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Featured Application


This work proposed a novel necking heat pipe with double-end heating, which could be utilized in the heat pipe systems to obtain different thermal performances for complicated working situations, especially for the overload operation situation. For example, the waste heat of a low-power chip can be utilized to drive a high-power chip working under the overload situation on the same circuit board, which can be considered waste heat recovery and utilization.




Abstract


This work proposed a novel necking heat pipe with double-end heating for thermal management of the overload operation. The addition of another heat load was adopted to obtain a higher threshold critical power for the heat pipe system. The thermal performance of thermal switch heat pipe (TSHP) and traditional grooved heat pipe (TGHP) was investigated experimentally, including the threshold critical power, starting characteristic, recovery characteristic, surface temperature distribution, thermal resistance, etc. The optimized TSHP exhibited a larger threshold critical power range with low additional heat load input (from 55 W to 65 W, almost 20% increase), low starting additional heat load input (2 W), good recovery characteristic (less than 150 s from 75 °C to normal after overload), and low thermal resistance with additional heat load input (less than 0.13 °C/W). These results indicate that the optimized TSHP can offer great potential for the overload operation situation with the additional heat load. Such a novel necking heat pipe with double-end heating can be utilized in heat pipe systems to obtain different thermal performances for complicated working situations, especially for the overload operation situation.
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1. Introduction


In recent years, thermal management has been widely utilized in the aerospace industry [1,2], third-generation semiconductor fields [3,4,5], and new energy vehicles (NEVs) [6,7]. As the size decreased and the power density increased rapidly in the power devices field, heat dissipation gradually became the key problem of the next generation of power devices [5,8]. Additionally, Moore’s law was alive and well in the multicore arena, with manufacturers increasing the number of cores on chips at an ever-increasing rate [9]. Therefore, the high-power density of the power devices requires better cooling methods for heat dissipation specifically and effectively. Consequently, more effective heat dissipation performance devices and modules, better cooling systems and designs, and higher thermal conductivity materials should be put forward to solve the extremely high heat fluxes of the power devices [10,11,12].



At present, heat pipes serving as two-phase heat-transfer devices have been widely utilized for effective heat dissipation in the thermal management of high heat flux applications [13,14,15]. Unlike other heat dissipation methods, such as air cooling [16,17] or liquid cooling [18,19], heat dissipation with heat pipes can obtain the temperature uniformity status of power devices to avoid local hot spots due to their high thermal conductivity. As the number of cores on chips is increasing at an ever-increasing rate and the highly integrated electronic devices, the thermal management for single heat source dissipation might not be suitable for such multiple heat source systems with the rapid development of the industry. Hence, there were many reported investigations about multiple heat sources in thermal management by many researchers around the world. Some investigations mainly aimed at the theoretical deduction and simulation of the steam pressure distribution and surface temperature distribution in the thermal management systems, including single heat source and multiple heat source systems [20,21,22]. Bimal Subedi and his coworkers [21] proposed a theoretical investigation of a heat pipe system with multiple heat sources. The results indicated that the optimized key factors of wicks could be obtained for the threshold critical power of the heat pipe system with multiple heat sources. By means of such analytical solutions, the maximum surface temperature of the electronic devices could be obtained, which could direct practical experiments and even establish a calibration of the test data. However, this work could only offer a method for multiple heat sources on one side, which could be treated as a large heat source, and the scope of the applications was not wide enough for other situations. Others focused more on experimental investigations in order to explore the heat pipe systems with multiple heat sources for heat dissipation during different applications [23,24,25,26]. Cai et al. [23] presented a novel multiple-branch heat pipe system for heat dissipation in multi-heat source electronics. The optimized factors, including the filling ratio, the start-up characteristics, and thermal resistance, were experimentally investigated. The results showed directive significance for heat dissipation in multiple heat source systems. Zhong et al. [24] also proposed a heat dissipation method for a multi-branch heat pipe system. The difference between the two of them was that Cai focused on the experimental investigation of multiple heat sources for multiple heat source systems, while Zhong focused more on the experimental investigation of multiple cooling sources for a single heat source system. Tang et al. [25] adopted a combined method for heat dissipation. The multiple heat sources and double cooling sources for the heat pipe system were experimentally investigated, and the results indicated that such a design was well adapted for high heat fluxes application, especially for efficient heat dissipation for electronic devices inside the spacecraft. Han et al. [26] developed a novel flat heat pipe sink with multi-heat sources (a heat sink configured with four flat heat pipes). The results performed well in the experiment, showing its high heat flux transportation in heat dissipation of compact electronic devices.



From the literature mentioned above, both the theoretical deduction and experimental investigations were discussed by many researchers. Additionally, many designs for heat dissipation were proposed for multiple heat source systems, and many inspired results were obtained for other researchers to explore more interesting designs for thermal management. However, these works focused on the same size of the cross-section along the heat pipe, either a single heat source system or multiple heat source systems. The same size of the heat pipe might not be efficient enough for multiple heat sources to adjust their steam pressure and thermal resistance, especially for multiple heat sources with different heat load inputs. Therefore, the variable cross-section of the heat pipe might be better in multiple heat source systems for rapid changes in its steam pressure and then for better heat dissipation. Moreover, it could be distinguished between primary and additional heat sources in the experimental investigations of multiple heat source systems. These two heat sources could be distinguished as a low-power chip and a high-power chip on the same circuit board, respectively. Then, the waste heat of a low-power chip could be utilized to drive a high-power chip working under the overload situation, which could be considered waste heat recovery and utilization. Such investigations have not been studied.



In this work, the additional heat load (named heat load B) was adopted to obtain a higher threshold critical power for a novel necking heat pipe system. The thermal performance of thermal switch heat pipe (TSHP) and traditional grooved heat pipe (TGHP) was investigated experimentally, including the threshold critical power, starting characteristic, recovery characteristic, surface temperature distribution, thermal resistance, etc. The optimized TSHP exhibited well thermal performance. These results indicate that the optimized TSHP can offer great potential for the overload operation situation. Moreover, the addition of heat load B provides another method for adjusting the steam pressure distribution along the necking heat pipe to obtain a better heat pipe system of overload, stability, and low thermal resistance. Such distinction between primary and additional heat sources in the experimental investigations of multiple heat source systems can also provide a method for thermal resistance adjustment. Furthermore, the variable cross-section of the heat pipe can provide another method for efficiently adjusting steam pressure and thermal resistance. Additionally, even more addition of heat loads or condensation modules can be utilized in the heat pipe systems to obtain different thermal performances for the complicated working situation, especially for the overload operation situation.




2. Materials and Methods


2.1. The Geometric Parameters of the Heat Pipes


Due to the high thermal conductivity, long-term reliability, and ease of mass production of grooved heat pipes [27], they were utilized as experimental samples in our study. The geometric parameters of two types of grooved heat pipes, including thermal switch heat pipe (TSHP) and traditional grooved heat pipe (TGHP), were demonstrated, as shown in Table 1. Due to their simple structure, some key parameters were discussed in detail, including pipe length, necking length, and both their diameters. These parameters would be a great effect on the thermal performance of a heat pipe system, such as threshold critical power, the second start-up characteristic, etc. TSHP, with a total length of 310 mm and a necking length of 30 mm, was investigated experimentally in detail during this work, as shown in Figure 1. Additionally, the diameter of TSHP was 8 mm, while the necking part was 4 mm. As a control group, TGHP had the same length of 310 mm and the same diameter of 8 mm.




2.2. Experimental Setups


The experimental setup for the thermal performance of TSHP is demonstrated in Figure 2. As shown in Figure 2, the whole setup consisted of three parts, including a DC power supply for heat input, a data receiver, and wireless acquisition unit for data collection, constant temperature adjustable cooling bath for heat dissipation. In this study, there were two heat load inputs located separately at both ends of heat pipes, which were called primary and additional heat sources. For distinction, the heat block on the left side of the heat pipes was called heat load A, while the other side was called heat load B. In this part, heat load A was discussed in detail due to heat loads A and B with the same structure. It should be noted that heat load B played the role of auxiliary heat source, which is similar to a thermal switch to adjust the threshold critical power of a heat pipe system. The DC power supply (MAISHENG MP6010D) was purchased from Dongguan Maihao Electronic Technology Co., Ltd., Dongguan, China. It was used to supply electric power for driving the heat block as the heat source. The heat block of dimensions 20 × 25 × 30 mm3 was made of copper with a high thermal conductivity of approximately 400 W/(m·K) for better heat loading, and the heat block was fixed to the test platform by spring and bolts to ensure test stability. The data acquisition module (HIOKI-LR8510) was purchased from HIOKI FOREST PLAZA CORPORATION, Nagano, Japan, and it was composed of a data receiver and wireless acquisition unit. There were nine micro-thermal couples attached tightly to the surface of TSHP or TGHP to obtain the surface temperature distribution of them. The data of the surface temperature were then transferred to the wireless acquisition unit through WiFi. Finally, data processing was carried out on a personal computer to obtain different thermal performances of the tested samples. The constant temperature adjustable cooling bath (DC-1006) for heat dissipation was purchased from Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China. A flow meter was used for controlling the flow rate of cooling water, and thereby it could adjust the rate of heat dissipation. The cooling block was also made of copper with a water channel inner side, which served as the condensation section during testing, and it also fixed well to the test platform by spring and bolts. Moreover, TSHP or TGHP with heating and cooling blocks was covered by thermal insulation materials. A thin layer of thermal silicone grease was coated between TSHP or TGHP and heating or cooling blocks for lessening thermal contact resistance. All thermal tests were under room temperature and suitable humidity without airflow effects. All the micro-thermal couples were with accurate size and position among TSHP or TGHP. In order to distinguish two experimental heat pipe systems in this study, micro-thermal couples named T1 to T9 were utilized to discuss the thermal performance of TSHP, while t1 to t9 were for TGHP.




2.3. Data Reduction and Uncertainty Calculation


In general, both thermal resistance and threshold critical power are the key characteristics to evaluate the thermal performance of a heat pipe system. The threshold critical power means the highest operating power of a heat pipe before its inner working medium dries out. The thermal resistance of a heat pipe system is defined as the ratio of the temperature difference between the evaporation section and condensation section to the operating power. The total thermal resistance of two experimental heat pipe systems can be calculated as the following Equation (1):


   R  hp   =   Δ T    Q  in     =    T  eva   -  T  con      Q  in      



(1)




where Teva and Tcon are the average surface temperature of the evaporation section and condensation section, respectively. Qin is the operating power during normal running. Teva and Tcon can be calculated as following Equations (2) and (3):


   T  eva   =    T 1  +  T 2   2     



(2)






   T  con   =    T 4  +  T 5  +  T 6   3   



(3)







In this study, the experimental uncertainty was mainly caused by the accuracy of the instruments in the measurement process, including the accuracy of the wireless acquisition unit and DC power supply. The resolution of the DC power supply and wireless acquisition unit was 0.5 W and 0.05 °C. These measuring errors actually influenced the total thermal resistance of a heat pipe system according to Equation (1). The uncertainty of the thermal resistance could be calculated as following Equation (4) [28,29,30]:


                    e  (   R  hp    )     R  hp     =        (    ∂  R  hp     ∂  Q  in      e   Q  in      )   2  +    (    ∂  R  hp     ∂  T 1     e   T 1     )   2  +    (    ∂  R  hp     ∂  T 2     e   T 2     )   2  +    (    ∂  R  hp     ∂  T 4     e   T 4     )   2  +    (    ∂  R  hp     ∂  T 5     e   T 5     )   2  +    (    ∂  R  hp     ∂  T 6     e   T 6     )   2       R  hp      =     36   Δ  T 2     Q  in     2     e   Q  in       2  + 9  e   T 1      2  + 9  e   T 2      2  + 4  e   T 4      2  + 4  e   T 5      2  + 4  e   T 6      2       Q  in    R  hp      



(4)




where eT1, eT2, eT3, eT4, eT5, and eT6 are the resolution of the wireless acquisition unit, which is 0.05 °C; eQin is the resolution of DC power supply, which is 0.5 W. From Equation (4), it can be known that the uncertainty of the thermal resistance increases with the temperature difference between the evaporation section and condensation section (ΔT) and decreases with the operating power (Qin). Therefore, the maximum uncertainty of the total thermal resistance can be found when the temperature difference between the evaporation section and condensation section (ΔT) is the biggest one, while the operating power (Qin) is the smallest one. Therefore, in this study, the maximum uncertainty of the total thermal resistance was 8.2%.





3. Results and Discussion


3.1. The Effects of Power Distribution on the Threshold Critical Power of the Heat Pipe Systems


Figure 3 shows that the threshold critical power of the heat pipe systems was experimentally investigated under different power distributions, including heat load A and heat load B. In the experiment section, heat load B was introduced as an auxiliary heat source to make the threshold critical power of the heat pipe systems adjustable. Therefore, the additional heat load B is similar to a thermal switch. As shown in Figure 3a,b, the surface temperature of two heat pipe systems increased steadily with heat load A. Additionally, there was little difference in the threshold critical power of them without heat load B. For example, the threshold critical power of TSHP was 55 W, while TGHP was 50 W. It could be known that the same length of heat pipe might have almost the same threshold critical power, even though they had different structures. For example, TSHP had a necking section with a length of 30 mm and a diameter of 4 mm. TGHP was only a long straight grooved tube without a necking section. There were some interesting things that occurred that the surface temperature difference of the heat pipes showed obvious distinguish. Nine points for measuring the temperature of TSHP had good consistency, which meant that its thermal performance was pretty good. However, TGHP had good temperature consistency under the low operating power, while it obtained a large temperature deviation under the high operating power. Figure 3c,d demonstrated the threshold critical power of two heat pipe systems under different heat load B inputs in detail, respectively. Additionally, two kinds of the filling working liquid mass for two heat pipe systems were also experimentally investigated, respectively. In this study, the filling working liquid mass was not the key research factor. Therefore only two kinds of the filling working liquid mass for two heat pipe systems were chosen to show how it influenced the thermal performance of the heat pipe systems. Then, the heat pipes with better thermal performance were selected to push ahead with the following experiments. Two kinds of the filling working liquid mass (1.05 g and 0.95 g) for TSHP under different heat loads B were demonstrated as the following Figure 3c. For convenience, TSHP, with the filling working liquid mass of 0.95 g, was named TSHP-1, while the other was named TSHP-2. As mentioned previously, heat load B played a significant role in the threshold critical power adjustment of the heat pipe system. TSHP showed almost the same change with heat load B. Their threshold critical power increased rapidly with low heat load B and increased slowly or even kept constant with high heat load B. For example, both TSHP-1 and TSHP-2 had a large growth of 10 W with heat load B input less than 4 W. It was almost a 20% increase in threshold critical power for TSHP-1 and TSHP-2 (from 55 W to 65 W for TSHP-1; from 50 W to 60 W for TSHP-2). When heat load B increased from 4 W to 12 W, both TSHP-1 and TSHP-2 increased 5 W (from 65 W to 70 W for TSHP-1; from 60 W to 65 W for TSHP-2). Moreover, TSHP-1 could be speculated better than TSHP-2 in the threshold critical power with heat load B increase. As a result, TSHP-1 was chosen to carry on the following experiments. Two kinds of the filling working liquid mass (1.5 g and 1.1 g) for TGHP under different heat loads B were demonstrated as the following Figure 3d. For convenience, TGHP with the filling working liquid mass of 1.5 g was named TGHP-1, while the other was named TGHP-2. Their threshold critical power increased slowly or even kept constant with low heat load B and increased rapidly with high heat load B, which was in contrast with TSHPs. For example, both TGHP-1 and TGHP-2 had a small growth of only 5 W with heat load B input less than 4 W. It was just less than a 10% increase in threshold critical power for TGHP-1 and TGHP-2 (from 50 W to 55 W for TGHP-1; from 45 W to 50 W for TGHP-2). When heat load B increased from 4 W to 10 W, TGHP-1 increased rapidly (From 55 W to 80 W for TGHP-1), while TGHP-2 still increased slowly (from 50 W to 55 W for TGHP-2). It was almost a 50% increase in threshold critical power for TGHP-1 when heat load B increased from 4 W to 10 W. Moreover, TGHP-1 could be found to be better than TGHP-2 in the threshold critical power with heat load B increase, especially with high heat load B input. Therefore, TGHP-1 was chosen to carry on the following experiments. In conclusion, the addition of heat load B served as a thermal switch in both TSHP and TGHP, which could greatly increase the threshold critical power of a heat pipe system.



The distribution of steam pressure inside the heat pipes is demonstrated in Figure 4. In this work, the addition of heat load B was introduced into the heat pipe systems, including TSHP-1 and TGHP-2. Therefore, it was quite different from the heat pipe system with only one single heat load, especially in the distribution of steam pressure inside the heat pipes. As shown in Figure 4a, the steam pressure of P1 increased when the heating block was under normal working, and then the steam flowed along the heat pipe to the condensation section. Finally, the steam was condensed into water. The condensed water reflowed to the evaporation section through the capillary structure. It also meant that the steam pressure of P2 was low when the heat pipe was working normally. Moreover, the steam pressures of P1 and P2 were under dynamic equilibrium, but the condensed water was blocked in the condensation section when the heat pipe was under working overload status. It meant that the heat pipe could not be carried on heat dissipation in time due to large heat input, which led to the dry-out status of the evaporation section. As a result, the steam pressure of P1 was much higher than that of P2. Figure 4b shows the distribution of steam pressure inside the heat pipe with two heat loads when the heat pipe was under normal and overload working status, especially for necking heat pipes such as TSHP-1. Before the heat pipe with two heat loads came into working overload status and the additional heat block was out of work, the distribution of steam pressure inside the heat pipe was the same as shown in Figure 4a. When TSHP-1 was under overload working status without heat load B working, the condensed water was blocked in the condensation section. However, the steam pressure of P4 and P5 rapidly grew up after heat load B was on working due to the small volume of the necking section. Therefore, the blocked working liquid reflowed because the steam pressure of P4 and P5 was higher than that of P3. As a result, TSHP-1 came into normal working under higher heat load A input. Then, the steam pressures of P3, P4, and P5 returned to dynamic equilibrium. In summary, the addition of heat load B served as a thermal switch could improve the threshold critical power of a heat pipe system by increasing the reflow flux of the blocked working liquid inside the condensation section.




3.2. Dynamic Response Characteristics of the Heat Pipe Systems


Figure 5 demonstrated the surface temperature distribution of TSHP-1 after reaching the threshold critical power with different heat load B, including (a) 2 W and (b) 4 W. As shown in Figure 5a, TSHP-1 was under normal working before 700 s for the tested points T1–T9 remained relatively stable. TSHP-1 then came into overload working status with the increased heat load A after 700 s. It could be seen that the surface temperature of T1 increased quite rapidly, which meant that the evaporation section was dried-out. However, the surface temperature of T1 recovered stability with heat load B input of 2 W after 1000 s. The stable status of TSHP with heat load B input of 2 W remained at approximately 250 s, and then the surface temperature of T1 increased rapidly to cause the dry-out status of TSHP-1. The stable status of TSHP recovered after heat load B input of 4 W, as shown in Figure 5b. The surface temperature of T8 and T9 grew up when heat load B was input, while that of T1 decreased to the original state. Moreover, the surface temperature of the tested points was kept stable, which meant that the whole heat pipe system could maintain stability after heat load B input of 4 W. The surface temperature distribution of TGHP-1 after reaching the threshold critical power with different heat load B is shown in Figure 6. The changing situation of TGHP-1, which recovered from the dry-out status to the stable status, was almost the same as that of TSHP-1. However, the minimum heat load B input of TGHP-1 was quite different from that of TSHP-1. When heat load B input was 4 W, TSHP-1 could be recovered to the stable status, while TGHP-1 would be recovered stable when heat load B input was at least 6 W.



From the above, it could be known that the heat pipe system would recover from the dry-out status to the stable status with a proper heat load B input. Furthermore, the recovery characteristics of TSHP-1 with heat load B input of 10 W after the surface temperature of T1 dried out to different temperatures, including 75 °C and 94 °C. As shown in Figure 7a, the recovery time of TSHP-1 after being dried out was quite short (less than 150 s) with heat load B input when the surface temperature of T1 was 75 °C. It meant that the addition of heat load B played a significant role in adjusting the status switching of TSHP-1. Moreover, TSHP-1 recovered rapidly when the surface temperature of T1 was low. Therefore, TSHP-1 recovered to a stable status quite rapidly when the evaporation section was under the dry-out status for a short time. On the contrary, TSHP-1 recovered quite slowly because the surface temperature of T1 was high. It also meant that TSHP-1 was out of stable status for a long time. As a result, nearly 450 s was paid for the status recovery of TSHP-1 in Figure 7b. The reason for the different recovery times of TSHP-1 with a different surface temperature of T1 may be that TSHP-1 under the dry-out status with different times caused different pressure distribution in the heat pipe, and it would greatly influence the rebuilding time of the stable status in the heat pipe because the imbalance pressure distribution of the heat pipe changed with time under the dry-out status. For example, it cost nearly 450 s for TSHP-1 to return to the stable status after the surface temperature of T1 was up to 94 °C. It could be seen that the pressure of the evaporation section was high enough to prevent the working liquid in the heat pipe from reflowing back. Additionally, the liquid slug might be formed in the condensation section. However, the liquid slug could be pushed back to the evaporation section with heat load B input of 10 W, even though it took a long time in this process. That was why nearly 450 s was the cost for TSHP-1 to recover to the stable status, which was approximately three times longer than that of status when the surface temperature of T1 was 75 °C. More detailed explanations about the pressure distribution of the heat pipe during different statuses can be found in Section 3.1.



Figure 8 demonstrates the surface temperature distribution of TSHP-1 versus heat load A and heat load B. As shown in Figure 8a, the surface temperature distribution of TSHP-1 with different heat load A from 45 W to 80 W under a certain heat load B input of 12 W was demonstrated in detail. It could be seen that the surface temperature along TSHP-1 from the evaporation section to the condensation section (from T1 to T6) showed a small difference before it dried out, except for the heat load B section (from T7 to T9). TSHP-1 would have good temperature uniformity performance with heat load A input less than 75 W under a certain heat load B input of 12 W. Because the heat pipe was under the stable status. However, the surface temperature of T7 to T9 was quite different from each other. The surface temperature increased successively from T7 to T9 due to the rapidly increasing steam pressure during the heat load B section. Moreover, the surface temperature of T1 and T9 would suddenly increase when TSHP-1 came to the threshold critical power under a certain heat load B of 12 W. It was worth noting that the surface temperature of the whole heat pipe slightly increased before TSHP-1 came to the threshold critical power. The surface temperature distribution of TSHP-1 with different heat load B from 0 to 12 W under a certain heat load A input of 45 W was shown in Figure 8b. The surface temperature along TSHP from the evaporation section to the condensation section (from T1 to T6) showed a small difference for TSHP-1 under the stable status during the whole testing process, except for the heat load B section (from T7 to T9). The surface teperature still increased successively from T7 to T9 due to the rapidly increasing steam pressure during the heat load B section. Firstly, the surface temperature of T7 was higher than that of T9 without heat load B input, and then the surface temperature of T9 increased slowly versus heat load B. Finally, it exceeded that of T7. In summary, the main section of TSHP-1 (from T1 to T6) had good temperature uniformity performance when it was less than the threshold critical power. The addition of heat load B for TSHP-1 could cover a larger power range than that of a heat pipe with the same dimension. Moreover, the necking section of TSHP also played an important role in the steam pressure distribution adjustment. Therefore, different heat loads B could obtain the different threshold critical power of TSHP-1, and it also meant that low threshold critical power heat pipe could normally work under an overpower status with heat load B input. It also meant that TSHP-1 with heat load B was especially suitable for overclocking work situations.



The thermal resistance of TSHP-1 versus heat load A and heat load B was demonstrated in Figure 8c,d. It could be seen that the total resistance of TSHP-1 kept on a low level before TSHP-1 was under the dry-out status when a certain heat load B input was 12 W. When heat load A was over 80 W, TSHP-1 was out of normal working for the total resistance grew up rapidly. Moreover, the evaporation resistance of TSHP-1 was a little higher than the total resistance of TSHP-1, and the condensation resistance of TSHP-1 was even lower than 0. The reasons for the above phenomena were that the steam pressure of TSHP-1 might be under a dynamic balance status. Moreover, the status could be speculated as follows: two ends of TSHP-1 were under high steam pressure, while the middle side of TSHP-1 was low with the increase in heat load B. Here, heat load B served as a thermal switch to adjust the steam pressure distribution of TSHP-1. Then, as a result, the surface temperature of the adiabatic section of TSHP-1 was slightly lower than that of the condensation section. Furthermore, the surface temperature of TSHP-1 might have been influenced by the thermal conduction of the shell and then caused the phenomena above. As shown in Figure 8d, the thermal resistance of TSHP-1 with different heat load B from 0 to 12 W under a certain heat load A input of 45 W was demonstrated in detail. The overall trend was that the total resistance and condensation resistance of TSHP-1 decreased and then kept stable with the increase in heat load B, while the evaporation resistance increased first. The reason could be attributable to the addition of heat load B because the steam pressure of the condensation section was low firstly without heat load B input. Then, the condensation resistance was quite high compared with the others. As heat load B input increased, the balance of steam pressure was broken again. It caused the status where two ends of TSHP-1 were under high steam pressure, while the middle side of TSHP-1 was low. Therefore, the condensation resistance of TSHP-1 was even lower than 0.



The thermal resistance of TSHP-1 before and after it dried out is shown in the following Figure 9a,b. Figure 9a demonstrates the thermal resistance of TSHP-1 with different heat loads A from 10 W to 55 W, which meant that TSHP-1 was under a stable status. Additionally, heat load B was unworking. It could be seen that the total resistance of TSHP-1 appeared to have a U-shaped change with the increase in heat load A. When heat load A input was low, the evaporation section of TSHP-1 was not fully started up, which caused some working liquid accumulation. As a result, the evaporation section resistance of TSHP-1 was high. With the increase in heat load A, the working liquid accumulation gradually improved, and the evaporation section of TSHP-1 even dried out because the evaporation section resistance increased. Moreover, TSHP-1 obtained the minimum resistance with heat load A input of 35 W. The thermal resistance of TSHP-1 with different heat load B from 0 to 12 W under a certain heat load A input of 45 W is shown in Figure 9b. TSHP-1 could reach a certain threshold critical power with a certain heat load B. Firstly, the total resistance of TSHP-1 increased with a low heat load B. During this process, the balanced steam pressure of TSHP-1 was broken, and it was hard for TSHP-1 to recover to a stable status with such a low heat load B. However, the total resistance of TSHP-1 was still at a low level, which was also in line with the normal operating range of heat pipes. The total resistance of TSHP-1 was then reduced with heat load B input from 2 W to 6 W. Finally, the total resistance of TSHP-1 increased with heat load B input from 6 W to 12 W. The reason for it might be that localized drying occurred during the evaporation section of TSHP-1 with a high threshold critical power of heat load A input. Therefore, the total resistance of TSHP-1 increased even with a high heat load B input because the steam pressure distribution of TSHP-1 might be under a delicate balance. At this point, the steam pressure of the evaporation section was a little higher than that of the condensation section. The thermal resistance of TGHP-1 versus different heat load A and heat load B was demonstrated in the following Figure 9c,d. It could be seen that the general tendency of TGHP-1 was almost the same as that of TSHP-1. Therefore, the total resistance of TGHP-1 was a little higher than that of TGHP-1. Moreover, the condensation resistance of TGHP-1 was a little lower than 0. The reason for it might be that TGHP-1 still had a long section (about 30 mm) for heat load B with the same diameter as the main section along TGHP-1, and the liquid slug might have been formed easier without heat load B input. In summary, the addition of heat load B can adjust the steam pressure of TSHP-1 and TGHP-1 and thus increase the threshold critical power of TSHP-1 and TGHP-1. Moreover, TSHP-1 was more suitable for the real situation. Thus, it is very suitable for a real situation where the waste heat of a low-power chip can be utilized to drive a high-power chip working under the overload situation on the same circuit board, which can be considered waste heat recovery and utilization because a low heat load B input could obtain a high threshold critical power of TSHP-1.





4. Conclusions


In this work, the addition of heat load B was adopted to obtain a higher threshold critical power for the heat pipe systems. Two kinds of heat pipes, including thermal switch heat pipe (TSHP) and traditional grooved heat pipe (TGHP), were investigated experimentally, respectively. The thermal performance of TSHP and TGHP was also investigated experimentally, including the threshold critical power, starting characteristic, recovery characteristic, surface temperature distribution, thermal resistance, etc. The optimized TSHP exhibited a larger threshold critical power range with low heat load B input (from 55 W to 65 W, almost 20% increase), low starting heat load B input (2 W), good recovery characteristic (less than 150 s at 75 °C after overload), low thermal resistance with heat load B input (less than 0.13 °C/W). These results indicate that the optimized TSHP can offer great potential for the overload operation situation with the addition of heat load B. Moreover, the addition of heat load B provides another method for adjusting the steam pressure distribution along the necking heat pipe to obtain a better heat pipe system of overload, stability, and low thermal resistance. Such distinction between primary and additional heat sources in the experimental investigations of multiple heat source systems can also provide a method for thermal resistance adjustment. Furthermore, the variable cross-section of the heat pipe can provide another method for adjusting steam pressure and thermal resistance of it. Such a novel necking heat pipe is very suitable and has the potential for a real situation where the waste heat of a low-power chip can be utilized to drive a high-power chip working under the overload situation on the same circuit board. Moreover, the addition of an extra heat load or condensation module can be utilized in the heat pipe systems to obtain different thermal performances for complicated working situations, especially the overload operation.
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Nomenclature and Abbreviation




	TSHP
	thermal switch heat pipe



	TGHP
	traditional grooved heat pipe



	NEVs
	new energy vehicles



	l
	pipe length (mm)



	lo
	necking length (mm)



	dn
	necking diameter (mm)



	di
	pipe outer diameter (mm)



	do
	pipe inner diameter (mm)



	h
	groove depth (mm)



	m
	groove width (mm)



	n
	number of grooves



	    R  hp     
	thermal resistance (°C/W)



	   Δ T   
	surface temperature difference (°C)



	    T  eva     
	surface temperature of the evaporation section (°C)



	    T  con     
	surface temperature of the condensation section (°C)



	    Q  in     
	heat load input (W)
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Figure 1. A schematic diagram of TSHP. (a) Cross section of the heat pipe; (b) geometrical characteristics of grooves; (c) the necking shrinkage during the necking section; (d) the overview of TSHP. 
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Figure 2. Experimental setup of TSHP. 






Figure 2. Experimental setup of TSHP.



[image: Applsci 12 11661 g002]







[image: Applsci 12 11661 g003] 





Figure 3. The threshold critical power of the heat pipe systems under different power distribution: (a) the surface temperature distribution of TSHP-1 with different heat load A; (b) the surface temperature distribution of TGHP-1 with different heat load A; (c) the threshold critical power of TSHP-1 with different heat load B. (d) the threshold critical power of TGHP-1 with different heat load B. 
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Figure 4. The distribution of steam pressure inside the heat pipes: (a) the distribution of steam pressure inside the heat pipes with only one single heat load; (b) the distribution of steam pressure inside the heat pipes with two heat loads (one heat load for the heat source, and the others served as a thermal switch). 
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Figure 5. The surface temperature distribution of TSHP-1 after exceeding the threshold critical power (heat load A was 65 W) with different heat load B, including (a) 2 W and (b) 4 W. 
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Figure 6. The surface temperature distribution of TGHP-1 after exceeding the threshold critical power (heat load A was 65 W) with different heat load B, including (a) 2 W, (b) 4 W, and (c) 6 W. 
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Figure 7. The recovery characteristics of TSHP-1 with heat load B input of 10 W after the surface temperature of T1 increased to (a) 75 °C and (b) 94 °C caused by heat load A input up to 65 W. 
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Figure 8. (a) The surface temperature distribution of TSHP-1 with different heat load A (named Qc in the figure) from 45 W to 80 W under a certain heat load B input of 12 W; (b) the surface temperature distribution of TSHP-1 with different heat load B (named as Qa in the figure) from 0 to 12 W under a certain heat load A input of 45 W; (c) the thermal resistance of TSHP-1 with different heat load A from 45 W to 80 W under a certain heat load B input of 12 W; (d) the thermal resistance of TSHP-1 with different heat load B from 0 to 12 W under a certain heat load A input of 45 W. 
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Figure 9. (a) The thermal resistance of TSHP-1 with different heat load A from 10 W to 55 W; (b) the thermal resistance of TSHP-1 with different heat load B from 0 to 12 W under a certain heat load A input of 45 W; (c) the thermal resistance of TGHP-1 with different heat load A from 15 W to 50 W; (d) the thermal resistance of TGHP-1 with different heat load B from 0 to 10 W. 
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Table 1. The geometric parameters of grooved heat pipes.
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	Parameters
	Value/Material





	Tube material
	Copper



	Working fluid
	Deionized water



	Pipe length l (mm)
	310



	Necking length lo (mm)
	30



	Necking diameter dn (mm)
	4



	Pipe outer diameter di (mm)
	8



	Pipe inner diameter do (mm)
	6.9



	Groove depth h (mm)
	0.25



	Groove width m (mm)
	0.17



	Number of grooves n
	68
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