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ARTICLE INFO ABSTRACT

Keywords: The building sector is a major contributor to the world’s energy consumption, exhibiting an ever-
3D printing increasing trend. Heat losses through the building envelope constitute the most significant factor.
Heat transfer ) Furthermore, the construction process has seen limited technological advancements in recent
Thermal analysis - . . L. . ..
Experimental analysis years, remalr'ung hea.v11)f relle.mt on ma'nu.al labor. Additive r'nanufacturmg emerges as a promising
Hot box approach, with applications in the building sector on the rise. However, research on the thermal
Energy efficiency performance of 3D-printed components remains limited. Despite its recent introduction in the
construction industry, 3D printing has yet to attain a level of maturity commensurate with other
established methods.

This paper aims to reduce this gap by analyzing 3D-printed blocks from a heat transfer
perspective. The article introduces two key innovations. Firstly, it explores the design of various
internal geometries and air gaps aimed at minimizing heat flux exchange between block surfaces.
Secondly, it presents an experimental study conducted with a custom-designed setup tailored for
testing 3D printed blocks. The blocks are constructed using recyclable plastic material and feature
different internal geometries based on hexagonal cells. While the plan size of the cells remains
consistent, their vertical structures vary as follows: 1) Block 1: Hexagonal air cavities without
horizontal partitions. 2) Block 2: Hexagonal air cavities with three horizontal partitions, dividing
the cells vertically into four parts. 3) Block 3: Honeycomb structure characterized by three hor-
izontal partitions and staggering along the vertical axis.

Their performance was experimentally evaluated using the Hot Box method, heat flow meter
sensors, and infrared thermography. The results demonstrated reductions of up to 11.5 % in terms
of thermal transmittance (U-value) with the inclusion of horizontal partitions. Starting from a U-
value of 1.22 + 0.04 W/m?K (Block 1), a transmittance of 1.08 + 0.04 W,/m?K was achieved for
the honeycomb structure with horizontal partitions (Block 3).

1. Introduction

The construction industry stands as one of the largest energy consumers, responsible for approximately 40 % of energy con-
sumption and 36 % of greenhouse gas (GHG) emissions in the European Union (EU) [1]. These emissions stem primarily from the
construction process, building usage, renovation, and demolition [1]. Consequently, enhancing the energy efficiency of buildings and
integrating renewable energy sources are paramount to achieving the ambitious goal of carbon neutrality by 2050, as outlined in the
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European Green Deal [2,3]. At present, about 75 % of buildings in the EU exhibit inadequate energy efficiency, necessitating in-
terventions in existing structures [1]. Renovating existing buildings holds significant potential, with the prospect of decreasing overall
EU energy usage by 5-6% and slashing carbon dioxide emissions by roughly 5 % [1]. Therefore, fostering expertise in designing
innovative solutions and employing energy-efficient materials is crucial. The pursuit of increasingly complex and high-performance
buildings must be paralleled by the advancement of innovative and efficient construction methods.

The construction sector is often regarded as a low-tech industry, with technological progress lagging behind other sectors in recent
years [4]. Consequently, there is a clear need for innovation in construction processes. Additive manufacturing (AM) has the potential
to bridge the gap between traditional construction methods and customized solutions [5]. 3D printing (3DP) enables highly automated
manufacturing processes by sequentially depositing materials based on digital files [6,7]. Moreover, the possibility of realizing highly
optimized solutions in terms of construction time, geometries customization, lack of waste materials, and reduced costs make 3DP a
potential technology of the future [8-10].

1.1. Building envelope and its optimization

Limiting the energy consumption of buildings often involves optimizing the building envelope, a key contributor to heat losses.
Designing high-performance enclosures can significantly reduce the energy consumed by heating and cooling systems. Various ap-
proaches can enhance the thermal behavior of building envelopes, including the use of high-performance insulating materials and
structural improvements to external envelopes [11].

One effective strategy for improving the thermal performance of building envelopes is the incorporation of air cavities, a method
widely adopted to enhance thermal resistance. Numerous studies, employing either experimental or numerical simulations, have
investigated heat transfer in air cavities with diverse shapes and configurations. For example, Lorente et al. [12] developed a simplified
analytical model of thermal behavior (conduction, convection, and radiative transfer) for vertical cavities with a high
height-to-thickness ratio, as well as a series of cavities arranged in a row. Stefanizzi et al. [13] examined the common geometry of
blocks characterized by horizontal and vertical perforations, considering various mean temperatures and temperature differences
across surfaces perpendicular to the heat flux direction. Their research revealed that relying on standards to estimate the thermal
resistance of air cavities could lead to significant errors in certain geometric configurations and boundary conditions. For instance, in
the case of cavities within hollow brick blocks with horizontal perforations, thermal resistance could be underestimated by up to 40 %.

Hu et al. [14] explored how the thermal behavior of blocks would be affected if some cavities were filled with insulating material.
They fabricated six groups of block models with varying filling positions and rates to determine the optimal filling position and rate for
composite self-insulation hollow blocks.

Recent studies have underscored the critical role of cavity geometry within building blocks in shaping the thermal performance of
the building envelope. Al-Tamimi et al. [15] employed finite element modeling (FEM) to pinpoint the most effective cavity geometry
for reducing thermal heat flow in masonry concrete blocks. Experimental findings demonstrated that the newly designed block with
optimized geometry, devoid of any insulating materials, achieved a remarkable thermal insulation improvement of up to 71 %
compared to other models, including those currently available on the market. Similarly, Suntharalingam et al. [16] utilized FEMs to
compare various samples of concrete walls, assessing the thermal properties offered by different geometric configurations. The study
concluded that walls featuring multiple rows of cavities and internal partitions exhibit significantly enhanced performance.

Honeycomb structures, inspired by the geometric arrangement of bee honeycombs, have gained significant traction across diverse
fields, including architecture [17]. Renowned for their effectiveness in energy applications, honeycomb structures serve as optimal
thermal barriers and heat sinks [18]. In this context, Zhu et al. [19] analyzed the heat transfer mechanism in cement-based honeycomb
structures (CHSs) using infrared thermal imaging technology. Their study revealed that thermal diffusion weakens layer by layer
upward through the honeycomb cavities. However, a major challenge in this field lies in comprehending the unique properties of
honeycomb structures, which are influenced by their geometric configurations, scales, and the materials utilized [17].

Hence, it seems evident that the search for useful geometric solutions to minimize heat transfer across opposing faces of a block is
widely debated in the literature. However, contemporary construction technologies limit the shapes of building blocks to simplistic
geometries, seldom optimized for thermal efficiency. Within this framework, emerging and still little-explored 3DP can be an optimal
approach for exploring novel configurations of the building envelope to enhance thermal performance, thanks to its capacity to
fabricate intricate geometries. Examples of using AM to create thermal blocks are still few, although they are rapidly increasing. For
example, de Rubeis [20] demonstrated the potential of AM for insulating systems by investigating the thermal performance of a
3D-printed polylactic acid (PLA) hollow block through theoretical and experimental analyses. The block’s internal cavities were
subsequently filled with various waste materials, such as polystyrene and wool, to assess the impact of insulation materials on the
thermal performance of the hollow blocks. In subsequent studies, de Rubeis et al. [18] conducted theoretical and experimental an-
alyses to investigate the thermal behavior of three PLA-printed blocks with varying internal geometries: (i) multi-row structure, (ii)
square structure, and (iii) honeycomb structure. The findings revealed that hexagonal cells exhibited higher efficiency, indicating that
increasing the complexity of the internal structure led to a reduction in heat flow. Building upon this research, de Rubeis et al. [21]
further explored the hexagonal cell block with cavities filled with various natural and recyclable waste-insulating materials. The
results demonstrated that the incorporation of waste material significantly enhanced the thermal performance of the 3D-printed block,
achieving a reduction of up to 57 % in terms of thermal transmittance.



T. de Rubeis et al. Heliyon 10 (2024) e31107

1.2. Paper contribution

This work builds upon the findings discussed in a previous paper [22] by investigating the potential of 3DP in optimizing the energy
performance of the building envelope.
The primary innovations of this study encompass two key aspects:

i) Exploring the utilization of 3DP to fabricate blocks with internal geometries engineered to minimize heat transfer between
opposing faces, such as those of a wall.
ii) Establishing an appropriate experimental framework to assess the thermal performance of 3D printed blocks.

The primary objective is to comprehensively understand and quantify how the thermal performance of blocks with hexagonal air
cavities varies with changes in internal geometries.

The study examines three blocks characterized by different internal configurations: 1) Block 1 with hexagonal air cavities but no
horizontal partitions; 2) Block 2 with hexagonal air cavities and three horizontal partitions dividing the cells vertically into four parts;
and 3) Block 3 with a honeycomb structure featuring three horizontal partitions and staggering along the vertical axis.

The rationale for this study is grounded in theoretical knowledge indicating that the arrangement of air cavities within the block
significantly influences its heat transfer, primarily through convective heat transfer mechanisms. Building upon the analysis of Block 1,
which was experimentally examined with air cavities arranged vertically (Block 1a) and then adjusted by 90° (Block 1b), Blocks 2 and
3 were designed.

Experimental analysis, conducted using the Hot Box method, Heat Flux Meter (HFM), and Infrared Thermography (IRT) technique,
enabled quantification of the effects of internal geometries on the thermal transmittance of the blocks.

The paper is structured into five sections as follows: Section 2 provides a summary of related works analyzed in the literature;
Section 3 outlines the methodology employed, including the design and construction of the blocks, and details the experimental

phases. Section 4 presents and discusses the results. Finally, Section 5 summarizes the main findings of the study.

Table 1
Summary of the works that analyzed the thermal performance of 3D-printed components.
Reference  Year Research objective Experimental approach Thermal Results
parameters
[23] 2018  Adaptive facade panel Heat flux; Hot-Box A (W/mK) 0.09<A<0.1
[24] 2021 3D-printed plates IRT; T (°C) 36 < T; < 55 (front)
Numerical modeling 32 < T, < 50 (back)
[25] 2020  Multilayer insulation with quadrangle, hexagonal, and Poensgen apparatus A (W/mK) 0.06 <A <25
triangle closures
[26] 2023  3D-printed concrete and hollow slabs with and without =~ Heat Flux; Hot-Box; IRT Ts (°C) Ts,int,1 = 48 (two
insulation material cavities)
Ts,int,2 = 49 (three
cavities)
[27] 2018  3D-printed concrete wall Hot Plate Apparatus R (m?K/W); R =545
U (W/m’K) U=0.18
[28] 2020 3D-printed wall Numerical modeling U (W/m2K) 0.15< U< 0.55
[29] 2021 3D-printed concrete walls with cavities Heat flux; Hot-Box; Numerical A (W/mK) From )\; = 0.37
analysis Tohy =1.1
[30] 2022 3D-printed enclosing structures Hot Box; IRT; Numerical U (W/mZK) U=1.18
modeling
[31] 2021 32 3D-printed walls Numerical modeling U (W/m?K) 0.34 < U< 3.16
[32] 2023 7 3D-printed walls Numerical modeling A (W/mK); 0.586 < U; < 0.828
U (W/m%K); 0.199 < U, < 0.578
T(QO)
[33] 2020 Modular 3D-printed vertical green wall Numerical modeling Q (W/m?) Q=394
[34] 2021 3D-printed block Numerical modeling U (W/m?K) U =0.94
[20] 2022 3D-printed blocks Heat Flux; Hot-box; IRT U (W/m3K) U; =219
U, = 1.24
Us = 0.69
[18] 2022 3D-printed blocks Heat Flux; Hot-box; IRT; U (W/m?K) U; =1.43
Numerical modeling U, =125
Us = 1.22
[21] 2023  3D-printed blocks Heat Flux; Hot-box; IRT U (W/m?K) U; =122
U, = 0.65
Uz =0.53
Us = 0,66

Legend. \: Thermal Conductivity. IRT: Infrared thermography. T: Temperature. T jn: Internal surface temperature. R: Thermal resistance. U: Thermal
transmittance. Q: Heat flux.
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2. Related works

In recent years, numerous studies have delved into the potential of 3DP to optimize the thermal performance of building envelopes
through topology. Sarakinioti et al. [23] developed a facade panel integrating insulating properties with heat storage in a complex,
mono-material geometry created with 3DP. Mihalache et al. [24] investigated the impact of intricate internal wall structures on
thermal performance to prevent overheating induced by thermal radiation. Grabowska and Kasperski [25] proposed the use of 3DP to
produce prototype insulating materials from plastic. They designed and printed multi-layer materials with quadrangle, hexagonal, and
triangle closures. Subsequently, they developed a mathematical model and experimentally validated it to determine the most efficient
configuration. Dey et al. [26] analyzed the thermal performance of 3D-printed concrete slabs potentially used as walls. The slabs were
designed hollow to allow the insertion of insulating material inside them. Kaszynka et al. [27] compared the attributes of conventional
walls to those of 3D-printed walls. Their findings illustrated that the undulating structure of the 3D-printed walls enhanced mortar
adhesion, promoting the effective attachment of thermal insulation. Alkhalidi et al. [28] designed distinct printable wall

Fig. 1. Methodology flowchart.
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configurations with different materials to reduce U-values of painted walls, aligning with regulations specific to climatic zones.
Strategies for thermal improvement of cavity arrangement in 3D-printed concrete facade elements are presented through the analysis
of two 3D-printed cement-based facade construction materials, distinguished by density and thermal conductivity [29]. Maraias et al.
[29] discovered that the choice of wall geometry depends on the printing material.

Similarly, Nemova et al. [30] conducted theoretical and experimental investigations to assess the thermal efficiency of 3D-printed
concrete (3DPC) envelopes featuring different configurations, material arrangements, and insulation types. Suntharalingam et al. [31]
and Cuevas et al. [32] studied different topological wall variants to identify the most energy-efficient configurations. In particular, they
analyzed 32 configurations with and without different insulating materials. Cuevas et al. [32] investigated 7 configurations using two
different cement mixtures. He et al. [33] designed a prototype building envelope, the 3D-VtGW, consisting of 3D-printed modular
elements serving as the backbone for a green wall system to improve the energy efficiency of the building. El-Mahdy et al. [34] created
a prototype 3D-printed block, the SaltBlock, to encourage designers to explore AM techniques by testing their actual applicability in
the construction sector.

In this context, a research line initiated by de Rubeis [20] and extended by de Rubeis et al. [18,21] centers on the investigation of
3D-printed block prototypes for thermal optimization of the building envelope. Specifically, the thermal properties of the samples were
examined by altering their geometric configurations [18], with some cases hypothesizing the insertion of insulating material inside the
cavities of the blocks [20,21].

Table 1 provides a summary of the primary findings from the related works discussed.

3. Methodology

The methodology employed in this study builds upon considerations discussed in previous studies [18,20-22], where the effects of
different air cavity geometries on the thermal performance of 3D-printed blocks were examined. These prior articles demonstrated that
the hexagonal geometry consistently yielded the best thermal transmittance values.

Based on these findings, the current work initially investigated a block featuring hexagonal air cavity geometry, first oriented
vertically and then horizontally (as illustrated in “The Idea Behind” in Fig. 1). Subsequently, based on the obtained results, a block with
hexagonal cavities and horizontal partitions was designed. Finally, a final block configuration was developed, characterized by a
honeycomb structure, horizontal partitions, and vertical translation of cavities. In designing the different blocks, we kept the volume of
air contained in the cavities constant, but made changes to their shape and arrangement. The thickness of the printing material and the
number of air cavities were also kept constant for all the blocks produced.

From the executive point of view, the methodology employed can be divided into three phases:

e Design Phase: Designing the blocks in both two and three dimensions using Autocad® and Autodesk Inventor® software, where
shapes and dimensions were defined based on the printer’s capabilities.

e Construction Phase: Generating G-Code using Creality Slicer software to assign printing properties and printing the blocks with the
Creality CR-3040 PRO printer (Shenzen Creality 3D Technology Co., Ltd., Shenzhen, China) using the Fused Deposition Modeling
(FDM) technique. PLA was selected as the printing material due to its properties, cost-effectiveness, and environmentally friendly,
biodegradable nature [35-37].

e Experimental Phase: Conducting experimental studies using the Hot Box equipped with heat flux sensors and temperature probes
to study the thermal performance of the blocks. Furthermore, the surface thermal distribution of the blocks was evaluated using the
IRT technique.

The illustration of the methodology used in this work is shown in Fig. 1.

3.1. Theoretical background

Heat transfer in the blocks is not simple to model. Basically, we are dealing with a series of cavities heated from the side; however,
in some geometries, internal cavities could also experience heating from the top and the bottom. Considering a single enclosure, we can
identify the following contributions to the heat flux:

e Heat conduction through the PLA walls.

Fig. 2. 3D printed blocks [18]. (a) Multi-row structure. (b) Square structure. (c) Honeycomb structure. Legend: (Blue) is the outer surface, (Red) is
the inner surface, (Green) is the PLA, (Grey) is the air, and (Black) the adiabatic surfaces. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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e Convective heat transfer through air.
e Radiation heat transfer through air.

Focusing on the heat transfer phenomenon, some hints could be obtained about the improvements of the isolating features of the
blocks, i.e. about how to reduce their U-values.

3.1.1. Heat conduction through the PLA walls

Generally speaking, increasing the geometric complexity of the structure increases the effective path the heat has to travel by
conduction, thus increasing the thermal resistance.

This idea can be illustrated by considering Fig. 2, showing examples of blocks with increasingly complex geometry; as heat con-
duction is along the walls (in green), the blocks exhibit increasingly effective conductive paths.

Fig. 3. Block 1 with hexagonal cells and no horizontal partitioning. (a) 2D and 3D Block designs. (Measurements in millimeters). PLA thickness is
equal to 3 mm. (b) The two configurations tested for the block: vertical and horizontal cell orientation.
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3.1.2. Convective heat transfer through air
The convective heat flux ¢, in an enclosure can be written as a function of an “effective conductivity” (Aefr), as shown by Eq. (1)
[38].

ﬂeff =1-Nu (1)
Therefore, the convective heat flux, which considers both conduction and convection, is provided by Eq. (2) [38].

qwnv:leff'NLl'%:ﬂ-Nll'AL—T (2)
where A is the thermal conductivity of air, AT is the temperature difference between the hot and cold surfaces of the enclosure, and L is
the dimension of the cavity in the main direction of the flow. The Nusselt number (Nu) can be determined from various correlations
depending on the aspect ratio, orientation, and direction of the heat flow [38].

The enclosure isolates at its best in the pure conduction state, i.e. when Nu = 1. Nu is generally related to the Prandtl number Pr
(depending on the fluid), the Rayleigh number Ray, and the aspect ratio H/L (ratio of the enclosure height H and the distance L between
hot and cold surfaces).

The Rayleigh number in cavities is based on the enclosure height [39], as shown by Eq. (3).

g p (h—T) H
av

Ray =

3

Fig. 4. Block 2 with hexagonal cells and three horizontal partitions. (a) 2D and 3D Block designs. (Measurements in millimeters). PLA thickness is
equal to 3 mm. (b) Placement of horizontal partitions.
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where g is the gravitational acceleration, « is the thermal diffusivity, f is the coefficient of volume expansion, Tp, is the temperature of
the hot surface, T, is the temperature of the cold surface, H is the characteristic length of the geometry, v is the kinematic viscosity of
the fluid.

Moreover, Nu depends also on the aspect ratio H/L. Bejan [39] summarized several correlations for two-dimensional enclosure
heated from the side by plotting the Nusselt number Nu as a function of the ratio L/H.

Previous considerations are valid for singular enclosures. When cavities are grouped in a multicellular structure, there is heat
transfer between cells.

3.1.3. Radiation heat transfer

Heat transfer by radiation in the cavities, depending on temperature and emissivities of the internal surfaces and the view factors, is
not simple to model. As a basic approach, we may observe that planes parallel to the hot and cold surfaces (see Fig. 2) act as radiation
shields. Therefore, a simple way to reduce the contribution to the heat flux could be the insertion of surfaces opaque to the radiation.

3.2. Design phase

In this section, the process of designing the blocks in both two and three dimensions is explained, along with the rationale behind
the decisions made and the dimensional constraints considered. Specifically, all blocks have the same size (250 mm x 250 mm x 100
mm - width x height x depth), which is dictated by the dimensional limitations of the 3D printer.

3.2.1. Block 1: hexagonal cell block

Block 1, which incorporates hexagonal cells without horizontal partitions (Fig. 3a), was subjected to examination with both vertical
and horizontal cell orientations (i.e., rotated by 90°), as illustrated in Fig. 3b. The rationale for this rotation is linked to its influence on
convective heat transfer. According to heat transfer theory, such rotation should mitigate convective heat transfer effects, especially if
the air cavities tend to contract [39].

The block cavities, arranged in three rows, are characterized by sides of 16.9 mm and a height of 247.0 mm.

3.2.2. Block 2: hexagonal cell block with horizontal partitions

The design of Block 2 originates from the fundamental configuration of Block 1, featuring a hexagonal geometry of air cavities (see
Fig. 4a). However, three horizontal partitions were introduced, dividing the block vertically into four equal sections (see Fig. 4b).
Specifically, the partitions were inserted to ensure that the proportions of the cavities adhered to those of a real honeycomb cell, where
the height is approximately 2.5 times its width [40]. Therefore, starting from the size of the cell opening (“a” in Fig. 4b), the partitions
were inserted at a distance (x e a). This ensured that all cavities had the same height, closely approximating the dimension (2.5 e a).
Considering that “a” is equal to 29 mm, the aforementioned partitions were placed at a distance of (2.1 e a) from each other. This
arrangement resulted in four vertical rows of cells, all of equal height, measuring 59.5 mm.

3.2.3. Block 3: the honeycomb structure

Inspired by the intricate structure of honeycombs, the design of this block draws upon the mathematical principles elucidated by
Polachek [40]. In recent years, the quest for architectural solutions inspired by nature has burgeoned, with AM enabling us to push the
boundaries of construction further. Biomimetic architecture has found application in thermal design, as evidenced by Andréen and
Soar’s research on the thermal properties of termite mounds [41].

The construction technique of a honeycomb is such that it is possible to keep the volume of the cells unchanged by reducing their
surface area. Therefore, bees use less wax to obtain the same honey volume. Moreover, the cells of honeycombs are translated to each
other for structural integrity (Fig. 5).

In light of these considerations, the honeycomb structure has been reconfigured to emulate a condition like that analyzed for the
hexagonal cells with horizontal partitions, as seen in Block 2. Fig. 6 illustrates the honeycomb structure designed for Block 3.

As previously described, a honeycomb makes it possible to reduce the surface area of material while keeping the volume

Fig. 5. Longitudinal section of the honeycombs in a hive. Adapted from Ref. [42].
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Fig. 6. Block 3 with a honeycomb structure of the cells, horizontal partitions, and translation of the cells. (Measurements in millimeters). PLA
thickness is equal to 3 mm.

unchanged. This feature is attributed to geometric principles. Beginning with a cell featuring a hexagonal base (an eight-sided prism, as
depicted in Fig. 7a), three pyramidal volumes are subtracted from the lower end (highlighted as red pyramids in Fig. 7b). These
subtracted volumes are then repositioned (red pyramids in Fig. 7c) to form a trihedral pyramid base at the lower end (ten-sided prism,
as depicted in Fig. 7d).

To clarify the vertical translation of the cells, the three-dimensional schematic is provided in Fig. 8.

Fig. 7. The honeycomb cell design process.
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Fig. 8. Schematic of honeycomb cell fitting.

3.3. Construction phase

All blocks analyzed in this paper were constructed following the same procedure, which comprised three main steps. The initial step
involved a three-dimensional design using Autodesk Inventor® software, enabling the depiction of air cavities and horizontal partitions.
Fig. 9 illustrates the axonometric cross-sections of the three blocks.

The second step in the construction process involves configuring all printing properties using the Creality Slicer software. This
includes assigning properties such as shell and filling characteristics, printing material, nozzle and print bed temperatures, printing
speed, and nozzle size. All three blocks were manufactured using a brass nozzle with a diameter of 0.4 mm, operating at a temperature
of 210 °C, ideal for melting PLA filaments. The print bed temperature was consistently maintained at 60 °C across all cases.

Among the other parameters that characterized the printing of the blocks, it is important to mention the width of the line, set to
0.44 mm, the thickness of the walls, set to 0.66 mm, the filling density, set to 5 %. The aforementioned parameters have been
determined to ensure the right balance between material savings and block strength. The printing speed was set at 100 mm/s, while the
filling speed was set at 10 mm/s to ensure that the material adhered well to the underlying layer.

Upon defining all printing parameters, the G-Code was generated (refer to Fig. 10).

The printing characteristics were communicated to the Creality CR-3040 PRO printer through the G-Code. Subsequently, the blocks
were printed, as depicted in Fig. 11.

Fig. 9. Axonometric cross-sections of the three-dimensional models of the blocks. (a) Block 1. (b) Block 2. (c) Block 3.

10
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Fig. 10. The cross-sections of the block with the print layers visualization on Creality Slicer software. (a) Block 1. (b) Block 2. (c) Block 3.

Fig. 11. Picture of the printing process. (a) Block 1. (b) Block 2. (b) Block 3.

3.4. Experimental phase

The experimental phase was conducted using a specially constructed Hot Box designed to meet the dimensional constraints of 3D-
printed blocks, which are 250 mm x 250 mm (width x height). This Hot Box facilitated experimental campaigns under steady-state
conditions, ensuring controlled and repeatable testing environments. A comprehensive explanation of the Hot Box design and
implementation can be found in Ref. [20]. Fig. 12 presents a schematic representation of the employed Hot Box.

The experimental campaigns were carried out utilizing the HFM Method, which involves measuring heat flux and surface tem-
peratures (both internal and external). The heat flux sensor was installed on the inner (hot) surface of the blocks, the surface tem-
peratures were installed on both external sides of the blocks (inner and outer), and the temperature inside the Hot Box was monitored
using an air temperature probe. Fig. 13 illustrates the experimental setup employed for these measurements.

The operating conditions of the experimental tests were imposed starting from the laboratory temperature (equal to 23 °C). The
electric heater inside the Hot Box was set to achieve an internal block surface temperature of 46 °C, establishing a temperature dif-
ference of at least 20 °C, which is suitable for applications of the HFM method [43]. The sampling frequency was configured to 10 min.
Each experimental test for every block lasted for a duration of 48 h, with the final 24 h considered for analysis, during which stable
thermal conditions were achieved.

The heat flux and internal and external surface temperatures were processed using the progressive average method to determine
the conductance (A) of the blocks, as outlined in Eq. (4). Subsequently, the thermal transmittance (U) was calculated by considering
the surface thermal resistances specified by the ISO 6946 standard [44], with (Rs.l-m) equal to 0.13 mZK/W and (Rs,m) equal to 0.04
mzK/W, as demonstrated in Eq. (5) [44].

11
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Fig. 12. Schematic of the Hot Box used for the experimental analyses.

Fig. 13. The experimental setup. (a) Schematic of the measuring instruments employed. (b) Setup picture.

Z]r‘lzl /]

A= ==Y
2}1:1 (Ts.in.j - Ts.uuLj)

W/ m?K] &)
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1 1
Rmt Rs.int + Rcond + Rs,ext

W/ m?K] (5)
where:

- A is the thermal conductance;

- U is the thermal transmittance;

- Z]f‘zl (Ts,l—n j — Tsout J-) is the progressive sum of the differences between internal and external surface temperatures;
- Z}’Zlqj is the progressive sum of the density of the heat flux;

- Rong is the conduction resistance.

- Rsine and Ry are the internal and external surface thermal resistances;

- Ry is the total thermal resistance.

The experimental study of the blocks also employed the IRT technique to assess the thermal distribution on the external surface of
the blocks. Thermal images were captured by positioning the thermal camera at a distance of 1.5 m from the samples. The configu-
rations utilized for acquiring thermal images are depicted in Fig. 14.

The instruments utilized for the experimental analyses are shown in Table 2.

3.5. Uncertainty analysis
The uncertainty analysis of the measured data was carried out following the Holman’s method [45], as shown by Eq. (6) [45]:

W\ foUu  \? wu "
(—~wl) +(—-W2> +...+(—-wn) ] (6)
X1 X2 Xn

WU =

where:

e Wy is the uncertainty in the transmittance value calculated;
e Wi, Wo, ..., Wy are the uncertainties in the independent variables x;, X2, ..., X, given by technical data sheets.

4. Results and discussion

The tests conducted using the HFM method yielded the determination of the thermal transmittance for the three blocks. Table 3
shows the average values of heat flux (qave), internal (Ts itave) and external (T extave) Surface temperatures for each experimental
campaign carried out.

The graphs in Fig. 15 highlight the values of heat flux (instantaneous and averaged) and internal and external surface temperatures
(instantaneous) of the last 24 h of measurements for each block.

Fig. 16 illustrates the trends of transmittance and their convergence values.

It is worth noting that the honeycomb block (Block 3) exhibits the best performance, with a thermal transmittance of 1.08 + 0.04
W/m2K. This is followed by the block featuring hexagonal cells without vertical partitions, oriented horizontally (Block 1b) with a
thermal transmittance of 1.13 + 0.04 W/m?K. Conversely, the block with hexagonal cells without horizontal partitions, oriented
vertically (Block 1a), demonstrates the poorest thermal performance, with a thermal transmittance of 1.22 + 0.04 W/m?K.

Table 4 compares the U-values obtained with the configurations analyzed, highlighting the percentage difference compared to the
results obtained for Block 1a. The data indicate that the thermal transmittance obtained for Block 3 was 11.5 % lower than the value
obtained for Block 1a. This result underscores the effectiveness of the insertion of horizontal partitions and the vertical translation of

Fig. 14. Schematic representation of the thermographic survey.
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Table 2
Technical specifications of the measuring instruments employed for the experimental analyses.
Sensor Type Measuring Range Sensitivity
Heat flow meter Hukseflux HFPO1 From —2000 to 2000 W/m? 60 x 1076 V/(W/m?)
Surface temperature LSI Lastem DLE 124 From —40 to 80 °C 0.01 °C
Air Temperature LSI Lastem DLA 033 From —40 to 80 °C 0.01 °C
Datalogger LSI Lastem M-Log ELO008 From —300 to 1200 mV 40 pv
IR camera FLIR T1020 From —40 to 2000 °C 1024 x 728 pixel
Table 3
Average of the experimental values recorded for each test.
Tests Block Qave [W/m?] Ts int,ave [K] Ts,extave [K]
Test 1 Block 1a 30.6 + 0.9 45.8 £ 0.1 252+ 0.1
Test 2 Block 1b 29.6 +£ 0.9 46.5 + 0.1 256 £ 0.1
Test 3 Block 2 30.8 £ 0.9 46.6 £ 0.1 25.8+0.1
Test 4 Block 3 27.8+0.8 46.1 £ 0.1 25.1+0.1

the cells in reducing the heat flow passing through the block.
The obtained results demonstrate what is described in Section 3.1 regarding the “Theoretical Background,” namely that:

e increasing the geometric complexity of the block attenuates thermal conduction through PLA, increasing thermal resistance;

e by varying the aspect ratio (H/L) and, in particular, the characteristic length (H), the Rayleigh number is modified, consequently
affecting the Nusselt number. However, the results show that the block with reduced (H) (i.e., Block 2) is only marginally better
than Block 1a. For a singular cavity, it is known [39] that reducing the ratio (L/H) reduces Nu. The difference in this case is most
probably due to the mutual interference of the multicellular structure.

o considering the previous point, the best performance given by Block 3 is mostly due to the increased geometry complexity.

Once stable and steady thermal conditions were achieved (i.e., at the conclusion of the 24 h of heat flux measurements), thermal
images were captured. The thermal images in Fig. 17 display the thermal distributions on the external surfaces of the considered
blocks.

Thermal images highlight the internal structure of the blocks, revealing the varied cavity configurations and internal thermal
stratifications resulting from convective fluid motions. It’s worth noting that in Block 3, the thermal distribution is significantly more
homogeneous. Additionally, the air cavities reach lower temperatures. In contrast, Block 2, despite its horizontal partitions, shows
considerable vertical thermal stratification.

5. Conclusions

This study investigated the thermal behavior of three 3D-printed blocks with similar geometries, featuring hexagonal cells, but
differing in complexity due to the inclusion of horizontal partitions and vertical translation of the cells. The research aimed to
experimentally quantify how variations in the orientation and size of air cavities affect heat flow through the blocks. The experimental
analysis, employing the Hot Box, Heat Flow Meter (HFM) method, and Infrared Thermography (IRT) technique, was conducted under
identical steady-state conditions for all three blocks. The main innovations of this study include the utilization of 3D printing tech-
nology to fabricate blocks with intricate internal geometries aimed at minimizing heat transfer, as well as the development of a tailored
experimental setup to assess the thermal performance of these blocks.

The main findings of the study are summarized below:

e The variation in the orientation of the air cavities in Block 1 facilitated the quantification of their impact on heat transfer. The
thermal transmittance was measured to be 1.22 + 0.04 W/m?K for the block with vertical cavities (Block 1a) and 1.13 = 0.04 W/
m?K for the block with horizontal cavities (Block 1b), representing a decrease of 7.4 %.

e The inclusion of three horizontal partitions in Block 2 led to a marginal improvement in performance compared to Block 1a, with a
thermal transmittance 3.3 % lower, measured at 1.18 + 0.04 W/m?K. However, Block 2 exhibited slightly inferior performance
compared to Block 1b, with a thermal transmittance 4.4 % higher.

e The honeycomb-inspired block design, featuring three internal partitions and vertical translation of the cells, exhibited the best
thermal performance among all tested blocks. It achieved a transmittance of 1.08 + 0.04 W/m?K, representing an 11.5 % reduction
compared to the transmittance of the baseline block (Block 1a).

e The IRT technique facilitated the assessment of thermal distribution on the outer surface of the blocks with various configurations.
As a result, the effects of the geometric configurations of the cavities on fluid motion could be observed. Block 3 showed the most
homogeneous surface thermal distribution.
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Fig. 15. Measured experimental data. (a) Block 1a. (b) Block 1b. (c) Block 2. (d) Block 3. Legend: Continuous black line represents the instantaneous
heat flux; Dashed black line represents the averaged heat flux; Red line is the internal surface temperature; Blue line is the external surface tem-
perature. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 16. Trends of transmittance and their convergence values.
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Table 4
Comparison between the U-values of the blocks (values in [W/m?K]).
Block type U Percentage difference”
Block 1a 1.22 £ 0.04 -
Block 1b 1.13 £ 0.04 —-7.4%
Block 2 1.18 £ 0.04 -3.3%
Block 3 1.08 + 0.04 —-11.5%

a

with respect to Blockptablefo 1a.

Fig. 17. Thermal images of the samples. Thermal distribution on the external surface of the blocks. (a) Block 1a. (b) Block 1b. (c¢) Block 2. (d)
Block 3.

The study underscores the capabilities of 3D printing in creating blocks with intricate geometries, opening avenues for further
exploration in thermal optimization and the design of structures capable of mitigating heat flux.

Moreover, the construction of nature-inspired envelope components, known as biomimetic architecture, has demonstrated energy
benefits for building design. In this context, 3D printing emerges as a promising tool for constructing buildings inspired by nature.

Future developments of this work will focus on investigating geometrically complex structures with the aim of further optimizing
the energy performance of a building’s envelope.
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Nomenclature
Abbreviations U Thermal transmittance, W/m?K
3DP 3D printing v Kinematic viscosity, m?/s

(continued on next page)
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(continued)
3DPC 3D-printed concrete w Uncertainty in the calculated value
AM Additive manufacturing
CHSs Cement-based honeycomb structures Greek symbols
FEM Finite element model o Thermal diffusivity, m?/s
GHG Greenhouse gas B Volume expansion coefficient [1/K]
HFM Heat-flow meter A Conductance, W/m?K
IRT IRT A Thermal Conductivity, W/mK
Nu Nusselt number
PLA Polylactic acid Subscripts
Pr Prandtl number ave Average
Ra Rayleigh number c cold
conv Convective
cond Conduction
Roman symbols eff Effective
g Gravitational acceleration, m/s? ext External
H Enclosure height, m hot Hot
L Dimension of the cavity in the main direction of the flow, m in Indoor
int Internal
q Heat flux, W/m? j j-th
R Thermal resistance, mzK/W n n-th
s Thickness, m out Outdoor
T Temperature, °C or K H Surface
tot Total
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