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1. Introduction

The continuous demand for compact and high-performance thermal systems has driven significant
advances in heat exchanger design, particularly in applications involving high heat fluxes and space constraints.
Conventional technologies, such as shell-and-tube and plate heat exchangers, are widely used due to their
robustness and maturity; however, they present intrinsic limitations in terms of volumetric efficiency and heat
transfer enhancement [1,2].

To overcome these limitations, the use of geometries with high surface area-to-volume ratio has been
extensively investigated. Among these, Triply Periodic Minimal Surfaces (TPMS) have emerged as a promising
class of structures due to their interconnected topology, smooth surfaces, and ability to promote flow mixing and
thermal uniformity [3—5]. These characteristics can lead to significant improvements in heat transfer performance
when compared to conventional channel-based configurations.

Despite these advantages, the intensification of heat transfer is commonly accompanied by increased
pressure drop, resulting in a critical thermo-hydraulic trade-off that must be carefully optimized [6,7].
Additionally, the practical implementation of such complex geometries has historically been limited by
manufacturing constraints.

Recent advances in additive manufacturing (AM) have enabled the fabrication of highly complex internal
structures, including TPMS-based architectures, opening new possibilities for heat exchanger design [5,8].
However, important challenges remain, particularly related to manufacturing accuracy, surface quality, sealing,
and experimental validation under realistic operating conditions [9-11].

From an application perspective, the need for efficient thermal management is particularly critical in high-
power-density systems. In railway engineering, the ongoing electrification of locomotives has significantly
increased the demand for effective battery thermal management systems (BTMS). These systems operate under
demanding conditions, including high heat generation rates, cyclic loading, and strict temperature uniformity
requirements [12], [13].

Current cooling strategies, such as liquid-cooled cold plates and forced air systems, present limitations in
terms of efficiency, scalability, and energy consumption [14], [15]. Moreover, issues such as thermal gradients,
hotspot formation, and system complexity remain significant challenges, especially in large-scale battery packs
used in railway applications [16—18].

In this context, the integration of TPMS-based geometries with additive manufacturing represents a
promising approach for the development of compact and high-performance thermal management devices.
Therefore, this work proposes the development and evaluation of additively manufactured compact heat
exchangers, aiming to enhance thermo-hydraulic performance and enable their application in railway systems.

2. Experimental and Theorical Approach

The proposed methodology integrates experimental and numerical approaches for the development and
evaluation of compact heat exchangers.

Initially, representative operating conditions for railway battery thermal management systems are defined,
including heat flux levels, temperature limits, and flow regimes. Performance metrics such as heat transfer
coefficient, friction factor, and thermo-hydraulic performance criteria (PEC) are established.
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Complex geometries based on TPMS structures (e.g., gyroid) are designed and modeled aiming at
maximizing heat transfer while controlling pressure losses. Prototypes are fabricated using additive manufacturing
techniques, with emphasis on stereolithography (SLA) for initial validation.

Experimental tests are conducted using thermal-hydraulic test benches, enabling the measurement of heat
transfer performance and pressure drop under controlled conditions. Numerical simulations (CFD) are used to
support the analysis and to explore parameter spaces not accessible experimentally.

Finally, a comparative analysis between TPMS structures and conventional geometries is performed to
assess performance gains and practical feasibility.

3. Results and Discussions

The expected outcomes of this study include the development and validation of compact heat exchangers
based on TPMS geometries manufactured via additive manufacturing.

From a thermo-hydraulic perspective, TPMS structures are expected to significantly enhance heat transfer
performance due to increased surface area and flow mixing mechanisms. However, these improvements are
inherently coupled with higher pressure losses, reinforcing the importance of evaluating performance using
combined criteria, such as the thermo-hydraulic performance factor (e.g., PEC).

The analysis aims to identify optimal geometrical configurations that maximize heat transfer while
maintaining acceptable pressure drop levels. Parametric studies based on numerical simulations and experimental
data will provide insights into the influence of geometric parameters on thermal efficiency and hydraulic
performance.

In addition to performance evaluation, manufacturing-related aspects will be critically assessed. Factors
such as dimensional accuracy, surface roughness, sealing capability, and repeatability of additively manufactured
components are expected to play a key role in determining the feasibility of real-world applications.

From an application standpoint, the proposed devices have strong potential for integration into battery
thermal management systems in railway applications. The expected benefits include improved temperature
uniformity, reduction of hotspot formation, and increased overall thermal efficiency, which are critical for battery
performance, safety, and lifespan.

Furthermore, this work contributes to bridging the gap between advanced geometrical concepts and their
practical implementation, providing both experimental validation and design guidelines for the application of
TPMS-based heat exchangers in high-performance engineering systems.
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