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Abstract 

Additive manufacturing enables researchers to form unique and unconventional topologies satisfying 
design compactness, improved efficiency, and lower cost. Design freedom introduced by the additive 
manufacturing reveals the idea of implementing the topology optimization approach into thermal 
systems. In this study, changes in thermal performance of three types of topologies: gyroid, hexagon 
(honeycomb), and rectilinear are experimentally investigated. In addition, porosity level of each 
topology is varied in between 25%, 50% and 75% to improve the impact of the study. The 
experimental results indicate that gyroid structures are thermally more efficient (up to 15.6%) than 
the remaining topologies. Furthermore, thermal diffusivities of the rectilinear and gyroid topologies 
with 25% porosity level are measured as the extremes, and it is detected that these structures 
propagate heat 1.1 times greater than the hexagon structure.   
Keywords: Topology optimization, Porous media, Effective thermal conductivity, Thermal diffusivity. 

 

Öz 

Eklemeli üretim, araştırmacıların tasarım kompaktlığı, gelişmiş verimlilik ve düşük maliyeti sağlayan 
benzersiz ve sıra dışı topolojiler oluşturmasına imkân verir. Eklemeli üretimin getirdiği tasarım 
özgürlüğü, topoloji optimizasyon yaklaşımını ısıl sistemlere uygulama fikrini ortaya çıkarmaktadır. 
Bu çalışmada, üç farklı tip topoloji için ısıl performansındaki değişimi deneysel olarak 
araştırılmaktadır: gyroid, bal peteği ve doğrusal. Ek olarak, çalışmanın etkisini artırmak için her 
topolojinin gözeneklilik seviyesi %25, %50 ve %75 arasında değiştirilmektedir. Deneysel sonuçlar, 
jiroid yapıların diğer topolojilere kıyasla ısıl yönden daha verimli (%15.6’ya kadar)olduğunu 
göstermektedir. Ayrıca, %25 poroziteye sahip doğrusal ve jiroid topolojilerin termal yayınımları uç 
noktalar olarak ölçülmüştür ve bu yapıların altıgen yapıya göre 1.1 kat daha fazla ısı yaydığı tespit 
edilmiştir. 

Anahtar Kelimeler: Topoloji optimizasyonu, Gözenekli yapı, Etkin ısıl iletkenlik, Isıl yayılım. 

 

1. Introduction 

Topology (shape) optimization contributes to 
design improved layouts under specific volume 

and boundary conditions [1, 2]. New softwares 
and tools propose diverse algorithms to generate 
topology optimization-based geometries or 
layouts [3-5], but manufacturing of these 
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structures is still a crucial problem. At this point, 
additive manufacturing technologies enable us 
to get high-quality products having unique or 
unconventional structures [6, 7]. As the product 
is created layer-by-layer, the final products need 
no more material removal process [8, 9]. This 
issue is the main superiority of the additive 
manufacturing technologies as it reduces the 
manufacturing cost by decreasing the total 
material consumption. 

Mechanical performance of the 3D-printed 
topologies is studied in a comprehensive way in 
the stress distribution [10], specific stiffness 
[11], compression-bending [12] and fatigue [13] 
points of view. For instance, Ma et al. [14] 
investigated the impact of environmental 
conditions on the mechanical properties such as 
compressive and flexural strength. Likewise, 
Heever et al [15] considered the porosity effects 
on 3D-printed concrete domain. The findings 
indicated that the elasticity is dominated by 
porosity level. On the other hand, Rimasauskas 
et al. [16] parametrically studied the layer height 
and line width to observe the tensile properties. 
The results showed that mechanical 
performance of  3D printed composite structures 
can be improved by process parameters. 

Although the literature contains many scientific 
papers related to the mechanical/material 
performance of the 3D printed topologies [17-
21], main gap of the literature is the evaluation 
and experimental investigations of the thermal 
characteristics of additively manufactured 
structures. In the thermal engineering systems, 
the researchers mainly aim to enhance the 
conductance performance and thermal 
uniformity for conduction heat transfer 
applications having diverse topologies [22-25]. 
Furthermore, optimized heat transfer topologies 
have been rarely manufactured by the help of 3D 
printing technology [26-28]. In this study, the 
conduction heat transfer performance of the 
three different topologies: gyroid, hexagon 
(honeycomb), and rectilinear has been 
investigated. Thermal conductivity and thermal 
effusivity are determined as the output 
parameters of the experimental research. 
Porosity level is varied as 25%, 50% and 75% for 
the investigated topologies to observe the 
change in heat transfer performance. 
Furthermore, the thermal conductivity 
measurements of the 3D printed topologies are 
performed in x, y, z-directions to improve the 
impact of the study.  

2. Material and Methods 

In this study, gyroid, hexagon and rectilinear 
structures are experimentally examined in terms 
of thermal conductivity, effusivity and thermal 
diffusivity performance points of view. This 
section presents the manufacturing steps, 
boundary conditions, main assumptions, and 
experimental set-up configuration. 

2.1. Additively Manufactured Topologies 

Thermal conductivity and effusivity 
characteristics of additively manufactured 
gyroid, hexagon and rectilinear topologies are 
investigated at various porosity levels. The 
structures are manufactured in the volume of 
30-mm cube via a professional 3D printer. Figure 
1 presents cross-sections of the investigated 
topologies. The presented topologies are three-
dimensional, and the figures are captured from 
the front view. The void volume of the hexagon 
structure (Fig. 2b) appears to be less; however, 
this is due to an optical delusion. 

 

Figure 1. Investigated and manufactured 
topologies, a) rectilinear, b) hexagon 
(honeycomb), and c) gyroid. 

The manufacturing tolerance and layer thickness 
of the 3D printer is ±0.1 mm and 0.4 mm, 
respectively. The structures with 25%, 50% and 
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75% porosity levels are manufactured in one 
printing step to avoid from the environmental 
irreversibilities. Note that the ambient 
temperature during the manufacturing 
processes is maintained at about 20 ⁰C. 

Figure 2 shows the 3D printer and manufactured 
structures based on the polylactic acid (PLA) 
material. Once high-quality structures at 
different porosity values have been 
manufactured, thermal performance of these 
topologies is investigated in the thermal 
conductivity, effusivity and diffusivity points of 
view. 

 

Figure 2. 3D printer and a view from the 
manufactured topologies.  

2.2. Conductivity and Effusivity Experiments 

In the experimental investigations, C-Therm TCI 
analyzer is utilized for precisely measuring the 
thermal conductivity, effusivity and thermal 
diffusivity. The operating temperature range of 
the device varies between -50⁰C and 200⁰C.  Note 
that all the experimental investigations comply 
with the ASTM D7984 transient plane source 
standards with a measurement tolerance of less 
than ±1 %. The device has one-sided heat 
reflectance sensor with a heating domain.  

The heating element is supported by an 
insulated backing. Applied current causes 
simultaneous heat generation within the heating 
element (coil). As the backside of the heating 
element is insulated, generated heat is only 
transferred in the reverse direction, and this 
operation creates temperature increase.  

 

Figure 3. The experimental setup configuration. 

Figure 3 presents the experimental setup used 
for measuring the thermal conductivity and 
thermal effusivity. Temperature variation is 
basically monitored by the voltage change of the 
calibrated main sensor. The thermal 
conductivity measurements in the experimental 
setup is based on the Fourier’s Law [29, 30]: 

𝑄 = 𝑘𝐴𝑠

𝑑𝑇

𝑑𝑛
   , 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑛𝑖𝑡 𝑜𝑓 [𝑊] (1) 

where, 𝑄 is the conduction heat transfer rate, 𝑘 
denotes the thermal conductivity of the 
investigated materials, 𝐴𝑠 is the heat transfer 
surface area, 𝑇 is the abbreviation of 
temperature, and 𝑛 is the length in the 
investigated axis.  On the other hand, thermal 
effusivity (responsivity) corresponds the 
thermal energy exchange capability of the 
structure with its ambient [31, 32]. Thermal 
effusivity of an investigated topology can be 
calculated as: 

𝑒 = (𝑘𝜌𝐶𝑝)
0.5

, 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑛𝑖𝑡 𝑜𝑓 [
𝑊𝑠0.5

𝑚2𝐾
] (2) 

Here, 𝑒 is the thermal effusivity, 𝜌 and 𝐶𝑝 are the 

material density and the specific heat capacity, 
respectively. Likewise, the thermal diffusivity 
was measured to report the rate of heat 
propagation driven by the conduction heat 
transfer. The thermal diffusivity of the system is 
as follows: 

𝛼 = 𝑘
𝜌𝐶𝑝

⁄   , 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑛𝑖𝑡 𝑜𝑓 [
𝑚2

𝑠
] (3) 

In the experimental setup, temperature increase 
in the system is inversely proportional with the 
thermal conductivity of the material. The 
physical reason behind this issue is the constant 
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heat flux applied by the heating element. Note 
that the experimental setup allows us to repeat 
the experiments for preventing the ambiguity or 
uncertainty problems. Therefore, same 
experiments were conducted at least for ten 
iterations to obtain more accurate results.  

3. Experimental Results 

In this paper,  thermal performance of additively 
manufactured structures at various porosity 
levels are experimentally investigated. Table 1 
presents the thermal conductivity and effusivity 
results of the gyroid topology when the structure 
porosity is 25%, 50%, and 75%. Gyroid is a triply 
periodic minimal surface (TPMS) having high 
heat transfer surface area compared to the total 
volume. 

Table 1. Three dimensional thermal 
characteristics for the gyroid structure.  

Gyroid  

25% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[W𝑠0.5/𝑚2𝐾] 

x-direction 0.380 784 

y-direction 0.374 753 

z-direction 0.292 496 

 

50% porosity 
Thermal 

conductivity 
[W/mK] 

Thermal 
effusivity 

[W𝑠0.5/𝑚2𝐾] 

x-direction 0.367 728 

y-direction 0.369 733 

z-direction 0.273 431 

 

75% porosity 
Thermal 

conductivity 
[W/mK] 

Thermal 
effusivity 

[W𝑠0.5/𝑚2𝐾] 

x-direction 0.365 727 

y-direction 0.342 679 

z-direction 0.261 395 

As the porosity corresponds to void volume 
within a structure, greater porosity causes more 
air gaps and lower thermal conductivity, as 
expected. Table 1 shows the variation of thermal 
conductivity and effusivity for each direction 
given in Fig. 2. Lower conductivity was observed 
from the front surface of the gyroid structures (z-
direction) in every porosity levels. Furthermore, 

both the thermal effusivity and thermal 
conductivity decreases in more porous 
structures.  Likewise, Table 2 presents the same 
thermal parameters for the hexagon topologies 
at various porosity levels. The trend of change is 
similar to the gyroid structure, yet the thermal 
conductivity values are less than the level of the 
gyroid topology.  

Table 2. Thermal conductivity and effusivity of 
the hexagon structure.  

Hexagon 

25% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[W𝑠0.5/𝑚2𝐾] 

x-direction 0.361 723 

y-direction 0.319 635 

z-direction 0.257 418 

 

50% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[Ws0.5/m2K] 

x-direction 0.346 699 

y-direction 0.311 612 

z-direction 0.239 388 

 

75% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[Ws0.5/m2K] 

x-direction 0.313 632 

y-direction 0.298 547 

z-direction 0.226 365 

Main reason behind the lower thermal 
parameters of the hexagon structures is the 
longer vertical and horizontal spacings behaving 
as an insulation. The next investigated topology 
is the rectilinear path having more homogenous 
distribution within the structures. Table 3 shows 
the thermal conductivity and effusivity results in 
each direction of the rectilinear topologies. The 
experimental findings indicate that rectilinear 
structures are thermally more conductive than 
hexagon topologies. Furthermore, thermal 
conductivity results of the rectilinear topologies 
in x and y-directions are very close to each other 
at each porosity level. This causes due to the 
almost symmetric paths in x and y directions 
(see Fig. 2a).  The z-direction (front view) has 
more impact on both thermal conductivity and 
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effusivity measurements for 25%, 50%, and 75% 
porous rectilinear structures.  

Table 3. Thermal characteristics for the 
rectilinear structure.  

Rectilinear 

25% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[W𝑠0.5/𝑚2𝐾] 

x-direction 0.377 766 

y-direction 0.375 758 

z-direction 0.282 469 

 

50% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[Ws0.5/m2K] 

x-direction 0.339 677 

y-direction 0.341 670 

z-direction 0.240 419 

 

75% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[Ws0.5/m2K] 

x-direction 0.327 604 

y-direction 0.330 615 

z-direction 0.214 396 

On the other hand, thermal diffusivity is another 
critical parameter presenting the conduction 
based thermal propagation performance of a 
topology. Variations in the thermal diffusivity 
are also reported for all the investigated 
topologies and porosity levels. In Figure 4, 
average thermal conductivity and thermal 
diffusivity results are documented for the gyroid, 
hexagon and rectilinear topologies, respectively. 
Here the parameter of density by specific heat 
capacity is taken from the experimental 
measurements. As thermal diffusivity directly 
depends on the thermal conductivity, the 
thermal diffusivity increases with decrement in 
the porosity level. The experimental results 
indicate that gyroid structure with 25% porosity 
level propagates heat in a more efficient way by 
the contribution of conductive heat transfer. 
Furthermore, the thermal diffusivity level of the 
rectilinear structure at the same porosity level 
detected as very close to the maximum 
measured thermal diffusivity value. On the other 
hand, minimum thermal diffusivity is measured 
at hexagon structure with 75% porosity level.  

 

Figure 4. Variation of the average thermal 
conductivity (TC) and thermal diffusivity (TC) 
levels with respect to porosity level of each 
investigated topology. 

An additional analysis is performed to check the 
uncertainty level of the experimental 
measurements to determine the robustness and 
accuracy of the system. Monte Carlo method is 
utilized for the calculation of measurement 
errors [33, 34]. The gyroid structure at 25% 
porosity level is selected as sample, and ten 
measurements in y-direction have been 
conducted at identical boundary and initial 
conditions. Maximum, mean, and minimum 
measurement values are documented for both 
thermal conductivity and thermal effusivity 
parameters. 

Table 4. Uncertainty analysis results.  

Gyroid 

25% porosity 

Thermal 
conductivity 

[W/mK] 

Thermal 
effusivity 

[W𝑠0.5/𝑚2𝐾] 

Max. value 0.3792 756.8 

Mean value 0.3741 753.3 

Min. value 0.3721 750.9 

Table 4 shows the uncertainty analysis results 
after ten identical experiments. The findings 
indicate that although the thermal conductivity 
device manufacture claims the measurements 
are in a range of ± 1% tolerance, the uncertainty 
level may reach up to ± 1.9%. 

4. Discussion and Conclusion 

In this paper, thermal performance and 
characteristics of additively manufactured 
structures at various porosity levels have been 
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experimentally investigated. Three different 
topologies of rectilinear, hexagon (honeycomb) 
and gyroid are determined as the main paths 
within the structures. High-quality 3D printer 
technology is utilized to manufacture the 
investigated topologies at 25%, 50%, and 75% 
porosity levels. The topologies are 
experimentally examined via a professional 
device to measure the thermal conductivity and 
thermal effusivity values. The experiments are 
repeated at least ten times for preventing the 
ambiguity or uncertainty problems. The ambient 
temperature and environmental conditions are 
kept the same both in the manufacturing steps 
and during the experiments. Main findings are 
given as follows:  

- The gyroid structures at all porosity levels are 
thermally more conductive than the rectilinear 
and hexagonal topologies.  

- Enhancement in the thermal conductivity 
reaches up to 21.9% among the 75% porous 
gyroid and rectilinear structures (z-direction).  

- Investigated rectilinear and gyroid topologies 
at 25% porosity level provide maximum thermal 
diffusivities (≃ 0.26 mm2/s) in the experiments.  

- Thermal propagation performance of the 
gyroid structure is up to 15.6% higher than the 
hexagonal topology.  

In the near future, these topologies are expected 
to be modelled numerically to apply into 
thermal-fluid engineering problems under 
various boundary-initial conditions. 
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