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INTRODUCTION
In recent years, with the integration and miniaturization of electronic equipment, the high-flux heat dissipation problem in confined space draws increasing attention. Available studies show that a sharp rise of operating temperature poses a serious threat to the stability and reliability of electronic equipment (Laguna et al., 2018; Li et al., 2022). Therefore, the efficient cooling technology has become the key issue for safe and steady operation of electronic equipment (Zhang et al., 2011; Zhang et al., 2019). Micro-oscillation heat pipe (MOHP), as a new cooling technology, is an attracting device for efficient electronic cooling due to its advantages of small size, simple structure, high thermal conductivity, and so on (Vasiliev, 2008; Liu et al., 2013). MOHPs commonly exhibit as the flat-plate structures with one serpentine micro-channel or several ones in them, which are usually fabricated by microelectromechanical systems (MEMS). The MOHPs are able to effectively improve the heat transfer performance in a confined space due to the good combination of internal sensible and latent heat transfer of vapor–liquid two-phase flow. Note that, owing to effects induced by more confined space in the micro-channel, the MOHPs exhibit different thermo-hydrodynamic characteristics when compared with the conventional oscillating heat pipes (OHPs) with minichannel. Recently, many researchers have made a series of progress in the field of MOHP, which is of great significance to develop its heat transfer enhancement methods and practical application in the future. Hence, the research progress of the MOHPs are briefly reviewed in this study, including the hydrodynamic characteristics, thermal performance, enhancement investigation on thermal performance, and the prospects in application field. Typical MOHPs and their characteristics involved in this paper are shown in Figure 1.
HYDRODYNAMIC CHARACTERISTICS IN THE MOHPS
The thermal performance of a heat pipe is largely determined by the internal flow motions of the working fluid, and thus it is of great significance to analyze the hydrodynamic characteristics in the MOHPs through visual thermal experimental studies. Therefore, researchers conducted a large number of visualization experiments on silicon-based MOHPs. It was found that due to influences in the micrometer-scale channels (e.g., large flow resistance and prominent interface tension), the operation of working fluid in the MOHPs has some different characteristics from that in the conventional OHPs. Especially, the complete fluid circulation under a relatively high-power inputs in the conventional OHPs was not observed in the MOHPs (Qu and Wu, 2011; Qu et al., 2012b; Liu et al., 2019). For example, Qu et al. (2012b) carried out simultaneous visualization and measurement study on MOHPs with trapezoidal cross section. Results show that for these MOHPs with hydraulic diameters of 251, 352, and 394 μm (numbered #1, #2, and #3, respectively), the characteristic bulk circulation can only be observed in #3 of the largest hydraulic diameter at high heat loads. Instead, a characteristic bulk circulation was observed at relatively high-power inputs (Qu and Wu, 2011; Qu et al., 2012b). Under this fluid motion mode, the working fluid oscillates with a temporary and incomplete directional flow. Also, affected by the efficient heat conduction of the working fluid between the evaporator and condenser, the heat transfer performance of heat pipe was further enhanced in a characteristic bulk circulation state (Qu and Wu, 2011). On the other hand, more similar flow motions to the traditional OHPs were observed in the MOHPs. For example, in the experimental study conducted by Liu et al. (2019) on a MOHP with rectangular section having hydraulic diameter of 550 μm, the fluid flow mainly presented three motion modes including stop-over, small oscillation, and bulk oscillation. The oscillatory motions of the fluid in the MOHP are characterized by intermittent or individual appearance of these three modes.
Furthermore, MOHPs also have some flow patterns different from the conventional OHPs. Flow patterns commonly seen in conventional OHPs include semi-annular/annular flow, plug/slug flow, bubbly flow, and transitional flow between them (Xu et al., 2005; Liu et al., 2016). In addition to these flow patterns mentioned before, another flow pattern called injection flow was observed in the MOHPs (Qu and Wu, 2010; Qu et al., 2012b; Liu et al., 2019). Generally, under the condition of bulk oscillation, the vapor phase with thick liquid film continuously shrink and break up in the condensation process, forming the injection flow at the end of the annular flow. Accordingly, the bubbly-slug flow and the annular flows come out in the upper and lower parts of the injection flow, respectively. Moreover, nucleate boiling is also an important aspect in the studies on the MOHPs. Commonly, nucleation was hard to be observed during the boiling in the micrometer-scale channels. However, nucleate boiling was observed in MOHPs with larger diameter at the quasi-steady oscillation state (Qu and Wu, 2010; Qu et al., 2012b). This is because the intense film evaporation, instead of bubble’s generation and expansion, drives the two-phase fluid oscillating in the MOHPs with small diameter.
THERMAL PERFORMANCE OF THE MOHPS
In addition to the hydrodynamic characteristics, many researches about the MOHPs were focused on the thermal performance, which is a most important issue for its practical application. The efficient heat transfer of MOHPs has been proved according to the rapid start-up and stable operation (Qu and Wu, 2011; Qu et al., 2012b; Liu et al., 2019). However, driven by the phase change process of the working fluid, the MOHPs are not able to operate before the heat input reaches a critical value. As the MOHPs start-up, the working fluid vaporizes rapidly and takes away a large amount of heat from the evaporator, resulting in the decrease of evaporator temperature. Qu et al. (2012a) analyzed the thermal performance of the heat pipes in the experimental study and proposed that the MOHPs can effectively reduce the evaporator temperature, and the maximum temperature reduction can reach 42.1°C. Moreover, Qu and Wu (2011), Qu et al. (2012b), and Liu et al. (2019) also stated that the thermal performance was closely related to the fluid flow patterns in the micro-channels under the oscillating state of the MOHPs. The heat input into the evaporator of the MOHPs was transferred efficiently to the condenser by the bulk oscillation of the fluid, resulting in a smaller thermal resistance. Simultaneously, the injection flow, which was never observed in conventional OHPs, also facilitated the condensation heat transfer in the MOHPs (Sun et al., 2017). Thereafter, Liu et al. (2019) analyzed the oscillating wall temperature of the evaporator and the condenser of the MOHPs in detail and confirmed the relationship between thermal performance of the MOHPs and fluid flow motions in the micro-channels. Note that, when stop-over occurred, the evaporator temperature rose due to heat accumulation, while the condenser temperature dropped due to continuous cooling, which was shown as a series of corresponding peaks and valleys on the wall temperature oscillation at the evaporator and the condenser, respectively. In addition to the factors mentioned before, the thermal performance of the MOHPs was also related to the physical properties of working fluid, filling ratios, power inputs, inclination angles, channel sections, etc (Youn and Kim, 2012; Lee and Kim, 2017; Liu et al., 2019). Also, it needs to be emphasized that Lee and Kim (2017) pointed out that the heat transfer limit of the MOHPs is positively correlated with the cubic of the micro-channel hydraulic diameter regardless of the cross-sectional shape.
ENHANCEMENT OF MOHPS’ THERMAL PERFORMANCE
As studies on the MOHPs continue, the complex heat and mass transfer characteristics had been gradually revealed. A new problem, heat transfer enhancement of the MOHPs, was increasingly noticed. In terms of the working fluid, considering the ultrahigh flow resistance in the micro-channels (Qu et al., 2014; Wang et al., 2018), the thermal physical property is a decisive factor in the selection of working fluid (Qu et al., 2016; Deng et al., 2022). Yang et al. (2015) experimentally proved that the high (dP/dT)sat of methanol contributes to the fluid oscillating and improved the thermal performance of the MOHPs. In addition, increasing number of researches concentrated on optimizing the structural design to improve the MOHPs’ thermal performance (Chen et al., 2021). Sun et al. (2018) pointed out that micro-cavities embedded on the micro-channel wall can promote nucleation, thus enhancing the thermal performance of MOHPs. Thereafter, Kim W. and Kim S. J. (2018) confirmed that cavities of different sizes promote nucleation and reduce the start-up power of the MOHPs in different degrees. Also, the thermal resistance of the MOHPs with embedded cavities was reduced by up to 57%. Furthermore, in order to avoid the dry-out in evaporator, Kang and Huang (2002) and Hung and Seng (2011) successively proposed to modify the channel section into star-shaped, diamond-shaped, and other structures with sharp corners to enhance the capillary force, thus improving the rewetting of evaporator. Recently, Lee and Kim (2017) confirmed that, at the same hydraulic diameter, the maximum allowable heat flux of the MOHPs with square section was increased by 70% than that of the MOHPs with circular section. Moreover, from the perspective of channel optimization design, Kwon and Kim (2015) designed the MOHPs with a dual-diameter channel and proposed that the design with double-diameters reduces the flow resistance of the working fluid and promotes the formation of bulk oscillation, thus improving the thermal performance of the MOHPs. Huang et al. (2018), Xia et al. (2019), and Li et al. (2020) introduced curved structures into the micro-channels and proved that curved channels can effectively improve thermal performance of the micro-channels by promoting nucleation and destroying the heat transfer boundary layer. The curved micro-channel mentioned before with sinusoidal and triangular wavy sidewall gives new clues in terms of heat transfer enhancement methods for the MOHPs. In addition, Kim J. and Kim S. J. (2018) also studied the influence of condenser length on the thermal performance. The results indicate that there exists an optimal condenser length for the MOHPs of different designs.
[image: Figure 1]FIGURE 1 | Typical MOHPs and their characteristics: (A) operating principle of the MOHPs; (B) typical hydraulic characteristics in micro-channel; (C) photo of typical MOHPs and common section shapes of micro-channel; (D) developed MOHPs with practical value (Kim W. and Kim S. J., 2018)i, (Lim and Kim, 2017; Lim and Kim, 2018; Jung et al., 2020)ii, (Lim and Kim, 2017; Lim and Kim, 2018; Jung et al., 2020)iii.
PROSPECTS OF THE MOHPS’ APPLICATIONS
Based on the broad prospects in aerospace, electronic, and other potential applications, various MOHPs with potential application value have been developed (Chen et al., 2022). Obviously, the application of the MOHPs in high-power heat dissipation is an important aspect. Luo et al. (2015) tested a silicon–aluminum MOHPs used for LED heat dissipation, results show that the MOHPs can effectively control the LED operating at a normal temperature. Previously, many researchers have carried out a lot of research on silicon-based MOHPs with integrated chips (Qu et al., 2012b; Kim W. and Kim S. J., 2018; Liu et al., 2019; Lim and Kim, 2021). Recently, with the development of flexible display technology, flexible MOHPs based on polymers is considered to be a solution to the heat dissipation due to its advantages of integration into flexible electronic packaging (Lim and Kim, 2018; Jung et al., 2020).
CONCLUSION
This study reviews the hydrodynamic characteristics, thermal performance, and its enhancement methods as well as prospects of the MOHPs’ applications. The characteristic fluid motions and flow patterns during the operation of the MOHPs are introduced, and the related thermal performance is discussed. In addition, the on-going investigation of heat transfer enhancement methods for the MOHPs are also summarized and analyzed. Finally, the potential applications of the MOHPs are pointed out. It is believed these viewpoints on the recent advances of MOHPs could not only help the researchers to establish an overview of studies on the MOHPs but also contribute to study and development of the MOHPs in future.
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