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Abstract 

This study evaluates the thermal-hydraulic performance of additively manufactured Radially Oriented Gyroid (RO-Gyroid) structures produced 
via Digital Light Processing (DLP) for applications in low-temperature thermal absorbers. Various gyroid configurations are designed and 
additively manufactured by considering key geometric parameters (viz., porosity, volume, surface area, specific surface area, hydraulic diameter). 
The effects of the geometric design parameters on heat transfer and pressure drop were studied to identify a dedicated gyroid structure that 
maximizes convective heat transfer while minimizing pressure drop.  Experimental findings reveal that configurations with higher specific surface 
areas, like A9R6, achieved promising convective heat transfer 273.85 Wm-2.K-1 and a Performance Evaluation Criterion (PEC) of 5.89, balancing 
efficiency and pressure loss. On the one hand, high-porosity designs, such as A5R10, yielded a low pressure drop up to 50 Pa but exhibited 
reduced thermal performance due to limited surface area. Results suggest that increased arc count enhances heat transfer by up to 30%, whereas 
a larger cell radius reduces effective surface area, thereby impacting resulting heat transfer performance. Overall, an optimal gyroid design (A9R6) 
was identified for balancing heat transfer and pressure drop, offering valuable insights for low-temperature thermal absorber applications. 

© 2025 The Authors. Published by ELSEVIER Ltd. This is an open access article under the CC BY-NC-ND license 
(https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the scientific committee of the NAMRI/SME. 
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1. Introduction

Global energy consumption and the urgent demands for
addressing climate change are driving encouraged investigation 
into clean and renewable energy [1,2]. Thermal systems are 
very efficient in such applications, including household water 
heating, space heating, and low-temperature industrial 
operations [3–5]. Traditionally, straight tubes coated with 
materials like black nickel and copper have been used to 
enhance heat transfer [6]. While these tubes offer advantages 
(e.g., ease of manufacturability, low cost), opportunities remain 
for further heat transfer improvement through geometrical 
design modifications. To this end, various innovative 
approaches have been proposed to enhance the absorber 
performance by leveraging unique geometries that promote 

heat transfer and induce turbulent flow [7]. These methods 
include designs featuring twisted tape shapes [8,9], wire coil 
shapes [7], toroidal rings[10], twisted strips with angular shapes 
[11] and baffles with curved and conical strips [12].

Most recently, gyroid structures have garnered substantial
attention in the field of heat transfer due to their unique, 
complex geometry that provides an optimal balance of surface 
area and permeability [13]. The high-surface-area-to-volume 
ratio and lightweight design make gyroid structures ideal for 
high thermal performance with minimal material use [14]. In 
this context, Triply Periodic Minimal Surface (TPMS) 
structures are highly effective for heat transfer optimization due 
to their three-dimensional periodicity, which can be precisely 
designed through mathematical formulations. Their high 
surface area, lightweight properties, and mechanical strength 
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make them ideal for thermal applications [15]. Benjamin W. et 
al. [16] characterized various TPMS types- such as gyroid, 
primitive, and diamond—for heat exchangers, finding that 
gyroid structures increased the Nusselt number (i.e., a 
dimensionless quantity that indicates the enhancement of 
convective heat transfer) by 13% over traditional straight-tube 
designs. While TMPS structures enhance heat transfer, some 
studies have shown that these structures often face issues 
related to undesired pressure drops, thereby necessitating a 
balance for optimal thermal-hydraulic performance [17–19]. As 
such, it is crucial to carefully design TPMS geometries using 
high-performance materials to maximize thermal performance 
while minimizing hydraulic resistance.  

Over the last decade, additive manufacturing (AM) has 
found remarkable applications in the field of thermal absorber 
applications due to its ability to create intricate geometries from 
low-cost materials that enhance heat transfer efficiency and 
overall thermal performance [20,21]. AM techniques, including 
[16], Digital Light Processing (DLP) [22–29], laser powder bed 
fusion (LPBF) [30], fused deposition modelling (FDM) [31], 
directed energy deposition (DED) [20], were employed to 
fabricate TPMS structures, aiming to boost thermal 
performance. Collectively, these studies have laid the 
groundwork for AM-based thermal absorbers in practical 
applications [21,32]. Among these methods, DLP method 
stands out for its high precision and capability to produce 
complex lattice structures [22,23], which are ideal for 
optimizing surface area and fluid flow in thermal applications. 
DLP leverages ultraviolet light (UV) to selectively cure 
photopolymer resins layer by layer, enabling the production of 
intricate and highly detailed structures [22]. DLP offers 
significant advantages in designing and manufacturing complex 
structures such as gyroid structures, particularly through 
creating optimized lattice structures. Although several studies 
have utilized DLP technology in the fabrication of lattice 
structures for thermal applications, leading to substantial 
advancements [26–29], further exploration is needed to uncover 
the potential of DLP technology for lattice structures made of 
high-performance materials, aiming to enhance thermal and 
fluid dynamic performance. 

Despite researchers have investigated TPMS structures, 
particularly gyroid structures, for thermal applications (e.g., 
heatsinks, heat exchangers, heat absorbers, reactors), 
significant gaps remain in optimizing thermal absorbers to 
enhance heat transfer while minimizing pressure drop. 
Furthermore, traditional designs have been widely studied but 
often fail to achieve the ideal balance between heat transfer and 
pressure drop. DLP 3D printing has shown potential for 
fabricating complex structures. However, limited research has 
focused on the fabrication of composite carbon fiber for specific 
applications, such as low-temperature thermal absorber.  

This study focuses on the development of gyroid structures 
by leveraging the unique capabilities of the DLP-based AM. 
First, Radially Oriented Gyroid (RO-Gyroid) structures 
composed of composite carbon fiber was designed and 
fabricated via DLP, with careful consideration of various 
design configurations, including porosity, wall thickness, 
volume, surface aera, and hydraulic diameter. Subsequently, 
the thermal and hydraulic performance of the RO-Gyroid was 

experimentally characterized, focusing on optimizing arc count 
and cell radius to enhance heat transfer while minimizing the 
pressure drop. The main goals are to: (i) test DLP-based AM of 
gyroid structures comprising carbon fibers; (ii) assess 3D-
printed composite structures for thermal absorbers; and (iii) 
optimize RO-Gyroid geometry for maximum thermal 
efficiency. Experimental results revealed critical insights into 
how structural and material design parameters (i.e., porosity, 
wall thickness, thermal conductivity) affect the overall heat 
transfer rate and fluid dynamics of the developed RO-Gyroid 
structure in thermal absorber applications. 

Nomenclature 

A Arc account 
AG Wetted surface area (mm-1

) 
Ah Surface area (m2)  
Ain Inlet cross-sectional area (m2) 

c specific heat capacity of fluid (J.kg-1.K-1) 

CAD Computer-aided design 
DED Directed energy deposition 
Dh Hydraulic diameter (m) 
f Friction factor (-) 
FDM Fused deposition modelling 
h Convective heat transfer (Wm-2

.K-1) 
k Thermal conductivity (Wm-1

.K-1) 
L Length (m) 
LPBF Laser powder bed fusion 
Nu Nusselt number (-) 
PEC Performance Evaluation Criterion (-) 
R Cell radius (m) 
r RO-Gyroid radius (m) 
Re Reynold number (-) 
SA Surface area (mm2) 
TA Temperature heating surface (K) 
Tin Inlet temperature (K) 
Tout Outlet temperature (K) 
U Uncertainty (%) 
v Fluid velocity (m.s-1) 
θ Arc angle (0) 
 λ  Thermal conductivity of the fluid (W.m-1.K-1) 
Δp Pressure drop (Pa) 
ε Porosity (-) 
μ Fluid dynamic viscosity (kg. m-1s-1) 
Ρ Fluid density (kg.m-3) 

2. Materials and methods 

This section details the design approach for generating 
radially oriented gyroid (RO-Gyroid) configurations, utilizing 
a mathematical framework [33,34]. The design configuration is 
expressed by the following implicit function. 

sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(x) = 0  (1) 

RO-Gyroid configurations were designed using nTop 
Platform (nTopology software). Fig. 1(a) illustrates the 
transformation of a conventional cubic gyroid into a radially 
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Table 1. Geometric characteristics of RO-Gyroid configurations with a 1 mm wall thickness 

RO-Gyroid configuration Porosity (ε) Volume (mm3) Specific surface area (mm-1) 

A5R6 0.754 4667.56 0.273 

A5R8 0.775 4276.45 0.277 

A5R10 0.793 3926.82 0.274 

A7R6 0.725 5226.59 0.276 

A7R8 0.748 4780.66 0.269 

A7R10 0.769 4398.62 0.259 

A9R6 0.701 5688.85 0.267 

A9R8 0.726 5199.08 0.254 

A9R10 0.748 4784.24 0.244 
 

Fig. 1. (a) Transformation of a conventional gyroid to RO-Gyroid. (b) CAD of the various gyroid configurations considered in this work. 
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aligned arc-shaped structure. The design features a circular 
cross-section with an 11 mm radius and a longitudinal structure 
length of 50 mm. Key parameters include arc count (A) values 
of 5, 7, and 9 mm, cell radius (R) values of 6, 8, and 10 mm, 
and a fixed wall thickness of 1 mm, with an overall structure 
length of 500 mm. Fig 1(b) presents detailed Computer-Aided 
Design (CAD) of the various gyroid configurations which has 
different arc account and cell radius. Moreover, Table 1 
provides the detailed geometric characteristics for each gyroid 
design with relevant structural parameters (viz., porosity, 
volume, area) that impact thermal absorber performance. The 
surface area per unit volume enhances fluid-solid interaction, 
promoting efficient heat transfer, and flow resistance [35]. 
Porosity (ε) (i.e., the void space fraction) is critical for 
facilitating fluid flow within the structure, contributing to 
improved thermal management [36]. 

The RO-Gyroid structure was fabricated using a DLP printer 
(Phrozen Sonic Mini 8K Phrozen Tech Co., Ltd.). The 
photopolymer resin comprised HDDA and TMPTA with TPO 
(Arkema Sartomer®) as the UV photoinitiator. Surfactants, 
dispersants, and anti-settling agents (BYK Additives & 
Instruments) were incorporated, along with 20 wt% milled 
carbon fibers (Nippon Polymer Sangyo Co., Ltd.) to reinforce 
mechanical and thermal properties. The 20 wt% carbon fiber 
content was chosen intentionally, drawing from previous 

studies, which indicated this level achieves an optimal balance 
for thermal conductivity (ranging from 5 to 10 W/m·K) [37] 
and mechanical stability, as higher fiber content can lead to 
brittleness and reduced Young’s modulus [28]. Fig. 2(a) 
illustrates the manufacturing process of the RO-Gyroid 
configurations reinforced with carbon fiber and Fig. 2(b) 
depicts a milled carbon fiber composite printed by DLP, while 
Fig. 2(c) present the surface microstructure of the resulting RO-
gyroid taken by scanning electron microscopy (FESEM, JSM-
7900F, JEOL, Ltd., Japan). 

3. Experiment apparatus and test procedure 

3.1. Experimental apparatus 

The experimental setup, shown in Fig. 3(a), was designed to 
evaluate flow and heat transfer characteristics of the RO-Gyroid 
structure designs detailed in Table 1. Room temperature air is 
supplied by a regulated air compressor (Model TM0210, 
ASAHI, Japan) to maintain consistent pressure, with a 
downstream flow meter (Alicat Scientific, USA, ± 0.6 %) 
monitoring the volumetric flow rate. Two thermocouples 
(TECPEL, Taiwan, ± 0.1 ℃) positioned 125 mm downstream 
and upstream of the heated section records the inlet and outlet 
temperatures, respectively. The RO-Gyroid is housed within a 

Fig. 2. Fabrication of RO-Gyroid: (a) Schematic of the milled carbon fiber RO-Gyroid fabrication process using DLP; (b) 20 wt.% milled carbon fiber 
composites printed by DLP; (c) The surface microstructure of the 20 wt.% milled carbon fiber composite. 
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50 mm cylindrical chamber and is externally heated by an 
electric band heater (ARICO Technology Co., Taiwan) coupled 
with PID control (Berm Inc., China) to ensure controlled 
temperature rise across the porous structure. A digital 
manometer (LINXINO, China, ± 0.29 FSO) was also used to 
measure the pressure drop along the flow line. To minimize the 
heat loss to the environment and ensure uniform heating at 475 
K (≈200 ℃), the flow duct was insulated with heat resistant 
aluminum silicate thermal insulator material. The experiments 
were conducted using the following procedures with this 
experimental apparatus:  
1. Air is pressured and regulated at room temperature. 
2. Flow meter records the volumetric flow rate of the air, with 

inlet velocities ranging from 0.43 m/s to 1.28 m/s. 
3. A thermocouple records the temperature of the gas flow 

before its interaction with the RO-Gyroid structure. 
4. Air flows through the duct and is heated by the heater, 

enabling convective heat transfer across the RO-Gyroid 
structure.  

5. The digital manometer measures the pressure drop between 
inlet and outlet of the RQ-gyroid structure.  

6. Finally, a secondary thermocouple measures the exit 
temperature of the gas flow, ensuring the free outflow 
boundary condition to prevent back-pressure. 

3.2 Data processing 

The equations for the experimental procedures are detailed 
in Eqs. (2)-(9) [13,38–40]. Key parameters, such including as 

the Reynolds number (Re), hydraulic diameter (Dh), 
convective heat transfer (h), the logarithmic mean temperature 
difference 𝛥𝑇௅ெ்஽ , Nusselt number (Nu), friction factor (f), and 
the performance evaluation criteria (PEC) for each 
configuration are determined using these equations. 

The Reynolds number represents the ratio of inertial forces 
to viscous forces in fluid flow, which helps determine whether 
the flow is laminar (smooth) or turbulent. 

𝑅𝑒 =
ఘ௩஽೓

ఓ 
   (2) 

Where ρ represents the fluid density, Dh is the hydraulic 
diameter, v is the fluid velocity, and μ denotes the fluid 
viscosity. The hydraulic diameter of the tube Dh is calculated 
using the following formula (Eq. 3): where AG is the wetted 
surface area of the RO-Gyroid structure. 

𝐷௛ =
ସ ఌ

஺ಸ
    (3) 

The heat transfer performance of the RO-Gyroid 
configurations was evaluated by calculating the convective 
heat transfer coefficient (h) and the Nusselt number (Nu). The 
convective heat transfer coefficient represents the rate at which 
heat is transferred through convection compared to conduction 
in the fluid. This coefficient was determined using the 
corresponding equation. 

ℎ =
ఘ௩஺೔೙஼( ೚்ೠ೟ି்೔೙) 

஺೓ ௱்ಽಾ೅ವ
   (4) 

Here, Ain refers to the inlet cross-sectional area, C 

Fig. 3. Description of the experimental setup: (a) Schematic representation and (b) Representative photograph of the apparatus. 
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represents the specific heat capacity of air, and Tin and Tout 
denote the inlet and outlet fluid temperatures, respectively. The 
heating surface area is defined by Ah, and the logarithmic mean 
temperature difference ΔTLMTD is calculated as shown in the 
following equation. 

𝛥𝑇௅ெ்஽ =
( ೚்ೠ೟ି்೔೙) 

୪୬  ൬
೅ಲష೅೔೙

೅ಲష೅೚ೠ೟
൰
   (5) 

In this context, TA refers to the temperature of the heating 
surface. Additionally, The Nusselt number was derived using 
the following equation. 

𝑁𝑢 =
௛ ஽೓ 

ఒ
   (6) 

In this equation, 𝜆 represents the thermal conductivity of the 
fluid. 

The Darcy friction factor f, a widely used dimensionless, is 
defined as follows. 

𝑓 =
௱௉஽೓  

ଶ௅ఘ௩మ   (7) 

Overall thermal performance is evaluated using the 
performance evaluation criteria (PEC). This criterion is widely 
used to correlate mass transfer and heat transfer coefficients 
and is a key indicator of overall heat transfer efficiency [36]. 

𝑃𝐸𝐶 =
ே௨ 

௙
భ
య

   (8) 

To process the data for estimating the convective heat transfer-
based PEC and pressure drop, certain assumptions were made 
and are summarized as follows:  

i. The flow is laminar and steady-state 
ii. The flow is incompressible (i.e., constant air density) 

iii. No radiative heat transfer (due to the low process 
temperatures) 

iv. Conductive heat transfer is negligible  

(Biot number ( 𝐵𝑖 =
௛ ஽೓

௞
)  < 0.1), where the thermal 

conductivity (k) of 20 wt% resin-milled carbon fiber 
composite is 32 Wm-1.K-1

 [41] 

v. Uniform material properties  
vi. Constant heat flux 

vii. Negligible heat loss to surroundings owing to insulation 
layer 

viii. No mass transfer and chemical degradation  

4. Result and Discussion 

4.1. Convective heat transfer 

The RO-Gyroid structure enhances heat transfer by 
promoting a high degree of thermal interaction between the 
fluid and the structure’s surface. Fig. 4(a) shows the convective 
heat transfer coefficients across various RO-Gyroid 
configurations as a function of Re number. The high specific 
surface area configurations like A9R6 achieved superior heat 
transfer 32.47 Wm-2

.K-1, 120.81 Wm-2
.K-1, 273.84 Wm-2

.K-1 

respectively in each Re number. Conversely, the high-porosity 
but lower surface area design of A5R10 resulted in reduced 
convective heat transfer coefficient of 8.741Wm-2

.K-1, 30.787 
Wm-2

.K-1, 84.25 Wm-2
.K-1, underscoring the importance of 

the surface area in heat transfer efficiency. 

4.2. Friction factor  

The friction factor (f) characterizes flow resistance in RO-
Gyroid structures, representing energy loss due to fluid friction. 
Fig 5(a) depicts the variation in the friction factor across 
various design configurations studied and a range of Re 
numbers. The friction factor decreased as the Re number 
increases, which aligns with the typical behavior observed 
within porous structures [11]. The A9R6 configuration 
demonstrates significantly higher friction factors at lower Re 
numbers, indicating greater resistance to fluid flow due to their 
denser structures. This observation is consistent with previous 
sections, where these configurations exhibited higher pressure 
drops. As the Re number increases, the friction factor for all 
configurations converges to lower values, with A5R10 
showing the least flow resistance due to their higher porosity 
and lower surface area. At Re numbers above 1200, differences 
in friction factors among configurations become less 
pronounced, indicating that at inertial forces primarily drive 
pressure losses, which reduces the impact of geometric design 
on flow resistance. However, at lower Re numbers, the 
geometry still significantly affects the friction factor. 

 
(a)  

(b)  

 
Fig. 4 (a) Convective heat transfer coefficient and (b) Nu number variation 

with respect to Re number. 
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4.3. Performance evaluation criteria 

The Performance Evaluation Criterion (PEC) is a 
dimensionless metric that evaluates the thermal-hydraulic 
performance of RO-Gyroid configurations, balancing heat 
transfer efficiency with pressure drop for a comprehensive 
system assessment. Fig. 5(b) shows PEC variations with Re 
numbers across configurations, indicating that PEC rises with 
increasing Re numbers. In particular, Re >1200, the RO-Gyroid 
structures improve heat transfer efficiency relative to pressure 
loss. Among the configurations, A9R6 achieved the highest 
PEC at Re numbers of 600, 1200, and 1800, while A5R10 
showed a lower PEC. It is attributed to higher specific surface 
areas of A9R6 design, which exhibited lower friction factors. 
As such, the A9R6 configuration demonstrated superior PEC 
of 5.8 over the other designs due to its higher surface area. 

 
(a) 

 
(b) 

Fig. 5 (a) Frication factor; (b) PEC variation with respect to Re number. 

5. Conclusion 

This study successfully fabricated various Radially 
Oriented Gyroid (RO-Gyroid) configurations via Digital Light 
Processing (DLP) and systematically assessed their thermal-
hydraulic performance for low-temperature thermal absorbers. 

The key takeaways from the study are:  

 Increasing arc count enhances convective heat transfer by 
30%, while increasing the cell radius reduces overall heat 
transfer performance. 

 Surface area plays a critical role, with configurations like 
A9R6 achieving a high heat transfer coefficient of 273.85 
W/m²·K due to a favourable surface area-to-volume ratio. 

 High-porosity designs, such as A5R10, demonstrated 
efficient fluid flow with a low-pressure drop of 50 Pa; 
however, it exhibited lower heat transfer efficiency, 
underscoring the trade-off between porosity and thermal 
performance. 

 Friction factor analysis revealed that at higher Re numbers, 
inertial forces reduced the influence of structural geometry 
on flow resistance. 

 The A9R6 stands out as the optimal gyroid design 
configuration, achieving a PEC value of 5.89, which 
effectively balances heat transfer and pressure loss This 
makes this design configuration a strong candidate for low-
temperature thermal absorber applications. 

Future research could expand on this study by using 
Computational Fluid Dynamics (CFD) simulations and 
optimization techniques to further enhance thermal and 
hydraulic performance of the RO-Gyroid configurations. 
Alongside experimental evaluations, design optimization 
algorithms -incorporating fiber orientation considerations- 
could be employed to systematically identify the optimal 
gyroid configuration for specific performance criteria. 
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