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A B S T R A C T

This study experimentally investigates the thermo-hydraulic performance of heat sinks featuring Body-Centered 
Cubic (BCC) lattices produced from AlSi10Mg via Laser Powder Bed Fusion. The objective is to assess the in
fluence of key design parameters, such as truss inclination, lattice layout, and streamwise pitch on heat transfer 
and pressure drop characteristics. To this aim, the samples geometrical conformity and surface roughness were 
first characterized using optical and non-destructive methods, confirming good dimensional accuracy, although 
occasional surface defects caused by thermal distortion or dross formation were observed. Subsequently, tests 
were conducted on a dedicated test rig over Reynolds numbers ranging from 5000 to 27500, collecting pressure 
drop data under isothermal conditions and heat transfer data under uniform heat flux boundary conditions. The 
results showed that reducing the streamwise pitch improves thermal performance but also increases flow 
resistance. Conversely, staggered configurations reduce friction losses at the expenses of some heat transfer ef
ficiency. Variations in truss inclination had instead minimal impact. The introduction of a modified hydraulic 
diameter quantifying the unit cell density, and the streamwise pitch parameter enabled a novel normalization 
method that successfully collapsed the performance data across all configurations. Finally, by evaluating the 
Thermal Performance Factor for each dataset, the study identified the optimal trade-off between friction losses 
and thermal performances among all tested geometries.

1. Introduction

The growing need for compact, lightweight, and energy-efficient 
thermal management systems across high-performance industries such 
as aerospace [1], automotive [2], electronics [3], and renewable energy 
[4] has spurred significant advances in heat exchanger design. Their 
performance directly affects efficiency, reliability, and operational 
safety of the systems they support. However, traditional manufacturing 
techniques—such as milling, welding, brazing, and extrusion—limit the 
design and performance potential of HXs. These subtractive methods 
generate material waste and require complex assemblies, adding weight 
and increasing the risk of leaks at joints.

Recent breakthroughs in additive manufacturing (AM), particularly 
metal 3D printing, offer a transformative shift in heat exchangers design 
and production. By constructing components layer by layer from digital 
models, AM minimizes material waste and enables the fabrication of 
monolithic structures with highly intricate geometries previously 

unattainable through conventional methods [5]. This design flexibility 
enables conformal flow paths, multiscale features, and increased surface 
area, all of which enhance heat transfer efficiency and reduced pressure 
losses [6]. These capabilities are further amplified by the integration of 
computational design tools and optimization algorithms [7–9], which 
enable systematic tailoring of internal topologies to optimize thermo
hydraulic performance.

To enhance thermal effectiveness, several strategies are widely 
adopted in modern heat exchangers designs. These include surface 
texturing, microchannel integration, turbulence promoters, cellular 
materials, and more advanced heat transfer mechanisms such as jet 
impingement and heat pipes [2]. Among these, cellular materials and 
turbulence promoters have garnered particular interest due to the geo
metric complexity they can assume when manufactured via AM. This 
stimulated extensive research focused on engineered structures like 
triply periodic minimal surfaces (TPMS) and lattice architectures, which 
demonstrate significant potential for enhancing temperature uniformity, 
promoting turbulence, and optimizing flow distribution [10–12].
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Several numerical and experimental studies have demonstrated the 
thermohydraulic benefits of TPMS-based and lattice-structured heat 
exchangers. Song et al. [13], Catchpole-Smith et al. [14] and Vaglio 
et al. [15] investigated gyroid and other TPMS geometries, highlighting 
how unit cell size, porosity ratio, and volume fraction significantly in
fluence heat transfer and thermal conductivity. Tang et al. [16] further 
enhanced a TPMS structure by integrating pin fins, identifying mecha
nisms such as longitudinal vortex generation and increased surface area 
as contributors to thermal improvement. Gao et al. [17] explored cell 
size gradients in AM copper structures, showing that smaller cells 
enhanced heat transfer but increased pressure drop, revealing a per
formance trade-off between effectiveness and pressure penalty. Huang 
et al. [18] and Park et al. [19] extended these insights by quantifying 
thermal conductivity in BCC lattices and analyzing the influence of 
structural parameters such as strut diameter and inclination angle.

Lattice-frame materials combine porosity, a high surface area-to- 
volume ratio, and structural stability [20], making them well-suited 
for aerospace applications. Narkhede et al. [21] evaluated octet lattice 
heat sinks fabricated from AlSi10Mg, finding that reduced porosity and 
smaller unit cells enhanced thermal dissipation but increased pressure 
loss. Lorenzon et al. [22] investigated the thermal and fluid dynamic 
performance of BCC arrays with circular cross sections, showing that an 
increase in strut diameter can intensify both heat transfer and pressure 
losses, thereby resulting in comparable overall performance, and that 
normalization by the BCC hydraulic diameter enables the formulation of 
reliable predictive correlations. Wong et al. [23] compared conventional 
and innovative fin geometries, revealing that staggered arrays of ellip
tical cross section fins offered the best balance between heat transfer and 
pressure drop, while complex lattice designs sometimes underperformed 

due to poor fluid interaction. Lorenzon et al. [24] confirmed the superior 
performance of the elliptical cross section in BCC arrays by comparing 
its thermal and fluid dynamic behavior against circular, drop, and cam 
cross sections. They found that tapered profiles lower pressure losses, 
boost Nusselt numbers, and provide a Thermal Performance Factor 
(TPF) above one, even at high Reynolds numbers. Elliptical trusses 
showed the best overall performance.

A particularly notable contribution is that of Kemerli et al. [25], who 
conducted a numerical analysis of conjugate forced convection in a 
sandwich panel heat exchanger featuring a Kagome truss core. Their 
study examined the influence of Reynolds number, strut length, and 
diameter under both constant heat flux and constant temperature 
boundary conditions. Results indicated that shorter strut lengths 
significantly improved heat transfer due to induced complex flow 
structures and vortex formation. While larger diameters slightly 
increased thermal performance, their effect diminished at shorter 
lengths. Importantly, Kemerli et al. emphasized that unit cell geometry 
plays a critical role in defining the overall thermal and hydraulic 
response, and that heat transfer can be improved at a fixed pumping 
power by selecting appropriate geometric parameters. These findings 
underscore the importance of geometrically optimized truss architec
tures in designing next-generation heat exchangers.

Complementary to cellular structures, turbulence promoters have 
also proven effective in enhancing convective heat transfer. Narato et al. 
[26] demonstrated how angled cylindrical pins generate counter- 
rotating vortices, improving thermal performance with reduced pres
sure losses. Similarly, Maji et al. [27] and Zhao et al. [28] analyzed 
perforated and angled pin fins, emphasizing how optimized shapes and 
layouts can improve heat dissipation and energy efficiency. Lorenzon 

Nomenclature

Latin symbols
Ac flow cross-section area [m2]
Ar reference surface area for heat transfer [m2]
Aw wetted surface area [m2]
cp specific heat capacity [J/(kg K)]
dx BCC dimension in streamwise direction [m]
dy BCC dimension in crosswise direction [m]
DBCC hydraulic diameter of the heat exchanger [m]
Dh hydraulic diameter [m]
E supplied voltage [V]
f friction factor
f0 friction factor of the smooth channel
fn modified friction factor
h Convective heat transfer coefficient [W/m2 K]
H channel height [m]
I supplied current intensity [A]
k thermal conductivity [W/(Km)]
LΔp distance between pressure taps [m]
ṁ air flow rate [kg/s]
Nu Nusselt number
Nu0 Nusselt number of the smooth channel
Nun modified Nusselt number
P wet perimeter of the flow area [m]
Δp pressure drop [Pa]
Qair heat rate received by air [W]
Qel input heat power [W]
R overall thermal resistance [K/W]
Ra roughness average [μm]
Re channel Reynolds number
Re* modified channel Reynolds number
Sx streamwise BCC spacing [m]

Sy spanwise BCC spacing [m]
TAl internal temperature of the instrumented aluminum block 

[◦C]
TIN inlet air temperature [◦C]
TOUT outlet air temperature [◦C]
TOUT,c air temperature at the throat section [◦C]
Tw internal channel surface temperature [◦C]
ΔTml log mean temperature difference [◦C]
Ub bulk velocity [m/s]
UIN bulk velocity at the section inlet [m/s]
UOUT,c bulk velocity at the outlet throat section [m/s]
Vw enclosed wetted volume [m3]
Wa waviness average [μm]
X,Y,Z channel reference system: streamwise, spanwise and 

crosswise directions

Greek symbols
α thermal diffusivity
ε mean height of roughness [μm]
λc cut-off wavelength [mm]
μ dynamic viscosity [Pa s]
ρ density [kg/m3]

Acronyms
AM Additive Manufacturing
BCC Body-Centered Cubic
FEA Finte Element Anlysis
LPBF Laser Powder Bed Fusion
MDF Medium-Density Fibreboard
SEM Scanning Electron Microscope
TC Thermocouple
TPF Thermal Performance Factor
TPMS Triply Periodic Minimal Surfaces
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et al. [29] investigated the thermal and hydraulic performance of 
pin–fin arrays in annular channels, optimizing the pin geometry while 
accounting for manufacturability constraints. Sertkaya et al. [30] 
further evaluated natural convection and radiation effects in pin fin 
configurations, while Xu et al. [31] explored X-shaped vortex generators 
in fin-tube heat exchangers, employing artificial intelligence-driven 
optimization to significantly boost thermal performance. Notably, 
Vaglio et al. [15] recently showed that these types of structures still 
outperform the most advanced architectures currently attracting atten
tion in both academia and industry.

Despite extensive recent research, key gaps remain in the current 
literature. Studies often lack standardized metrics for comparing ther
mal and hydraulic performance, and inconsistencies in defining geo
metric parameters impede the development of generalized design 
guidelines. Furthermore, many investigations rely exclusively on nu
merical simulations without accounting for manufacturability con
straints or the actual physical properties of AM materials. Detailed 
characterization of surface morphology, roughness, dimensional accu
racy, and thermal conductivity is frequently omitted, compromising the 
replicability and applicability of proposed solutions. A summary of the 
most relevant recent works investigating the thermo-fluid dynamic 
behavior of engineered materials and pin fin arrays is provided in 
Table 1.

To address these gaps, future research should focus on relatively 
simple yet representative geometries tested under standardized condi
tions to produce reliable datasets and performance correlations. This 
strategy will enable more robust, data-driven development of next- 
generation heat exchangers.

Building upon previous studies that sequentially optimized the truss 
size and cross-sectional shape of Body-Centered Cubic lattice structures 
[22,24], this work systematically investigates the effects of higher-order 
geometric parameters, namely truss aperture angle, lattice spatial 
configuration, and streamwise pitch variation, on the thermal and hy
draulic performance of qualified BCC lattice structures fabricated from 
AlSi10Mg using Laser Powder Bed Fusion. By so doing, fundamental 
dimensionless groups for the normalization of the observed phenomena 
were successfully derived, and the parameters governing performance 
were identified, thereby providing valuable insights and a practical 
framework for the predictive design and optimization of advanced 
lattice-based thermal management solutions.

2. Experimental methods

2.1. Investigated geometries

The geometries examined in this study are shown in Figs. 1 and 2. 
They are all derived from geometry A, which was selected from a pre
vious study [24] as the best-performing among similar geometries that 
differ only in the shape of the BCC truss cross-section. In this investi
gation, the focus is on evaluating how the BCC truss aperture angle 
(affecting shape), the BCC matrix arrangement, and the pitch variation 
in the streamwise direction (Sx in Fig. 1) influence aero-thermal 
behavior. The pitch in the crosswise direction, Sy, is not considered in 
this study and will be addressed in future work.

The external dimensions of all specimens were kept constant (see 
Fig. 2) and consistent with previous studies [22,24]. Six geometries were 
defined, allowing a comparative analysis to isolate the effects of indi
vidual geometric parameters on aero-thermal performance. The initial 
geometry, designated as A, features an Sx equal to twice the length of the 
BCC unit in the same direction (Sx = 28 mm, dx = 14 mm; see Table 2). 
From this configuration, the geometry labelled AP was derived by 
reducing Sx to 24 mm, corresponding to twice the average cell size in the 
x and y directions. A second variant, designated AS, is geometrically 
identical to the original but features a staggered placement of the unit 
cells in the y direction by half a pitch.

The geometries denoted B (and any suffixes) described below are all 

characterized by a variation in the shape of the unit cell. In particular, 
the angle formed by the axis of the rods with the confinement planes 
changes from 30◦ in geometry A to 45◦ in geometry B (see Fig. 2). This 
also alters the unit cell footprint, which becomes square (10 × 10 mm) 
instead of rectangular.

Geometry B exhibits cell positioning that is analogous to geometry A, 
and the cross-comparison of their results will therefore highlight only 
the effect of the BCC shape.

Starting from this geometry, and following the same criteria adopted 
to generate the geometries derived from A, pitch and relative row 
positioning variations were introduced. The following variations were 
thus obtained: 

• BP: with respect to B, a reduction in pitch from 28 mm to 20 mm, 
which is twice the average of the BCC dimensions;

Table 1 
Overview of key studies examining the properties of advanced structures for 
thermal management.

Ref. Structure type Production Process Analysis method

[13] TPMS (Gyroid) − FEA
[14] TPMS (Gyroid, 

Diamond, Schwarz)
LPBF (Hastelloy-X 
and Ti6Al4V)

FEA and thermal 
conductivity

[15] TPMS (Gyroid), 
Lattice (BCC and 
Octahedral), Pin 
Fins

LPBF (316L SS) Experimental investigation 
on heat transfer and 
pressure drop

[16] TPMS (Gyroid) +
Pin Fins

LPBF (AlSi10Mg) FEA and experimental 
termofluidynamic 
investigation

[17] TPMS (Gradient 
Cell Size)

LPBF (Pure Copper) FEA, wall thickness and 
surface roughness (RH- 
2000 optical microscope) 
and experimental 
termofluidynamic 
investigation

[18] BCC Lattice 
(Gradient Porosity)

LPBF (316L SS) FEA, truss diameter (SEM) 
and thermal conductivity

[19] BCC Lattice LPBF (AlSi7Mg) FEA and experimental 
termofluidynamic 
investigation

[20] Lattice-Frame 
Material 
(Tetrahedral)

Polyjet and Binderjet 
(Fullcure 720 and 
420 stainless steel 
and bronze)

FEA and experimental 
termofluidynamic 
investigation

[21] Octet Lattice − FEA
[22] BCC Lattice LPBF (AlSi10Mg) Experimental investigation 

on heat transfer and 
pressure drop

[23] Pin Fins, Lattice, 
Fins (Rounded/ 
Elliptic)

LPBF (Al6061) Convective heat transfer 
and pressure losses 
investigation

[24] BCC Lattice 
(Rounded/Elliptic/ 
Drop/Cam)

LPBF (AlSi10Mg) Experimental investigation 
on heat transfer and 
pressure drop

[25] Kagome Truss − FEA
[26] Inclined Cylindrical 

Pin Fins
− FEA, flow and heat transfer 

characteristics 
investigation

[27] Perforated Pin Fins − FEA, validation with 
existing numerical and 
experimental work

[28] Square Micro Pin 
Fins

− FEA (optimization of shape 
and layout)

[29] Pin Fins LPBF (316L SS) Experimental investigation 
on heat transfer and 
pressure drop

[30] Pin Fins and Plates Al6011 Experimental investigation 
on natural convection heat 
transfer

[31] Fin-Tube + X- 
shaped Vortex Gens

− FEA, experimental 
termofluidynamic 
investigation and ANN 
optimization
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• BS: with respect to B, positioning in y direction staggered by half a 
pitch, resulting in a geometry identical to AS, except for the unit cell 
shape;

• BPS: compared to BS, a reduction in pitch to 20 mm (identical to the 
reduction applied to BP).

Fig. 1. Schematic view of the geometries selected for the investigation, red dashed lines indicate the actual position of the confining walls for *-mod geometries.

Fig. 2. Test section external dimensions (left), geometrical details of the BCC unitary cells (centre), and shape and dimension of the BCC truss cross section (right).
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As illustrated in Fig. 1 and Table 2, changes in pitch and matrix 
arrangement inevitably lead to variations in the number of rows, the 
number of elements per row and, consequently, the total number of unit 
elements constituting the heat exchanger, while the external dimensions 
remain constant. These variations naturally affect performance and will 
be accounted for in the subsequent data analysis through appropriate 
normalization.

Moreover, configurations with half-pitch staggered rows (AS, BS, and 
BPS) feature rows composed of six cells—rather than alternating be
tween six and seven elements as in other configurations. This results in a 
larger gap between the lateral confinement wall and the first or last 
element of a row, potentially allowing for lateral bypass flow, which can 
impact the performance of the heat exchanger. Due to the complete lack 
of optical access inside the Aluminium test specimen, it was not possible 
to perform flow measurements or simple flow visualization to verify the 
existence and eventually quantify the by-pass flow. Therefore, to 
investigate this effect, geometries AS, BS, and BPS were modified by 
adding plexiglass side buffers made from a non-conductive material, 
similar to the outer side walls used throughout, to restore the minimum 
distance between a cell and the side wall to 5 mm, consistent with other 
geometries. The position of these lateral buffers is indicated by red 
dashed lines in Fig. 1. This modification reduces the crosswise dimen
sion of the test section (from 140 mm to 125 mm) and decreases the inlet 
cross section area Ac, its perimeter P, and the hydraulic diameter Dh 
(from 18.67 mm to 18.52 mm), resulting in the modified geometries: AS- 
mod, BS-mod, and BPS-mod.

The specimens used in this study were produced using a Concept 
Laser M2 Cusing machine operating in an inert atmosphere consisting of 
99.8 % argon. The AlSi10Mg alloy powder (see Table 3) exhibited a 
spherical morphology and a particle size distribution ranging from 23.2 
µm (10th percentile) to 46.6 µm (90th percentile), with median of 32.8 
µm. To optimize the properties of the fabricated parts, an advanced 
processing strategy was implemented, employing specific process pa
rameters for the core region, a 2 mm-thick skin, and the outer contour, 
which was scanned twice with overlapping exposures to reduce surface 
roughness (see Table 4).

After the LPBF process, the specimens were removed from the build 
platform, heat treated at 240◦C for six hours to relieve residual stresses, 
and machined on the outer surfaces to meet testing tolerances.

Also in this case, the lack of optical accessibility inside the 
Aluminium test specimen prevented direct inspection for geometric and 
surface characterization. Therefore, sectioned specimens consisting of a 
flat wall and a pair of BCC half-cells per configuration were concurrently 

produced for this purpose. Overall, the procedures and methods applied 
in this work are consistent with those adopted in previous studies 
[22,24], which can therefore be used for comparison.

2.2. Samples characterization

The geometric features of the BCC cells were examined using a 
Hexagon RS6 laser scanner mounted on an absolute arm featuring seven 
degrees of freedom. The blue light scanner captured 4,000 points at a 
time over 150 mm scan lines with an accuracy of 0.026 mm (2σ), while 
the overall measurement system accuracy was ±0.047 mm [32]. The 
acquired data were then post-processed to exclude points with an inci
dence angle exceeding 75◦, reduce noise through a medium-intensity 
statistical filter, and maintain a minimum inter-point spacing of 0.05 
mm. Subsequently, the point cloud was aligned with the CAD models 
through a best-fit algorithm, and deviations between measured points 
and nominal surfaces were calculated.

The results summarized in Tab. 5 show that the absolute mean de
viation and dispersion were consistent with the process-specific accu
racy across all configurations and well aligned with the outcomes of 
previous works [22,24]. In more detail, the mean absolute error for 
identical configurations differed by only 0.011 mm, while it did not 
exceed 0.032 mm across all configurations tested, with an overall 
standard deviation of σ = 0.012 mm, which reflects a satisfactory degree 
of manufacturing repeatability. Conversely, the maximum deviation was 
notably higher than previously reported, both when comparing different 
geometries and sizes, and within specimens of the same type [24].

In the A-BCC configuration, the maximum deviation occurred near 
the midpoint of the upper trusses (see Fig. 3), where a distinct discon
tinuity likely resulted from abrupt truss displacements caused by the 
progressive accumulation of thermal stresses and subsequent misalign
ment of layers. This phenomenon was not previously observed and 
highlights potential limitations in process repeatability. In particular, 
the build platform composition appears critical, as a high part count per 
build job extends cooling intervals between scans of successive layers on 
the same part, potentially exacerbating thermal stresses.

In the B-BCC configuration, the maximum deviation was instead 
found on the down-skin surfaces of the trusses, where pronounced im
perfections were evident. These defects likely resulted from deformation 
and dross formation due to heat penetration from the solid substrate into 
the underlying powder bed, which in this configuration is heightened by 
the steep inclination angles of the surfaces. Overall, the B-BCC config
uration shows inferior geometric accuracy, but it remains suitable for 
industrial applications.

The surface characteristics of the samples were instead analyzed 
using a Sensofar S neox Five Axis confocal microscope equipped with a 

Table 2 
Geometrical details of the investigated geometries.

Geometry # of 
BCC

# of 
BCC 
rows

BCC Cell 
dimensions 
[mm]

Pitch 
[mm]

Dh 

[mm]
DBCC 

[mm]

dx dy Sx Sy

A 52 8 14 10 28 20 18.67 13.19
AP 59 9 14 10 24 20 18.67 12.68
AS 48 8 14 10 28 20 18.67 13.53
AS-mod 48 8 14 10 28 20 18.52 13.00
B 52 8 10 10 28 20 18.67 13.61
BP 72 11 10 10 20 20 18.67 12.25
BS 48 8 10 10 28 20 18.67 13.91
BS-mod 48 8 10 10 28 20 18.52 13.40
BPS 66 11 10 10 20 20 18.67 12.63
BPS-mod 66 11 10 10 20 20 18.52 12.07

Table 3 
Chemical composition of the AlSi10Mg powders.

Chemical element Al Si Mg Fe Ti Zn

Content [wt%] Base 10.38 0.26 0.17 0.02 0.01

Table 4 
LPBF parameters adopted to produce the samples.

Core surface Skin surface Contour Contour

I pass II pass

Power 370 W 200 W 200 W 200 W
Scanning speed 1400 mm/s 800 mm/s 1250 mm/s 350 mm/s
Spot diameter 190 μm 140 μm 100 μm 50 μm
Layer thickness 50 μm 25 μm 25 μm 25 μm
Hatch distance 0.112 mm 0.112 mm − −

Exposure Checkerboard − − −

Table 5 
Geometrical deviation of samples measured by laser-scanning.

Sample Absolute mean deviation Dispersion 
(Standard deviation)

Maximum 
deviation

A-BCC 0.037 mm 0.068 mm 0.422 mm
B-BCC 0.058 mm 0.094 mm 0.424 mm
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Nikon EPI 5x objective by scanning both the flat surface and the over
lying trusses parallel to the imaging plane, with step increments of 12 
µm. The green light scanner captured images at a resolution of 1224 ×
1024 pixels over areas measuring 3378.24 × 2826.24 µm2, with a 30 % 
overlap to enable focal plane reconstruction. Measurement accuracy and 
repeatability exceeded 600 nm and 20 nm, respectively [33]. The ac
quired data were subsequently post-processed using a dedicated low- 
intensity filter to reduce noise. Surface morphology was then assessed 
by extracting a 1 × 1 mm2 region, which was levelled using a linear areal 
Gaussian filter (λc,FALG = 1.144 mm) [24].

The analysis revealed that the flat walls were smooth and devoid of 
significant defects, whereas the trusses were characterized by surface 
irregularities in the form of discrete protrusions and dips (see Fig. 4). In 
the A-BCC configuration, low-frequency undulations presumably 
induced by thermal shrinkage and stresses were also noticeable pri
marily on the up-skins, while they were likely masked by dross accu
mulation on the down-skins. Conversely, undulations were significantly 
attenuated in the B-BCC configuration, possibly due to the reduced 
slenderness of the trusses, which may limit micro-displacements during 
the manufacturing process. Compared to previous investigations, the 
truss surfaces exhibited slightly improved uniformity, with fewer 
localized defects on the up-skins and reduced low-frequency undulations 
on the down-skins.

On the other hand, the Roughness average (Ra) and Waviness 
average (Wa) were evaluated by extracting 4.8 mm long profiles from 
the centreline of the flat walls and from each truss, which were pro
cessed following the ISO 4287 standard [34], using a cut-off wavelength 
of λc = 0.8mm. This approach yielded representative roughness and 
waviness values that reflect intermediate surface conditions between the 
extremes found at the steepest overhang angles. The results presented in 
Table 6 show that the cell type does not have a statistically significant 
effect on either Ra (p = 0.99) or Wa (p = 0.20), whereas surface 
orientation significantly influences both parameters (p ≤ 0.05). In more 
detail, Ra was found to be 36 % higher on the down-skins, where the 
accumulation of weakly sintered dross is more pronounced, while Wa 
was 85 % higher on the up-skins, where interlayer misalignments caused 
by thermal stresses are more pronounced. Notably, the flat walls 
exhibited the highest roughness and the lowest waviness.

Compared to previous investigations, the flat walls exhibited a 125 % 
increase in surface roughness, while waviness remained comparable. 
Conversely, trusses with identical geometry exhibited average increases 
of 87 % in roughness and 43 % in waviness, reflecting significant dif
ferences likely caused by the powder quality and aging [35], as well as 
the composition and nesting density of parts on the build platform.

Overall, considering all the configurations investigated in this and 
previous studies, the standard deviation of surface roughness for the up- 
skins and down-skins was found to be σRa up = 1.48 μm e σRa down =

2.40 μm, respectively, while for surface waviness it was σWa up =

6.00 μm e σWa down = 1.92μm, respectively. These values correspond to 
approximately 23 % of the respective measurements in the present 
study, highlighting a consistent and reliable degree of manufacturing 
repeatability.

Finally, previous tests conducted in [36] on samples produced by the 
authors of the present paper using the same equipment, process pa
rameters, and procedures showed that the thermal conductivity and 
thermal diffusivity of the LPBF material are k = 175W/(m K) and α =

73.8 mm2/s, respectively.

3. Experimental apparatus and data reduction

3.1. Test facility

The test rig used to perform the experiment (Fig. 5) is installed in the 
Environmental and Energy Systems Laboratory at the University of 
Udine and is the same setup employed in the previous contributions 
[22,24]. Accordingly, only the main features are described here, and the 
reader is referred to the cited literature for further details.

The test rig is operated in suction mode by means of a centrifugal fan, 
whose rotational speed can be adjusted to regulate the flow rate. 
Ambient air is sucked into the rig through a 9:1 contraction and then 
flows through the smooth entry channel, which shares the same internal 
cross-sectional dimensions as the test specimens (i.e., 140 × 10 mm2) 
and has a length equal to 155 hydraulic diameters. Then, the test 
specimen follows, and a second smooth channel connects its outlet to a 
settling chamber. Wooden flanges are used to connect the test section to 
both the inlet and outlet channels, serving also as thermal breaks. 
Finally, the air goes through two different flow meters, namely a digital 
YEWFLO DY025-S2 (0–100 kg/min range and ±1.0 % uncertainty), and 
a calibrated orifice flow meter. The digital flow meter enables for more 
accurate measurements at low Reynolds number (below 10000), while 
the orifice one is used for higher flow rates to limit the rig pressure losses 
and allows reaching a maximum Reynolds number of about 28000, 
depending on the actual geometry under test.

Pressure taps are located both upstream and downstream of the test 
specimen and are embedded within the connection flanges (see Fig. 5). 
Inlet air temperature is provided by 2 K-type thermocouples installed in 
the last portion of the entry channel (TIN in Figs. 5 and 6), while outlet 
temperature is measured by 4 K-type thermocouples mounted in the 

Fig. 3. Dimensional error of the A-BCC and B-BCC configurations determined 
by examining the sectioned samples with the laser scanner.
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throat section of a 5:1 contraction at the outlet of the test specimen, 
(TOUT,c in Figs. 5 and 6). This arrangement provides a better estimation 
of the bulk flow temperature. However, due to the very high velocities in 
the contraction, the thermocouple readings must be corrected for 
convective effects using an experimentally determined recovery factor 
(see [22,24] for more details). These signals are further elaborated to 
compute the actual temperature at the test section outlet (TOUT in Fig. 6), 
as it will be clarified in the next section.

The heat transfer performances are measured with the assumption of 
constant heat flux applied to the external surfaces of the heat ex
changers. This is done by adopting the hardware schematically depicted 
in Fig. 6, which is composed by the following components, from the test 
section outwards: 

• An aluminium block instrumented with 12T-Type thermocouples is 
in contact with the external surface of the test section (high-thermal- 
conductivity grease, k = 11 W/m K, is applied at the interfaces)

• A thin paper sheet (resistant up to 220 *C) is used as electrical 
insulator

• 25 μm thick Inconel 665 alloy foil provides the required heat flux by 
Joule effect (powered by a variable DC supply)

• A thermal insulator foil is interposed between the Inconel foil and a 
MDF panel, which serves both as a support for applying compression 
via multiple screw jacks and as additional thermal insulation.

This stack is mirrored on both sides of the test section, with the two 
Inconel foils connected in series to the power supply to ensure a uniform 
heat flux on both external surfaces of the heat exchanger. The instru
mented aluminium block, thanks to the high thermal conductivity, en
sures a better uniformity of the heat supply to the test specimen. Finally, 
in order to reduce as much as possible the thermal dissipation towards 
the environment, the test section was isolated by a thick layer of rock 
wool.

To ensure the lowest possible experimental uncertainty, all the above 
mentioned thermocouples were connected to a common reference cold 
joint and were calibrated in a thermal oil bath (so minimizing the 
relative errors).

Pressure drop measurements were carried out with the test section in 
isothermal condition with the ambient air (i.e. without applied heat 
flux), to eliminate the influence of temperature-dependent fluid prop
erty variations. A water column micromanometer (0–200 mmH2O range 
and ±0.035 mmH2O uncertainty) was used to collect the static pressure 
drops across the heat exchangers.

Heat transfer measurements were carried out under stationary 
thermal conditions, defined as the point at which temperature readings 
from the aluminium blocks varied by no more than ±0.05 ◦C over a time 
interval of 15 min. At steady state, data logging started for 5 min at a 
sampling frequency of 1 Hz. The recorded data were then time-averaged 
and used to evaluate heat transfer performance, as described in the 
following section.

It is important to note that both the test rig and experimental 
methodology (including the data reduction procedures described in the 
next subsection) were previously validated by comparing the aero- 
thermal performance of a smooth channel with benchmark data from 

Fig. 4. Surface morphology of the up-skin and down-skin surfaces of the A-BCC and B-BCC configurations determined by examining the sectioned samples with the 
confocal microscope.

Table 6 
Roughness average Ra and Waviness average Wa of the samples.

Ra(λc = 0.8 mm) [µm] Wa(λc = 0.8 mm) [µm]

Mean Standard deviation Mean Standard deviation

Flat walls 10.63 0.37 2.95 0.01
A-BCC up-skins 7.29 0.03 25.40 2.85
A-BCC down-skins 9.00 2.26 12.15 4.73
B-BCC up-skins 6.51 0.07 17.55 5.23
B-BCC down-skins 9.82 1.86 11.04 3.37
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the literature [22,24]. therefore, these aspects are not addressed here for 
the sake of brevity.

3.2. Data reduction

The aero-thermal performances of the different heat exchangers is 

presented in non-dimensional form by the friction factor (f) and the 
Nusselt number (Nu) as a function of the Reynolds number (Eq. (1)). 
This latter is referred to the flow condition at the test section entry and 
the hydraulic diameter in Eq. (2) is used as reference length scale. 

Re =
ρUbDh

μ (1) 

Fig. 5. Test rig layout (a) and details of the test section installation (b).

Fig. 6. Schematic view (cross section) of the test section installed for the heat transfer measurements (a), and details of the 12 thermocouples used to monitor the 
aluminium wall temperature (b).
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Dh =
4Ac

P
(2) 

where all the variables are evaluated at the inlet of the test section. In 
particular the values of Ac = 140*10mm2 and P = 2*(140+10)mm are 
used for all geometries, except for the modified configurations AS-mod, 
BS-mod, and BPS-mod, where Ac = 125*10mm2 and P =

2*(125+10)mm are used.
The flow resistance is quantified by the friction factor (f) defined in 

Eq. (3). In this equation, the static pressure difference (Δp) between 
upstream and downstream pressure taps accurately represents the total 
pressure drop. This is because of the equal size of inlet and outlet sec
tions and the isothermal condition in which pressure drop tests were 
performed. 

f = Δp
Dh

LΔp

2
ρU2

b
(3) 

In Eq. (3), LΔp represents the distance between the pressure taps (see 
Fig. 5), and both air density and bulk velocity are evaluated at the inlet 
of the test section.

The Nusselt number is evaluated according to Eq. (4) and attributed 
to the reference area Ar = 140*224mm2 (i.e. the surface of the confining 
plates, see Fig. 2). The reference area is reduced to the smaller value of 
Ar = 125*224mm2 for the modified geometries AS-mod, BS-mod, and 
BPS-mod. 

Nu = h
Dh

k
=

Qel

ArΔTml

Dh

k
(4) 

The input power Qel to compute the Nusselt number is assumed equal 
to the electric DC power supplied to the Inconel sheets: 

Qel = EI (5) 

It has to be mentioned that not all the input electric power is dissi
pated by the air flow convection. A portion is inevitably lost through 
conduction in the test rig and to the surrounding environment. However, 
thanks to the good thermal insulation of the test section, the heat losses 
were limited to few percent of the input value, as can be appreciated in 
Fig. 7 where the power balance computed according to Eq. (6) is 
reported. 

Qair = ṁcp
(
TOUT,c − TIN

)
+ ṁ

U2
OUT,c − U2

IN

2
(6) 

For most tests, the power balance remained within ±5 %, which is 

sufficiently low to avoid additional effort for the estimation of power 
losses.

As the temperature difference for computing the Nu number, the 
logarithmic mean value is chosen and computed according to Eq. (7). 

ΔTml =
TOUT − TIN

ln
(

TOUT − Tw
TIN − Tw

) (7) 

In this equation, TIN is the flow inlet temperature, computed as the 
averaged value of the inlet thermocouples readings (Fig. 5). TOUT comes 
from the averaged values of 4 temperature measurements at the outlet 
throat section (TOUT,c in Figs. 5 and 6) and assuming a flow evolution at 
constant total enthalpy from test section outlet and throat sections [24]. 
Finally, the aluminium internal wall temperature Tw is computed from 
the temperature readings of the of the thermocouples inside the 
instrumented aluminium blocks and by means of a 1D conduction 
analysis as described in Eq. (8). 

Tw = TAl − RQel (8) 

The overall thermal resistance (R = 9.39 10-5 m2K/W) is estimated 
by a series of resistances, as depicted in Fig. 6. The thermal conductivity 
of the test specimens was available from experimental measurements, 
while that of the aluminium blocks was derived from the vendor’s 
datasheet. Since thermally conductive paste was applied during the as
sembly of the heating elements, and the components were firmly pressed 
against the test section, the contact thermal resistance was neglected in 
the calculation (the thermal contact resistance at the interface, filled 
with the conductive grease, is estimated about 35 time lower than that of 
metal parts).

TAl in Eq. (8) represents the average of the readings from the 12 
thermocouples embedded in each aluminium block. It was decided to 
use the average values since the experimental data show a very limited 
variation of the metal temperature among the different positions (typi
cally, the spatial variation was ±1.15 ◦C about the averaged value).

To estimate the experimental uncertainty associated with the per
formance parameters, the same approach adopted in [22] and based on 
the Kline and McClintock’s method [37] was used. Consequently, only 
some of the estimates are here reported. At Reynolds number below 
7500, upper estimates of about 11.3 % and 9.1 % can be assumed for the 
uncertainties about the friction factor and Nusselt number, respectively. 
At higher Reynolds numbers (above about 8000), the uncertainty drops 
down to a maximum of 5.2 % for the friction factor and 6.3 % for the 

Fig. 7. Power balance as a function of the Reynolds number.
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Nusselt number. For the Reynolds number, the uncertainty estimate is 
below 3.8 % in the whole range here investigated. Experimental 
repeatability was also assessed at the lowest and highest flow conditions 
(Re = 5000 and Re = 27000) through six repeated tests for geometries 
AS, AP, B, BS, and BP, yielding a repeatability within 7.5 %.

4. Results and discussion

4.1. Results for A geometry

Fig. 8 reports the friction factor and the Nusselt number for the 
starting geometry A and those derived therefrom. Although geometry A 
was already investigated in [24], it was tested again in this experimental 
campaign to provide a baseline and to verify the proper functioning of 
the test rig, successfully confirming previous results. By comparing the 
data of A and AP geometries, the effect of a pitch reduction can be 
appreciated: it determines an increase of pressure losses associated with 
an increase of Nusselt number. The friction factor for AP is approxi
mately 6 % higher than that of A across all tested flow regimes, as ex
pected given that the pitch reduction involves the introduction of an 
extra row of BCC. This also translates in a higher heat transfer capability 
that is more pronounced for Re above 15000.

In contrast, changing the matrix arrangement reduces the total 
number of BCC cells and increases the spacing between the first and last 
cell in a row and the lateral confining walls (compare geometries A and 
AS in Fig. 1). As a result, the friction factor for AS is approximately 32 % 
lower than that of A, and this is accompanied by a significant reduction 
in thermal performance, with the Nusselt number decreasing by about 
15 %. Obviously, there is a doubt that this drastic decrease in pressure 
losses and heat exchange capacities is associated with the possible 
lateral bypass flow that could arise given the new arrangement of the 
cells on the matrix. However, this doubt can be resolved by comparing 
the data for AS and AS-mod. In the latter configuration, the minimum 
distance between the BCC and the lateral wall is equal to that of ge
ometry A (with a consequent reduction of the Dh, see Fig. 1 and Table 2). 
The friction factor and Nusselt number for AS-mod are only marginally 
higher than those of AS, confirming that although some bypass flow 
occurs, its impact on overall performance is limited. It is therefore 
possible to conclude that the difference in performance with respect to 
configuration A is mainly due to the matrix arrangement.

4.2. Results for B geometry

Geometry B introduces a modification to the BCC truss inclination 
angle (Fig. 2), altering the shape of the unit cell. Surprisingly, this has 
practically no effects on the aero-thermal performance, as can be 
appreciated in Fig. 9. Friction losses and Nu number are nearly identical 
for geometries A and B, which are the same in all respects except for the 
truss inclination. The same observation holds when comparing geome
tries AS and BS. It can be therefore concluded that the inclination of the 
BCC truss (which modifies the footprint of the elementary cell) does not 
significantly affect the internal fluid dynamics (which govern the forced 
convection process) or the conjugate conduction within the metal.

The effects of the variation of the other geometrical parameters on 
the aero-thermal performances of geometry type B are reported in 
Fig. 10. A reduction of the streamwise pitch produces also in this case an 
increase of both pressure losses and heat transfer (compare B vs BP and 
BS vs BPS) but, differently from geometry A, the differences are more 
pronounced. Indeed, for both B and BS geometries, the pitch reduction 
determines the addition of three more rows of BCC (see Fig. 1) which 
turns into higher augmentation of the friction factor (about 18 % more) 
and Nu (about 15 % more). In contrast, the pitch reduction in geometry 
A accommodates only one additional row, resulting in a less pronounced 
variation in performance (see previous subsection and Fig. 8).

Staggering the BCC rows by half a crosswise pitch in geometry B 
yields similar effects to those observed in geometry A (Fig. 10, compare 
B vs BS and BP vs BPS): the friction factor decreases significantly 
(approximately 21 %) but this is unfortunately coupled with an equally 
significant decrease in heat transfer (approximately 15 %).

Also in this case, − mod geometries were tested for BS and BPS, 
showing no remarkable effects of a possible lateral bypass flow.

Overall, among the B-type geometries, and with respect to the 
starting A geometry which gives identical results to B geometry, the best 
performant in terms of heat transfer is geometry BP (with reduced pitch) 
but at the cost of higher pressure losses. On the contrary, the combi
nation of reduced pitch and rows arrangement staggered of half a 
crosswise pitch (BPS geometry) allows attaining equal heat transfer as 
the starting geometry but with superior performance in terms of friction 
factor.

It is clear that the results commented above are, to some extent, 
affected by the change of the number of unitary cells and rows among 
the different specimens. Therefore, an attempt was made to find a 
reference length for a new performance data normalisation that could 
scale these effects. Since the actual experimental campaign considers 

Fig. 8. Friction factor and Nusselt number as function of the Reynolds number for type A geometries.
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specimens of equal external dimensions, the number of rows can be 
represented by the streamwise pitch value, Sx. The number of elements 
determines the “porosity” of the heat exchanger, a characteristic that 
can be well expressed by the heat exchanger hydraulic diameter defined 
in Eq. (9): 

DBCC =
4
∫ L

0 Ac(l)dl
Aw

=
4Vw

Aw
(9) 

where Vw is the enclosed wetted volume and Aw is the total wetted 
surface area. This definition of hydraulic diameter is commonly used in 
channels with non-uniform cross-section areas in the flow direction 
[38], as in the present case. An increase in the number of BCC cells leads 
to a greater wetted surface and a reduced enclosed volume, thereby 
decreasing the value of DBCC.

Therefore, the Nusselt number and the friction factor definitions 
were modified by introducing the ratio between Sx and DBCC, and the 
best fit was found to follow a power law rather than a linear dependence, 
as in Eqs. (10) and (11). 

fn = Δp
Dh

LΔp

2
ρU2

b

(
Sx

DBCC

)0.69

= f
(

Sx

DBCC

)0.69

(10) 

Nun = h
Dh

k

(
Sx

DBCC

)0.69

= Nu
(

Sx

DBCC

)0.69

(11) 

Fig. 11 shows the performance data after applying the proposed 
normalization for those geometries that differ only in the number of 
rows and unit cells (i.e., pairs A/AP, B/BP, and BS/BPS), demonstrating 
that the method effectively collapses the data onto unified trends. Per
formance data of A and AP collapse on the same curve and the same 
happens for the B geometries. It has to be observed that very different 
variations of pitch (or number of rows) can be taken into account. 
Indeed, for A geometries the pitch varies from 28 mm to 24 mm (or from 
8 to 9 BCC rows), while for the B type geometries the initial pitch of 28 
mm is lowered down to 20 mm (or from 8 to 11 BCC rows).

It is clear that the proposed normalization works for the present data 
and, most likely, a better fitting could be found if a wider data base could 
be available. However, the evidence that the correlation works on two 

Fig. 9. Effects of the BCC shape on the aero-thermal performances.

Fig. 10. Friction factor and Nusselt number as function of the Reynolds number for type B geometries.
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different types of matrix arrangements and that the power exponent is 
the same for both Nu and friction factor, are clear indications of its 
physical soundness and, most likely, of its general validity for BCC types 
of lattice structures.

To better appreciate and evaluate the trade-off between pressure loss 
and heat transfer augmentation, the TPF firstly introduced by [39] can 
be used. It is defined as in Eq, (10), and it compares the efficiency index 
(Nu/f1/3) of a given geometry with respect to the same index but for the 
smooth channel and at the same Reynolds number: 

TPF =
Nu/f1/3

Nu0/f1/3
0

(12) 

Smooth channel values are obtained from well-known literature corre
lations: the Colebrook correlation for the friction factor [40], and the 
Gnielinski correlation [41] for the Nusselt number. The TPF values for 
all the heat exchangers tested in this study are given in Fig. 12. For the 
sake of clarity, the data for the − mod versions are not provided as they 
offer no substantial performance difference compared to their corre
sponding base geometries, as discussed above.

For A-type geometries, reducing the pitch (geometry AP) leads to a 
modest TPF increase only at Reynolds numbers above 20000, while the 
alternative row arrangement (AS) consistently shows lower performance 
across the entire investigated range. This same observation holds true 
for B-type geometries. The BCC shape modification alone does not 
significantly improve TPF unless combined with pitch reduction, ge
ometry BP is the best performer overall.

5. Conclusions

This paper investigated the influence of cell geometry, spatial 
configuration, and streamwise pitch on the thermal and hydraulic per
formance of aluminium heat exchangers incorporating BCC structures 
manufactured via LPBF.

The preliminary characterization showed that the geometrical con
formity of the investigated structures was on average consistent with the 
process-specific accuracy across all configurations, although non- 
negligible defects caused by thermal stresses and dross formation 
locally impacted part quality. The cell type had no statistically signifi
cant effect on Ra or Wa, which were typically higher on the up-skins and 

Fig. 11. Modified friction factor (fn) and modified Nusselt number (Nun): comparison for geometries of different streamwise pitch and number of BCC elements.

Fig. 12. Thermal performance factor comparison.
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down-skins, respectively, suggesting that thermal stresses and dross 
formation are again the dominant factors. Notably, flat walls exhibited 
the highest Ra, highlighting the importance of optimising this feature to 
minimise pressure losses.

From the experimental campaign, several key findings emerged: 

• Reducing the pitch consistently increased both pressure losses and 
heat transfer, with the effect being more pronounced in geometries 
with smaller unit cell footprints (type B), where a greater number of 
elements could be added.

• Staggered cell arrangements reduced both pressure drop and thermal 
performance, suggesting a less favourable interaction between flow 
and heat transfer surfaces.

• Changes in truss inclination had negligible impact on both the fric
tion factor and the Nusselt number, despite modifying the unit cell 
footprint.

A normalization method, based on the ratio between streamwise 
pitch and a modified hydraulic diameter related with the porosity of 
each heatsink matrix, successfully collapsed data from different con
figurations onto unified scaling curves for both friction factor and 
Nusselt number, indicating that experimental correlations could be 
derived to estimate pressure losses and heat transfer for this specific BCC 
geometries.

The thermal performance factor highlighted that while reducing 
pitch generally improves heat transfer, it does not always yield the best 
trade-off with pressure losses. Among the tested geometries, BP pro
vided the highest thermal enhancement but incurred increased pressure 
drop, whereas BPS offered the most balanced compromise between heat 
transfer and flow resistance.

In conclusion, this study demonstrates how relatively simple varia
tions in BCC-based heat sink geometry—namely pitch, spatial arrange
ment, and truss inclination—can be strategically manipulated to tailor 
thermal and hydraulic performance. The proposed normalization 
approach provides a practical tool for comparative evaluation and pre
liminary design. Future work will aim to extend the normalization 
framework to include crosswise pitch variations, alternative cell orien
tations, and different lattice architectures, thereby enhancing prediction 
capabilities and supporting the development of next-generation addi
tively manufactured heat exchangers.
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