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Extended Abstract

Condensation heat transfer on metallic heat transfer surfaces is crucial to diverse thermal engineering applications.
However, inefficient removal of high-thermal-resistance condensed droplets from metallic heat transfer surfaces leads to
elevated thermal resistance, significantly reducing condensation heat transfer efficiency [1]. To tackle this challenge,
researchers have developed various surface modification strategies, with micro-grooved structures and biphilic surface
modification being two of the most promising approaches. Regarding micro-grooved structures, this technique involves the
creation of durable microscale grooves on metallic heat transfer surfaces, which effectively increase the condensation area
beyond the planar surface. These structures induce anisotropic condensation patterns and facilitate directional transport of
condensate droplets, thereby improving condensation heat transfer. However, the inherently high surface energy of micro-
grooved structures causes strong liquid-surface adhesion, promoting undesirable filmwise condensation and ultimately
compromising heat transfer performance [2]. In contrast, biphilic surface modification entails the fabrication of spatially
distributed hydrophilic sites on superhydrophobic substrates with low surface energy. These hydrophilic sites act as
preferential nucleation centers, guiding droplet formation and enhancing droplet transport through mechanisms such as
coalescence-induced jumping and sliding. Despite these advantages, the durability of biphilic surfaces is limited due to
prolonged droplet residence time, which accelerates structural degradation [3]. Micro-grooved structures enhance effective
condensation area and regulate droplet removal but are limited by excessive droplet adhesion. Meanwhile, biphilic surfaces
improve nucleation-coalescence dynamics but suffer from poor durability. Herein, we propose an integrated surface
modification strategy for metallic heat transfer surfaces that synergistically combines these two approaches to overcome their
inherent limitations, achieving superior droplet mobility and enhanced condensation performance. To integrate the
advantages of both approaches, we developed the micro-grooved biphilic surface. This surface combines the strengths of
micro-grooved structures and biphilic surface modifications to overcome their respective limitations. Hydrophilic sites with
an optimized 0.9% area ratio were coated onto the micro-grooved surface to regulate nucleation and enhance droplet maobility
through coalescence-induced jumping and sliding [4]. Additionally, the effect of groove depth on condensation performance
was investigated, and an optimal depth was identified to maximize droplet removal while minimizing liquid retention.
Specifically, we observed that as the micro-groove depth increased, the condensation performance exhibited a trend of first
increasing and then decreasing. The optimal condensation performance was achieved at a micro-groove depth of 0.15 mm,
where droplet mobility and heat transfer efficiency were maximized. The micro-grooved biphilic surface achieves superior
condensation performance by balancing droplet mobility, nucleation control, and surface adhesion, effectively addressing
the limitations of existing techniques. This advancement holds significant potential for improving energy efficiency in
thermal management systems and fostering the development of sustainable technologies in industrial and environmental
applications.
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