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ABSTRACT

As the global push for sustainable development intensifies, the aerospace industry is exploring innovative
solutions to reduce greenhouse gas emissions and optimize resource consumption. This paper investigates
the performance of an advanced anti-icing system that integrates an onboard function within the
primary structure of an aircraft, offering potential reductions in weight, cost, and energy consumption. To
evaluate the heat exchange performance of this innovative system, we examine various lattice structures
featuring different cell topologies, sizes, and densities. High-fidelity Computational Fluid Dynamics (CFD)
simulations are utilized to assess the performance of the constituent cells within the lattice panel, with
the goal of identifying the optimal solution that meets design requirements for heat transfer efficiency,
pressure, and overall mass of the components. A statistical approach based on Design of Experiments
(DoE) is employed to elucidate the relationship between the cell design parameters and the resulting
thermal properties. Our findings contribute valuable insights for the development and implementation
of advanced aerospace anti-icing systems, supporting the ongoing evolution of sustainable and efficient
aviation technologies.

© 2023 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The urgent need to address climate change and promote sus-
tainable development has led to a growing focus on reducing
greenhouse gas emissions and optimizing resource consumption
across various industries, including aerospace [1], [2]. Aircraft
performance and efficiency have become critical factors as the
aviation industry faces increasing pressure to minimize its envi-
ronmental impact [3], [4]. In recent years, researchers have sought
to develop innovative anti-icing systems that improve aircraft per-
formance while reducing weight, cost, and energy consumption
[5], [6]. According to the state of the art there are several types
of anti-icing systems used in aircraft, including thermal anti-icing
systems that utilize hot air bleed from the engines, electromechan-
ical expulsion de-icing systems, pneumatic boot systems that use
air pressure to break up ice, and chemical anti-icing systems that
disperse de-icing fluids to prevent ice build-up on the aircraft’s
surfaces.

* Please cite this article as: Ferro et al, Heat Exchange Performance
Evaluation Inside a Lattice Panel Using CFD Analysis for an Innovative
Aerospace Anti-Icing System. Aerospace Science and Technology (2023),
http://dx.doi.org/10.1016/j.cviu.2017.00.000.
* Corresponding author.

E-mail address: carlo.ferro@polito.it (C.G. Ferro).

https://doi.org/10.1016/j.ast.2023.108565

One such promising approach is the integration of anti-icing
systems within the primary structure of an aircraft [7], [8]. Such
integration could offer a myriad of advantages including cost
and energy efficiency, reduced power requirements, and overall
enhanced system performance; nevertheless, potential challenges
such as increased design complexity and manufacturing precision
needs could pose disadvantages that require careful consideration
during development.

Lattice structures, which have been widely studied for their
lightweight and high strength-to-weight ratio [9], [10], can be em-
ployed in the design of such integrated anti-icing systems. Various
lattice structures featuring different cell topologies, sizes, and den-
sities have been proposed to optimize heat exchange performance
[11], [12].

Computational Fluid Dynamics (CFD) analysis has proven to be
an invaluable tool for the assessment and optimization of heat
transfer performance in aerospace applications [13]. High-fidelity
CFD simulations can effectively evaluate the performance of differ-
ent lattice structures and cell configurations within the context of
an integrated anti-icing system [14].

To further understand the relationship between cell design pa-
rameters and the resulting thermal properties, a statistical ap-
proach based on Design of Experiments (DoE) has been employed
[15], [16]. DoE offers a systematic methodology for identifying op-
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Fig. 1. Elementary unit cells drawing: (a) Bccz model; (b) Rhombic model; (c) Octet model.

timal designs and assessing the significance of various factors in-
fluencing the performance of the anti-icing system [17], [18].

2. Material and methods

In this study, Selective Laser Melting (SLM) [19] technique
is employed to fabricate complex geometries, such as trabecular
structures, with relatively high precision in a single component,
eliminating the need for welds or joints [20]. SLM allows for seam-
less connections between different components without resorting
to welding, bonding, riveting, or bolting processes. However, to
meet the assembly tolerances, careful finishing of the interfaces is
required due to manufacturing tolerances. Although the literature
contains extensive research on the application of trabecular struc-
tures in various contexts [11], [21-25] there is limited focus on
heat transfer considerations involving hot air mass passing through
the plate that heats up external skins.

This work seeks to contribute by investigating the application
of trabecular structures in designing a plate for an anti-icing sys-
tem. The first case study examining the applicability of trabecu-
lar structures in heat exchangers was conducted by [26]. Several
types of trabecular structures that can be fabricated using Additive
Manufacturing (AM) technology have been studied and designed.
Following a discussion of the capabilities and economic potential
of the SLM technology used in creating the initial prototype plate
for the integrated anti-icing system [27], subsequent sections will
detail the selection of trabecular structures, the materials utilized,
the Computational Fluid Dynamics (CFD) analysis model, and the
specific approach to the statistical study.

In comparison to the currently available solutions that do
not leverage Selective Laser Melting (SLM) manufacturing tech-
niques combined with lattice structure designs traditional anti-
icing methods often exhibit limitations in efficiency and sustain-
ability, as they are characterized by higher weight, increased en-
ergy consumption, and non-optimized resource usage, all of which
stand contrary to the goals of sustainable aviation [28-30]. This
study marks a significant leap capitalizing on the distinctive prop-
erties of lattice structures and the unique capabilities of SLM man-
ufacturing techniques to produce a single piece component with-
out need of joint, rivets or welding.

2.1. Evaluated trabecular structures description

This study investigates three different types of trabecular struc-
tures used for constructing sandwich panels cores as single com-
ponents, aiming to contribute to the field of anti-icing systems.

e BCCZ - Body-Centered Cubic with vertical struts along the Z-
axis cell (Fig. 1a). This structure is the simplest and most
feasible option, offering good mechanical properties even at

Becz

Rhombic() (O C)

O O ¢ 30%
O O 20%
Octetlat () 9, { T 10%
8mm 10mm 12mm

Fig. 2. DOE graphical overview.

low densities, both in terms of specific elastic modulus and
strength. It also requires the least computational load and pro-
cessing time in CAD and CAM compared to the other struc-
tures [31].

ROMBIC - Rhombic Dodecahedron (Fig. 1b). This cellular struc-
ture minimizes the effects of instability on the internal struts,
as beams deformed by bending exhibit both tensile and
compressive stresses. The structure displays excellent fatigue
strength characteristics [32].

OCTET - The octet lattice configuration (Fig. 1c¢) provides a
nearly isotropic elastic response. It comprises a unit cell com-
posed of two Platonic solids: the tetrahedron and the oc-
tahedron. This lattice configuration yields exceptionally high
specific energy absorption, a constant plateau stress between
initial yield and densification, and a plastic Poisson ratio of
zero [33].

The chosen material for the SLM additive manufacturing pro-
cess is AISi10Mg [34]. Furthermore, variations in individual cell
sizes were carried out for each type of trabecular structure, defin-
ing the plate and each configuration of cell size for the three-
trabecular breaks, with a variation in relative cell density of 10%,
20%, and 30%. Table 1 reports dimensions and relative density val-
ues adopted while Fig. 2 evidences the DOE approach used. Dimen-
sions have been computed using Solidworks CAD and an iterative
method.

Analyses were performed for each cell size and relative den-
sity of the structure. The proper design of the sandwich panel core
should enable it to withstand normal aerodynamic load pressure
during flight, reducing masses and improving mechanical perfor-
mance [31].
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Table 1
Table of cell size and relative density.

Cell Type  Cell Size [mm] Relative Density [%] Diameter of trabeculae rods [mm] Wet surface [mm?]

Rhombic 8 10 571 - 107" 3.07 - 107
20 8.07 - 107 3.44 - 10?
30 1.02 3.66- 10?
10 10 750 - 1079 4.82 - 102
20 1.00 5.36- 107
30 130 5.74- 10?
12 10 8.00 - 107 6.63 - 10
20 120 7.72- 10?
30 1.50 8.20- 102
Becz 8 10 4.00 - 1079 3.50 - 102
20 6.00 - 107 412 - 10?
30 750 - 10701 440 - 10?
10 10 5.00 - 107 5.49 - 10?
20 750 - 10791 6.42 - 10?
30 1.00 6.96- 102
12 10 6.00 - 107 7.80 - 102
20 9.50 - 107 9.43 .10~
30 1.20 1.00- 10?
Octet 8 10 3.50 - 1079 3.70 - 102
20 550 - 107 4.09 - 10%
30 7.00 - 10701 442 - 10%
10 10 5.00 - 1079 5.65 - 10?
20 7.00 - 10701 6.48 - 10?
30 8.50 - 1071 6.87 - 10°
12 10 5.50 - 10701 7.82 - 10?
20 8.00 - 107" 917 - 10?
30 1.00 9.84. 102
Fig. 3 presents three graphs that elucidate the relationships be- 1,100 4
tween cell size, cell type, wet area, and relative density within 1,000 A
the context of various trabecular structures. The critical observa- % 900 4
tions derived from these graphs can be summarized as follows: £ 800 4
First, a distinct linear trend is evident between cell size and wet S 700 - -10%
area for all cell types. This finding is crucial for understanding the E 600 - k- 20%
heat exchange performance and optimizing the design of trabec- 2 so0{ 0 emmedeT - 30%
ular structures for the intended anti-icing application. Second, a 400 A
macroscopic comparability exists between the wet surfaces of dif- 300 :
ferent cell types with the same cell size. A comparative analysis
of the three graphs reveals that values for distinct cell types are Cell size [mm]
highly comparable when their cell sizes are the same. Lastly, a (a)
non-linear relationship is identified between relative density and =00
wet surface. The graphs illustrate an inverse square-proportional 1,000
trend, wherein the rate of wet surface area growth decreases as the £
radius of the beams increases. This observation highlights the im- £ 800 1
portance of thoroughly considering the relationship between rela- & 700 1 — el
tive density and surface area when designing trabecular structures g 600 1 “ookn- 20%
for anti-icing systems. Understanding this non-linear relationship = 500 e
is essential for optimizing the performance of the structures while 400 +
minimizing the overall mass of the components. 300 : T - T s '
2.2. CFD analysis Gellssaei{nmo}
(b)
1,100 1
The evaluation of the heat transfer properties of the panel 1,000 -
was conducted using a computational method based on Compu- = 900 4
tational Fluid Dynamics (CFD) analysis, employing the commercial E 800
software STAR-CCM+. The process involved pre-processing (model g 200 1 - -10%
preparation, interface setting, and control input conditions), exe- E, 600 1 k- 20%
cution (model resolution and real-time residue monitoring) within 2 s00d 0000 e - 30%
a single simulation environment, and post-processing through the 400 -
extraction of relevant data. The chosen approach relied on finite 300 . . ,

volumes to address a conjugate fluid-solid heat transfer problem
[35]. Starting from the fundamental equations governing motion
(mass balance, energy, and momentum), STAR-CCM+ performs a ©
partition on discrete subdomains, followed by a local discretiza-
tion to obtain a set of algebraic equations from the initial partial

Cell size [mm]

Fig. 3. Wet Surface vs Cell Size: (a) Bccz Cells, (b) Rhombic Cells, (c) Octet Cells.
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derivative equation (PDE). To account for turbulent phenomena,
the equations were applied in the Reynolds-averaged form, intro-
ducing a new term in the momentum equilibrium equation.

a(pV) _ _
T+V~(pV><V):—V-pH—V~(T+Tb)+fb (1)
In the Equation (1) p represent the density V is the medium veloc-
ity, p is the medium pressure, T is the tensor of viscous stresses, |
is the identity tensor, f}, is the resultant of the applied body forces
and Ty is the additional term due to turbulence. This additional
tensor depends on a series of unknowns that require a simplified
model to be closed. The eddy viscosity model was employed, con-
sidering the analogy between molecular diffusion and turbulent
processes. The introduction of this concept allowed for the mod-
eling of additional unknowns. The classic form of Eddy viscosity is
reported in Equation (2):

k2
e = pCM; (2)

In this equation it has been used a k - €. Eddy viscosity results
in fact, require two models that resolves two additional transport
equations for the turbulent kinetic energy calculation k and for
turbulent dissipation &.

An alternative approach not used in this study involves a spe-
cific turbulent dissipation instead of the simile one. Once the
eddy viscosity is determined, the Boussinesq’s approximation of
Reynolds tensor, Ty: can be calculated.

2 N
Tp =2uS — §(MtV-V)I (3)
Where S represents an average strain rate tensor given by:
1 _ _
sz§<vv+va) (4)

Regarding the energy balance and the heat transfer between two
bodies, STAR CCM+ implements the equation in the following inte-
gral form:

d
ﬁ/pEdV+§l§,oHV~da
v

A (5)

=—§£c’1-da+§I§T~Vda+/fb~VdV+/SudV
y ; % v

A A

In the Equation (5) E represent the energy total system, H the
total enthalpy, g is the vector heat flow, T is the viscous stress
tensor, V is the velocity vector and f}, is the force vector. S, is in-
stead a term that combines the contribution of different sources of
internal energy such as radiation, chemical reactions etc. The im-
plemented model resolves all balance equations separately in each
domain, except for enthalpy. This equation is coupled with the
fluid Reynolds-Averaged Navier-Stokes (RANS) equations. In Con-
jugate Heat Transfer (CHT), the enthalpy equation is solved consid-
ering both fluid and solid domains, with coupling at the interfaces
identified by the meshing process.

2.3. Physics modeling

In this study, the adopted fluid dynamic model simulates the
conditions of the experimental bench outlined in the referenced
thesis document [36]. The simulation’s underlying physics focus
on the turbulent heat transfer of hot air as it passes through the
trabecular core of the panel. During this process, the warm air
transfers heat to the rods of the trabeculae, which in turn transport
it via conduction to the external surface of the sandwich panel [8].

Aerospace Science and Technology 141 (2023) 108565

Table 2

Air and aluminium model.
Air Continua Model
Space Three Dimensional
Time Steady
Material Gas
Flow Segregated Flow
Gradient Metrics Gradients

Equation of State

Energy

Optional Model

Viscous Regime

Turbulence
Reynolds-Averaged Turbulence
Wall Distance

K-Epsilon Turbulence Model

Constant Density

Segregated Fluid Temperature

Cell Quality Remediation
Turbulent
Reynolds-Averaged-Navier-Stokes
K-Epsilon Turbulence

Exact Wall Distance

Realizable K-Epsilon Two-Layer
Two-Layer All y 4+ Wall Treatment

Aluminum Continua Model

Space Three Dimensional
Time Steady

Material Solid

Gradient Metrics Gradients

Equation of State Constant Density

Energy Segregated Solid Energy

Optional Model Cell Quality Remediation

Option Model Radiation

Radiation Participating Media Radiation (DOM)

Radiation Spectrum (Participating) = Gray Thermal Radiation

Table 3
Air and aluminium data.

Air Continua Method Value

Density Constant Constant 118415 kg/m3
Dynamic Viscosity Constant 1.855 - 10-5 Pa-s
Specific Heat Constant ~ 1003.62 ]J/kg-K
Thermal Conductivity Constant ~ Constant  0.026 W/m-K

Turbulent Prandtl Number Constant 0.9

Aluminum Continua Method Value

Density Constant ~ 2702.0 kg/m?>
Specific Heat Constant 940 J/kg-K
Thermal Conductivity Constant ~ 170.96 W/m-K
Scattering Coefficient Constant ~ 0.03/m
Absorption Coefficient Constant ~ 0.05/m

Air Continua Method Value

Table 4
Boundary conditions reference value.

Air Inlet

Methods Value
Constant  0.002072 kg/s
Constant ~ 75°C

Physics Value
Mass flow rate
Total temperature

Air Outlet

Methods  Value
Constant 1.42 bar
Constant 20°C

Physics Value
Pressure
Static Temperature

Considering the standard laboratory conditions, there is natu-
ral convection outside the panel with an ambient temperature of
20°C. These conditions are accounted for in accordance with the
experimental campaign detailed in the doctoral thesis [36]. Table 2
reports the model selected while Table 3 outlines the reference
data used.

Boundary conditions for air part have been settled up are mass
flow inlet with specified Mass flow rate and Total Temperature and
Pressure outlet. Reference data are reported in Table 4.

Regarding the aluminum material in the model, not exposed
part interfaces were configured as adiabatic walls, with the ex-
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Table 5
Physical value of the aluminium alloy.

Methods Value

Constant  14.85 W/m?-K
Constant  20°C
Constant 0.46

Physics Value

Heat Transfer Coefficient
Ambient temperature
Surface emissivity

ception of interfaces air-solid involving indoor air and the natural
convection top and bottom surfaces in contact with outdoor air.
At the first interface, heat is transferred from the warm internal
heating air to the aluminum, while at the second interface, heat
transfer occurs both within the aluminum and through convective
heat exchange with the laboratory environment. This setup ensures
an accurate representation of the heat transfer processes in the
simulation.

In this study, the external natural convection coefficient h was
determined using the methodology outlined in [37]. Initially, the
characteristic length (L) was set at 0.01 m, followed by assigning
the maximum achievable temperature coefficient T to 150°C. By
utilizing these values, the Grashof number was subsequently cal-
culated through the designated formula:

_ gB(Ts — Too) p°13
= pE:
The value obtained is equal to 18.9-103. This value is less than

107 therefore, being a natural convection, it is possible to formu-
late the Nusselt number as:

Gr

(6)

Nu=0.54- (Pr-Gr)? (7)

Obtaining a value of 5.8. Finally, the convective coefficient was
calculated according to equation (8) as:

i
h =Nu% — \SI14.85 W/m? K 8)

Upon determining the convective heat transfer coefficient, all
the relevant physical data pertaining to continuous aluminum can
be incorporated, as shown in Table 5. Given that this analysis is
steady-state, there is no need to specify a computational time
step. Simulation setup, since it is devoted to evaluate regime pa-
rameters has been imposed implicit. Rather, a maximum number
of iterations (5000) was selected to achieve an acceptable level
of convergence. The analyses were conducted using the Polito
High-Performance Computing Cluster, which is based on the Linux
Kernel.

2.4. Model setup

A sandwich panel of 4x4 cells has been setup for the present
analysis. The general overview of the model is reported in Fig. 4.
The two physical models, the trabecular structure and the internal
air portion of the panel through which the hot air flow will pass,
are perfectly superimposed, which is essential for the CHT simula-
tions. After transferring the created CAD model to the CAE solver,
the appropriate surfaces were separated to impose the necessary
boundary conditions for solving the problem. Subsequently a non-
structured mesh has been applied to the models, as reported by
Fig. 5.

Automated Part-Based Meshing (PBM) operations have been
adopted, separating meshing from the physics, ensuring flexibil-
ity and repeatability. PBM manages meshers, default controls, and
custom controls while enabling Parallel Meshing execution for
faster volume mesh generation and compatibility with HPC® clus-
ters. Surface remesher, automatic surface repair tool, polyhedral
mesher, and prism layer mesher were employed for mesh gen-
eration. Polyhedral cells are particularly suitable for heat transfer,

Aerospace Science and Technology 141 (2023) 108565

Table 6
Meshing models custom controls.

Mesh Controls Values
Base Size [mm)] 0.8
Surface Growth Rate 1.5
Auto Repair Min Proximity 0.01
Number of Prism Layer 5
Prism Layer Near Wall Thickness [mm] 0.0236

Prism Layer Total Thickness 30% of Base size
Mesh Grow Factor 175

Number of Aluminum (example) ~6252780
Number of Cells Air Continua (example)  ~7062361

swirling flows, and complex flow analyses. Prism layer mesher is
essential for cases involving conjugate heat transfers and turbulent
flow fields, as it resolves velocity and temperature gradients nor-
mal to the wall accurately. Custom control parameters were chosen
as shown in Table 6. Those parameters, evaluated after an exten-
sive mesh study, have been maintained for all the simulations.

3. Results

The following sections will present the results obtained from
the fluid-dynamic tests and provide an analysis of the trends and
data necessary for drawing conclusions.

The analysis was conducted sequentially, starting with the cells
featuring the BCCZ trabecular structure, followed by Rhombic, and
finally Octet. The simulation results are presented in the same or-
der, allowing for a structured and systematic examination of the
various configurations and their performance in the context of the
anti-icing panel.

3.1. CFD analysis results

The CFD analysis carried out were iterated for 500 steps each.
The residual graph shown as example in Fig. 6 evidences a global
stability of the numerical process and a residual value well below
0.1 for all the errors computations.

All the 27 runs performed with the same trend. The second
graph reported in Fig. 6b report the total energy error vs iteration
trend showing a pass through the imposed threshold of 0.01 and a
monotonic decreasing trend.

Appendix A Contour Plot discloses for each case contours plot
of plate temperature, flow temperature, static pressure and flow
velocity. For assessing heat transfer performance, the critical pa-
rameters of interest are Pressure Drop, Heat Transfer Interaction,
and Temperature Drop. These parameters are vital for characteriz-
ing the behavior of various trabecular structures as hot air flows
through them. The analysis focuses on determining the pressure
needed to maintain a specific flow uniformity within the plate and
identifying which configurations exhibit the highest heat transfer
efficiency. In addition to pressure variations across the heat trans-
fer interface, the capacity of the structure to absorb heat under
the specified conditions is also assessed. Furthermore, the tem-
perature difference between the inlet and outlet of the airflow is
crucial for pinpointing the configuration with the most substantial
heat loss based on the structure and its size. The gathered data
were subjected to statistical analysis using Design of Experiment
(DOE) techniques. Subsequently, the findings will be compared,
insights will be drawn from the performed analyses, and observa-
tions will be evaluated for potential application in future scenarios
and contexts. Data extrapolated are reported in Table 7 and detail
statistical analysis is presented for each cell size.

3.2. Bccz cells DoE analysis

The analysis of the graphs reported in Fig. 7 reveals critical in-
sights into the relationship between cell size, relative density, and
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Air:Outlet

(@) (b)

Fig. 4. Model Setup overview: (a) vertical view, (b) isometric view of the test panel.

Fig. 5. Mesh view: (a) isometric, (b) cross section.

Table 7
CFD Data Evaluated.

Cell Type  Cell Size  Relative Density ~ Pressure Drop [bar]  Heat Transfer Interface [W]  Temperature Drop [°C]

Rhombic 8 10 1.7483 - 10793 8.4169 3.9341

20 3.7167 - 10793 8.7046 3.9008

30 71782 - 10793 9.0448 3.7765

10 10 82101 - 107% 11.2678 53873

20 1.5425 - 10793 12.0376 5.6883

30 3.2396 - 1073 12.7767 5.9038

12 10 33201 - 107% 13.4033 6.4543

20 7.6401 - 10794 15.0825 7.2173

30 14127 - 1079 16.1452 7.6763

Bccz 8 10 2.0986 - 10793 6.5229 2.9979

20 53361 - 107 111724 4.9902

30 1.0838 - 10792 10.8180 4.3503

10 10 8.940 - 10-* 13.7421 6.5952

20 22437 - 1079 15.0143 7.0860

30 5.8326 - 1073 15.8187 71804

12 10 4.4601 - 10704 17.0058 8.2013

20 1.2945 - 10793 18.9848 9.0868

30 2.8569 - 10793 20.2589 9.5585

Octet 8 10 22567 - 10793 10.3325 4.8572

20 52178 - 1079 12.5458 5.7024

30 1.0026 - 10792 12.0391 5.0506

10 10 11912 - 10703 15.6206 7.4672

20 2.3505 - 10793 16.5303 7.8677

30 3.8202 - 107 16.4311 7.6958

12 10 5.0821 - 107% 19.4975 91256

20 1.0375 - 1079 19.9719 9.5830

30 1.7730 - 10793 20.5422 9.8008
their impact on pressure drop, heat transfer, and temperature drop tate more airflow to pass freely within the lattice. Conversely,
in lattice structures: a rise in relative density results in an increase in pressure
drop, owing to the reduced dimensions of the passageways.
e Pressure Drop: The graphs demonstrate that an increase in cell The contour plot highlights a region of low-pressure drop that

size leads to a decrease in pressure drop, as larger cells facili- corresponds to low relative density and high cell size.



C.G. Ferro, F. Pietrangelo and P. Maggiore Aerospace Science and Technology 141 (2023) 108565

. e CONTINUIRY
Residuals — Energy
—ar
The
X-momentum
w— Y-mnomentum
14 Z-momentum
o
®
-
2
wn e ———
& oo —————
00014
S-
0.0001 4
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Iteration
(@
Residuals
14
0.1
s
- |
E \
T 0.014
& o
0.001-
0.0001 4
——————————————— T ————————————+
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Iteration
(b)

Fig. 6. Iteration trend: (a) Residual vs Iteration; (b) Energy error vs iteration.
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e Heat Transfer: The graphs show that heat transfer increases
with cell size, as the air moves more quickly through the
structure. Heat transfer also increases, albeit at a slower rate,
with relative density due to the expansion of the wet area.
Therefore, the most promising area for efficient heat transfer
lies in configurations with large cell sizes and high densities,
although density plays a relatively minor role in this aspect.

e Temperature Drop: As anticipated, the temperature drop be-
haves similarly to heat transfer. However, the diminished effect
of relative density on temperature drop is more apparent in
this case. The primary influence on temperature drop stems
from cell size, as indicated by the contour plot.

3.3. Rhombic cells DoE analysis

The examination of the graphs, reported in Fig. 8 underscores
critical observations concerning the interplay between cell size,
relative density, and their influence on pressure drop, heat transfer,
and temperature drop in rhombic lattice configurations:

e Pressure Drop: The graphs demonstrate that enlarging cell size
contributes to a decrease in pressure drop, paralleling the find-
ings for the BCCZ lattice. Simultaneously, a rise in relative
density provokes an escalation in pressure drop, with the pat-
tern displaying a more pronounced quadratic characteristic.
The contour plot identifies an area of minimal pressure drop
associated with a combination of low relative density and ele-
vated cell size.

e Heat Transfer: The increase in heat transfer corresponds to an
increase in cell size, mirroring the observations made for the
BCCZ lattice. The influence of relative density on heat trans-
fer follows a square root pattern, leveling off once the relative
density surpasses 20%. As a result, the most favorable region
for effective heat transfer resides in configurations character-
ized by large cell sizes and elevated densities, although the
density’s contribution is marginal.

e Temperature Drop: As predicted, the temperature drop ex-
hibits a similar trend to heat transfer. Nonetheless, the reduced
impact of relative density is more pronounced in this instance,
with negligible variation detected between 20 and 30% of rel-
ative density. The primary factor affecting temperature drop is
the cell size, as illustrated by the contour plot.

3.4. Octet cells DoE analysis

The graphical analysis reported in Fig. 9 sheds light on the
critical interactions between cell size, relative density, and their
influence on pressure drop, heat transfer, and temperature drop
within octet lattice structures:

e Pressure Drop: In line with observations in BCCZ and rhombic
cells, a larger cell size corresponds to a reduced pressure drop.
Concurrently, increasing relative density results in a higher
pressure drop, exhibiting a trend akin to that of the rhombic
cell configuration. The contour plot reveals a zone with mini-
mal pressure drop, corresponding to low relative density and
substantial cell size.

e Heat Transfer: As found in the BCCZ and rhombic cell struc-
tures, heat transfer is positively correlated with cell size. The
impact of relative density on heat transfer follows a square
root trajectory, reaching a plateau beyond 20% relative den-
sity. As a result, the ideal region for effective heat transfer lies
within the configurations characterized by expansive cell sizes
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and elevated densities, although the role of density remains
minimal.

e Temperature Drop: As expected, the temperature drop shares
a similar pattern with heat transfer. However, the diminished
influence of relative density becomes more pronounced, pre-
senting a marginal decline beyond 20% relative density, which
signifies the achievement of a local maximum temperature
drop at this percentage. The primary determinant of tempera-
ture drop is the cell size, as evidenced by the contour plot.

3.5. Pressure drop analysis

Our investigation, graphically disclosed in Fig. 10 reveals that
BCCZ cells exhibit the lower pressure drop among the three lat-
tice structures considered, which also include rhombic and octet
cells. The contrasting topologies of rhombic and octet cells, char-
acterized by less preferential passageways and more intricate air-
flow patterns, contribute to their higher-pressure drops. Moreover,
rhombic cells tend to have a greater pressure drop compared to
octet cells. Across all three-cell types, the pressure drop displays a
quadratic trend as a function of relative density, with an increase
in pressure drop accompanying a rise in cell size. As illustrated in
Fig. 10 data analysis reveals a quadratic relationship between pres-
sure drop and relative density across all graphs, and a consistent
trend, also quadratic in nature, indicates that smaller cell sizes are
associated with higher pressure loss, regardless of cell type.

3.6. Temperature drop analysis

From Fig. 11 it is possible to observe that the temperature drop
follows a square root trend with respect to cell size. An increase
in both cell size and relative density results in a higher tempera-
ture drop. This trend is particularly evident in BCCZ cells, where
the differences in temperature drop as a function of relative den-
sity increase are proportional to cell size. In other words, larger
cell sizes demonstrate a more significant influence of relative den-
sity on temperature drop compared to smaller sizes. For the other
two cell types, rhombic and octet, the trends are somewhat more
intricate and less distinct. However, the overall shape of the trends
across all specimens is predominantly consistent with a square
root pattern. It is important to note that the temperature drop
is lowest in BCCZ cells, followed by octet cells, with the high-
est temperature drop observed in rhombic cells. This observation
highlights the complex interplay between cell size, relative den-
sity, and temperature drop in lattice structures, underscoring the
importance of considering these factors when evaluating the ther-
mal performance of such materials.

3.7. Heat transfer interface analysis

As illustrated in the subsequent graphs depicted in Fig. 12, a
direct proportionality exists between temperature drop and heat
transfer interface. The resulting curves, obtained through interpo-
lation of the parameters, manifest as linear relationships.

By analyzing the correlation between the heat transfer inter-
face trend and pressure drop values, it has been possible to obtain
functioning maps (Fig. 13) that illustrate the behavior of the plates
and their internal trabecular structures. The heat transfer mea-
sured through power transfer between fluid and structure high-
lights the properties existing between pressure and heat transfer,
as described by Nusselt’s law. Upon interpolating the data from
the fluid-dynamic simulations, Fig. 13 reveals the map pertaining
to the Bccz structure, which exhibits lower heat transfer interface
values compared to the Rhombic and Octet structures.
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Contour Plot of Pressure Drop vs Cell Size; Relative density
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Fig. 7. Bccz DOE Cells Analysis: (a) Main Effect for Pressure Drop; (b) Contour Plot of Pressure Drop vs Cell size and Relative Density; (c) Main Effect for Heat Transfer
Interface; (d) Contour Plot of Heat Transfer Interface vs Cell size and Relative Density; (e) Main Effect for Temperature Drop; (f) Contour Plot of Temperature Drop vs Cell

size and Relative Density.

For the Bccz case shown in Fig. 13(a), the map indicates that by
increasing the size and relative density for this type of structure
within these parameters, there is an increase in Heat Transfer. The
maximum heat transfer interface value of 16.1452 W is reached
with a cell size of 12 mm, a density of 30%, and a pressure drop
of 1.4127 x 10792 bar.

For Rhombic and Octet structures in Fig. 13(b) and (c), they ex-
hibit higher heat transfer interface values than the Bccz case. These
structures display trends leading to a decrease in heat transfer in-
terface when a certain pressure drop value is attained. Specifically,
for a cell size of 8 mm in both Rombic and Octet structures, the

curve trend reaches a maximum and then declines once a relative
cell density of 30% is achieved. This is primarily attributed to their
topology, wherein an increase in relative density creates challenges
for the hot fluid to pass through, leading the plate to exhibit char-
acteristics akin to a porous plate.

The Octet structure is particularly noteworthy, as it presents a
more stringent limit on relative density for a cell size of 8 mm.
Indeed, even before reaching a relative density of 30%, the struc-
ture begins to lose efficiency in heat exchange. However, when
increasing cell size, the situation improves, as previously stated
in the DOE study, with the highest exchanges obtained for cells
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Contour Plot of Pressure Drop vs Relative Density; Cell Size
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Interface; (d) Contour Plot of Heat Transfer Interface vs Cell size and Relative Density; (e) Main Effect for Temperature Drop; (f) Contour Plot of Temperature Drop vs Cell

size and Relative Density.

with a cell size of 12 mm and & = 30%. The maximum heat trans-
fer interface value of 20.54 W is achieved by the Octet struc-
ture. Dimensionally, all parameters between Rhombic and Octet
are comparable and similar, except for the pressure drop in the
octet case, which has slightly lower values than in the rhombic
case.

In conclusion, the maps serve to define the operating points of
the plates and their related trabecular structures, predict behav-
iors, and identify points with maximum heat exchange efficiency.
They also anticipate the points in relation between the heat trans-
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fer interface and pressure drop, where the structures behave as
porous structures, decreasing efficiency.

4. Conclusions

In conclusion, the conducted simulations and data analysis have
established a model for the behavior of additive manufactured
plates, which takes advantage of the ease of producing complex
shapes and creating increasingly efficient integrated systems. In
the case of the examined panel, the heat transfer capabilities of



C.G. Ferro, F. Pietrangelo and P. Maggiore

Main Effects Plot for Pressure Drop

Fitted Means
Cell size Relative density
0.006
_-E 0005
o
g
a
o 0004
g
3
2
2
o
&
< o003
(<]
c
%
3
= 0002
0,001
S 10 12 10 20 30
(a)
Main Effects Plot for Heat Transfer Interface
Fitted Means
Cell size Relative density
20
)
g
k3
"5 18
c
T
<o
:
c 16
o -
=
- 15 o«
~
o
I
(=]
& n
o
=
12
n
8 10 2 10 20 30

(c)

Main Effects Plot for Temperature Drop
Fitted Means

Cell size Relative density

10
o
o 9
2
o
o
e
R
I
°
o
o
g /\_‘
e 7
K
c
m
o
= 6

5

8 10 12 10 20 30

Aerospace Science and Technology 141 (2023) 108565

Contour Plot of Pressure Drop vs Cell size; Relative density
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AlSi10Mg through the properties of trabecular cells enable the
production of panels that are not only damage-resistant but also
demonstrate heat-transfer capabilities [27]. It is important to em-
phasize the potential of using this technology for realizing inte-
grated wing systems for UAVs and other aircraft, creating air intake
lips subjected to ice formation like wings, or even developing fu-
ture heat transfer systems for liquid propellant rocket nozzles.

The evidenced thermal exchange behavior, analyzed through
CFD simulations using STAR CCM+ software, exhibits a notable in-
crease in heat transfer with the rise in relative cell density. How-

11

ever, increasing the density also escalates the pressure drop be-
tween the inlet and outlet of the hot flow. The plate’s performance
varies depending on the trabecular structure, cell size, and relative
density, particularly in the Rhombic and Octet cases, where heat
transfer performance decreases as the relative density increases,
transitioning from a trabecular structure to a plate with porous
behavior.

The Rhombic and Octet cells exhibit the highest Heat Trans-
fer Interface values but become less efficient above 25% relative
density. Pressure drop values have a quadratic trend with respect
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to cell size, as the intercellular space increases with growing cell
size, causing the parabolic curve to flatten out downwards. The
plate with the highest heat transfer value is the Octet configu-
ration with a 12 mm cell size and 30% relative density, equaling
20.54 W. The Temperature Drop demonstrates a fairly linear and
proportional trend to the Heat Transfer Interface. Maps as the one
reported in Fig. 13 provide to the readers interesting and valuable
design outcome useful when tailoring a novel structure for differ-
ent purposes. This is a first step towards the future works aimed

5. Appendix A Contour plot
5.1. Beez

5.1.1. Cell size 8 mm
See Fig. 14.

Relative Density 10 %

Relative Density 20 %
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to obtain an analytical comprehensive model that permit to design
and tailor lattice structures for heat exchanger use.

Based on the provided data and observations, future studies
could continue identifying the optimal cell size and relative density
according to design needs, using the data presented here. Subse-
quent investigations may focus on experimentally testing various
trabecular configurations and analyzing the correspondence be-
tween experimental and analytical results, ultimately determining
the most suitable configurations based on the plate’s function.

Relative Density 30 %

Fig. 14. Bccz 8 mm simulation: (a) plate temperature, (b) flow temperature, (c) static pressure, (d) flow velocity.
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5.1.2. Cell size 10 mm
See Fig. 15.

Relative Density 10 % Relative Density 20 % Relative Density 30 %

Fig. 15. Bccz 10 mm simulation: (a) plate temperature, (b) flow temperature, (c) static pressure, (d) flow velocity.

15
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5.1.3. Cell size 12 mm
See Fig. 16.

Relative Density 10 % Relative Density 20 % Relative Density 30 %

£

Fig. 16. Bccz 12 mm simulation: (a) plate temperature, (b) flow temperature, (c) static pressure, (d) flow velocity.
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5.2. Rhombic

5.2.1. Cell size 8 mm
See Fig. 17.

Relative Density 10 % Relative Density 20 % Relative Density 30 %

———

[T R—
5 [

Fig. 17. Rhombic 8 mm simulation: (a) plate temperature, (b) flow temperature, (c) static pressure, (d) flow velocity.
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5.2.2. Cell size 10 mm
See Fig. 18.

Relative Density 10 % Relative Density 20 % Relative Density 30 %

Fig. 18. Rhombic 10 mm simulation: (a) plate temperature, (b) flow temperature, (c) static pressure, (d) flow velocity.
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5.2.3. Cell size 12 mm
See Fig. 19.
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Fig. 19. Rhombic 12 mm simulation: (a) plate temperature, (b) flow temperature, (c) static pressure, (d) flow velocity.
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5.3. Octet

5.3.1. Cell size 8 mm
See Fig. 20.
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5.3.2. Cell size 10 mm
See Fig. 21.
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5.3.3. Cell size 12 mm

See Fig. 22.
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6. Appendix B Contour plot

6.1. Bcez
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6.2. Rhombic
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6.3. Octet
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