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Data centers are becoming more powerful and more integrated with the continuous development of smart cities, which brings us more technological convenience, but also generates a large amount of waste heat. At present, the efficient and green cooling scheme is one of the key researches and development points to ensure the stable and safe operation of power electronic devices and achieve energy saving and consumption reduction. As a branch of the heat pipe, the pulsating heat pipe is one of most promising passive cooling techniques among many candidates for its unique advantages such as small size, simple and compact structure, and high heat dissipation efficiency, but its application in data centers just begins, and there are few reports on research and implementation. Based on the introduction of the basic structure, working mechanism and outstanding advantages of pulsating heat pipes, this paper reviews in detail the researches on the factors affecting its performance, so as to evaluate the possibility of using pulsating heat pipes in data centers. Finally, the latest application and development of pulsating heat pipes applied to heat dissipation of high-power CPUs are summarized, which can provide a guidance for subsequent research and engineering application.
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INTRODUCTION
With the fast development of the Artificial Intelligence, internet communication, high performance computing, and big data analysis, especially in the context of the global fight against the COVID-19 epidemic in 2020, data center with a large amount of information processing, storage and computing is becoming a hot spot for a new round of investment and construction. In 2020, the growth rate of data center market in China exceeded 40%, and it had been continuously 30% in the past 3 years before 2020. However, the power consumption of the data center is a big problem. The power consumption rate, or PUE (Power Usage Effectiveness) (Grid, 2007), is often used to measure energy efficiency, which is the ratio of the total power consumption of the data center to the power consumption of IT equipment. The smaller the value, the smaller the power consumption and the higher the energy utilization rate. A survey report published a few days ago in “Science” magazine pointed out that the power consumption of data centers in 2018 was approximate 205 TWh, accounting for about 1% of all power consumption in the world, and the total power consumption still increase by 6% annually (Masanet et al., 2020). According to IDC (Internet Data Center), as of 2020, the number of racks deployed in global data centers is about 4.98 million, the total amount of data is about 50.52 ZB, and the power consumption is 299 TWh. It is estimated that by 2030, the global data center power consumption will reach 974 TWh, accounting for 8% of the total global power consumption (Anders, 2021). The power consumption of the data center is mainly composed of communication and network equipment, power supply and distribution systems, lighting systems and auxiliary equipment, as well as heat dissipation and cooling systems (Capozzoli and Primiceri, 2015). In the face of this “big heat producer”, nearly 40% of total power consumption will be used for heat dissipation and cooling. Therefore, to develop the new cooling technology, that is, the improvement of heat dissipation efficiency will be particularly conducive to the substantial increase in the overall efficiency of the data center.
Heat-generating devices in the server that is the basic component of a data center mainly include processors, storage units, voltage regulators, chips and power supply equipment. The current processor manufacturing process has entered the 7 nm era, and the TDP (Thermal Design Power) of a single CPU in high-power servers starts at 200 W. For example, the TDP of the AMD EPYC 7763 processor released in March 2021 has reached 280W, and the TDP of the intel Core i9-10990XE processor is as high as 380 W. In addition, considering that the Core i9-10990XE consumes about 600–700 W when all cores are pushed in, the actual power consumption of the Core i9-10990XE at the full Core 5.0 GHz will exceed 1000 W. Statistics show that since 1970, the performance and heat flux density of semiconductor transistors will double in an 18-months cycle, which is consistent with the predictions of Moore’s Law (Moore, 2002; Moore, 2006). For a data center with a small space and high heat flux density, the heat flux density can generally reach 60–100 W/cm2, and even reach 200 W/cm2 in special cases (Ebrahimi et al., 2014). The limit temperature of the chip is generally less than 70°C (or at most 85°C). On this basis, every 2°C increase in temperature will reduce its reliability by 10% (Haywood et al., 2015), which will bring huge challenges to the electronic information technology industry.
It can be seen that the development of high-efficiency cooling technology is of great significance, whether it is, to ensure the safe and efficient operation of electronic devices, or to save power in the data center and improve the level of energy utilization. According to different heat dissipation methods, it can be divided into active cooling and passive cooling. Among them, active cooling consists of forced air cooling, forced liquid cooling, refrigerating and thermoelectric cooling, etc., and passive cooling includes air or liquid natural convection, and phase change heat transfer (evaporation, condensation, boiling, and phase change materials).
The heat pipe is usually a closed pipe that is evacuated to a negative pressure and then filled with working fluids. Its structure consists of three parts along the axial direction, including evaporator, adiabatic zone and condenser. Through the vapor-liquid phase change, abundant heat can be transferred at both ends, and the pressure drop is small, which is isothermal. Extremely high effective thermal conductivity [even thousands of times higher than that of copper rods (El-Nasr and El-Haggar, 1996)], low effective thermal resistance and the feature of no moving parts make it a promising cooling method for electronic devices such as computers, telecommunications and satellite modules.
In the 1990s, Japanese scientist Akachi proposed the concept of pulsating heat pipe (PHP), which mainly relies on phase change and irregular oscillating motion to achieve high heat flux transfer (Akachi, 1990). Since there are no any moving parts, no additional energy is needed, which will make the PUE value infinitely close to 1, achieving extremely high energy efficiency. PHP has unique advantages in solving heat dissipation because of its compact structure and high heat transfer coefficient, which has attracted much attention from scholars (Zuo et al., 1999).
However, according to the author’s knowledge, there are few research reports on the application of PHPs in data center thermal management so far. Based on the introduction of the basic structure, working mechanism and outstanding advantages of PHPs, this paper reviews in detail the researches on the factors affecting its performance, so as to evaluate the heat dissipation potential of PHPs in data centers at rack, server and chip level scenarios. In the end, the latest application and development of PHPs applied to heat dissipation of high-power CPU are documented, which can provide guidance for subsequent academic research and industrial application.
BRIEF INTRODUCTION OF PULSATING HEAT PIPE
Pulsating heat pipe, abbreviated as PHP or OHP (Oscillating Heat Pipe), the traditional pulsating heat pipe is a serpentine structure formed by bending a capillary tube with a small inner diameter (generally 0.5–3 mm). Its structure is also divided into three parts: evaporator, adiabatic zone and condenser, which are the same as ordinary heat pipes. At present, PHPs can be roughly divided into two types: closed-loop and open-loop according to the structural design. Moreover, for the purpose of achieving the unidirectional flow of working fluids, closed-loop PHPs with check valves are introduced (Han et al., 2016). Figure 1 shows the three structures.
[image: Figure 1]FIGURE 1 | Different forms of pulsating heat pipes: (A) Closed-loop PHP; (B) closed-loop PHP with a check valve; (C) open-loop PHP.
Most studies have shown (Tong et al., 2001; Khandekar et al., 2003a; Groll and Khandekar, 2003) that the closed-loop PHPs can form a cycle, where the thermal performance is better than that of the open-loop. Therefore, this paper mainly discusses and analyzes the closed-loop PHPs. In addition, the directional flow of the working fluid in PHPs is enhanced by the check valve, and the increase in heating power will make this flow trend more obvious. The directional flow can promote more liquid to flow through the elbow of the evaporation section at a faster speed, reducing stagnation and improving the heat transfer performance of the PHPs (Thompson et al., 2011).
Operation Mechanism
Under the action of gravity and surface tension, the working fluid filled into the pre-evacuated serpentine capillary tube according to the prescribed filling ratio (FR) will be distributed in the tube at random intervals in two states of liquid plugs and vapor slugs. When the working fluid is gradually heated at the evaporator to meet the minimum superheat required for bubbles generation, the continuous growth and combination of bubbles will cut off the long liquid plug to generate new liquid plugs and vapor slugs. Continuous influx of new bubbles at the lower part of the liquid plug causes the pressure difference at both ends of the liquid plugs to increase, which pushes the high-temperature liquid plugs of the evaporator to move to the condenser. In the condenser, the high-temperature liquid plugs and vapor slugs dissipate heat, resulting in bubbles rupture, volume reduction and pressure reduction. Then, the movement of the liquid plugs will reduce the pressure of the evaporator and increase the pressure of the condenser. This reverse pressure difference and the pressure imbalance in the adjacent pipes make the working fluid oscillate irregularity between the two sections with different phase states and flow patterns.
Since the liquid plugs in each parallel pipe in the PHP are pushed to the condenser and squeeze each other, and the heating and cooling conditions are different, the liquid bubbles on the high-pressure side move at a relatively high speed from the evaporator to the condenser when the input heat load increases to a certain value. The sufficient inertia enables the liquid plugs to pass through the condenser and enter the next evaporator, and the flow patterns in PHP may transfer from oscillating flow to directional circulation flow sometimes. At this time, most of the liquid plugs and vapor slugs will frequently pass through the evaporator and the condenser to increase and decrease the temperature respectively, which means that the working fluid is more prone to phase change when flowing through the evaporator and the condenser, and the heat transfer efficiency is improved.
Startup Performance
Nucleation and denucleation are the two modes that enable PHPs to start. Denucleation initiated by liquid film evaporation is more likely to occur in heat pipes with low filling rate and relatively uniform vapor-liquid plug distribution, while the nucleation start is a necessary way for the PHP to enter full-scale oscillation, especially for a high filling rate.
The driving force of the denucleation start is mainly derived from the expansion/contraction of the vapor slugs in very small channels (Jian et al., 2012). When the driving force generated by the increase in the temperature difference between the cold and hot ends is greater than the flow resistance of the working fluid, the overall instability caused by the expansion/contraction of the vapor slugs will cause it to start up completely at an instant. At this time, the working fluid will move at a very high speed at the moment of startup, and the plug flow will quickly transform into the annular/semi-annular flow with latent heat and high heat transfer coefficient, making the temperature of the evaporator show a downward trend. Subsequently, the overall temperature of the PHP enters a stable pulsation stage, the annular/semi-annular flow disappears, and the working fluid basically returns to the plug flow state.
In addition to this startup, there is also a startup process induced by nucleation in the PHPs. When the amount of heating in the evaporation section meets the minimum superheat required for nucleation, that is, Eq. 1, some cavities on the inner surface of the capillary will form new microbubbles in the liquid plugs. As the surface temperature continues to increase, the vapor pressure also increases. The sudden increase in vapor pressure will cause a series of liquid plugs and vapor slugs to move quickly and continuously. If the heating flow level is low, the supercooled working fluid will take a long time to achieve nucleation boiling, and even cause the PHP to fail to start normally. Therefore, the higher the heat flow level, the shorter the waiting time, and the easier it is to trigger the PHPs.
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Where [image: image] and [image: image] are the temperature of the small bubble at the cavity and the spherical bubble respectively, [image: image] is the latent heat of vaporization, [image: image] is the surface tension coefficient of vapor-liquid interface, [image: image] is the internal pressure of the spherical bubble, [image: image] and [image: image] are the radius of the small bubble at the cavity and the spherical bubble respectively.
The nucleation sites can be increased by adding microstructures to the inner surface of the pipe, which will significantly improve the startup and operation improve of the PHP. With the cavity size increasing in a certain range, the minimum superheat and heat flux required for bubble formation decrease. In other words, it’s easy to start the PHP when the surface gets rougher. However, according to the theoretical analysis of Ma et al. (2015), the increase in surface roughness will bring greater frictional resistance to motion, which requires more heat to generate driving force. From the perspective of friction, the rough surface is not conducive to the oscillation movement in the PHP. Therefore, it is necessary to find a suitable roughness range for the best design.
Sensible Heat Versus Latent Heat
The heat absorbed or released by the working fluid when the temperature is continuously increased or decreased is called sensible heat, and there is no phase change at this time; while the latent heat is the heat absorbed or released from one phase to another in the case of isothermal and pressure. The amount of latent heat transfer with phase change is much greater than the amount of sensible heat transfer with temperature change. The heat transfer of the PHP is mainly composed of the latent heat transfer caused by the phase change of the thin liquid film (Spinato et al., 2016) and the sensible heat transfer caused by the liquid plugs oscillation.
Ma (2015) established the energy conservation equation of the vapor slugs and the momentum equation of the liquid plugs through the theoretical gas state equation and the first law of thermodynamics, and obtained a mass-spring-damping model that can be used to predict the oscillating motion of PHPs. The results show that heat transfer accounts for more than 90% of the total heat transfer. Senjaya and Inoue (2013) introduced a complex numerical model to explain the bubbles produced by nucleate boiling. According to their model, sensible heat transfer accounts for 74% of the total heat. A theoretical model established by Shafii et al. (2001) was used to simulate the vapor slugs and liquid plugs behavior in 2-turns closed-loop and open-loop PHPs. The results demonstrate that most of the heat transfer (95%) is in the form of sensible heat rather than latent heat of vaporization, and the latter is mainly the cause of the oscillating flow.
However, different scholars have reached conflicting conclusions regarding the main forms of heat transfer under different experimental or simulated conditions. A PHP numerical model established by Nikolayev (2011) shows that the latent heat transfer accounts for a large proportion, and the time average of the contribution of latent heat is 82% in the evaporator and 71% in the condenser. Jo et al. (2019) detected the fluid-solid interface temperature by an infrared camera, and heat flux density as well as the flow pattern changes at the corresponding temperature were observed. The results showed that the total contribution of latent heat transfer is estimated to be between 66 and 74%. Latent heat transfer not only causes oscillating flow, but also makes an important contribution to total heat transfer, but the sensible heat is a by-product of oscillating flow.
In addition, some literatures (Zhang and Faghri, 2008; Shafii et al., 2013) pointed out that the proportion of sensible/latent heat varies with the input heat load. Under low input heat load conditions, nucleate boiling does not occur, the main form of heat transfer is sensible heat. With the increase of heat flow density, bubbles are formed on the solid surface. The formation, growth and separation of bubbles increase liquid disturbance. PHP begins to have stable oscillating motion and even directional annular flow. The movement of the liquid plugs leaves a thin liquid film at the U-shaped bend in the evaporator. The evaporation of the thin liquid film makes the effect of latent heat particularly important. Spinato et al. (2016) found that compared to oscillating liquid plugs heat transfer and local nucleate boiling, thin liquid film evaporation is more important and is the main heat transfer method.
The reason for the diametrically opposite conclusions is related to the experimental settings of each scholar. Different pipe diameters, roughness, working fluids with different physical parameters and temperature operating ranges will all have an impact on the experimental conclusions. Sensible heat transfer needs to be realized by temperature difference and specific heat capacity. When a working fluid with a large specific heat capacity (such as water) is used and the heat load input is large, the sensible heat transfer will naturally become more significant. At the same time, a higher filling rate will also increase the number of liquid plugs used for pulsating motion, which will further increase the amount of sensible heat transfer. Sensible/latent heat are both heat transfer mechanisms of PHPs, but their respective proportions have not yet been fully understood. To understand the heat transfer mechanism of PHPs, further experimental analysis, numerical simulation and theoretical research are needed to be conducted.
Thermal Resistance
The indicators to measure the operating performance of the PHP usually include the temperature of evaporator, the temperature variation amplitude and frequency, and the thermal resistance. The calculation equation of thermal resistance can be obtained from Eq. 2. Where, [image: image], [image: image], [image: image] and [image: image] respectively represent the thermal resistance between the heat source and the evaporator, the operating thermal resistance of the PHP, the heat conduction resistance of the tube wall material, and the heat dissipation resistance of the air side. [image: image], [image: image],[image: image] respectively represent the temperature of the heat source, the average temperature of the evaporator, the average temperature of the condenser and the ambient temperature, and Q is the total heat transfer.
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Maximum Heat Capacity Q max
The continuous input of heat load will gradually reduce the number of liquid plugs and increase the vapor slugs respectively. At a certain moment, the evaporation section of the capillary tube will be filled with vapor slugs, the higher pressure prevents the liquid from being recirculated and supplemented. At this time, the mass-spring-damping model that provides power for fluid movement disappears. The lower heat transfer coefficient of steam causes the heat transfer efficiency to drop, and the tube wall temperature rises sharply, reaching the heat transfer limit (i.e., the state of dry-out).
As shown in Figure 2, a liquid plug and two vapor slugs were taken as the research objects. In order to make the vapor slug penetrates the liquid plug, the total force acting on the liquid plug will be overcome by the momentum generated by the slugs, namely:
[image: image]
Where [image: image] is the momentum generated by the expansion of the bubble, [image: image] is the pressure difference between the two ends of the liquid plug,[image: image] is the resistance caused by the hysteresis of the contact angle, and [image: image] refers to the frictional shear force received by the liquid plug movement.
[image: Figure 2]FIGURE 2 | (A) The liquid plug and the vapor slugs coexist, and (B) the vapor slugs penetrate the liquid plug and fills the entire capillary tube (Yin et al., 2016).
[image: image] represents the shear friction between the working fluid and the tube wall, which can be expressed as:
[image: image]
Where [image: image] is the fluid friction coefficient, which is related to the flow patterns: for laminar flow ([image: image]), [image: image], otherwise, [image: image].
According to the model built by Yin et al. (2016), the maximum heat transfer capacity can be evaluated and calculated by:
[image: image]
Where L, [image: image], [image: image] and [image: image] respectively represent the total length of the liquid plug, the filling rate, the number of turns and the number of liquid plugs in each parallel pipe.
The factors affecting the heat transfer limit include the working fluid types, filling rate, flow rate, pressure, cross-sectional area, inclination angle, liquid film thickness, and wall temperature. Considering the above analysis, we can know that there must be enough working fluids for evaporation, otherwise it will be very easy to dry out. In addition, because nanoparticles increase the thermal conductivity and nucleate boiling point of the working fluids, and contribute to the rapid dissipation of heat, nanofluids can not only improve the startup performance and heat transfer performance of the PHP, but also improve the heat transfer limit of the PHP. Apart from this, some other means, such as mixing working fluids and self-wetting fluids, arranging the evaporator below the condenser and using gravity reflux, can also improve the heat transfer limit of the PHP and delay the phenomenon of dry-out.
Advantages of PHPs for High Power Electronics Cooling

1) The material is easy to obtain, the structure is simple and compact, the shape can be changed according to the application scenario, and the manufacturing cost is low (Kim and Kim, 2018).
2) No capillary structure is required, and without the capillary heat transfer limit and transport heat transfer limit of traditional heat pipes, PHPs can start and maintain the pulsating motion by converting the input heat load into the kinetic energy of the working fluids (Qu et al., 2018).
3) Since the working fluids pulsate in the same direction, the two-phase flow does not interfere with each other.
4) The thin liquid film formed by the movement of the liquid plug can significantly enhance the heat transfer of evaporation and condensation.
5) The combined effect of forced convection formed by oscillating motion and phase change heat transfer makes the heat transfer efficiency as high as 90%, while the heat transfer efficiency of traditional heat pipes are 60–70% (Zhang and Faghri, 2008; Leu and Wu, 2017).
EXPERIMENTAL RESEARCH ON INFLUENCING FACTORS
The heat transfer and hydraulic performance of PHPs are affected by various factors. Through the use of transparent quartz glass tubes with high-speed cameras, electrical capacitance tomography, neutron imaging, infrared imaging technology and other experimental visualization methods, domestic and foreign scholars have done a lot of researches on the influence of geometric parameters (Wang J. et al., 2015; He et al., 2020; Xie et al., 2020), physical parameters (Wang et al., 2019; Wang et al., 2020; Zhou et al., 2021) and operating parameters (Jian et al., 2012; Ahmad and Jung, 2020; Xie et al., 2020) of PHPs on its performance, and it is summarized as follows:
Geometric Parameters
Pipe Diameter
The appropriate choice of pipe diameter is directly related to whether PHPs can run smoothly. The design standard is determined by the Bond number:
[image: image]
The study found (Zhang and Faghri, 2008) that only when Bo ≤ 2, that is, when the gravity is less than the surface tension, stable vapor slugs and liquid plugs will be formed in PHPs. The smaller pipe diameter results in smaller liquid plugs amplitude, higher frequency, greater heat transfer per unit area, and higher thermal conductivity. But too small pipe diameter will bring higher viscous resistance, so the best pipe diameter range is (Qu et al., 2012):
[image: image]
Most of the literatures (Burban et al., 2013; Pachghare and Mahalle, 2014; Yang et al., 2017) use a pipe diameter of 2–3 mm. However, Rittidech et al. (2003) pointed out that for different working fluids, the heat transfer performance will vary with the pipe diameter and even the opposite effect is obtained.
Cross-Section
The cross-sectional shape of the pipe determines the flow path and flow pattern distribution of working fluids. Most current studies still use a circular cross-section, which has a small flow resistance (Jafarmadar et al., 2016; Fourgeaud et al., 2017). However, many scholars have explored the application of new cross-sections. Guo-Wei et al. (2012) designed and manufactured two kinds of flat plate PHPs with the structure of double-sided rectangular and triangular channel. Experimental data show that the two new type heat pipes have stable and good heat transfer characteristics, and the heat transfer performance of the triangular section heat pipe is better. Liu et al. (2007) proposed two special structures of PHPs. One type of PHP has a periodic change in pipe diameter, and the other has a thicker part of the tube wall than other parts of the tube. Through visualization experiments, it is found that the flow pattern of working fluids in the two PHPs with special structure is easier to form and maintain annular flow, and the possibility of directional circulation is greater. The liquid can return to the evaporator in time, and the heat transfer performance is improved. Chien K.-H. et al. (2012) and Tseng et al. (2014) found that compared with traditional parallel channels with equal cross-sections, parallel channels with varying inner diameters can introduce additional unbalanced capillary forces, so that PHPs can run successfully even at 0° inclination.
From the above research and analysis, we can see that the working fluid in the alternating cross-section or gradual cross-section channel will add an additional cyclic power due to the non-uniform structure on the basis of the original cyclic driving force, which increases the internal pressure disturbance and effectively drives the directional flow of the internal working fluid. The thermal performance of PHPs will indeed be improved to a certain extent, but it also increases manufacturing and maintenance costs accordingly. In practical applications, we must comprehensively weigh and make the best choice.
Hydrophilicity and Hydrophobicity of Tube Wall
The hydrophobicity of the condensation section of PHPs will reduce the fluid resistance, making the fluid of PHPs easier to move, and the pulsation amplitude is larger. But the hydrophobic surface results in higher thermal contact resistance, which hinders the heat transfer at the condensation section.
The evaporation section has a hydrophilic surface, which will cause the thin liquid films to form more easily. The evaporation of liquid films promotes the evaporation of the evaporator and heat transfer coefficient is higher. According to the surface energy minimization criterion (Srinivasan et al., 2015), the liquid film will rupture and disappear if the thickness of the liquid film is less than a certain value. Physically this means that, during the flow of a partially wetting fluid (θe equilibrium contact angle), the evaporation occurring at the thin-film region can be continuously replenished by the drainage of thin-film, due to the flow itself.
[image: image]
If the evaporation section is a hydrophobic surface, As the plug slides over the evaporation end, small droplets with large contact angles form on the surface, which tends to film boiling requiring a higher degree of superheat, and the hydrophobic layer increases the heat transfer resistance, making the heat transfer performance of PHPs worse.
In addition to this, studies on the mixing surface (hydrophilic in the evaporator and hydrophobic in the condenser) have shown that the unidirectional flow of working fluids in PHPs can improve its performance (Hao T. et al., 2014, Hao Tingting et al., 2014; Leu and Wu, 2017).
Length of Pipe and Each Section
To be sure, the heat exchange effect is best when all the heat in the evaporation section can be dissipated through the condensation section. Therefore, the length of the condensation section can be designed to be greater than the length of the evaporation section. Rahman et al. (2015) designed the evaporation section to 5 cm and the condensing section to 8 cm. Kim and Kim (2018) concluded that the greater the ratio of the evaporation section to the condensation section of the single-turn PHP, the shorter the startup process.
Number of Turns
More turns will increase the heat exchange area, enhance the pulsation of the working fluids, and weaken the influence of gravity, which is helpful for startup. However, too many turns will cause greater pressure loss and occupy a large space, which does not meet the needs of heat dissipation in limited space. Pouryoussefi and Zhang (2017) carried out a numerical simulation on a 4-turn PHP, and the results show that it will be better for PHP to run by increasing the number of turns. Studies (Cai et al., 2002; Khandekar et al., 2003b) have shown that there is a critical value for the number of turns that makes PHPs performance independent of the inclination angle. Yang et al. (2009) found PHPs can be started smoothly at any inclination angle when the turn number is 40, but this critical turn number may not be suitable for other PHPs devices.
Compatibility of Working Fluids for Different Casing Materials
In order to make PHPs operate safely and efficiently, the surface tension is an important factor for the physical properties of working fluids. However, different scholars have reached conflicting conclusions about whether higher or lower surface tension values are more beneficial to PHPs performance. The experimental results of Shafii et al. (2013) showed that larger surface tension will increase the critical value of the pipe diameter, and increasing the pipe diameter will reduce the flow resistance, which can improve heat transfer performance. On the contrary, Groll and Khandekar (2003) pointed out that a working fluid with a larger surface tension increases the friction force of the liquid plug movement, thereby increasing the flow pressure drop. Therefore, it is considered that a smaller surface tension is better.
In general, the working fluid needs to meet the following conditions:
1) Appropriate phase change latent heat. If the value is too small, it is easy to produce “bumping” phenomenon in the evaporator, and the heat transfer limit is too low. This problem can be improved by increasing the filling rate, but the bubble formation and growth rate is slowed down under the condition of high filling rate, in this case, phase change is difficult to occur. On the macro level, the pressure difference on both ends will be reduced, and the pulsating frequency and amplitude will be correspondingly reduced, resulting in the difficulty of startup;
2) Larger saturation pressure change value with saturation temperature (dP/dT) sat. This will cause the working fluid to produce larger pressure fluctuations under smaller temperature changes, which is conducive to oscillating heat transfer;
3) Smaller viscosity can reduce the shear stress along the tube wall, thereby reducing the pressure drop in the pipe, which will reduce the input heat load for maintaining the pulsating flow.
4) Larger thermal conductivity can not only reduce the response time of PHPs, but also maintain the temperature uniformity of PHPs.
5) Since the forced convection (sensible heat) of the working fluids determines the performance of PHPs more than the evaporation and condensation (latent heat), it is preferable to increase the heat transfer amount of sensible heat with a larger specific heat to achieve better performance.
6) Smaller fluid density can reduce the influence of gravity.
7) Consider the compatibility of the selected working fluids and the heat pipe material, that is, within the expected design life, the working fluid in the tube will not undergo significant chemical reaction or physical change with the tube shell, or there may be changes but not enough to affect the working performance of PHPs.
However, a working fluid cannot have all the best physical properties required, which can only be the result of a balance of these physical properties. At present, water, alcohols (methanol, ethanol, acetone), mixtures, nanofluids, etc., are mainly used as working fluids, which will be briefly introduced below.
The research of Rahman M. L. et al. (2015) showed that methanol as a working fluid is often used under high heat load input conditions, showing a better heat transfer performance than ethanol in a wide range of heat load, while ethanol is more suitable for lower heat input. Kim et al. (2017) found through experimental research that deionized water has higher saturation temperature and larger specific heat capacity than ethanol, so ethanol as a working fluid has better thermal performance under low thermal load input.
Yue et al. (2014) found that the performance of the PHP is the best when the mixing ratio of pure water and acetone is 13:1 under varying filling rates and heat input. Compared with pure working fluid, the reason why the performance of binary mixed fluid is better can be explained by the characteristics of phase change and intermolecular momentum exchange of mixed fluid.
The colloidal suspension in the nanoparticle base fluid is the basis of its thermophysical properties. The suspended nanoparticles reduce the thermal load required for the startup of PHPs, making PHPs easier to start, and improving its anti-drying ability (Karthikeyan et al., 2014). Lin et al. (2008) found that the average temperature difference and thermal resistance are significantly reduced when the working fluid is Ag/H2O nanofluid. Xing et al. (2017) studied the effect of hydrogenated MWNTs nanoparticles and pure water on the thermal performance of PHPs. Compared with pure water, the performance of PHPs was improved in a lower concentration of hydrogenated MWNTs nanofluid. When the concentration is higher, the lower the flow velocity in the tube caused by the higher viscosity and the weakening of the evaporation caused by the increased water absorption capacity will affect the heat transfer. Kang et al. (2017) studied the effect of iron oxide nanofluid on the performance of PHPs, and found that although the effect of magnetic nanoparticles is small under a higher heat input, the thermal performance of PHPs has been enhanced with a relatively low heat input.
Surfactant molecules regarded as a potential new working fluid are easily available and inexpensive, which can reduce thermal resistance and make PHPs more efficient. Wang X. H. et al. (2015) used different concentrations of sodium stearate surfactant solutions and deionized water solutions as working fluids to perform PHPs performance analysis. The results show that the surfactant solution is favorable to the operation of PHPs at the concentration of 10 ppm under all experimental input heat loads.
Since PHPs are usually made of copper, aluminum or silicon, Table 1 summarizes the types of working fluids that are compatible with copper/aluminum/Si PHPs between 0 and 100°C. In addition, Chi (1976) synthesized the physical parameters of working fluid and found a index that can be used to evaluate its poor performance, that is, Figure of Merit (FOM), which can be calculated by Eq. 9.
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Where, [image: image], [image: image], [image: image] and [image: image] represent working fluid density, surface tension, latent heat of vaporization and dynamic viscosity, respectively. Generally, the higher the [image: image], the better the heat transfer performance of the heat pipe. FOM for common working fluids for electronics cooling are given in Figure 3 for reference in the selection of working fluids.
TABLE 1 | Working fluid compatible with copper/aluminum/Si PHPs for electronics cooling.
[image: Table 1][image: Figure 3]FIGURE 3 | Figure of Merit for PHP working fluids.
Operating Parameters
Filling Rate
Filling rate refers to the ratio of the working fluid to the effective volume in the tube. If the filling rate is 0, the PHP becomes a pure heat conduction mode with high thermal resistance; if the filling rate is 1, the tube is completely full of the working fluid, resulting in a single-phase thermosyphon operation. Experimental studies have shown that (Shafii et al., 2001; Vassilev et al., 2007), when the filling rate is 0.2–0.8, a series of liquid plugs and vapor slugs in the PHP can be formed to ensure normal pulsating operation. Although statistics show that the optimal filling rate range is 0.35–0.65 (Han et al., 2016), the optimal filling rate is affected by other factors such as the physical properties of the working fluid, the inclination angle, the pipe diameter, and the input heat load, which cannot be uniformly defined.
Rahman et al. (2015b) studied the effect of open-loop PHP performance at different filling rates using deionized water and acetone as working fluids, and found that the performance reaches the best when the filling rate of acetone and water is 0.7 and 0.5 respectively. Verma et al. (2013) concluded that the optimal filling rates of deionized water and methanol are 0.5 and 0.4, respectively, and methanol has a shorter startup time and a lower startup temperature. Shi and Pan (2017) found that when the filling rate was 0.35–0.7, the performance of the PHP was better, and the optimal filling rate changed with the change of the input heat load. When the heat load is low, the best filling rate is low. This is because there are more vapor slugs and less liquid plugs formed in the tube, and the smaller driving force can start the PHP. With the increase of heating power, the optimal filling rate is also rising. However, too high filling rate will lead to fewer vapor slugs and more liquid plugs, which requires a larger thermal driving force and will cause the thermal resistance to increase.
Heat Input
The temperature curve of the evaporating section of PHPs changes from rising to a sudden decrease, and then to a continuous oscillation state, marking the successful startup of PHPs (Hu and Li, 2011). The thermal load corresponding to the turning point is the minimum thermal load required for starting (Hu and Li, 2011). The study of Jiansheng et al. (2016) found that the startup time of PHPs decreased with the increase of heating power, and this was verified in Patel and Mehta (2017) on the startup mechanism of PHPs.
During operation, the thermal resistance of PHPs decrease as the heating power increase (Hu and Jia, 2011). The input heat load also has an effect on the flow patterns. Khanderkar et al. (2003a) found in the visualization experiment that the flow patterns of the working fluid in the tube changes mainly as follows: bubbly flow, plug flow, jet flow, semi-annular flow (the evaporation section is mainly annular flow, and the condensation section is mainly plug flow).
Inclination Angle
The inclination angle refers to the angle value of the PHP with respect to the horizontal plane, and different inclination angles can achieve different thermal performance by changing the degree of gravity’s influence on the working fluid in the pipe.
For different working fluids and different filling rates, the best inclination angle is different. The experimental study conducted by Yang et al. (2008) showed that the 2 mm closed-loop PHP has the best thermal performance when the inclination angle is 90°, but the thermal performance will no longer be related to the inclination angle when the pipe diameter is reduced to 1 mm. Qu and Ma (2007) believe that when the inclination angle is 60°, the best performance can be obtained. At this time, the PHP deviates from the vertical position, and the shape of the bubble is asymmetrical along the pipe axis to form a convex portion, which accelerates the movement of the bubble. The research results of Saha et al. (2012) on an open-loop PHP filled with different working fluids show that the best inclination angles when water and methanol are used as working fluids are 90° and 0°, respectively.
Generally speaking, when the PHP is in the vertical state (that is, the evaporation section is located below the condensation section), gravity will help the condensed liquid return to the evaporation section, and the thermal performance of the PHP is the best (Chien K. et al., 2012; Paudel and Michna, 2014). In addition, after research and investigation, it is found that a sufficient number of turns and a sufficiently small pipe diameter will weaken the influence of the inclination angle on the operating performance of the pulsating heat pipe.
From the above analysis, we know that there are many factors affecting the thermal and hydraulic performance of PHPs, which are intricate. The critical research results of many scholars on its influencing factors are summarized in Table 2. Some common conclusions can be referred when designing a PHP cooler for high power electronic chips, e.g., the higher number of turns will aid in high heat load dissipation and tilt angle insensitivity; self-rewetting fluid is preferred; the optimal charging ratio is around 40–50%; the hydraulic diameter of tube commonly selected is around 1∼2 mm, et al.
TABLE 2 | Summary of experimental investigations on factors affecting the performance of PHPs.
[image: Table 2]APPLICATION OF PULSATING HEAT PIPE IN DATA CENTER
According to the difference of thermal management forms, the heat dissipation of the data center can be divided into five levels: room level, plenum level, rack level, server level, and chip level (Khalaj and Halgamuge, 2017). So far, the implementation of PHP coolers in data centers is very few.
Rack Level Cooling System
The rack level cooling system can realize the direct cooling of the IT equipment in the rack, and determine the amount of cold air by changing the fan speed and adjusting the location of the server to optimize the flow channel. A novel server rack heat dissipation structure based on PHPs was proposed by Chao et al. (2017), as shown in Figures 4A,B. In the research, the air inside and outside the rack is separated, and heat exchange is performed through a flat plate PHP as the back cover of the rack. Numerical simulation studies show that the CPU temperature is negatively correlated with heating power and axial fan pressure, and positively correlated with cooling air temperature. When the temperature of the 16 CPUs in the rack does not exceed 60°C, the maximum consumed power is 1380 W, as shown in Figure 4C.
[image: Figure 4]FIGURE 4 | (A) The overall view and (B) internal view of the enclosed rack heat dissipation system based on PHP, and (C) the CPU temperature variation under different rack heat loads (Chao et al., 2017).
At the same time, similarly, Daraghmeh and Wang (2017) conducted experiments on a PHP radiator and a traditional thermal thermosyphon radiator (Figure 5) under the same conditions. The results show that the PHP-based radiator can reduce the junction temperature by 4–5°C compared with the traditional thermal thermosyphon radiator, which will help heat dissipation inside the rack.
[image: Figure 5]FIGURE 5 | Schematic diagram of (A) thermosyphon heat exchanger and (B) pulsating heat pipe heat exchanger (Daraghmeh and Wang, 2017).
Server Level Cooling System
Servers are an important component of data centers, but they are also the main power consumers. On the one hand, fans can be used to adjust the airflow through the server to improve heat dissipation; on the other hand, on the information and communication equipment side, intelligently activating certain servers and setting other servers into sleep mode can help minimize server power consumption (Sakanova et al., 2019).
At present, 1U server mainly relies on metal fin heat sink and DC fan for heat dissipation. With the gradual development of heat dissipation technology in recent years, more compact structure and more efficient Vapor Chamber (VC) have been applied to server (Figure 6A). However, the mass of the VC integrated with metal heat sink is too high (1.198 kg), which is easy to cause high stress to the server CPU. Therefore, we designed a PHP-based aluminum radiator (Figure 6B), whose mass is reduced to 0.875 kg compared with the VC. The research on its heat transfer performance will be further elaborated in the subsequent articles.
[image: Figure 6]FIGURE 6 | Heat sink of (A) commercial VC-based and (B) our PHP-based radiator for 1U server heat dissipation.
It should be noted that presently the immersion boiling is an emerging method attracting more attention and interest in China for server level cooling or even rack level cooling. However, it is out of the scope of this review.
Chip Level Cooling System
In terms of communication, dynamic voltage and frequency adjustment can be used to achieve chip energy saving and consumption reduction. In terms of heat dissipation, high thermal conductivity interface materials and other advanced thermal management methods can be used for heat dissipation.
Katoh et al. (2004) shows a practical industrial product based on pulsating heat pipe applied to heat dissipation of high heat flux computer CPU. Compared with the heat sink of copper block, the mass and thermal resistance are reduced by 40 and 45%, respectively. When the air flow rate is 1.24 m3/min and the heating power is 300 W, the thermal resistance is about 0.16 K/W, with efficient heat dissipation capacity.
Miyazaki (2005) designed straight and finned flexible PHPs to study PC CPU heat dissipation. The results show that a straight PHP with a capillary diameter of 1 mm and a number of turns of 12 has better performance. Under a maximum thermal load of 100 W, its thermal resistance is nearly 0.28 K/W, which can keep the temperature of the CPU thermal simulator at about 75°C level.
Tseng et al. (2018) proposed a three-dimensional structure PHP module suitable for high heat flux chips. When the heating power changes from 100 to 1000 W, the junction temperature changes from 38.87°C to 83.19°C, and the thermal resistance decreases from 0.148 to 0.0595 K/W. The heat transfer effect is better, which can be used for heat dissipation of high-power devices.
A PHP with a size of 37.5 mm × 75 mm × 3 mm is proposed in the literature (Boswell et al., 2018), as shown in Figure 7, the heating chip with an area of 0.5 cm2 is placed in the center of the pulsating heat pipe. The designed PHP thermal resistance is 0.2°C/W in the case of horizontal placement, which can meet the heat dissipation requirements of 1250 W/cm2 chips.
[image: Figure 7]FIGURE 7 | Chip cooling scheme based on pulsating heat pipe (Boswell et al., 2018).
A vertical PHP radiator for high heat flux CPU was proposed by Xiahou et al. (2019), as shown in Figure 8. It consists of a porous structure with a planar evaporating end and five condensation ends, and is 98 mm × 60 mm × 52 mm in size. The effects of filling rate, input power and wind speed on the startup performance and heat transfer performance of the vertical radiator are experimentally studied, and compared with aluminum finned radiators. Figure 9 depicts that the heat source temperature of the aluminum finned radiator is higher than the limited temperature of CPU (70°C), reaching 81.6°C when the input power is 80 W. While the heat source temperature value of the vertical radiator is 64.3°C, and the temperature distribution is more uniform, showing excellent heat dissipation performance.
[image: Figure 8]FIGURE 8 | Schematic diagram of the novel vertical pulsating heat pipe radiator (Xiahou et al., 2019).
[image: Figure 9]FIGURE 9 | Temperature change of (A) the aluminum fin radiator, and (B) the novel vertical pulsating heat pipe radiator under different input power (Xiahou et al., 2019).
Shang et al. (2021) developed a PHP-based CPU cooler and carried out experimental research on it, as shown in Figure 10. The conclusion shows that when the cooling wind speed is 0.3 m/s, the startup time is the shortest, the startup temperature is the lowest (only 34.0°C), and the startup performance reaches the best state. The temperature uniformity of the PHP-based CPU cooler becomes better as the cooling wind speed increases. Compared with the maximum thermal resistance (1.36 K/W) at 0 m/s, the minimum average thermal resistance is 0.51 K/W at a wind speed of 0.7 m/s, and the maximum average heat source temperature is 53°C under 55 W power input, the details are shown in Figure 11.
[image: Figure 10]FIGURE 10 | Schematic diagram of a CPU cooler based on PHP (Shang et al., 2021).
[image: Figure 11]FIGURE 11 | (A) Thermal resistance and (B) average temperature in the evaporation section with different wind speeds for the PHP CPU cooler (Shang et al., 2021).
Although PHP has been studied for several decades, it is mostly about the basic research on the factors affecting its startup performance and heat transfer performance, and has few practical applications in commercial cooling systems. Table 3 summarizes the researches on heat dissipation of CPU and high-power devices based on PHPs, and the total thermal resistance variations with input powers from different researches are plotted in Figure 12, which is also compared with the required thermal resistance for CPU cooling (red solid line). Compared with the traditional heat pipe, the coreless design of PHP greatly reduces the capital cost of the manufacturing process, and the self-excited oscillation pulsation makes the heat transfer performance higher and the heat transfer distance longer, which has great application potential in the high-power data center.
TABLE 3 | Summary of heat dissipation of high-power chips based on PHPs.
[image: Table 3][image: Figure 12]FIGURE 12 | Summary of the total thermal resistance of PHP cooler from different researches.
PERSPECTIVE AND CONCLUSIONS
The data center market is getting bigger and bigger, and with huge energy consumption. The improvement of computer hardware performance makes the heat flux increase sharply. The total power per server can reach 300–800 W, and the power of a single rack can reach 20–30 KW. The efficient use of energy is the core issue of data centers, and the only way to achieve a low-carbon, environmentally friendly and sustainable society. There are currently five levels used to solve the heat dissipation problem of the data center: room level, plenum level, rack level, server level, and chip level. The heat dissipation means include forced air cooling, indirect liquid cooling (microchannel, heat pipe), direct liquid cooling (pool immersion boiling, jet cooling, spray cooling), refrigerating and thermoelectric cooling, phase change materials, etc.
Although great progress has been made in high-power chips cooling, there are still some difficult problems in the data center, such as:
1) For air cooling, the mixing of hot and cold air flow and whole room cooling will cause waste of cold capacity, low cooling efficiency, and uneven temperature distribution, which may easily form local hot spots inside the cabinet, causing server downtime or even damage;
2) For liquid cooling, it is mainly divided into direct liquid cooling and indirect liquid cooling. However, the liquid cooling system is too complicated, and has the risk of working fluid leakage. Meanwhile, liquid cooling faces the problem of precise control of sensitively responding to changes in the heat generated by the cabinet and timely adjusting the cooling capacity and flow.
3) For thermoelectric refrigeration, the refrigeration efficiency is low (COP is generally 0.1–0.4). The hot end overheating leads to secondary heat dissipation difficulties, the cold end undercooling leads to CPU chip surface condensation affects its performance and life, and the manufacturing cost is too high, which also restricts the large-scale application of thermoelectric refrigeration technology.
Based on the working principle, influencing factors and significant advantages of pulsating heat pipes compared with other heat dissipation ways, the application of pulsating heat pipes in high-power server CPUs is summarized in this paper. Pulsating heat pipes can be used in racks and lower levels to eliminate local hot spots and uneven air distribution in the data centers, showing excellent heat dissipation performance. Although pulsating heat pipes has not been widely used in the data centers, its combined cooling methods with liquid cooling and air cooling has a good prospect in the application of high heat flux data centers, which is a practical cooling scheme.
Great achievements have been made in the research and development of pulsating heat pipes, but there are still many urgent problems to be solved and further exploration is needed, which are summarized as follows:
1) Operating mechanism. The operating mechanism in the PHPs is relatively complicated, and the degree of understanding of it is still insufficient. Where, the chaotic behavior characteristics of PHPs, the coupling effect of fluid mechanics and thermodynamic characteristics, and the mechanism of heat and mass transfer between vapor slugs and liquid plugs need to be further studied.
2) Influencing factors. Many research literatures only consider the impact of a single variable on a single performance, and the value is discrete, but in actual operation, the performance of PHPs is coupled with each other, and the influencing factors are also mutually coupled and continuous, various parameters need to be optimized to improve its heat transfer performance.
3) Theory and numerical simulation. The established mathematical and physical models have made many assumptions and simplifications, so that the calculated results are quite different from the actual results. In the future research, the ignored factors should be gradually considered.
4) Engineering applications. The current mainstream heat dissipation method in data centers is still air cooling and liquid cooling, and the application of heat pipes is still less. Moreover, the mature commercial system of PHPs has not been fully established, and the lack of theoretical guidance in the practical application process cannot ensure the safety and stability of PHPs.
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Conclusions

1. The minimum filing ratio is 25%, and
the optimal filing ratio is 38%

2. Vertical position is preferred

At the startup stage, the pulse amplitude
is large. Once the flow is formed, its
direction will be consistent, but the initial
circulation direction is random

1. Having the critical number of tuns, at
the horizontal position the PHP can
successfully start

2.The optimum working fluid varies with
the operating conditions

1. Within a certain range, with the increase
of heat load, vapor-liquid plug puisation
becomes more violent and heat transfer is
enhanced

2. The vapor-liquid plug movement was
highly sensitive to the tit change

1. R113 and FC-72 have a better startup
performance than Water and Ethanol

2. When the position of the siicon MPHPs
is shifted from horizontal to vertical, the

thermal resistance decreases

3. The thin liquid fim evaporation is the

main driving force of the oscillatory motion
in the siicon MPHPs

Compared with deionized water, SRWF
has smaller thermal resistance

1. The hydrophilic surface has lower
evaporation surface temperature and
lower thermal resistance

2. Compared with 4-tumn, 6 -tum PHP
with FR of 75 and 50%, vapor-liquid siug
pulse frequency can increase 33-50%
and 4-100% respectively

Larger heat load will be more conducive to
the stable and efficient operation of PHPs

1. The maximum allowable heat flux can
be caloulated by the

equation : e, = C(pfhvgDR)/ (bile)

2. Under the condition of the same
hydraulic diameter, the heat flux limit of
square-channel MPHP is 70% higher than
that of circular-channel MPHP

1. For methanol, the heat transfer
performance is best when FR = 40%

2. Compared with water, methanol has a
smaller viscosity, density and a larger (dp/
dT) sat, so the thermal resistance is lower
Increasing surface roughness on the
evaporator side is beneficial to PHP
startup, but correspondingly impedes the
pulsation of working fluid with large filing
rate, which requires more input heat to
provide driving force

With the increase of heat load, the
proportion of latent heat to overall heat
increases, and the therml resistance
o
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