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Abstract

:

The cooling system is the auxiliary equipment that consumes the most energy in a data center, accounting for about 30 to 50% of the total energy consumption. In order to effectively reduce the energy consumption of a data center, it is very important to improve the heat exchange efficiency at the chip level. Compared with air cooling, single-phase cold plate liquid cooling, and immersion liquid cooling, the flat loop heat pipe (FLHP) is considered to be a better chip-level cooling solution for data centers. It has extremely high heat transfer efficiency and heat flux variability, and it can avoid the operation risk caused by liquid entering the server. In this paper, a FLHP with an evaporator designed with a “Tesla valve” flow channel configuration is developed. Experiments on the FLHP are carried out, focusing on the installation angles and cooling condition factors. The results show that an inclination angle of 20° is the critical point of the influence of gravity on the performance of the FLHP; to ensure good operation of the FLHP, the installation angle should be greater than 20°. The equivalent heat transfer coefficients of the FLHP condenser under different cooling conditions are calculated. It is found that water cooling can provide higher cooling heat transfer coefficients with lower energy consumption and operating noise. Additionally, the heat transfer limit, operating temperature uniformity, and start-up stability of the FLHP are significantly improved under water cooling conditions. The maximum heat load of the FLHP is up to 230 W, and the temperature difference of the evaporator surface can be controlled within 0.5 °C, under 20 °C water cooling. Finally, using the FLHP for thermal management of the chip, its heat transfer efficiency is 166 and 41% higher than that of air cooling and water cooling, respectively.
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1. Introduction


Nowadays, the data center has become a core member of the electronic information industry. With the rapid development of 5G mobile communication, the Internet of Things, cloud computing, big data, artificial intelligence, and other applications, the construction scale and number of data centers are expanding [1]. According to the report, by the end of the third quarter of 2019, there were 504 hyperscale data centers [2] in the world, and this number will grow by 12–14% per year in the next five years [3]. The energy consumption of a data center is 40 times that of a typical office building [4]. In 2020, the energy consumed by data centers accounted for 1–2% of the world’s total electricity consumption [5,6]. In the UK, data centers accounted for 1.5% of annual electricity consumption in 2016, and this value increased to 20% by 2020 [7]. In China, the total electricity consumption of data centers reached 160.8 billion kWh in 2018, exceeding the total electricity consumption of the entire city of Shanghai [8]. The total energy consumption resulting from the rapid development of data centers is increasing, which has become a major challenge for data centers development. Therefore, improving the energy efficiency level of data centers and promoting energy conservation and emission reduction in data centers is the key to ensuring its sustainable development.



The data center cooling system provides a suitable temperature and humidity environment to ensure the efficient and stable operation of IT equipment, power supplies, batteries, and other equipment in the data center. Thus, it consumes a lot of electricity, accounting for about 30 to 50% of the total energy consumption of the data center [9,10,11]. Cooling systems are the most energy-consuming auxiliary equipment in a data center. Therefore, reducing the energy consumption of cooling systems is the key to improving the energy utilization efficiency of data center. There are two main ways to reduce the energy consumption of data center cooling systems. One aspect is to improve the cooling efficiency or the performance of the air conditioning system [12,13]. Another aspect is to make full use of a natural cold source and increase its utilization time. Making full use of natural cooling sources is closely related to the heat transfer efficiency of a cooling system. If the heat transfer efficiency between the chip heat source and the outdoor cold source can be improved, the selection range of the natural cooling source will be wider, and the available time will be longer. Consequently, the energy consumption of data centers can be further reduced. It is worth noting that improving the heat transfer efficiency of the cooling system needs to focus on the front section of the heat transfer chain, that is, the chip section. This is because the chip section exhibits the highest heat flux density, which easily leads to heat transfer loss.



Currently, the chip-level cooling solutions commonly used in data centers include air cooling and liquid cooling [14,15]. Air cooling uses a fan inside the server to force the low-temperature airflow into the server cabinet. The high-speed airflow passes over the surface of the chip to complete the heat absorption and transfer. It is the most widely used cooling solution in data centers [16,17]. In the air cooling solution, the rotational speed of the built-in fan in the server can be intelligently adjusted to match the cooling capacity required under different loads, thereby saving energy consumption. For example, a monitoring device could be introduced to monitor the server inlet air temperature and the temperature of the internal heating element. However, due to the low density and low heat dissipation capacity, air cooling is a cooling solution with low efficiency. Its maximum heat dissipation capacity is about 37 W/cm2 [18], which is only suitable for cooling data centers with a single rack power of 10–15 kW; note that the power of the blade server can easily exceed 60 KW [19]. As an alternative to the practical limitations of air cooling, the liquid cooling solution has attracted attention. The heat dissipation of liquid cooling can be as high as 202 W/cm2, which is about six times that of traditional air cooling [20]. It can be divided into indirect liquid cooling and direct liquid cooling. Indirect liquid cooling is a heat dissipation process where there is no direct contact between the heat source and the coolant. Usually, the low-temperature liquid is introduced into the sealed metal cavity, and the heat released by the heat source is absorbed by the convective heat exchange based on the flow of the liquid. In a liquid cooling system for data centers, the low-temperature liquid is supplied from a coolant distribution unit (CDU) to the closed liquid circuit inside the server for CPU heat dissipation [21]. Since the thermophysical properties of liquids are much higher than that of air, the liquid cooling method can use a higher cooling temperature to realize the thermal management of the chip, which provides the feasibility to further reduce energy consumption [22]. A cold plate is the most common type of indirect liquid cooling radiator. The key to determining the heat transfer performance of a cold plate lies in its structure and the cooling medium used. Currently, researchers are focused on the structural design of microchannel heat sinks and their enhanced heat transfer performance. Compared with traditional cold plates, the heat transfer performance of microchannels is superior [23,24]. The core of the research is the pressure drop, coolant flow rate, inlet and outlet temperature, required pumping power, heat transfer coefficient, and other parameters of microchannel radiators with different structures [25,26]. However, there are two disadvantages of indirect liquid cooling: the potential risk of leakage and the specific size requirements for the system layout [27]. Direct liquid cooling technology can overcome the above problems. An insulating liquid is used as the cooling medium for direct liquid cooling, which is in contact with the surface of the heating chip directly to efficiently realize the thermal management of the heat source [28,29]. Generally, the heat transfer efficiency of two-phase immersion liquid cooling can be improved by special treatment or structural modification of the heat transfer surface, such as increasing its roughness or increasing the heat transfer surface area. It should be noted that electronic components or the entire server need to be immersed in a cabinet filled with a large amount of cooling liquid for immersion liquid cooling. It means that this solution has higher requirements on the thermophysical properties of the cooling liquid.



Three common chip-level cooling methods for data centers are reviewed above, but they all have significant shortcomings. The heat transfer efficiency of air cooling is too low to be applied to the cooling of high heat flux chips. For single-phase cold plate liquid cooling, the liquid needs to be imported into the server, resulting in a risk of leakage. Furthermore, the heat transfer efficiency of single-phase liquid is lower than that of the phase change process. The high requirements for the coolant and the overall construction cost for immersion liquid cooling are much higher than other solutions.



Significantly, heat pipes utilize the gas–liquid phase change process of the working fluid in the tube to complete heat transfer, showing extremely high heat transfer efficiency. The use of heat pipe technology can effectively avoid the risk of cooling-liquid leakage inside the server. In addition, the heat pipe is a passive heat transfer element without rotating parts and additional drive devices, which means that it has extremely high reliability [30]. Thus, heat pipe technology is promising for chip-level cooling in data centers [31]. Currently, it is widely used in the heat dissipation of high heat flux electronic components, such as notebooks, mobile phones, digital cameras, etc. [32]. On the other hand, it is also widely used in the cooling of the mainframe CPU of a personal computer, and the heat dissipation effect of air-cooled radiators is improved by embedding the heat pipe into the bottom plate or fin of the air-cooled radiator [33]. The factors that affect the thermal performance of heat pipes mainly include capillary core structure, working fluid filling rate, etc. [34].



The common integrated heat pipe has a simple structure. However, due to the limitation of heat transmission distance and the orientation of cold and heat sources, it is difficult to apply common heat pipes to chip cooling in data centers. At this time, loop heat pipes, especially the flat-plate loop heat pipe (FLHP) with the evaporator in close contact with the chip surface, can complete the thermal management for data center chips more efficiently and reliably. Generally, the interior of the evaporator of a FLHP has a capillary structure. This structure divides the evaporator cavity into upper and lower layers, which are liquid channels and vapor channels, respectively [35,36]. Note that this type of structure is not conducive to the ultra-thin development trend of the FLHP. Therefore, FLHPs in which the evaporator cavity is separated by a wick structure into the left and right spaces have been developed [37,38]. The left and right spaces correspond to the vapor channels’ space and liquid storage chamber, respectively. The vapor channels are always parallel flow channels. Unfortunately, this structure leads to the excessive flow resistance of the liquid in the wick structure, thereby weakening the heat transfer limit of the FLHP. However, if the liquid reservoir is not separated from the vapor flow area by a wick structure, the misdirected flow of vapor will cause unstable operation of the FLHP [39]. To make matters worse, some vapor will flow back to the liquid pipeline, causing back heat leakage. The counter-flowing vapor will collide with the returning condensate, resulting in an increase in the pressure drop of the circulation of the working fluid. Inevitably, the above phenomena will lead to a sharp drop in the performance of the FLHP.



In general, the FLHP performs best when its condenser is installed vertically above the evaporator. However, as the compactness of data center cabinets increases, the installation space of the FLHP will be strictly limited. At this time, the working inclination angle of the FLHP becomes an important parameter affecting its performance. In addition, the cooling conditions on the condensing side of the FLHP also need to match the cooling system of the data center. This requires adjusting the cooling conditions to take advantage of the natural cooling source as much as possible to find the best operating conditions for the system. In this work, a new type of FLHP for the chip-level cooling of a data center is developed. The internal design of the FLHP evaporator is a micro-channel with a “Tesla valve” configuration, which facilitates the stable operation of the FLHP and reduces back heat leakage. The effects of the working inclination angle and cooling conditions, including cooling heat transfer coefficient and cooling temperature, on the thermal performance of the FLHP are experimentally investigated.




2. Experimental Set-Up


2.1. FLHPs Prototype


The FLHP prototype developed in this study uses oxygen-free copper as the shell material and deionized water as the working fluid. The schematic diagram and image of the FLHP sample are shown in Figure 1. The composition of the FLHP includes an evaporator, condenser, gas–liquid pipeline, and other components. Detailed parameters of the FLHP are listed in Table 1. The evaporator contains a capillary core structure and a support column, and the capillary core structure adopts sintered copper powder. There are two blank areas between the left and right edges of the capillary core structure and the two sides of the metal substrate, which are used as the gas collection space and the liquid storage space of the FLHP. A fixed gap is left between the sintered copper powder capillary core and the support column to form a microchannel for the flow of working fluid, with a width of 1 mm and a height of 3 mm. A special circuit design is applied to process the microchannel, which has the configuration feature of a “Tesla valve”, as shown in Figure 2. It is formed by the interlaced connection of multiple arc-shaped channels and straight-line channels, and each circuit has a “T”-shaped bifurcation and a “Y”-shaped intersection. When the working fluid flows through the microchannel from right to left (forward flow), it will be divided into two paths at the “T” bifurcation. After that, most of the fluid will pass through the circuit along the straight main channel, and a small part of the fluid will enter the arc channel. Finally, the two channels of fluid will converge at the “Y”-shaped intersection, and the flow of fluid will be accelerated. On the other hand, when the fluid flows from left to right, it is defined as a reverse flow pattern. In this case, the flow will split at the “Y” junction. Afterwards, most of the flow will proceed into the arc-shaped flow channel along the original flow direction at a relatively high speed, and its speed will gradually decrease. The remaining small amount of fluid will pass through the straight flow channel and meet the fluid of the arc flow channel at the “T” bifurcation. Since the two streams of fluid at the intersection flow in opposite directions, the flow of fluid will face enormous resistance. Based on this structural design, the steam generated by the evaporator can be ensured to flow spontaneously from right to left, thus, avoiding the steam entering the liquid storage chamber. It is beneficial to reduce the “backward” heat conduction of the evaporator and promote the directional and stable operation of the loop heat pipe.




2.2. Experimental Device


In order to fully test the heat transfer performance of the FLHP, two different cooling methods are adopted for the condensing end of the FLHP to evaluate the influence of cooling conditions on the performance of the FLHP, namely air cooling and water cooling. According to the experimental devices required by different cooling methods, two FLHP performance test platforms are built, as shown in Figure 3 and Figure 4. Both platforms include four modules: a heating module, a data acquisition module, a heat preservation module, and a cooling module. Except for the difference in the cooling module, the rest of the two platforms are the same.



2.2.1. Air Cooling Experiment


The heating module in the experiment is composed of a DC-stabilized power supply, a ceramic heating rod, and a copper plate. The surface size of the copper plate is 40 mm × 40 mm, and the copper plate includes a base. A ceramic heating rod is embedded in a copper plate base. During the experiment, the heating rod is energized by a DC-stabilized power supply, and then the heating rod heats the surface of the copper plate to simulate the heating state of the server chip. The data acquisition module and thermocouples K-OMEGA (with an accuracy of ±0.5 °C) are used to measure the temperature on the surface of the heat pipe evaporator, the inlet and outlet of the evaporator, and the inlet and outlet of the condenser. Nine temperature measurement points are arranged, as shown in Figure 3. Finally, the thermal signals collected by the thermocouples will be fed back to the computer, and the temperature changes at each point are displayed in real-time for subsequent experimental analysis. The thermal insulation device of the test platform includes a bakelite base and thermal insulation cotton. The heating copper plate used in the experimental heating is fixedly placed on the bakelite base. During the experiment, the FLHP evaporator is closely attached to the surface of the heating copper plate, and thermal silica gel is applied between the two to reduce the contact thermal resistance. In order to reduce heat leakage, all surfaces except the condenser area are tightly wrapped with thermal insulation cotton.



The cooling devices used in different cooling methods are varied. In the air-cooling experiment, in order to improve the air-cooled heat transfer capacity of the FLHP condenser, an aluminum fin module with a size of 80 mm × 80 mm × 35 mm is customized. The bottom of the module is slotted and fits with the FLHP condenser pipeline. Afterwards, an air duct with a cross-section of 80 mm × 80 mm and a length of 400 mm is built with acrylic boards. The end of the air duct is aligned with the air-cooled fin module, and a DC fan is installed at the head of the air duct. The fan is powered by a DC-stabilized power supply to generate high-speed airflow with different air volumes. Further, in order to better adjust the temperature of the cooling airflow, four ceramic heating rods are arranged along the air duct, and thermocouples monitor the temperature at the end of the air duct.



During the experiment, the input heating power is controlled by adjusting the DC-stabilized power supply. At the beginning of the experiment, an initial power will be set, such as 10 W. When the temperature of each point on the surface of the evaporator reaches a steady state under the current power, the input heat load is gradually increased at intervals of 10 W. When a sudden rise in the surface temperature of the evaporator is detected, that is, the FLHP reaches the heat transfer limit, the experimental test is ended. In addition, when the surface temperature of the FLHP evaporator exceeds 70 °C, the test will be stopped, even if there is no sudden increase in temperature.




2.2.2. Water Cooling Experiment


The composition of the water-cooling experimental platform is similar to that of the air-cooling experiments, with only differences in the cooling methods and corresponding equipment. In order to improve the heat exchange capacity of the FLHP condenser, a water-cooled heat dissipation module with a size of 80 mm × 80 m × 15 mm is customized. Similarly, the groove at the bottom of the module fits with the FLHP condenser pipe to achieve indirect water cooling of the FLHP condenser. Inside the module, a channel with an inner diameter of 8 mm and a total length of 434 mm is processed in a serpentine shape. Both ends of the channel are respectively connected to the inlet and outlet of the cooling water. During the experiment, cooling water at a fixed temperature is provided by a constant temperature water bath. The parameter measurement settings in the water-cooling experiments are consistent with those in the air-cooling experiments.





2.3. Uncertainty of the Measurement


In this study, the detected parameters include temperature T, cooling water flow Qw, DC power output power P (used to provide a simulated heat source and control fan speed). The measurement uncertainties of the above parameters are calculated according to the following methods.



	(1)

	
Measurement uncertainty of temperature T







According to the “National Metrology Technical Specifications of the People’s Republic of China JJF1059-2012” [40], the required measurement parameters are repeatedly tested under the same conditions to ensure the repeatability and validity of the experimental results. The parameter (temperature, T) that can be directly measured in the experiment and its uncertainty is calculated using the type A uncertainty analysis method. Its calculation formula is   U (  T i  ) =    1  I ( J − 1 )     ∑  j = 1  J     ∑  i = 1  I   (  T  i j   −    T i   ¯  )        , where i is the serial number of the tested temperature point, and j is the serial number of the repeated experiment. Based on the tested results, the maximum deviation of the temperature T measured by the thermocouple is 1.73 °C, and the corresponding maximum uncertainty is 2.81%.



	(2)

	
Measurement uncertainty of cooling water flow Qw







The cooling water flow is controlled by adjusting the opening of the flow valve, and the flow is monitored by a turbine flowmeter. The uncertainty caused by the instruments is analyzed by B type uncertainty analysis method, which is calculated by the formula   U ( E ) =  A k   . Among them, A is the nominal error obtained from the instrument manual, and the value of   k   is    3   . In this work, the nominal error of the turbine flowmeter is ±1.5%, and the standard uncertainty of cooling water flow Qw can be calculated as   U (  Q w  ) = 1.5 % /  3  = 0.866 %  .



	(3)

	
Measurement uncertainty of DC power output power P







Both the simulated heat source and fan power in this work are supplied by a DC-regulated power supply. The instrument causes the uncertainty of the DC power supply, and the nominal error of the DC power supply used is 1%; then the standard uncertainty of the voltage can be calculated as   U ( V ) = 1 % /  3  = 0.577 %  . Based on the principle of error transfer, the uncertainty of the output power P of the DC power supply can be calculated as   U ( P ) =       ( I ⋅ u ( V ) )  2  +   ( V ⋅ u ( I ) )  2      V ⋅ I   = 2.341 %  .





3. Results and Discussion


3.1. Effect of Tilt Angles on the Thermal Performance


Due to the limitation of installation space, the FLHP may have different installation angles in practical applications. Generally speaking, the condenser of the FLHP is located above its evaporator, which is conducive to the circulation of the internal working fluid. This is because the reflow direction of the condensate is consistent with the direction of the gravity field. As the FLHP is gradually placed horizontally, the auxiliary function of gravity is gradually weakened. When the condenser and evaporator are at the same level, gravity will not help the condensate reflux. However, more installation space is always required to achieve a vertical installation of the FLHP. It will sacrifice the overall compactness of the system. Therefore, it is of great significance to find the balance point between the installation angle and FLHP performance and to determine the most cost-effective installation angle.



3.1.1. Operating Characteristics


This section explores the gravity effect on the FLHP under an air-cooling condition. Six different tilt angles were measured, from 0° to 90°. The temperature curves of the FLHP under various heat loads at each inclination angle are shown in Figure 5. It can be found that the FLHP can start with 10 W heating power at all inclination angles. The threshold of the start-up temperature of the FLHP is relatively high at a small angle, and the temperature will drop obviously when it achieves the threshold. This is mainly due to the weak effect of gravity on promoting condensate return at small angles. The longer residence time and slower reflow rate of the working fluid in the condensing section lead to heat accumulation and temperature rise in the evaporator.



When the FLHP starts up completely, there will be no significant temperature drop with the increase of heat load. As the heat load continues to increase, the surface temperature of the evaporator responds quickly and rises sharply. Then, the thermal equilibrium is quickly re-established and the temperature remains stable. Compared with high heat load, the FLHP is less stable in operation at low heating power, showing obvious temperature fluctuations.



Observing the operating curves of the FLHP at different inclination angles, the operating characteristics before and after the inclination angle of 20° show very significant differences. The temperature rise of the FLHP with the increase of heat load at a small tilt angle is huge. The upper-temperature limit of 70 °C will be reached quickly. The maximum heat transfer capacity at 0° and 10° operating angles are 30 W and 70 W, respectively. When the operating angle reaches 20°, the heat transfer limit of the FLHP can reach 120 W. Unfortunately, as the inclination angle continues to increase up to 90°, its heat transfer limit only increases by 10 W compared to that at 20°. It can be concluded that the inclination angle of 20° is the critical performance point of the FLHP, and it is also the most cost-effective operating angle.




3.1.2. Evaporator Temperature and Thermal Resistance


Furthermore, working temperature and thermal resistance are important indexes to evaluate the heat transfer performance of the FLHP. The effect of the operating angle on the heat transfer performance of the FLHP can be further clarified by these two indexes. The evaporator temperature and thermal resistance can be calculated by Equation (1) and Equation (2), respectively. Tc is the average temperature of the condenser, which is the average value of the inlet and outlet temperatures of the condenser. Qheat is the input heat load.


   T e  =    T 1  +  T 2  +  T 3  +  T 4  +  T 5   5   



(1)






  R =    T e  −  T c     Q  heat      



(2)







From Figure 6a, it can be found that when the angle changes from 0° to 20°, the temperature of the evaporator drops sharply, indicating that the effect of gravity assisting working fluid circulation is quite remarkable. That is, a slight change in angle can lead to a significant performance improvement of the FLHP. From 20° to 90°, the increase of the inclination angle of such a large span brings only a 10 W increase in the heat transfer capacity, and the evaporator temperature has no obvious difference under each heat load. Especially after the angle exceeds 60°, the temperature curves of each operating point basically coincide, which indicates that the increase of gravity can no longer promote the circulation rate of the working fluid. Based on its own capillary force, it is sufficient to quickly reach a thermal equilibrium of the FLHP under various heat loads with the aid of gravity force under the condition of 30° inclination. At this time, the working temperature of the FLHP is determined not by the refrigerant cycle’s driving force but by the condenser’s heat dissipation rate. Therefore, under the same cooling condition, the working temperature of the FLHP after the tilt angle exceeds 30° is very close.



In combination with the thermal resistance curve of the FLHP shown in Figure 6b, it can be found that the driving force of the working fluid cycle is seriously insufficient at a 0° inclination angle. At this time, the thermal resistance curve shows a sharply rising trend, indicating that the circulating flow rate of the working fluid cannot transfer the current heat load completely. The heat accumulates continuously at the input and the evaporator temperature rapidly. At a heat load of 30 W, the evaporator temperature of the FLHP exceeds 70 °C, reaching the test limit of this experiment. When the tilt angle increases to 10°, the FLHP exhibits smaller thermal resistance. The thermal resistance decreases slightly with the increase of heat load and finally stabilizes at about 0.4 K/W. After an inclination greater than 20°, the FLHP has been able to maintain a smooth cycle in its working fluid. In this situation, increasing the heat load will cause the liquid film in the evaporator to become thinner, thereby improving the heat transfer efficiency of evaporation. Although the heat input to the evaporator is increasing, it can be transferred to the condenser in time by the internal working fluid circulating inside the FLHP. As a result, the overall thermal resistance of the FLHP will continue to decline. It should be noted that the thermal resistance of the FLHP still decreases slightly with increasing tilt angle in the range of 20° to 90°. At the same heat load, the temperature difference between the evaporator and the condenser is the key to determining the thermal resistance. As shown in Figure 6a, the evaporator temperature at a 20° tilt angle is slightly higher than that at the last three angles. More importantly, the outlet temperature of the FLHP condenser increases significantly with increasing tilt angle. The reason for the increase in the outlet temperature of the condenser is that the condensed liquid will not accumulate in the horizontal section of the condenser, so it will not be overcooled. The higher condenser outlet temperature reduces the temperature difference between the condenser and the evaporator, and as a result the thermal resistance decreases with the increase of tilt angle.





3.2. Effect of the Cooling Condition on the Thermal Performance


3.2.1. Effect of the Cooling Heat Transfer Coefficient


In this work, two cooling methods were used to cool the FLHP, namely forced air cooling and indirect water cooling. The heat exchange principles and heat transfer paths of the two cooling methods were different. The heat on the condenser of the FLHP mainly comes from the latent heat released during the condensation process of the gas-phase working fluid in the tube. The heat will first be transferred from the inner wall of the copper tube to the outer wall by heat conduction. Afterwards, for different cooling methods, the path of heat transfer was found to change. For air cooling, the heat is transferred from the outer wall of the FLHP condenser to the base of the heat dissipation module by thermal conduction. The heat dissipation module is in close contact with the outer wall of the FLHP condenser, and then, the heat gradually diffuses to the fin surface of the module. Finally, heat is transferred to the air by thermal convection by the high-velocity airflow passing over the surface of the fins. On the other hand, for water cooling, the heat from the outer wall of the FLHP condenser will be transferred to the base of the water-cooling plate contacted with it. Then, it is further transferred to the inner wall surface of the serpentine pipe inside the water-cooling plate. Finally, the heat transfer is realized by thermal convection of the low-temperature liquid flowing in the tube.



Based on the heat transfer process, the air-cooling heat transfer coefficient between the fin surface and the flowing air and the water-cooling heat transfer coefficient of the liquid flow in the water-cooling plate can be calculated, respectively.



The first is the calculation of the air-cooling heat transfer coefficient. The structure parameters of the air-cooling module are shown in Table 2. According to the parameters in the table, the convective heat transfer coefficient of forced air cooling on the fin surface can be calculated, and the formulas are referenced from [41].



Air velocity in minimum cross section:


   v  max   = v / ξ  



(3)







Reynolds number:


  R  e a  =  v a  ⋅ D /  ν a   



(4)







Nusselt number:


  N  u a  = 0.037 ( R  e a     0.8   − 850 ) P  r a     1 / 3    



(5)







Air convection heat transfer coefficient:


   α 0  = N  u a  ⋅  λ a  /  h f   



(6)







Fin efficiency:


    η f  = th ( m  H ′  ) / m  H ′      ( m =     2  α 0     λ f   t f        ,    H ′  =  h f  +    t f   / 2 )    



(7)







Overall fin surface efficiency:


   η t  = (  A 1  +  η f  ⋅  A 2  ) /  A  to    



(8)







Air cooling heat transfer coefficient:


   α a  =  α 0  ⋅  η  to    



(9)







Then the water-cooling heat transfer coefficient can be calculated. The structure parameters of the water-cooling module are shown in Table 3. The convective heat transfer coefficient of the water flowing through the channel of the module can be calculated according to the parameters in the table.



Cooling water velocity:


   v w  =    Q w    1000 × 60 ×  A  cross      



(10)







Reynolds number:


  R  e w  =  v w  ⋅  d  wi   /  ν w   



(11)







Nusselt number:


  N  u w  = 0.023 R  e w     0.8   ⋅ P  r w     0.4    



(12)







Air cooling heat transfer coefficient:


   α w  = N  u w  ⋅  λ w  /  d  wi    



(13)







In order to directly compare the difference between the air-cooling and water-cooling heat transfer coefficients, the heat transfer coefficients under different cooling conditions are converted into the equivalent heat transfer coefficient of the outside tube of the FLHP condenser. The equivalent heat transfer coefficient is based on the external surface area of the tube of the FLHP condenser. The concrete transformation relations are shown as Equations (14) and (15). The outside tube equivalent heat transfer coefficients of the FLHP condenser under different cooling conditions are shown in Table 4.



Air cooling:


   α  hp   =   (    δ a     λ f    +    A  hp      A a  ⋅  α a    )   − 1    



(14)







Water cooling:


   α  hp   =   (    δ w     λ m    +    A  hp      A w  ⋅  α w    )   − 1    



(15)







The equivalent heat transfer coefficients of the FLHP condenser under different operating conditions were calculated. Furthermore, the performance of the FLHP under different cooling heat transfer coefficients were analyzed. Figure 7a shows the variation of the evaporator temperature of the FLHP with the cooling heat transfer coefficient. It was found that the evaporator temperature had little difference under various cooling heat transfer coefficients at a low heat load. For example, at 10 W heating power, the evaporator temperature in all cases was about 35 °C. This was because the heat input to the FLHP can be completely transferred to the cooling side at a low heat load, including air cooling and water cooling. No residual heat was accumulated in the evaporator. With the increase of heat load, the influence of cooling ability on the thermal control of the FLHP was gradually obvious. At this time, the input heat could not be completely transferred under the cooling condition with the lower heat transfer coefficient. The heat accumulated in the FLHP causes its operating temperature to increase continuously. On the other hand, when the heat transfer coefficient of the condenser of the FLHP is high, the heat carried by the vapor can be released in time. Even the liquid fluid is further cooled to a lower temperature. When the low-temperature liquid fluid flows back to the evaporator, it can absorb more heat to maintain a lower Te. As a whole, the higher the cooling heat transfer coefficient is, the lower the slope of the curve of the evaporator temperature is, and the higher the heat transfer limit of the FLHP is.



Figure 7b shows the thermal resistance of the FLHP with the increase of heat load at different cooling heat transfer coefficients. As a whole, when the heating power increased, the thermal resistance of the FLHP decreased sharply and tended to level off gradually. This can be attributed to the increase in the circulating rate of working fluid with the increase of thermal load in the FLHP. The working fluid with high-speed circulation can ensure that the surface of the evaporator capillary always keeps a thin liquid layer rather than being submerged by the liquid. As a result, the heat transfer process in the evaporator is at the stage of film evaporation heat transfer. It has a very high heat transfer coefficient, resulting in continued improvements in the thermal performance of the FLHP. In contrast, the thermal resistance of the FLHP was higher at the low heat load stage. The main reason is that the circulation rate is low at this time, resulting in more liquid accumulation in the evaporator. Consequently, the capillary structure of the evaporator is submerged by the liquid, and the boiling of the liquid needs a higher superheat degree. Therefore, the thermal resistance of the FLHP decreases sharply with the increase in thermal load. According to the experimental results of different cooling conditions, it can be concluded that the FLHP exhibits higher thermal resistance when the cooling heat transfer coefficient is high. This is because the heat carried by the FLHP can be quickly transferred to the external cooling medium when its condenser has a high heat transfer coefficient. Especially at low heat load, the vapor may be condensed into the liquid phase in the front section of the copper tube of the condenser. It is further cooled at the back of the condenser. At this time, the temperature difference in the heat transfer process of the pure liquid phase is very significant, which results in the lower temperature of the working fluid at the outlet of the condenser. Simultaneously, the average temperature at the condenser decreases significantly. According to Formula (2), the thermal resistance of the FLHP is relatively high. In short, if the heat transfer coefficients under different cooling methods are converted into equivalent heat transfer coefficients based on the chip surface area, the maximum equivalent heat transfer coefficients of air cooling, water cooling, and the FLHP are 1415.99 W/m2·°C, 2727.42 W/m2·°C and 3841.48 W/m2·°C, respectively. Using the FLHP for thermal management of the chip, it can be seen that its heat transfer efficiency is 166 and 41% higher than that of air cooling and water cooling, respectively.




3.2.2. Differences between Air-Cooling and Water-Cooling


In the previous section, the heat transfer principles of the two cooling methods have been analyzed. It is known that the heat transfer of air cooling is realized by the high-speed airflow generated by the fan passing over the fin surface. The heat transfer enhancement method mainly depends on increasing the fin to expand the heat transfer surface area, while the heat in the water cooling method is absorbed and transferred by the liquid flowing in the channel of the cold plate.



After calculating the heat transfer coefficients and the equivalent heat transfer coefficient of the outside tube of the FLHP condenser, it was found that a larger cooling heat transfer coefficient on the FLHP condenser could be easily realized by the water cooling method. For the air cooling method, the rotational speed of the fan needs to be increased to slightly increase its cooling heat transfer coefficient. On the downside, increasing the rotational speed will always bring about a sharp increase in fan power and running noise. It can be seen from Table 4 that the highest air-cooling heat transfer coefficient was 4657.73 W/m2·°C. As shown in Figure 8, in this case, the maximum heat transfer capacity of the FLHP was 120 W. Accordingly, the power of the fan reached 18 W, which was 15% of the maximum heat transfer power of the FLHP. The noise level reached 59 dB, causing a poor user experience. However, the heat transfer coefficient of water cooling could reach 9623.20 W/m2·°C by slightly increasing the pump power to improve the water flow rate. At this time, the maximum heat transfer capacity of the FLHP was increased to 210 W. The pump power was 6 W, which was 2.86% of the maximum heat transfer power of the FLHP, and the noise throughout the cooling system can be ignored. Furthermore, it can be found from Figure 8 that the maximum heat transfer capacity increased linearly with the equivalent heat transfer coefficient. This reflects an essential feature of the FLHP as a heat conduction element. For a particular FLHP, it has a stable heat conduction ability. The maximum heat transfer capacity that can be transferred is mainly determined by the heat digestibility of the cold source side. The FLHP only plays the role of heat transfer; therefore, the increase of the heat transfer coefficient on the cold source side will simultaneously increase the maximum heat transfer capacity of the FLHP.



In addition, the temperature uniformity of the FLHP under two different cooling methods also has great differences. The temperature uniformity can be characterized by the maximum temperature difference on the evaporator surface (ΔTmax). ΔTmax is defined as the difference between the highest temperature and the lowest temperature among the five temperature measurement points (T1–T5) on the evaporator surface when the FLHP is running stably. Figure 9 shows the variation of ΔTmax under different operating conditions. The red curve represents the ΔTmax under air-cooling conditions, and the blue point represents that in water-cooling conditions. It can be seen that the water-cooling method is much better than the air-cooling method in controlling temperature uniformity. Before the FLHP reached the heat transfer limit, the temperature difference in the evaporator surface could be kept within 0.5 °C under all water-cooling conditions. Moreover, with the increase of heat load, the increase in temperature difference was slight. By contrast, the maximum temperature difference of the evaporator increased obviously with the increase of heating power when the air-cooling solution was used. What is worse, the maximum temperature difference at the minimum heat load was more than 0.5 °C, and that at the ultimate heat load was over 1.5 °C. The reason for the remarkable difference in the temperature uniformity between the two cooling schemes can be attributed to the difference in the circulating fluency of the working fluid in the FLHP. It is found that the temperature at the outlet of the evaporator is the highest, and the temperature at the inlet is the lowest. For air cooling, the vapor is condensed slowly in the condenser, which leads to a vapor jam at the outlet of the evaporator. So, the temperature near the evaporator outlet is higher. The overall temperature consistency of the evaporator is poor. On the contrary, for water cooling, the circulation of the working fluid is smooth and stable. There will be no vapor blockage and no intermittent backflow of accumulated liquid. Therefore, the temperature uniformity is better.



Last but not least, the start-up performance of the FLHP was also closely related to the cooling mode. Figure 10 shows the temperature changes of the point of T5 located in the evaporator center during the FLHP start-up process. The red curve and the blue curve represent the air-cooling and water-cooling conditions, respectively. For the two cooling methods, the start-up process of the FLHP was monitored at three cooling temperatures, including 25 °C, 35 °C, and 45 °C. First of all, the higher the cooling temperature is, the higher the start-up temperature of the FLHP is. This means that there must be a certain temperature difference between the evaporator and the condenser to start the FLHP. Only when the pressure difference between the evaporator and the condenser (caused by the vaporization of the liquid medium) is greater than the flow resistance does the working fluid cycle in the heat pipe. The temperature curves under different operating conditions show obvious temperature drop-down intervals. The temperature at the monitoring point first rose sharply, then reached a turning point at 200 s and began to fall sharply. The drop in temperature lasted about 20 s before leveling off. The input heat load of the start-up process was 10 W. Under this low heat load, the pressure difference, which can promote the circulation of the working fluid, cannot be formed quickly due to the less vapor produced. It requires the constant accumulation of vapor, which shows that the evaporator temperature is rising. Until the vapor accumulates enough, it rushes out of the evaporator outlet and flows to the condenser. It releases heat in the condenser and is condensed into a low-temperature liquid. The evaporator temperature will drop significantly as this part of low-temperature fluid comeback. The whole process corresponds to the temperature diving in the start-up curve. Over time, a stream of vapor continuously rushes out of the evaporator and releases heat in the condenser to become a low-temperature condensate. The condensate is recirculated to the evaporator to make a heat balance, and therefore, the temperature curve tends to be stable.



In addition, there were significant differences between the two cooling methods. The drop in temperature of water cooling was larger than that of air cooling. This is because the heat transfer ability of water cooling is stronger than that of air cooling, resulting in lower supercooling of the liquid medium. Furthermore, the temperature fluctuation of the water cooling was smaller after the FLHP start-up, while the air cooling still had an obvious periodic temperature fluctuation. This is because the amount of vapor accumulated was too large, and the cooling ability of air cooling is so poor that it is not possible to condense all the vapor quickly. This causes the vapor to remain in the condenser for a period of time before returning to the evaporator. The cycle of the working fluid was intermittent, and the surface temperature of the evaporator fluctuated periodically. On the contrary, the cooling capacity of water cooling was enough to quickly condense all the vapor flowing to the condenser, ensuring the fluidity of the working fluid cycle. The operating temperature was very stable. It should be noted that the operating temperature was slightly oscillating when the cooling water temperature was 45 °C. This can be attributed to a decrease in cooling capacity at high water temperatures.




3.2.3. Effect of Water Cooling Temperature


The purpose of cooling the FLHP condenser is to transfer the heat absorbed by the evaporator of the heat pipe to the external environment. This ensures that the heat generated by the heat source with high heat flux can be continuously transferred away by the heat pipe. Different cooling methods will produce different cooling heat transfer coefficients, which are manifested as differences in the cooling capacity of the FLHP. The factor that determines the heat release efficiency of the FLHP condenser is not only the cooling heat transfer coefficient but also the temperature difference between the cooling medium and the heat pipe condenser. Keeping other conditions unchanged, increasing the heat exchange temperature difference of the FLHP condenser by reducing the temperature of the cooling medium can certainly improve its heat exchange ability. However, reducing the cooling temperature comes at a price, such as the energy efficiency of the cooling system. It is relatively easy to properly reduce the cooling temperature within a certain range. If a slight reduction in the cooling temperature can bring about a significant improvement in FLHP performance, this is a very cost-effective solution. But when the cooling medium needs to drop to an extremely low temperature to ensure the operation of the FLHP, the operating cost of the entire cooling system will rise sharply.



Therefore, it is necessary to clarify the relationship between the cooling temperature and the working performance of the FLHP. Based on the previous analysis, water cooling has a much higher heat transfer capacity than air cooling. Next, under the condition of water cooling, the influence of different temperatures of cooling water on the maximum heat transfer capacity, operating temperature, and thermal resistance of the FLHP is mainly explored.



Figure 11a shows the variation of the evaporator temperature with the heat load at different cooling temperatures. It can be seen that the cooling water temperature is positively correlated with the operating temperature of the FLHP. The higher the cooling temperature is, the higher the operating temperature of the FLHP is. The heat dissipation of the FLHP condenser is determined by the temperature of the cooling water. An increase in water temperature will cause a decrease in the temperature difference between the FLHP condenser and the cooling water. As a result, the heat dissipation decreases, which eventually leads to the accumulation of heat at the evaporator of the FLHP. When the cooling temperature increased from 20 °C to 45 °C, the maximum heat transfer capacity of the FLHP decreased from 230 W to 130 W. It can be seen that the cooling temperature has a significant effect on the performance of the FLHP. Based on this conclusion, in the practical application of the FLHP, the most cost-effective cooling temperature can be adopted in combination with the heat generation level of the heat source. Especially in cooling systems that need to use natural cooling sources, a higher cooling temperature can maximize the use of natural cooling sources, thereby reducing system energy consumption.



Figure 11b exhibits the variation of thermal resistance of the FLHP with cooling temperature. The result shows that the thermal resistance of the FLHP is higher at the same heating power when the cooling temperature is lowered. As the temperature of the external cooling fluid decreases, the heat dissipation capacity of the condenser of the FLHP is increased. The vapor may be condensed into a liquid phase in the front section of the copper tube of the condenser, and it is further cooled at the back of the condenser. At this time, the temperature difference in the heat transfer process of the pure liquid phase is very significant, which results in the lower temperature of the working fluid at the outlet of the condenser. This results in an increase in the temperature difference between its evaporator and condenser. Ultimately, it turns out that the thermal resistance of the FLHP increases with decreasing cooling water temperature. Overall, the FLHP exhibited excellent heat transfer efficiency at each cooling temperature tested. The thermal resistance in the steady state of all cases was below 0.15 K/W. As the heating power increased, the thermal resistance of FLHP decreased continuously, which indicates that the FLHP had not yet reached the capillary limit. Since the FLHP explored in this implementation is used to cool server chips, the upper-temperature limit is controlled at 70 °C. Therefore, the limit of the heat load is taken as the operating condition point where the evaporator temperature reaches 70 °C.






4. Conclusions


In this paper, aiming at chip-level cooling solutions for data centers, a FLHP with an evaporator designed with a “Tesla valve” flow channel configuration is proposed. The thermal performance of the FLHP under various installation angles and cooling conditions were experimentally explored. Some main conclusions can be summarized as follow.



	(1)

	
When there is a height difference between the FLHP condenser and evaporator, it will facilitate the reflux of working fluid and improve the operating performance of the FLHP. The inclination angle of 20° is the critical point where the effect of gravity on the performance of the FLHP. Below this angle, the assisting effect of gravity is very significant. It can increase the heat load limit of the FLHP from 30 W at 0° to 120 W at 20°. After this critical point, the further increase of gravitational force becomes weaker to promote the circulation of the FLHP working fluid. At this time, it is not the driving force of the working fluid cycle that determines the working performance of the FLHP but the heat dissipation ability at the condenser of the FLHP. The difference in operating temperature of the FLHP after a 20° inclination angle is small.




	(2)

	
The cooling heat transfer coefficient at the condenser of the FLHP is the key factor in determining the working performance of the FLHP. The equivalent heat transfer coefficients of the FLHP condenser under different cooling conditions were calculated. It is found that water cooling can provide higher cooling heat transfer coefficients with lower energy consumption and operating noise. In air cooling, the highest equivalent heat transfer coefficient of the FLHP condenser is 4657.73 W/m2·°C with energy consumption of 18 W and noise of 59 dB. In water cooling, the maximum equivalent heat transfer coefficient is 9623.20 W/m2·°C with energy consumption of 6 W and negligible noise. The maximum heat transfer capacity of FLHP increase linearly as the cooling heat transfer coefficient increases.




	(3)

	
In addition to the difference in the heat transfer coefficient, water cooling can make the FLHP exhibit a more stable start-up performance and higher temperature uniformity than air cooling. Especially at lower cooling temperatures, there is still a temperature fluctuation of 1.5 °C after the FLHP is fully started under air-cooled conditions. However, water cooling is basically stable in the range of 0.3 °C. In terms of temperature uniformity, water cooling can ensure that the maximum temperature difference on the surface of the evaporator can be controlled within 0.5 °C under all working conditions, while it will exceed 1.5 °C for air cooling.




	(4)

	
The factors that determine the heat dissipation on the condensing side of the FLHP mainly include the cooling heat transfer coefficient of the condenser and the temperature of the cooling medium. The heat transfer limit of the FLHP can be significantly increased by reducing the temperature of the cooling water. When the temperature of cooling water drops from 45 °C to 20 °C, the maximum heat transfer capacity of the FLHP increases from 130 W to 230 W. However, reducing the cooling temperature will always sacrifice the energy efficiency of the cooling system, and it is not conducive to the use of natural cooling sources. Therefore, in practical applications, it is necessary to select the most cost-effective cooling temperature based on the actual heating power of the heat source.
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Nomenclature




	
A

	
surface area (mm2)

	
Subscripts




	
d

	
wire diameter (mm)

	
a

	
air




	
DC

	
direct current

	
c

	
condenser




	
h

	
height (mm)

	
e

	
evaporator




	
L

	
length (mm)

	
f

	
fin




	
m

	
mass filling of fluid (g)

	
hp

	
heat pipe




	
N

	
fin number

	
i

	
inner




	
Nu

	
Nusselt number

	
max

	
maximum




	
Pr

	
Prandtl number

	
min

	
minimum




	
Q

	
Volume flowrate (m3/h or L/min)

	
o

	
outer




	
r

	
radius (mm)

	
to

	
total




	
R

	
thermal resistance (K/W)

	
v

	
vapor




	
Re

	
Reynolds number

	
w

	
water




	
t

	
thickness (mm)

	

	




	
T

	
temperature (K, °C)

	

	




	
v

	
velocity (m/s)

	

	




	
W

	
width (mm)

	

	




	
Greek symbols




	
α

	
heat transfer coefficient (W/m2·°C)




	
η

	
fin surface efficiency (%)




	
δ

	
fin Spacing δ (mm)




	
ξ

	
net face ratio




	
ν

	
kinematic viscosity (m2/s)




	
λ

	
thermal conductivity (W/m·°C)
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Figure 1. The schematic and physical drawings of the FLHP. 
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Figure 2. The structure of the “Tesla valve”. (a) Schematic diagram of the “Tesla valve”. (b) Schematic diagram of forward and reverse flow patterns in the “Tesla valve”. 
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Figure 3. Introduction of the air-cooling experimental set-up. (a) Schematic diagram of the air-cooling experimental system. (b) Experiment platform of the air-cooling. 
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Figure 4. Introduction of the water-cooling experimental set-up. (a) Schematic diagram of the water-cooling experimental system. (b) Experiment platform of the water-cooling. 
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Figure 5. The operating temperature curve of the FLHP at various tilt angles. 
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Figure 6. Variation of evaporator temperature and thermal resistance with heat load under various tilt angles. (a) Evaporator temperature. (b) Thermal resistance. 
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Figure 7. Variation of evaporator temperature and thermal resistance with a heat load under various cooling conditions. (a) Evaporator temperature. (b) Thermal resistance. 
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Figure 8. Maximum heat transfer capacity of the FLHP with different cooling methods. 
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Figure 9. Maximum temperature difference of the evaporator under different cooling conditions. 






Figure 9. Maximum temperature difference of the evaporator under different cooling conditions.



[image: Energies 16 04677 g009]







[image: Energies 16 04677 g010 550] 





Figure 10. Start-up characteristics of the FLHP under different cooling conditions. 
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Figure 11. Variation of the evaporator temperature and thermal resistance with a heat load under various cooling temperatures. (a) Evaporator temperature. (b) Thermal resistance. 
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Table 1. Structure parameters of the FLHP.
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	Parameters
	Value
	Parameters
	Value





	Evaporator size (mm)
	60 × 60 × 5
	Condenser length L (mm)
	80



	Loop pipe outer diameter do (mm)
	4.0
	Condenser external surface area Ahp (mm2)
	1.0048



	Loop tube inner diameter di (mm)
	3.6
	Mass filling of working fluid m (g)
	4.0
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Table 2. Structure parameters of the air-cooling module.






Table 2. Structure parameters of the air-cooling module.





	Parameters
	Value
	Parameters
	Value





	Air module length La (mm)
	80
	Net face ratio ξ
	0.63



	Air module width Wa (mm)
	80
	Wall area between the fins A1 (mm2)
	0.004032



	Air module thickness ta (mm)
	5
	Fin surface area A2 (mm2)
	0.0504



	Fin thickness tf (mm)
	0.9
	Total area Ato (mm2)
	0.054432



	Fin spacing δ (mm)
	2.4
	Air-specific temperature Ta (°C)
	25



	Number of fins N
	21
	Air thermal conductivity λa (W/m·°C)
	0.02622



	Fin height hf (mm)
	30
	Fin thermal conductivity λf (W/m·°C)
	205



	Air Prandtl number Pra
	0.7
	Air kinematic viscosity νa (m2/s)
	1.54 × 10−5
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Table 3. Structure parameters of the water-cooling module.






Table 3. Structure parameters of the water-cooling module.





	Parameters
	Value
	Parameters
	Value





	Water module length Lw (mm)
	80
	Liquid channel internal surface area of Aw (mm2)
	0.011



	Water module width Ww (mm)
	80
	Module thermal conductivity λm (W/m·°C)
	205



	Water module thickness Tw (mm)
	15
	Cooling water specific temperature tw (°C)
	25



	Liquid channel inner diameter dwi (mm)
	8
	Cooling water kinematic viscosity νw (m2/s)
	1.006 × 10−6



	Liquid channel cross-sectional area Across (mm2)
	5.02 × 10−5
	Cooling water thermal conductivity of λw (W/m·°C)
	0.599



	Liquid channel total length Lwt (mm)
	434
	Cooling water Prandtl number water Prw
	7.02
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Table 4. Equivalent heat transfer coefficient of the FLHP condenser under different cooling conditions.






Table 4. Equivalent heat transfer coefficient of the FLHP condenser under different cooling conditions.












	Case
	Air Flow Rate Qa (CMH)
	Air Velocity va (m/s)
	Air-Cooling Heat Transfer Coefficient αa (W/m2·°C)
	Equivalent Heat Transfer Coefficient of the FLHP Condenser αhp (W/m2·°C)





	A-25
	25
	0.8
	22.73
	1195.43



	A-45
	45
	1.5
	40.61
	2087.89



	A-60
	60
	2.0
	51.28
	2601.66



	A-75
	75
	2.5
	60.77
	3047.35



	A-100
	100
	3.3
	74.17
	3659.33



	A-130
	130
	4.2
	85.13
	4145.39



	A-150
	150
	5.0
	97
	4657.73



	
	Water flow rate Qw (L/min)
	Water velocity vw (m/s)
	Water-cooling heat transfer coefficient αw (W/m2·°C)
	



	W-0.5
	0.5
	0.17
	1243.18
	6475.75



	W-1.0
	1.0
	0.33
	2164.50
	8344.64



	W-1.5
	1.5
	0.50
	2993.85
	9353.67



	W-2.0
	2.0
	0.67
	3285.43
	9623.20
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
‘Evaporator temperature(*C)
s w s e R 23

cex e
oo

e
vy

Ny
o
S
e,

g

T G s T o T 1@ o 30 10
Heatload (W)

(@)

Heatload (W) E

(b)






media/file4.png
1.arc-shape channel 2.straight-line channel 3.“T”-shaped bifurcation  4.“Y”-shaped intersection

(a)

Flow direction ——=—r Flow direction —==—
/

< ) —<)
= == / — ==
\<>—%:\\\ \@-@\

Forward flow Reverse flow

(b)

\\\\

1





media/file18.png
B
o
S

3
oy

—
N
e}

[\S)
(9

=
=3

<
93
O

o
W
o

S
N
O

Maximum temperature difference of evaporature (°C)

S
o

o

r—rr r - 1~ 1~ 1 - 1 ° 1 | L
D Toolmga =25°C |
G 7-'cooling-a =35°C |
O 7-'cooling-a:45 °C 1
“ Tcooling-w:25 °C i

_o_ Tu:ooling-w:3 5°CH

+ Tcooling-w=450C 1

v .
TSR .
*

v \ 4
9 Q

| L | | 1 | L | L | L | L | L |

0 25 50 75 100 125 150 175 200 225 250
Heat load (W)





media/file21.jpg
Evaporator temperature (°C)

ZE s e e s 2

-
foo
Fos
o
o

s s 0 1B 10 s s 0
Heaload (W)

(@)

et lond (W) o

(b)





media/file3.jpg
1 4
) <0 O =),

ISR SOR RSN
9] 3

Latc-shape channel 2 stcaight-line channel  3.T"-shaped bifurcation ~4.*Y"-shaped inersection

(@)
Flow direction —=— Flow direction —=—
Forward flow Reverse flow

(b)





media/file22.png
N
N

i
)

n
R

Evaporator temperature (°C)
n
()

o
W

(o))
(=]

n
W

L7 S
S W

|

1 L | 1 |

2 Tcooling
@ Tc
—hA— T

cooling

=25 °C

ooling

—i—

=20°C ||

=30 °C||
v Tc:ooling=35 OC_-
‘ Tcooling:40 °Cl:

TCOOling=45 °C .
1 1 -

0 25

50

75

100

125
Heat load (W)

(a)

150

175 200 225 250

0.50

o
a
O

St
'
o

Thermal resistance(K/W)
= B a2 e
— —_ o to
o wn o W

o
(=2
G

o
%)
O

o
[
o

i 1 5 I & 1

—— cooling:20 e -
—O— T ooling=25 °Cl]
—A— T, cooling:30 °C
== Lm0 °C|]
—— Tcooling=40 % ]
—— Ty0ing=45 °C|]

50

7

100 125
Heat load (W)

(b)

150

175 200 225 250






media/file19.jpg
50

N
&

Temperature(°C)

kY Teooling=45°C|

\/\A/ I asc

Cooling’ |

+ Water cooling]

+ Air cooling
L . L L L .

150

300 450 600 750 900 1050 1200
Time(s)





media/file7.jpg





media/file10.png
Temperature(°C) Temperature(°C)

& th La
=

Temperature(°C)
i
o

£
=

>
=
s

—TI

Time (s)

[—TI

Tilt angle=20°

wh
h

=y
wn

120W
st .
I n 1 1 1 " 1 M 1 " 1 M 1 M 1 " 1 M
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)
[—TI Tilt angle=60°
[——T2 130W 1

" 1 n
0 1000

1
2000

" 1 M 1 " 1 " 1 " 1 " L
3000 4000 5000 6000 7000 8000
Time (s)

—TI

th k& &
[=]

Temperature(°C)

Tilt angle=10° 70W |

M R Pl T WU TS S T S R I S S S TR S T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Time (s)

wn
=]

Temperature(°C)
e
[=]

Tilt angle=30° 130W |

e b
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

Time (s)
80 - T T " T " J )
2 —TI Tilt angle=90° 130W
e T2
70 He——T3
65 b——T4
—T'5
~60 h
& —T6
755 f—1 |
£ 50 f—18
2
£45 T
ko]
= 40
35
30 |
25
20 1 1 1 1 N 1 M 1

0 500 1000

1500 2000 2500 3000 3500 4000 4500 3000 5500

ime (s)





media/file14.png
80 T T T T
75 5
670 * e " -
% - ® *x o O
E 5 | * e o
<
2ol w e ——A-25 []
& 55' o —@—A-45 |
: _ —h— A-60
S —v—A-75 ||
S 50 _ 0 A-100
S5 —€— A-130| ]
! —p— A-150
40 —@— W-0.5]-
: —— W-1.0
35 —— W-1.54
: —— W-2.0
30 : | " | L | " | L | L 1 M | L | . 1 s ] N ]
0 20 40 60 80 100 120 140 160 180 200 220

Heat load (W)

(a)

Thermal resistance (K/W)

0.0625

0.5

0.25

1

—— A-25
—— A-45
—hA— A-60
—v—A-75
——A-100| T
—4— A-130[
—p— A-150
—&— W-0.5|1
—— W-1.0
—a—W-1.5
—— W-2.0|-

o

| I I T— |

120
Heat load (W)

140

160

180 200 220






media/file11.jpg
W
Hearlond ()

)

W@ W
Hetlosd (W)

&

B

EEE RN
IR

(b)

(a)





media/file6.png
)

]
—

|
|H2

I
| |
T

T7 6

I

|

|

|
T5

|
B

T\Heat source

B _

— |

Data acquisition machine

Computer

[T
I |






media/file15.jpg
200 E—@— Air cooling

; Water cooling| / |
170 F

210 T ‘ T T T

Maximum heat transfer capacit;

Sop L L L L L

0 2000 4000 6000 8000 10000
Equivalent heat transfer coefficient of FLHP condenser (W/m*°C)






nav.xhtml


  energies-16-04677


  
    		
      energies-16-04677
    


  




  





media/file16.png
Maximum heat transfer capacity (W)

210

200 L—@— Air cooling =
190 L—MM— Water cooling ./
180 F / -
170 F E
160 [ l
150 F i
140 F B
130 F
120 F Q
110 F Qo .
100 F Q
90 F [+

80 F Qo _
70 F Q
OF @
S0 | g \ . | . 1 : \

0 2000 4000 6000 8000 10000
Equivalent heat transfer coefficient of FLHP condenser (W/m*°C)






media/file2.png
80

o
0

60

-\

99999999
VAVAVAVA/AAVAAAY
MAVAY/
\
\AVAAA AR

~

a






media/file20.png
~
o

Temperature(°C)

T ooting=35°C

ooling

T EDIS3C

ooling

—+ Water cooling|
—— Air cooling
| L | L | L 1 L | 1 1 1 |

0 150 300 450 600 750 900 1050 1200
Time(s)






media/file5.jpg





media/file1.jpg





media/file12.png
140

S
-1 N
=l
-1 ©
L le
CO ~
=
9
<
1o 0
6]
- ~—
<
L
am
i e
4
4 <
o
1 1 1 1 1 o
= o \o < N =
— o =] (=] o o
(A\/3])2our)SISal [euwady |,
=
T T T v T v =
(=] =) =] =) =}
e © O O 9 O
S — A < O &
-1 X
=
-1 <
B 0)
N
<
<
=
=
18%
B )
=
4 S
4
4 S
(o
| | | | I U —— | | o
v o v - el o v o A o
o~ O vy ) &= <t ag! N

80

=~ \©
(Dp)oIm

elodwo) J0jvI0dRA

(b)

(a)





media/file9.jpg
LT






media/file0.png





media/file8.png
=
e [
Water cold plate 3
Ty r_
et g - = Water bath
T9_ _— i g e TR
[ — — — — |l
DC Power | | s

] | : E .
T Ciasal
Heat source

Data acquisition machine

(a)

L\ |

Ty

: €3 014y
QO30

L )
-
-





media/file17.jpg
4
2
3

9
o

i
3

N
b3

3
3

&
3
5

ol
@
3

=
I
b

Maximum temperature difference of evaporature (°C)

=
2
3

—D—T
O,

cooling-

=0~ Tecoling
—k—T,

cooling-w

O Tooplingn=35°C
~ ¥ Teooling=45°C

v!l**
’*

L L L L L L L

75 100 125 150 175 200 225 250
Heat load (W)





