
converted to a pressure drop value using Stevin’s law. For method “B”, a 
micromanometer (DeltaOhm HD 2114.2, with an instrumental resolu-
tion of 0.005 mbar and an accuracy of ±0.3 %) was used, attached to the 
reactor housing the POCS. Similarly, N2 was introduced at room tem-
perature and its rate was determined by a different digital flowmeter 
different digital flowmeter (MesaLabs Defender 530+, volumetric ac-
curacy: 0.75 %, standardized accuracy: 1 %) with velocities ranging 
from 0–10 m/s. Table 2 summarizes the measurement techniques uti-
lized throughout the experimental campaign. The pressure ports are 
located 6 cm from both the inlet and outlet of the sample (external 

Fig. 1. POCS structure investigated in this work a) BCC (Top, purple) b) Kelvin 
cell (Middle, green) c) Gyroid (Bottom, orange); dc represents the cell dimen-
sion and ds indicates the thickness of the strut. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Table 1 
Geometrical features of the CAD design cell parameters printed. The porosity and specific surface area refer to the theoretical ones of the CAD. Structures denoted with 
a ‘sb’ superscript have been sandblasted; others are as-built.  

Cell type Material Cell length 
[mm] 

Strut diameter 
[mm] 

Theoretical Porosity 
% 

Theoretical Specific surface area [cm− 1] Denomination 

Kelvin AlSi10Mg 3  0.6  0.79  12.16 Kelvin 3-0.6-Alsb 

CuNi2SiCr 3  0.6  0.79  12.16 Kelvin 3-0.6-Alsb 

IN625 3  0.6  0.79  12.16 Kelvin 3-0.6-Ni 
IN625 4  0.6  0.89  6.52 Kelvin 3-0.6-Ni 
IN625 3  0.8  0.66  13.70 Kelvin 3-0.6-Ni 
IN625 3  0.4  0.9  8.89 Kelvin 3-0.6-Ni 
IN625 1.5  0.3  0.77  23.46 Kelvin 3-0.6-Ni 
IN625 4  0.8  0.81  7.78 Kelvin 3-0.6-Ni 
IN625 2  0.4  0.78  17.15 Kelvin 3-0.6-Ni 
IN625 2  0.6  0.55  17.97 Kelvin 3-0.6-Ni 

BCC AlSi10Mg 3  0.6  0.83  10.79 BCC 3-0.6-Al 
IN625 2  0.4  0.83  16.26 BCC 3-0.6-Ni 
IN625 2  0.6  0.64  19.84 BCC 3-0.6-Ni 
IN625 3  0.4  0.92  8.09 BCC 3-0.6-Ni 
IN625 3  0.6  0.83  10.79 BCC 3-0.6-Ni 
IN625 3  0.8  0.71  12.68 BCC 3-0.6-Ni 
IN625 4  0.6  0.912  6.30 BCC 3-0.6-Ni 
IN625 4  0.8  0.852  7.76 BCC 3-0.6-Ni 

Gyroid In625 3  0.2  0.794  20.4 Gyr 5-0.34-Ni 
In625 3  0.3  0.694  20.1 Gyr 5-0.34-Ni 
In625 3  0.4  0.616  19.5 Gyr 5-0.34-Ni 
In625 5  0.34  0.79  12.3 Gyr 5-0.34-Ni  
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diameter = 1 cm, length = 1.5 cm) positioned in the middle of the 
reactor tube. To mitigate the potential impact of the reactor setup, blank 
tests (without the structured support) have been caried out for each flow 
rate and sample used. These blank tests allow to isolate and subtract any 
interference arising from pressure loss attributable to the reactor setup 
and the positioning of pressure ports to ensure that the measured pres-
sure drop accurately reflected the characteristics of the samples under 
investigation, independent of any external influences. 

3. Numerical investigation 

3.1. CFD modelling 

To complement experimental data and gain deeper insights into 
POCS behavior under specific topologies, RANS (Reynolds-Averaged 
Navier-Stokes) simulations are deployed within Ansys Fluent (version 
2023 R1). The simulations address both momentum and heat transfer 
aspects in two separate studies. Fig. 2 illustrates the computational 
domain, mirroring the experimental setup, and highlights the applied 
boundary conditions. Inlet velocities ranged between 1 and 9 m/s, while 
the outlet was maintained to atmospheric pressure. The exterior of the 
cylinder was set to a no-slip condition. Considering the intricate texture 
of the 3D-printed structure, a roughness parameter with a constant of 
0.5 and height of 0.1 mm was implemented at the surface of the POCS. 
Simulations were conducted with a cold, inert flow of nitrogen set at 
293.15 K and 1 atm, replicating experimental conditions. In the heat 
transfer analysis, a conjugate heat transfer approach was employed, 
enabling a precise calculation of the POCS surface temperature. In this 
case, the inlet was assigned a temperature of 400 ◦C and the external 
surface of the cylinder had a temperature of 450 ◦C. The POCS surface’s 
temperature was then governed by heat fluxes and materials properties 
with Inconel’s characteristics being the basis for this study. Additional 
insights into the physical settings are reported in Appendix A. From the 
numeric viewpoint, the chosen meshes comprise approximately 4.5 
million cells for pressure drop simulations, and around 6 million for 
thermal simulations, encompassing both the fluid and solid domains. 
The simulations utilized a pressure-based solver in conjunction with the 
standard k-ε turbulence model also used in other similar study [22]. 
Gradient computations were handled using the Least Square Cell-Based 
discretization scheme, while the Second Order Upwind scheme was 

adopted for the discretization of transport properties, including mo-
mentum, energy, and turbulence variables. The “coupled” algorithm 
was chosen for pressure–velocity coupling, ensuring a stable and rapid 
convergence in this steady-state analysis. Convergence was deemed 
achieved when the residuals fell below 10-4. A more comprehensive 
overview of the computational methods, encompassing domain, grid 
generation, mesh independence analysis and flow development analysis 
are presented in Appendix B, C and D. 

3.2. Performance indicators 

The momentum and heat transfer performance are respectively 
assessed with two indicators namely the pressure drop across the sample 
and the volumetric heat transfer coefficient often adopted by researchers 
[4224]. Pressure drop is defined as the difference between surface 
average pressure at inlet and outlet, divided by the sample length as per 
Eq. (3). 

ΔP
L

=
1
L

(
4

πD2

∫∫

pdSin −
4

πD2

∫∫

pdSout

)

3  

As expressed in Eq. (4), the volumetric heat coefficient denoted hv is the 
product of the surface heat transfer coefficient h (

[
W.m− 2.K− 1], defined 

in Eq. (5), and the specific surface area Sv ([m− 1], defined in Eq. (2). This 
quantity is a relevant performance indicator, as it takes into account 
both the heat flux, and the contact surface allowed by POCS’s geometry 

hv = Sv*h 4  

h =
1

SPOCS

(
∑

i

Φ(i)
Tsolid(i) − Tref

)

5 

Where SPOCS is the total area of POCS surface. Φ(i) is the elementary 
power exchanged through each i cell’s surface adjacent to the solid. Tsolid 
(i) is the temperature of each cell i on the solid surface. Within this 
study’s framework, Tref is provisionally defined as the inlet temperature. 
However, in Section 4.3, it’s adjusted to the volume-averaged fluid 
temperature (cf. Eq. (6), a reference that appears to be more universally 
accepted [43]. Subsequent comparisons are made with literature based 
on this adjusted reference. 

Tref =
1
Vf

∫∫∫

TdVf 6  

3.3. Engineering correlations 

Numerical findings provide the foundation for CFD-driven engi-
neering correlations essential for reactor design. The pressure drop 
across a porous medium is influenced by its geometrical characteristics, 
the properties of the working fluid, and its velocity as per Eq. (7). 

ΔP
L

= f(∊, Lchar, ρ, μ,u) 7 

Table 2 
Measurement techniques employed during the pressure drop 
experimental campaign.  

Sample Measurements 

BCC 3-0,6 (Al alloy) 1 series (A) 
BCC 3-0,6 (Ni alloy) 1 series (B) 
Kelvin 3-0,6 (Al alloy) 1 series (A) 
Kelvin 3-0,6 (Cu alloy) 1 series (A) 
Kelvin 3-0,6 (Ni alloy) 1 series (A) 
Kelvin 3-0,8 (Ni alloy) 1 series (A)  

Fig. 2. Implemented boundary conditions and physical setup applied during the pressure drop and heat transfer studies.  
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The Darcy-Forchheimer equation as presented in Eq. (8) is frequently 
employed in literature to model pressure drops across porous media and 
packed beds [44] 

ΔP
L

= av+ bv2 8  

This equation accounts for pressure drop in porous media by combining 
two terms: a viscous component, associated with fluid velocity and 
viscosity, and an inertial component, related to density and the square of 

the velocity. The Ergun equation is a standard method utilized by 
chemical engineers to determine pressure drop in packed beds, often 
integrated into simplified reactor models. Consistent with prior studies 
[4], our pressure drop data were regressed using an Ergun-like model, as 
shown in Eq. (9). In this model, A and B are the Ergun constants rep-
resenting viscous and inertial terms, respectively. The superficial ve-
locity term in the viscous term has been modified by adding an exponent 
C to better represent potential nonlinearities. Numerous definitions for 
characteristic lengths have been proposed, including specific surface 
area, cell size, and diverse diameters such as strut, hydraulic, or window, 

Fig. 3. Macroscopic topography of the sample viewed by digital microscope (a) Kelvin 3–0.6 (measurements: cells 3.0 mm; struts 0.63 mm) (b) BCC 3–0.6 (mea-
surements: cells 3.0 mm; struts 0.59 mm) (c) Gyroid 3–0.3 (measurements: cells 3.03 mm; struts 0.32 mm). All structures presented in this figure are in Ni alloy. 
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however a universal standard has yet to be established. For the scope of 
this study, the strut diameter is chosen for its relevance to catalyst 
support manufacturability and its straightforward application for 
engineers: 

ΔP
L

=
A(1 − ∊)C

∊3
μv
d2

s

+
B(1 − ∊)

∊3
ρv2

ds
9  

In this study, MATLAB’s lsqcurvefit function was utilized for nonlinear 
least-squares curve fitting [45]. This tool identifies parameter values by 
minimizing the squared differences between observed and predicted 
responses, using the Levenberg-Marquardt algorithm. The performance 
of the correlation was evaluated using the Mean Absolute Percentage 
Error (MAPE) and the Root Mean Squared Error (RMSE). MAPE provides 
a percentage-based insight into prediction errors, while RMSE measures 
the average magnitude of the error. The equations for MAPE and RMSE 
can be found in Eq. (10) & Eq. (11), with lower values suggesting a closer 
fit to the data. 

MAPE =
100
N
∑N

i=1

⃒
⃒
⃒
⃒
⃒

yobs,i − yfit,i

yobs,i

⃒
⃒
⃒
⃒
⃒

10  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

i=1

(
yobs,i − yfit,i

)2
√

11  

4. Result and discussion 

4.1. Geometrical characterization 

To ensure the accuracy of the 3D printing process, a geometric 
assessment of the printed replicas was carried out. Fig. 3 illustrates both 
the front and side perspectives of the sample using varying magnifica-
tions with a light microscope. The cell, strut and window diameters were 
additionally measured at different locations to evaluate the average 
morphological properties. In general, for the three lattice types, the 
measurements show that the cell size of the samples matches, on 
average, the cell size of the CAD while slight deviations can sometimes 
be noticed regarding strut diameter and window diameters. For 
example, slight strut thickening can be noticed in proximity of the node 
convergence. For further details Fig. 4 presents the SEM morphology of 
different cell surfaces, highlighting variations in textures based on the 
material used. The AlSi10Mg structure exhibits commonly observed 
features [10 11] such as partially melted Al alloy particles at the strut 
surface and a corrugated appearance due to the layer-by-layer additive 
manufacturing of the LPBF process. On the other hand, nickel and 
copper alloy samples exhibit a smoother surface. In case of Ni alloy, this 
could be due to optimized process parameter regarding the surface 
roughness and for the Cu alloy, it can directly be attributed to the sand- 
blasting process that removed the satellite particles from the surface. 
Finally, as observed in Fig. 5, pycnometry experiments reveal that the 
porosity of the printed design is less than the one predicted by the CAD 

Fig. 4. SEM images of strut surface of cellular structures after the post-processing: Scanning electron microscopy (SEM) micrograph at different magnification of 
three samples (a) Kelvin 3–0,6 (Ni) (b) Kelvin 3–0,6 (Al)sb (c) Kelvin 3–0,6 (Cu)sb (d) BCC 3–0,6 (Al alloy). 
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value file, with discrepancies reaching up to 15 %. This is in line with 
deviation observed in the literature [31]. Such variations are particu-
larly pronounced for the cell design with the finest details, like the 
Kelvin’s square window at low porosity. 

4.2. Pressure drop investigation 

In this section, the outcomes of the CFD simulations are explored. 
First the accuracy of pressure drop predictions is verified against 
experimental results, and then the selected POCS designs are compared 
based on their specific surface area and porosity. Fig. 6 presents a 
comparison of pressure drop trends across velocities, contrasting 
experimental and simulation data for the chosen cell types. The shaded 
region for the BCC structure encompasses results from two experimental 
datasets: BCC 3-0.6 in both Al alloy and Ni alloy. In the case of the Kelvin 
cell 3-0.6, the shaded area includes readings from three different mea-
surements: namely Al alloy, Cu alloy (both sandblasted), and Ni alloy. 
The shaded curve gives an average variability of 22 %, indicative of 
standard deviation across experiments. Such variations underline 
inherent differences across materials studied. Pressure drops obtained at 
high velocity (≥5 m.s− 1) from CFD simulations align remarkably well 
within the experimental variability range. On the other hand, at slower 
velocities, there is an inclination towards over-predicting the pressure 
drop. This difference is especially notable for BCC 3-0.6, showing a 
deviation of up to 67 % at 2 m.s− 1. Such variances may be rooted in 
turbulent flow modelling nuances, given the pronounced laminar ten-
dencies at these speeds. Overall, a reasonable agreement is obtained 
between numerical and experimental data. To discern the cell type’s 

Fig. 5. Experimental hydrodynamic porosity measured with pycnometry 
compared to the theoretical (CAD) porosity. The 15% error margin is indicated 
by a dashed line. 

Fig. 6. Experimental validation of our CFD settings (a) BCC (b) Kelvin (c) Gyroid.  

Fig. 7. Pressure drop comparison on various structures, with fixed geometrical parameters (a) fixed porosity (b) fixed specific surface area (Reynolds number varies 
from 38 to 348 for Kelvin and BCC lattices, and from 22 to 254 for the Gyroid lattice). 
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influence on pressure drop, distinct structures, all maintaining a similar 
porosity (∊ = 0, 79) and specific surface area (Sv = 12,3 cm− 1). The 
results are reported in Fig. 7. Interestingly, the Kelvin structure consis-
tently registered the most pronounced pressure drop, followed closely 
by the Gyroid (showing only a 3 % differential at 9 m.s− 1 with a constant 
porosity). Conversely, BCC showcased the least pressure drop, behind 
the Kelvin by 47 % at 9 m.s− 1 under similar porosity. Such distinctions 
can be attributed to the unique designs of the cells: as observed in Fig. 8, 
the Kelvin structure, with its square openings oriented perpendicularly 
to the flow, creates flow constrictions that add considerable resistance, 
especially in the inertial regime. This design induces a more energy- 
intensive flow pattern within the matrix, amplifying energy dissipa-
tion, as supported by related studies [36 32]. Conversely, the gyroid 
lattice’s streamlines depict a highly tortuous path also leading to 
increased friction and, thus, a higher pressure drop. Meanwhile, the BCC 
structure provides a relatively unimpeded flow. When evaluating solely 
on the basis of pressure drop, the BCC design is notably superior. 

4.3. Heat transfer investigation 

While pressure drop is an important metric, it’s just one piece of the 
puzzle. As many industrial applications involve significant heat transfer, 
it is essential to consider both pressure drop and heat transfer charac-
teristics for a more holistic evaluation of the POCS. As stated in Section 
3.2. The volumetric heat transfer coefficient, denoted hv (using the inlet 
temperature as the reference temperature) is the metric used to rank the 
structures. It can be seen in Fig. 9 that Kelvin cell consistently presents 
the highest value. At fixed specific surface area the BCC trails behind the 
Kelvin cell (18 % deficit) but still surpasses the Gyroid structure by a 
margin of 6 %. At fixed porosity, it is intriguing to note that the 
distinction between BCC and Gyroid is very light making them almost 
analogous. Considering the aim to achieve the highest possible hv, the 
Kelvin cell distinctly stands out as the best choice from the heat transfer 
viewpoint. 

Fig. 8. Streamline visualization across (a) Kelvin (b) BCC (c) Gyroid lattices.  

Fig. 9. Volumetric heat transfer coefficient on various structures with fixed geometrical parameters (a) fixed porosity (b) fixed specific surface area.  

S. Richard et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 492 (2024) 152005

9

4.4. Trade off heat transfer-pressure drop 

In evaluating optimal structural design, a balance between pressure 
drop and heat transfer is essential. Based on insights from prior sections, 
this section aims to identify the structure that offers minimal pressure 
drop while ensuring maximum volumetric heat transfer coefficient. A hv 
− ΔP/L graph is therefore plotted on Fig. 10. Although the performance 
between structures is fairly similar, a ranking can still be determined. 
When maintaining constant porosity, the Gyroid curve remains domi-
nant until reaching a specific velocity, at which point the BCC becomes 
preferable. Yet, by extrapolating the current trends, the Kelvin cell could 
outperform the Gyroid when ℎv exceeds 170 kW.m− 3.K− 1. 

4.5. Engineering correlations & comparison with literature 

An Ergun-type correlation, as detailed in Eq. (9) in section 3.3 is 
fitted to our CFD data to represent the pressure drop across our selected 
lattices. Fig. 11 presents the respective parity plots comparing the cor-
relation predictions with the CFD simulation outcomes. Regression 
analysis constants, as well as the MAPE and RMSE values, are reported in 
Table 3. The results exhibit a good alignment, with a MAPE of less than 
10 %. For comparison with the literature, and given the absence of 
known existing correlations for the BCC and Gyroid lattices, our results 
are compared with established correlations obtained for the Kelvin cell 
lattice as display in Fig. 11(a). The correlation of Ferroni et al. (2022) 
[31] is found to slightly overestimate our data with a MAPE of 18 %, 
while Rambabu et al. (2021) [33] do so with a MAPE of 25 %. Excluding 
data points with the lowest porosity value reduces the MAPE to 12 %, 
implying that their correlation might not perform as well with lower 
porosities. The correlation of Bracconi et al. (2019) [4] derived from 
virtually generated OCF, yields a MAPE of 19.62 %. On the whole, 
pressure drop results obtained in this study appear to be in quite good 
agreement with literature. Additionally, the simple correlations derived 
in this work, based on readily accessible parameters like strut size or 
gyroid thickness, could assist in reactor design endeavors and also serve 
as a reference for comparison in subsequent research in this field. For the 
heat transfer analysis, comparisons of our results with established 
literature correlations are presented in Fig. 12, utilizing the conven-
tional heat transfer coefficient h. As explained in Section 3.2, the heat 

Fig. 10. Heat transfer − pressure drop map.  

Fig. 11. Parity plots comparing pressure drop obtained by the numeric inves-
tigation and correlation predictions for our selected POCS samples (a) Kelvin 
(b) BCC (c) Gyroid with the 20% error margin band. The star markers in each 
plot indicate the verification points used to check the proposed correlations. 
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transfer coefficient is recalculated using the volume-averaged fluid 
temperature as the reference, resulting in a higher value − a definition 
somewhat more adopted [32]. Nonetheless, there is a noticeable varia-
tion in heat transfer coefficient estimates. This variation could stem from 
several factors in numerical simulations: differing boundary conditions 
like constant wall heat flux versus constant wall temperature; the choice 
between conjugate heat transfer or a set thermal boundary in some 
research; the role of operating conditions and specific characteristics of 
the working fluid; and potential differences in methodologies for 
calculating the heat transfer coefficient across studies. Overall, the 
values predicted in this study align reasonably with literature data, 
albeit rather towards the lower end. 

5. Conclusions 

This study conducted an in-depth comparative analysis of three 
POCS: the widely recognized Kelvin cell, and the lesser-known BCC and 
gyroid lattice. Through a blend of numerical and experimental ap-
proaches, the study emphasized the design and fabrication using Laser 
Powder Bed Fusion, as well as the analysis of these structures using CFD 
simulations.  

(1) Regarding the manufacturability, various physico-morphological 
characterization techniques were utilized to determine geometric 
characteristics of 3D printed samples. The printed samples closely 

resembled their CAD counterparts, with an observed porosity 
deviating by a maximum of 15 % less than the intended design 
values.  

(2) A CFD model was validated based on pressure drop experimental 
campaign and subsequently employed to conduct an in-depth 
comparison of POCS based on shared geometric features, specif-
ically porosity and specific surface area. In terms of pressure 
drop, the BCC stands out as the superior structure. In contrast, the 
Kelvin cell registered the highest performance among all config-
urations from a heat transfer perspective. While the performance 
of the structures is relatively comparable, Gyroid configurations 
seem to offer superior momentum and heat transfer characteris-
tics at lower velocities region whereas the BCC structure dem-
onstrates superiority in the high-velocity range.  

(3) An Ergun-like correlation was formulated and validated for all 
three cell types, achieving a MAPE of less than 10 %. When 
compared with existing literature correlations, our results 
demonstrated good alignment too, with a MAPE of less than 20 
%. Concerning heat transfer, the values forecasted in this research 
show a reasonable alignment with literature figures, though they 
tend to be on the lower spectrum. 

This study advances our understanding of POCS thermohydraulic 
properties, offering insights for selecting cell types and also scaling up 
reactors or other continuous flow systems utilizing these structures, yet 
several areas remain unexplored. For example, a comprehensive anal-
ysis should also factor chemical reactions, moreover, many POCS de-
signs have yet to be investigated, and cell orientation might have a 
significant impact, particularly in the gyroid lattice. 
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Appendix A:. Physical setting details  

Table 4 
Recap of physical settings for pressure drop simulations.  

Name Value 

Operating temperature 25◦ C 
Operating pressure 1atm 
Inlet velocity {1,2, 3,⋯,9}m.s− 1 

Fluid density 1,1452kg.m− 3[9] 
Fluid viscosity 1,7805.10− 5 Pl[9]   

Table 5 
Recap of physical settings for pressure drop simulations.  

Name Symbol Value 

Inlet temperature Tin 400◦ C 
Wall temperature Twall 450◦ C 
Operating pressure Pop 1atm 
Inlet velocity vin {1,2, 3, 4,5, 6,7, 8,9}m.s− 1 

Solid density ρ(in625) 8440kg.m− 3 

Solid specific heat Cp(in625) Piecewise-linear, taken from [10] ( 500J.kg− 1.K− 1)

Solid thermal conductivity λ(in625) Piecewise-linear, taken from [10] ( 17W.m− 1.K− 1)

Fluid density ρ(N2) Computed (Fluent “incompressible-ideal-gas”) 
Fluid specific heat Cp(N2) Variable (Fluent “nasa-9-piecewise-polynomial”) 

( 1100J.kg− 1.K− 1)

Fluid thermal conductivity λ(N2) Piecewise-linear, taken from [9] ( 0,05W.m− 1.K− 1)

Fluid viscosity μ(N2) Computed (Fluent “kinetic-theory”)  

Appendix B:. Mesh convergence analysis 

A mesh convergence analysis was carried out aiming at obtaining pressure drop results independent of the grid refinement in the numerical 
investigation. For each of the three different types of structure, we made a meshing convergence study. Five meshes were tested for Kelvin and BCC 
structures, and four for Gyroid. For each of them, we made simulations corresponding to the nine flow speeds from 1 to 9 m.s− 1. We then measured the 
pressure drop obtained and compared them to the value achieved with the finest mesh. Results are shown on Figure 13, on which each point represents 
the average error of the nine speeds Considering the results of the convergence study, for each structure we retained the meshes with about 4,5M cells, 
as they allow about 1 % error and good computation time. Table 6 gives the typical settings we used to generate meshes with this number of cells. We 
used these parameters for all the other structures, including those for thermal simulations. 
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Fig. 13. Mesh sensitivity.   

Table 6 
Typical mesh generation settings.  

Setting Value 

Surface local sizing 0,05 mm on POCS surface 
General minimum surface size 0,1 mm 
Maximum surface size 0,4 mm 
Surface growth rate 1,2 
Boundary smooth transition Layers: 3, Transition ratio: 0,272, Growth rate: 1,2 
Maximum cell length 0,4 mm 
Volume growth rate 1,2  

Appendix C:. Ansys Fluent Solver setting  

Table 7 
Ansys Fluent Solver settings.  

Setting Value 

Time Steady-state 
Solver type Pressure-based 
Pressure-velocity scheme Coupled 
Gradient discretization Least squares cell based 
Spatial discretization Second order (upwind) 
Pseudo-time method Global time step 
Viscous model k- ε realizable, with scalable wall functions 
Maximum tolerated continuity residual (with all other residuals lower) 10− 4  

Appendix D:. Analysis of flow development 

To investigate the effects of the POCS inlet and outlet on pressure drop, fresh simulations were conducted using the BCC 3–0.6 geometry. 
Considering the phenomenon’s non-linear nature, the study included simulations on both a standard-length sample (15 mm) and a 1.4-times elongated 
sample (21 mm), with airflows set at 1 and 9 m/s. The actual values for the elongated sample were then compared to the extrapolated values from the 
standard sample, which were adjusted by the 1.4 factor. The results are presented in Table 8 below: As the gap is only 1 % between elongated sample 
and proportional value from standard sample, inlet and outlet effects can be considered as negligible. A length of 15 mm is found sufficient for 
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achieving a fully developed flow. Specifically, at an inlet speed of 9 m/s (the maximum speed, at which the flow requires the longest distance to fully 
develop), the velocity field exhibits periodic behavior in accordance with the geometry. As depicted in Fig. 14, for two adjacent cutting planes with an 
inlet speed of 9 m/s, the velocity field is consistently repeated from the second cell in the flow direction, confirming that the flow stabilizes after about 
6 mm. This observation underscores the establishment of a fully developed flow pattern.  

Table 8 
Effect of POCS sample length on pressure drop.  

Vin (m/ 
s) 

Pressure drop ΔP/L (Pa/m) Relative gap (Proportional – Real 
values) Standard sample length (15 

mm) 
Extrapolated value for elongated sample (* 1.4 
factor) 

Real value for elongated sample (* 1.4 
factor) 

1 1 115 1 561 1 564 0,2 % 
9 26 749 37 448 36 976 1,3 %  

Fig. 14. Analysis of Flow Development on BCC 3–0.6 for two adjacent cutting planes.  

Appendix E:. Turbulence model justification 

For flow through homogeneous porous media, for very low fluid velocity, the pressure drop is only balanced by the viscous shear stress at the solid 
surfaces (Darcy regime). When the Reynolds number is gradually increased, in the Forchheimer regime, the inertial forces related to the local ac-
celeration of the fluid particles starts contributing and the total pressure drop contains both viscous and inertial contributions. The exact limiting value 
of the Reynolds number for flow transition from Darcy regime to Forchheimer regime depends on the structure of the porous medium. The study of Das 
et al. (2017) [32] offers insight into the transition Reynolds number, using DNS on a Kelvin cell study, as depicted in Figure 15. In our operating 
condition, we predominantly observe the Forchheimer regime, suggesting that both laminar and RANS simulation could be suitable alternatives. In 
our study the choice is made to resort to RANS simulation to cover the full velocity range. 
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Fig. 15. Description of the hydrodynamic regimes based on an equivalent sphere diameter as a characteristic length scale adapted from Das et al. (2017) [32].  
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