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Abstract

:

In this paper, the influence of wettability properties on the start-up characteristics of two-phase closed thermosyphons (TPCTs) is investigated. Chemical coating and etching techniques are performed to prepare the surfaces with different wettabilities that is quantified in the form of the contact angle (CA). The 12 TPCTs are processed including the same CA and a different CA combination on the inner surfaces inside both the evaporator and the condenser sections. For TPCTs with the same wettability properties, the introduction of hydrophilic properties inside the evaporator section not only significantly reduces the start-up time but also decreases the start-up temperature. For example, the start-up time of a TPCT with CA = 28° at 40 W, 60 W and 80 W is 46%, 50% and 55% shorter than that of a TPCT with a smooth surface and the wall superheat degrees is 55%, 39% and 28% lower, respectively. For TPCTs with combined hydrophilic and hydrophobic properties, the start-up time spent on the evaporator section with hydrophilic properties is shorter than that of the hydrophobic evaporator section and the smaller CA on the condenser section shows better results. The start-up time of a TPCT with CA = 28° on the evaporator section and CA = 105° on the condenser section has the best start-up process at 40 W, 60 W and 80 W which is 14%, 22% and 26% shorter than that of a TPCT with smooth surface. Thus, the hydrophilic and hydrophobic modifications play a significant role in promoting the start-up process of a TPCT.
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1. Introduction


As a two-phase passive device, the thermosyphon has a wide-range of various industrial applications, for instance, electronic equipment [1], heat-recovery systems [2], solar water heater systems [3] and space applications [4] due to the simple structure, reliability, high efficiency and low cost. The basic concept of heat pipes was first proposed by Gaugler in 1944 [5]. A thermosyphon is a gravity-assisted heat pipe without wicks that depends on phase-change heat transfer in both the evaporator and condenser sections to transfer large amounts of heat with relatively small temperature difference [6] and low thermal resistance [7]. Figure 1 shows the schematic diagram of the cross section and working principle of a two-phase closed thermosyphon (TPCT). A TPCT is composed of evaporator, adiabatic and condenser sections. The operating process begins with a certain volume of working fluid in the evaporator section, which is then heated by a source of heat, such as a heating element or a thermal bath. The heating converts the saturated liquid into vapor that rises to the condenser section. Afterwards, the vapor condenses into liquid, which flows back down to the evaporator section by gravity, in the process transferring heat to the heat sink, such as cold water [8].



At present, the investigation of thermosyphons mainly includes the analysis of the thermal performance and start-up characteristics. In recent years, the thermal performance of thermosyphons in the aspects of filling ratio and surface modifications have been experimentally studied. Lataoui and Jemni [10] conducted an experimental study on a stainless steel thermosyphon to assess the influence of filling ratio, input power and the temperature of the cooling fluid on its thermal performance. Alireza Moradikazerouni et al. [11,12] investigated the effects of surface modifications on the heat sink, and the results found that different structural shapes on the heat surface have various heat transfer mechanisms. Rahimi et al. [13] modified the condenser and evaporator of a thermosyphon and compared the heat performance and resistance of a modified thermosyphon at different input powers with a flat thermosyphon. They found that the average thermal performance at tested heat loads was increased by 15.27% and the average thermal resistance of the thermosyphon was decreased by 2.35 times. Singh et al. [14] investigated the effect of surface modification on the thermal performance in an evaporator and condenser for flat thermosyphons with and without an anodized surface. Solomon et al. [15] studied the heat performance of thermosyphons with surface modifications at diverse inclination angles and input powers. The surface modifications significantly reduce the wall temperature of the evaporator and increase the heat-transfer coefficient. Solomon et al. [16] also analyzed the thermal performance of an anodized surface with a porous structure and observed a 15% reduction in the thermal resistance and 15% increase in the heat-transfer coefficient of the evaporator.



Additionally, Noie [17] investigated the effects of aspect ratio on the thermal performance of a thermosyphon and achieved heat performances of 60%, 90% and 30% for aspect ratios of 11.8, 7.45 and 9.8, respectively. Gedik [18] reported the influence of various operating conditions, such as heat input, inclination angle and the flow rate of cooling water on the heat-transfer characteristics of a TPCT. Moreover, the method whereby a nanofluid was used as working fluid in a thermosyphon has been theoretically and experimentally studied. Ma et al. [19] found that the heat-transfer rate of a nanofluid can rise to 3.11 times in an inclined square enclosure which indicates that the nanofluid is a potential choice as working fluid. Besides, the nanoadditives of various shapes on the fluid flow and heat transfer aspects of a nanofluid have different influences [20]. Hence, the parameters of surface modifications, operating conditions, working fluid and filling ratio have a great effect on the thermal performance of thermosyphons. Similarly, the start-up performance of the thermosyphon will also be affected by these factors.



The reliable operation of thermosyphons requires good start-up performance. The start-up of thermosyphon is a complex, transient process that is affected by several parameters. Sun et al. [21] studied the effects of filling ratio and heat input levels on the start-up characteristics of micro-oscillating heat pipes and observed two different start-up behaviors, start-up processes with and without bubble nucleation, depending principally on the spatial distribution of slugs/plugs in the micro-oscillating heat pipes. Guo et al. [22,23] found that the inclination angle is one of the factors that affect the start-up characteristics of thermosyphon. Then the influence of evaporator length on the start-up performance of a sodium-potassium alloy heat pipe was tested and obtained a uniform temperature distribution by increasing the evaporator section length. The Na-K heat pipe had excellent start-up performance, and the increase of inclination angle raised the temperature of the condenser. Wang et al. [24] analyzed the influence of inclination angle, heat input and flow rate of cooling water on the start-up properties of a thermosyphon with small diameter. Huang et al. [25] introduced the non-condensable gas used for regenerative building heating exchangers in a gravity loop thermosyphon and investigated its effect on the start-up time. They found that the non-condensable gas extended the start-up time of the thermosyphon, with a higher level corresponding to a longer time. Joung et al. [26] observed that a large amount of heat leakage increased the operating temperature and the start-up time of a loop heat pipe. In addition, Singh et al. [27] studied the start-up characteristics of a loop heat pipe and found that the start-up time increased with decreasing the applied heat load. Ji et al. [28] designed a loop heat pipe with composite porous wicks, and studied its heat transfer and start-up characteristics. Huang et al. [29] experimentally and mathematically analyzed the start-up process of a loop heat pipe. They concluded that the start-up process was closely subject to the structural parameters and environment of the loop heat pipe.



Although the thermal performance of a thermosyphon has been well studied from different aspects mentioned above, the start-up characteristics of a thermosyphon have been rarely investigated due to its complex and transient process. The start-up characteristics of a thermosyphon is in an unstable state. How to shorten the start-up time and make the thermosyphon quickly reach a stable state has an important impact on the operation of some equipment. Furthermore, the combination of hydrophilic and hydrophobic properties on the inner surfaces of a thermosyphon is barely investigated. As a high-efficiency heat-transfer device, the start-up characteristics of a thermosyphon is an important index to measure the reliability of the thermosyphon, which must be completed quickly and smoothly. Therefore, it is of great significance to investigate the start-up characteristics of a thermosyphon. In this paper, the effect of wettability properties on the start-up characteristics of TPCTs is fully investigated. Chemical coating and etching techniques are employed to manufacture surface wettability with different contact angles (CAs) at the inner wall of the thermosyphon. The influence of the surface with different CAs on the start-up time and wall superheat degrees of the evaporator section under different input power was compared and analyzed.




2. Methodology


2.1. Experimental System


Figure 2 shows the schematics of the experimental apparatus, while Figure 3 and Figure 4 show the real thermosyphon and the experimental system, respectively. The experimental system is composed of a thermosyphon, a heat supply unit, a cooling unit and a data acquisition unit. The thermosyphon is made of copper with the lengths of evaporator, adiabatic and condenser sections shown in Figure 2 designed to be 100 mm, 50 mm and 100 mm, and the internal and external diameters of 8.32 and 9.52 mm, respectively. Deionized water of 3.2592 g is used as the working fluid and the filling ratio was 24%. The heat supply unit included an electrical resistor, a digital power meter and a voltage-regulating transformer. The evaporator and the adiabatic sections are wrapped with a polytetrafluoroethylene nanoparticle insulation in the inner layer and aluminum foil in the outermost layer for the purpose of reducing the heat loss as shown in Figure 4. The cooling system consisted of a refrigerating unit, a cooling water jacket, a rotameter of   6 ~ 60    L  / h   and a number of pipelines. The jacket is wrapped with thermal insulation rubber outside. The data acquisition unit is made up of a data logger, a computer and 10 Pt100 thermocouples. The arrangement of 10 thermocouples is shown in Figure 2. In addition, a vacuum pump system consisting of burette, pressure gauge and vacuum pump is used to provide a vacuum in the thermosyphon, and the vacuum degree of each thermosyphon is 10−3 Pa. In addition, the boundary conditions of the experiment are shown in Table 1. The 12 TPCTs with different wettability properties on the start-up characteristics are fully investigated under these conditions.




2.2. Data Reduction and Problem Description


The heat transfer between the condenser section and the cooling water under various operating conditions (e.g., working fluid, applied heating power input and mass flow rate of cooling water) is determined using Equation (1):


   Q c  =  m w   c p   (   T  w , o u t   −  T  w , i n    )   



(1)




where    m w    is the mass flow,    T  w , i n     is the temperature of cooling water at inlet of the condenser,    T  w , out     is the temperature at outlet and    c p    is the specific heat values of water.



During the experiment, strict insulation measures are taken on the outside of the evaporator section, the adiabatic section and the cooling water jacket in order to ensure minimum heat loss. The heat-balance method [9] is used to determine the heat loss of the system. The power relative error is defined as the ratio of the difference between the input heat    Q e    in the evaporator section and the released heat    Q c    in the condenser section to the input heat    Q e   , and calculated using Equation (2) as:


  η =    Q e  −  Q c     Q e     



(2)




where


   Q e  =  Q  i n   = V I  



(3)




   Q  i n     is the heating power input on the evaporator section of the thermosyphon, while V and I are the voltage and the current monitored by the digital power meter. The measurement error of thermocouples was ± 0.5 °C, and the cooling water had a flow rate error of ± 2.5%. In the experiment, the maximum power relative error was 7.3%.



The objective of the paper is to investigate the effect of wettability properties on the start-up characteristics of TPCTs. The measurement includes the average start-up time and wall superheat degree of the evaporator section of the thermosyphon under different input power. The main problem in this study is the machining and preparation of different wettability properties on the inner surface. The values of different CAs need distinct process technology [30,31]. Besides, the cylindrical shape of the inner wall of the thermosyphon leads to a difficulty of processing and long-term stability. For the preparation of inner wettability surfaces, the techniques are chemical etching, electrochemical deposition, composite coating, anodizing, etc. Chemical coating and etching techniques are used to manufacture surface wettability with different CAs at the inner wall of the thermosyphon after a considerable number of experiments.




2.3. Surface Modification


In order to prepare the surfaces with various wettabilities in terms of different CAs, chemical techniques are performed using various materials. NaOH and (NH4)2S2O8 are used to etch the hydrophilic surface with a CA of approximately 28°. By coating various ratios of materials, such as N-butyl, stearic acid, xylenes and acetone, the CAs of surfaces are approximately 61°, 79°, 105°, 117° and 142°, respectively. Detailed surface modification methods have been described in the authors’ previous work [9].



The 12 thermosyphons correspondingly produced test samples to verify the coating temperature resistance. The coated samples are put on the thermostatic magnetic stirrer for a high-temperature test. The automatic contact angle meter (Kino-SL150E) with the measuring error of ± 2° is used to measure the CA after high-temperature and long-time testing. It is found that the change in the CA is small and the maximum CA error is 4.2% in the testing temperature from 20 °C to 100 °C.



In order to ensure the accuracy and reproducibility of the CA of the wet surface, 4 µL of deionized water is titrated on each surface 5 times. Finally, the average value of the CA is taken. Figure 5a–f show the low- and high-magnification scanning electron microscopy (SEM) images of the surfaces with CAs of 28°, 61°, 79°, 105°, 117° and 142°, respectively, while Figure 5g shows the SEM image of a smooth surface. Figure 5d–f demonstrate the hydrophobic surfaces on which 4   μ L    of water is dropped, with the static CAs of 105°, 117° and 142°, respectively, illustrating weak interactions between water drops and hydrophobic surfaces. Water drops are dispersed over the surfaces with the CAs of 28°, 61° and 79°, subject to high adhesive force between water and coated copper in the evaporator as shown in Figure 5a–c, respectively. Figure 5g shows that the TPCT7 remained smooth, without any resurface work.



According to different wettability properties, the thermosyphons are classified into 12 different TPCTs from TPCT1 to TPCT12 as listed in Table 2. From TPCT1 to TPCT6, each of their three sections has the same CA on the inner surfaces. A combination of hydrophilic and hydrophobic properties with different CAs is adopted to modify the inner surfaces of the evaporator and condenser of TPCTs from TPCT8 to TPCT12, while the inner wall of the three sections of TPCT7 is smooth surface without fabrication.





3. Results


The start-up performance is a crucial indicator of the thermosyphon operation. To enhance the overall performance of the thermosyphon, the start-up process in which the evaporator is heated to a steady state must be completed quickly and stably. In order to evaluate the influence of wettability on the start-up performance of the thermosyphon, the start-up times and two typical temperatures, i.e., the average temperatures of evaporator    T  e . a v e     (average of points Te1-Te3) and condenser    T  c . a v e     (average of points Tc1-Tc3), are selected and measured by thermocouples. In addition, all data are recorded every 5s through a multichannel meter and saved in the computer through Monitor and Control Generated System (MCGS) software.



Figure 6 shows the start-up processes of thermosyphons from TPCT1 to TPCT7 at different input powers: 40 W, 60 W and 80 W. It can be seen from the figure that    T  e . a v e     and    T  c . a v e     increase first and then maintain two different stable conditions, and all thermosyphons had a successful start-up. After the heat input power is imposed,    T  e . a v e     rapidly increases with extended heating process before the start-up is completed, implying that the working fluid is heated at the initial moment, then boiled and evaporated, after which the vapor reaches the condenser section and releases the latent heat. However,    T  c . a v e     does not rise at the early stage and the increase in the temperature on the condenser section is slower in the start-up process due to the heat-transfer delay. As    T  c . a v e     rises, the process whereby the working fluid is boiled into steam is accelerated by increasing the input power. For example, at the input powers of 40 W, 60 W and 80 W, the    T  c . a v e     values of TPCT1–TPCT7 increase sharply at 125 s, 70 s and 45 s, respectively. The generated vapor from the evaporator section is not condensed in the condenser section due to the heat is not taken away rapidly by the external environment and that is why the temperature of the condenser keeps increasing continuously. Once the working fluid cycle is completed, the system enters a steady state.



Figure 7 shows the start-up time taken by the average evaporator temperatures of TPCT1–TPCT7 to stabilize at different input powers with different CAs on the evaporator sections. At the same input power, the TPCT with hydrophobic properties need longer start-up time than those with hydrophilic properties do at different input powers. The start-up times of the evaporator sections of TPCT4–TPCT6 with hydrophobic properties are all longer than those of TPCT1-TPCT3 with hydrophilic properties at 40 W, 60 W and 80 W. The bubbles on both hydrophilic and hydrophobic surfaces go through the entire process of bubble formation, growth, coalescence and separation which reflects the complete cycle inside the thermosyphons. The hydrophilic surface has a more complex microstructure than the hydrophobic surface as shown in Figure 5. The smaller bubble diameters are generated on the hydrophilic surface due to the rapid replenishment of fresh liquid backflow on the hydrophilic surface being faster than that of the hydrophobic surface, which further promotes the heat transfer of the thermosyphon. In contrast, the bubbles produced by the hydrophobic surface could form the gas film with the other bubbles before leaving the hydrophobic surface. Thus, the evaporator with the hydrophobic surface takes longer to start up.



The TPCT1 responds more quickly than TPCT2–TPCT7 do when the thermosyphons enter the steady state at different input powers. Thus, TPCT1 has the best start-up for thermosyphons with the same wettabilities on the evaporator and the condenser sections among TPCT1–TPCT6, while the start-up time of TPCT1 at 40 W, 60 W and 80 W is 46%, 50% and 55% faster than that of TPCT7 (smooth surface). The reason is that the hydrophilic surfaces have more compact structures with stronger tension forces between pore and water, which is conducive to a smaller bubble diameter speeding up the departure frequency of the bubbles [32] and promotes the heat transfer of nucleate pool boiling. Conversely, the bubbles join together to form an air blanket in a very limited time before fleeing the hydrophobic surface [33,34]. The SEM images with different CAs presented in Figure 5 indicate that the pore diameter enlarges with increasing CA. Moreover, the relationship between the CA and the pore diameter is the same as the previous research result [35]. The short knife-like nanostructure coated on the surface with CA of 28° (Figure 5a) increase the heat-transfer area of phase transition and nucleation sites. Meanwhile, the nanostructure above enhances the hydrophilicity characteristics and improved the heat transfer of pool boiling [36], producing smaller bubbles. In consequence, the process of the heat transfer of pool boiling is significantly disturbed prompting more vapor to reach the condenser section to release more latent heat. Thus, the start-up performance of the thermosyphon is enhanced.



Generally, the start-up time is prolonged as the CA on the evaporator sections of TPCT1–TPCT6 increase at the same input power. The time of TPCT2 is shorter than that of TPCT3 at the input power of 40 W. However, the time of TPCT2 takes longer at the input powers of 60 W and 80 W. One of the reasons is that the accuracy of CA can affect the experimental results. The CA is the average value that may slightly change in the process of heat transfer. The calculation results show that the CA error of samples is within 4.2%, causing the start-up time of TPCT3 to be shorter than that of TPCT2. In addition, both the wettability’s and the roughness of the thermosyphon surface are different, which could lead to different processes of bubble generation, growth and departure. It can be observed from Figure 5b,c that the surface structure is similar, but the grooves and gaps where it is easy to generate nucleation sites density on the surface of TPCT3 are lower than TPCT2. Therefore, the sub-cooled water in the thermosyphon is in full contact with the surface of TPCT3. There are more nucleation sites on the surface of TPCT2, resulting in more bubbles. Adjacent bubbles tend to merge and form large bubbles, which are trapped on the surface of the evaporator section. Thus, the start-up speed of TPCT2 is slower. At low heat flux, the bubble number is less and could not lead to merging of a large number of bubbles. At high heat flux, the surface of TPCT2 has more bubbles that makes merging easier for bubbles. The bubble departure diameter increases and the bubble departure frequencies decrease, so the start-up time of TPCT3 is less than that of TPCT2 at the input power of 60 W and 80 W.



Figure 8 shows the plots of TPCTs with various wettabilities on evaporator sections versus the wall superheat degree at 40 W, 60 W and 80 W. The thermosyphons with hydrophilic surfaces (CA   <   90  °   ) have not only a short start-up time, but also a low wall superheat degree. The wall superheat degree (  Δ t =  t w  −  t  s a t    ,    t w   : wall temperature,    t  s a t    : saturated temperature) of evaporator sections for thermosyphons is an important factor to quantify the characteristics of thermosyphons. Since the heat exchange mechanism of the evaporator section is pool boiling heat transfer, the most important parameter to evaluate the heat-transfer characteristics of pool boiling is the wall superheat degree. The lower wall superheat degree at the same heat power means higher heat-exchange efficiency. As a result, the wall superheat degrees   Δ t   of evaporator sections for TPCT1–TPCT7 were compared. The saturated pressure of each thermosyphon is 0.017212   MPa  , and the corresponding saturated temperature is about 57 °C. The TPCT1 not only significantly reduces the start-up time, but also decreases the evaporator wall superheat degrees   Δ t   compared with those of other TPCTs at the same input power. The wall superheat degrees   Δ t   of TPCT1 at 40 W, 60 W and 80 W are 55%, 39% and 28% lower than that of TPCT7. Similarly, it has previously been reported that the modified surfaces with different CAs influence the pool boiling in the thermosyphon [37]. In the process of boiling heat transfer, the surfaces with hydrophobic properties produce a large bubble at low heat flux [38]. There are larger and deeper pores on the hydrophobic surfaces (Figure 5d–f) than those on the hydrophilic surfaces (Figure 5a–c). Thus, some air and gas film exist, which increase the thermal resistance and inhibit the heat transfer. Besides, the hydrophobic surface is close to the gas and then the bubble is easy to polymerize into a gas film, which prevents the liquid from replenishing to the heating wall. Therefore, the heat transfer is impeded and the boiling heat transfer performance begins to deteriorate. As a result, the superheat degrees of hydrophobic surfaces (CAs: 105°, 117° and 142°) surpass those of hydrophilic surfaces (CAs: 28°, 61°and 79°) and a smooth surface.



Furthermore, Figure 8 demonstrates that the wall superheat degree   Δ t   gradually increases with rising CA under the same power. As the input power increased,   Δ t   of the hydrophobic evaporator section rises more evidently than that of the hydrophilic evaporator section. For example, the wall superheat degree of TCPT1 increases 13 °C from the input power of 40 W to 80 W while TCPT6 increases 19 °C. Since the hydrophobic surface produces more gas film as the power increases, the resulting large bubbles limit the heat transfer to the working fluid [39]. Thus, the superheat degree is augmented for hydrophobic surface. In contrast, the bubbles on the hydrophilic surface are smaller and quickly departs from the heating surface. Once the bubble departed, the surrounding working fluid quickly fills the remaining area and prevents the formation of large gas films with high thermal resistance. However,   Δ t   of the evaporator of TPCT2 is higher than that of the evaporator of TPCT3 which is consistent with the start-up time due to the inhomogeneous structures as shown in Figure 5b,c. This gives a higher wall superheat degree to the evaporator of TPCT2 than that of the evaporator of TPCT3.



Figure 9 illustrates the start-up processes of TPCT7-TPCT12 modified with a combination of hydrophilic and hydrophobic properties at the input powers of 40 W, 60 W and 80 W. For TPCT8, TPCT9 and TPCT10 with hydrophilic inner surfaces on the evaporator sections, the start-up time is shorter than that of TPCT11 and TPCT12 with hydrophobic inner surfaces, which is consistent with the above discussion. With rising CA for TPCT7–TPCT9 on condenser sections, the start-up process on the evaporator section of TPCT8 is faster than those of TPCT9 and TPCT10. For TPCT8, the difference between the start-up time of the evaporator and the time reaching the stable state of the condenser is gradually decreased from 200 s to 150 s with the increase from 40 W to 80 W, which enhances the evaporator-condenser phenomenon induced by combined hydrophilic and hydrophilic properties. The addition of a hydrophilic surface to the surface of the evaporator section can quickly induce the sub-cooled water after the formation of bubbles, which can quickly take away the heat of the surface of the evaporator section. Thus, the stable temperature reduces. The addition of a hydrophobic surface on the surface of the condenser section rapidly reduces the water droplets in the condenser section, which indirectly speeds up the recycle of working fluid inside the thermosyphon. As the input power increased, TPCT8 and TPCT9 both have almost the same start-up times of 180 s and 200 s at input power of 60 W and 80 W, respectively. However, TPCT8 has a higher average temperature of 2 °C on the evaporator than that of TPCT9. Furthermore, the average temperature on the condenser section of TPCT9 (CA: 117°) gradually approaches that on the condenser section of TPCT8 (CA: 105 °C) with increasing input power at an average temperature of 54 °C.



For TPCT11 and TPCT12 with hydrophilic inner surfaces on the condenser sections (both with CA 28°), the condenser sections require shorter times to stabilize than that of TPCT7 with a smooth surface with increasing input power. Although the evaporator sections are hydrophobically modified, the steam still sufficiently releases heat on the inner surface of hydrophilically modified condenser sections, and the condensate fully contacts with the hydrophilic surface to release latent and sensible heats. Furthermore, it is found that the temperature difference between the evaporator (CA: 28°) and condenser (CA: 105 °C) of TPCT8 gradually decreases with increase in the input power, thus surpassing those of TPCT9–TPCT12 concerning isothermal properties. As a result, TPCT8 has the best start-up characteristics among TPCT8–TPCT12 under the same input power. It is postulated that the interaction between the liquid drops and the wall is attenuated with an increase in the CA, and the condensate falls down more easily as smaller drops and fast reflux to the evaporator section, which may suppress the release of latent and sensible heats in the condenser.




4. Conclusions


In this study, the influence of wettability properties inside the inner surface of thermosyphons on the start-up characteristics is fully investigated under different input powers. Chemical techniques are performed to fabricate the surfaces with different wettabilities that is quantified in the form of the CA inside the evaporator and the condenser sections. The experimental results demonstrate that different CAs not only significantly affect the start-up time but also influence the temperature variations and distributions of the outer walls of the evaporator and the condenser sections. Detailed conclusions can be drawn as follows:




	(1)

	
For thermosyphons with the same wettabilities on the evaporator and the condenser sections among TPCT1–TPCT6, the introduction of hydrophilic properties inside the evaporator section not only significantly shortens the start-up time but also decreases the start-up temperature. At the same input power, the start-up time of a thermosyphon with CA < 90° is shorter than that with CA > 90°. The start-up time of TPCT with CA = 28° has the shortest start-up time, while under the input powers of 40 W, 60 W and 80 W it is 46%, 50% and 55% shorter than that of TPCT with a smooth surface, respectively. The start-up time becomes longer with the increase of CA of the evaporator sections.




	(2)

	
As the CAs on the evaporator sections of TPCT1–TPCT6 increase, the wall superheat degree gradually increases. The TPCT with CA = 28° has a minimum superheat degree at input powers of 40 W, 60 W and 80 W, and the wall superheat degree is 55%, 39% and 28% lower than that of TPCT with smooth surfaces, respectively. In addition, the superheat degree of the hydrophobic evaporator section increases more obviously than that of the hydrophilic with increasing input power. In the experiment, the TPCT with CA = 142° has the highest superheat degree among TPCT1–TPCT6.




	(3)

	
For thermosyphons with combined hydrophilic and hydrophobic properties, the start-up time of the evaporator section with CA < 90° and the condenser section with CA > 90° is less than the evaporator section with CA > 90° and the condenser section with CA < 90°. With the increase of CA on the condenser sections of TPCT8–TPCT10, the start-up process of TPCT8 is faster than those of TPCT9 and TPCT10 with the same CA = 28° on the evaporator section. The experimental results and data analysis demonstrate that the start-up time of the TPCT8 with CA = 28° on the evaporator section and CA = 105° on the condenser section is the shortest among TPCT7–TPCT12.




	(4)

	
In this paper, the surfaces with CAs of 28°, 61°, 79°, 105°, 117° and 142° are fabricated inside the evaporator and the condenser sections of the thermosyphons. The experimental results show that the TPCT with CA = 28° on both the evaporator and the condenser section has the best start-up characteristics considering start-up time and wall superheat degree, which reflect the optimal wettabilitiy inside the inner surface of thermosyphons for industrial reference. Further research directions should extend to the preparation and investigation of superhydrophobic and superhydrophilic surfaces in the analysis of the thermal performance and start-up characteristics.
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Nomenclature




	    c p    
	Specific heat values (J/kg·K)



	m
	Mass flow(kg/s)



	Q
	Heat load (W)



	T
	Temperature (°C)



	  I  
	Current (A)



	  V  
	Voltage (V)







Greek symbols




	   Δ t   
	Wall superheat degree (°C)



	  η  
	Efficiency of the thermosyphon







Subscripts




	a
	Adiabatic section



	ave
	Average



	c
	Condenser section



	e
	Evaporator section



	in
	Cooling water inlet/ Input power



	out
	Cooling water outlet



	sat
	Saturated



	w
	Wall/water







Acronyms




	CA
	Contact angle



	MCGS
	Monitor and Control Generated System



	SEM
	Scanning electron microscopy



	TPCP
	Two-phase closed thermosyphon
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Figure 1. Cross section and working principle of a two-phase closed thermosyphon [9]. 
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Figure 2. Schematic diagram of experimental apparatus. 
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Figure 3. Image of the real thermosyphon used in the experiments. 
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Figure 4. Image of the experimental system. 
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Figure 5. Scanning electron microscopy (SEM) images of: (a–f) hydrophilic and hydrophobic surfaces with contact angles (CAs) of 28°, 61°, 79°, 105°, 117° and 142°, respectively, and (g) smooth surface (inset: 4    μ L    of water droplet with static CA). 
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Figure 6. Start-up performances of TPCT1–TPCT7 at different input powers: (a)    Q  i n     = 40 W; (b)    Q  i n     = 60 W; (c)    Q  i n     = 80 W 
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Figure 7. Times taken by the average evaporator temperatures of TPCT1–TPCT7 to stabilize at different input powers with various wettabilities on evaporator sections. 
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Figure 8. Relationships between wall superheat degree   Δ t / ℃   on evaporator section and different TPCTs with various wettabilities. 
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Figure 9. Start-up performances of TPCT7 (smooth surface) and TPCT8–TPCT12 with combined hydrophilic and hydrophobic properties at different heat input powers: (a)    Q  i n     = 40 W;(b)    Q  i n     = 60 W; (c)    Q  i n     = 80 W. 
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Table 1. The boundary conditions of the experiment.
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	Input Power (W)
	Temperature of Cooling Water (°C)
	Flow Rate of Cooling Water    (  L  /  h  )   





	40
	18
	20



	60
	18
	30



	80
	18
	40
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Table 2. Different two-phase closed thermosyphons (TPCTs) on inner modified surfaces with hydrophilic and hydrophobic properties.
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	TPCTs
	Evaporator
	Adiabatic
	Condenser





	TPCT1
	28°
	   28 °   
	28°



	TPCT2
	61°
	   61 °   
	61°



	TPCT3
	79°
	   79 °   
	79°



	TPCT4
	105°
	   105 °   
	105°



	TPCT5
	117°
	   117 °   
	117°



	TPCT6
	142°
	   142 °   
	142°



	TPCT7
	smooth surface
	smooth surface
	smooth surface



	TPCT8
	28°
	smooth surface
	105°



	TPCT9
	28°
	smooth surface
	117°



	TPCT10
	28°
	smooth surface
	142°



	TPCT11
	105°
	smooth surface
	28°



	TPCT12
	142°
	smooth surface
	28°
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