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Abstract

:

In this study, the influences of different parameters on performance of a wickless heat pipe have been presented. Experiments have been carried out for an input power range from 50 W to 300 W, constant cooling water mass flow rate of 0.01 kg/s, and constant temperature at the inlet to condenser of 10 °C. Three working fluids have been tested: water, ethanol, and SES36 (1,1,1,3,3-Pentafluorobutane) with different filling ratios (0.32, 0.51, 1.0). The wall temperature in different locations (evaporation section, adiabatic section, and condenser section), as well as operating pressure inside two phase closed thermosyphon have been monitored. The wickless heat pipe was made of 0.01 m diameter copper tube, which consists of an evaporator, adiabatic, and condensation sections with the same length (0.4 m). For all working fluids, a dynamic start-up effect caused by heat conduction towards the liquid pool was observed. Only the thermosyphon filled with SES36 was observed to have operation limitation caused by achieving the boiling limit in TPCTs (two-phase closed thermosyphons). The geyser boiling effect has been observed only for thermosyphon filled with ethanol and for a high filling ratio. The performance of the thermosyphon determined the form of the heat transfer resistance of the TPCT and it was found to be dependent of input power and filling ratio, as well as the type of working fluid and AR (aspect ratio). Comparison with other authors would seem to indicate that lower AR results in higher resistance; however, the ratio of condenser section length to inside diameter of pipe is also a very important parameter. Generally, performance of the presented thermosyphon is comparable to other constructions.
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1. Introduction


Wickless heat pipe, also known as a two-phase closed thermosyphon (TPCT) is a highly effective heat transfer device capable of transferring a large amount of heat. It is most the simple kind of heat pipe; however, it can only work close to the vertical position. Comparing to conventional heat exchanger, the heat pipe better prevents against potential leaks between heating and cooling sections. This is a great advantage, especially in cooling systems where safety is very important (e.g., nuclear power plant cooling systems). Other advantages of heat pipes are their passive operation, long life (because of non-moving parts), minimum maintenance, and flexible size. These characteristics are the reason of the growing popularity of HPs (heat pipes) in waste heat recovery, HVAC (Heating, Ventilation, Air Conditioning) systems, and electronic, energetic cooling systems. HPs are also very popular in solar collectors and heat pump systems. Due to these benefits, many authors have been interested in the possibility to enhance a TPCT’s thermal performance. Ong and Lim [1] have investigated the thermal performances of three water-filled thermosyphons exposed to evaporator wall temperatures between 30–150 °C. They have found that the performance of a TPCT is based on heat transferred, which varies linearly with mean or bulk temperature difference and is dependent upon the fill ratio (FR) and inclination angle. The best performance has been found for a thermosyphon with a fill ratio equal to 1.0 operating in a vertical position. Authors have also emphasized in their study that TPCT performance is larger for a configuration with larger AR. Ong et al. [2] have studied the thermal performance of a thermosyphon filled with R410A subjected to a low power input (40 W to 100 W) and evaporator wall temperatures between 25 °C and 50 °C. The thermosyphon worked with two fill ratios, 0.50 and 1.00, and at different inclination angles from 30° to 90°. In that paper, investigators concluded that thermosyphon performance (determined from the heat transfer resistance) does not depend on the fill ratio or inclination angle. Jouhara and Robinson [3] have studied the performance of thermosyphons charged with water, as well as dielectric heat transfer liquids FC-84, FC-77, and FC-3283. It has been indicated that the thermal performance of the water-charged thermosyphon has better results than thermosyphons filled with other three working fluids. The first device outperformed in terms of both the effective thermal resistance and maximum heat transport capabilities. Ong [4] has studied the performance of wickless heat pipes filled with R134a and R410A at low temperatures. As an operating element, a copper tube has been used with outside/inside diameters 38 mm/32 mm. The evaporator, adiabatic, and condensation sections have had various lengths 405 mm, 327 mm, and 110 mm, respectively. The experiment was conducted with different input powers (100 W–500 W) and with different FRs (0.5 and 0.7). It has been noted that the kind of fluid has no significant effect on performance of a TPCT. The author also emphasised that heat transfer coefficients are independent of evaporation and condensation sections from FR and inclination. Jafari et al. [5] focused their study on experimental analysis and numerical simulations of TPCTs. The article concerned searching for optimal operation conditions for a thermosyphon. For this reason, both experimental and numerical analyses have been made. Copper pipe was used as a testing element with a diameter of 35 mm and total length 500 mm. The experiments were performed in the range of power 30 W–700 W and FRs from 0.163 to 1.35. By comparing experimental data with a 2-D mathematical model, a good agreement has been obtained. It has been observed that there was a dryout effect for small FR (0.16) and a geyser boiling effect for larger FR (0.35 and 1.35). Heris et al. [6], in their experiments, have studied the influence of the oxidized carbon nanotubes (CNT) added to water nanofluids on the performance of a two-phase closed thermosyphon. It should be noted that the experiments have also been carried out for pure water as a working fluid. It has been confirmed that nanofluids added to water could significantly increase the TPCT performance. Eidan et al. [7] have experimentally and numerically worked on wickless heat-pipe-dedicated applications in HVAC systems. They have investigated a thermosyphon filled with different working fluids (water, methanol, ethanol, acetone, butanol, and R134a) and with different FRs (0.4, 0.5, 0.6, 0.7, and 1.0). The testing element was made from a 0.016 m diameter copper tube, which consisted of a 0.15 m evaporator, and 0.1 m adiabatic and 0.15 m condenser sections. Aghel et al. [8] have investigated the performance of a TPCT equipped with a novel construction of condenser section. Experiments have been performed for distilled water as a working fluid with an FR equal to 0.75 and for various power inputs from 71 W to 960 W. It has been confirmed that a new type of condenser section in a TPCT could enhance the performance from 10% to 17% compared to the unmodified version of a thermosyphon. W. Wits and G. Riele [9] have worked on a cooling strategy for advanced electronic applications using heat pipe technology. The authors’ idea was based on using an array of relatively long heat pipes, whereby heat was disposed to a long section of the pipes. Experiments has been performed for 1 m length pipes with diameter 12 mm. The evaporation section consisted of three separated section with the same length (0.25 m). The tests were carried out for different power input and inclination angles (0°, 30°, 60°, and 90°). As it was expected, the best performance was obtained for a vertical configuration. It was emphasized that the thermal module predicted experimental results relatively well, especially for higher input powers. Ong and Hamlaoui [10] have studied the thermal performance of a wickless heat pipe using water and R134a as working fluids. In their experiments, they used a 0.78 m length copper tube with outer and inner diameters of 28.2 mm and 25.5 mm, respectively. The evaporator, and adiabatic and condenser sections were 300 mm, 180 mm, and 300 mm in length, respectively. Tests have been performed for different FRs (0.6, 0.7, and 0.8 for water, and 0.4, 0.5, and 0.8 for R134a). The evaporator was heated using a water bath and cooling water was used to remove heat from the condenser section. It has been observed that the performance of the thermosyphon increased with higher operating temperature differences, mass flow rates in the condensation section, and FR. Alammar et al. [11] have investigated the influences of the geyser boiling phenomenon on the thermal performance of a TPCT. The study was conducted for different water FRs (0.25, 0.65, and 1.0), various inclination angles (90°, 60°, 30°, and 10°), and a large heat range (20 W–400 W). Authors noticed that the geyser boiling effect significantly influenced thermosyphon performance. They concluded that the heat transfer limit of the thermosyphon could be noticeably increased by the occurrence of the geyser boiling. The presented results also showed that the temperature distributes uniformly along the thermosyphon wall after the geyser effect occurrence.



A literature review has shown that many studies concerned the thermal performance of TPCTs, where an additional comparison is presented in Table 1. However, it should be emphasized that not many studies have concerned the influences of the geyser boiling effect on the performance of TPCTs. It should also be emphasized that the occurrence of this effect could significantly change all TPCT working parameters. What is more, only a few literature studies have reported a variation of TPCT working parameters as a time function and for different filling ratios. This data is crucial for properly defined stable working conditions of a gravity heat pipe. Finally, it is very important for the thermal performance calculations of TPCTs.



Figure 1 presents the geometrical range and flow range covered in the present work compared to other experimental investigations. This analysis has been made to better explain the main similarities and differences between the presented study and other works from the literature. In this work, the author has focused on the thermal performance of a wickless heat pipe working in a vertical position and operating with different fluids: water, ethanol, and SES36. The literature review clearly shows that many studies from the literature have partly covered the same flow regime as in the present paper. However, most of the studies have been made for different fluids and geometries.



A majority of the experimental data was collected only for water as a working fluid. The next challenge of the presented paper is to show the possibility of using a wickless heat pipe filled with water, ethanol, and SES36 in industry systems [12]. Presently there is a lack of experimental data for SES36 as a working fluid in a wickless heat pipe in published elaborations. The SES36 azeotropic mixture is a potential working fluid for ORC (Organic Rankine Cycle), HVAC, and waste heat recovery installations. At this moment, this fluid among others is used as a foaming agent for the production of polyurethane insulation. The application potential of SES36 has significant interest because of the thermophysical properties of this fluid. Physical parameters of SES36 are substantially different in comparison to other substances that have been commonly tested in thermosyphons (see Table 2). Comparing to water and ethanol SES36, this fluid has excellent dielectric parameters. Therefore, this fluid could be used directly to cool the electronic systems. This fluid also gives the possibility of utilizing energy in a relatively low temperature (low normal boiling point temperature). In many reports, SES36 has been shown as a potential fluid for ORC systems. It also has a low freezing point and no toxicity. Due to that fact, it could also be used in HVAC installations [13].



As has already been mentioned, the big advantage of wickless heat pipes is their large thermal conductivity and minimal maintenance [15]. This is the key reason for the popularity of wickless heat pipes in heat transfer systems [16]. It should be noted that there are a few limitations regarding heat transport in heat pipes [17]. However, most of studies have not investigated phase change processes that could limit the thermal characteristics of TPCTs. In the author’s opinion, there is still a need to experimentally and theoretically study of the influence of this effect on the performance and operating limits of wickless heat pipes [18].



The primary objective of the present study is to provide a comprehensive experimental database for the thermal performance of a two-phase closed thermosyphon operating with different working fluids and for different operating parameters. The gathered database will allow for:

	(1)

	
Obtaining temperature profiles of the axial wall temperature distribution;




	(2)

	
Recognizing the effects of geyser boiling and boiling limit on the performance of the thermosyphon;




	(3)

	
Recognizing the effects of the fill ratio and power input on the thermal performance of TPCTs;




	(4)

	
Recognizing the effect of geometrical parameters on the thermal resistance of TPCTs;




	(5)

	
Checking the ability of several literature correlations to predict experimental heat transfer coefficients.










2. Experimental Setup


Experimental work has been used to find an improved version of the test section, which has been characterized in previous works [19,20]. The test rig consisted of a closed loop made of stainless steel. The facility was intended to work with any non-chemically aggressive working fluids. In the test rig, circulation was forced using a magnetic gear pump, capable of providing a mass flow rate from 1 g/s to 5 g/s, and an overpressure of up to 8 bars. This type of pump was chosen to provide the circulation of fluid in the test section and to avoid flow pulsations. Adjustment of the mass flow rate was realized using an independent inverter. The mass flux, and inlet and outlet temperatures of the cooling water were measured. The unit was also equipped with an additional heat exchanger in the main tank. This was used to provide additional heating or cooling of the medium depending on the needs. Temperature, mass flow, and system pressure were recorded using a data logger connected to a computer. The data are display using LabView 8.0 National Instruments (Austin, TX, USA) [21]. The flow rate was measured using a Coriolis mass flow meter (Endress Hauser Promass). The advantage of this device is the simultaneous measurement of mass and density of the pumped liquid. The pressure drop measurement was carried out at the cold-water circuit using the piezoelectric smart differential pressure transmitter. Microprocessor control enabled temperature and hysteresis compensation, and it also allowed for an extended linear temporal stability. The measuring range of the transmitter was 5 kPa to 500 kPa, and the measuring accuracy was ±0.065%. At the inlet, the absolute pressure transducer was mounted and had a measuring range of 0–4 bar and a precision of ±0.25%. At the outlet, the gauge pressure transducer was installed and had a range of 0–6 bar and an accuracy of ±0.5%. The operating pressure inside of the TPCT was also measured using a gauge pressure transducer with the range of −1 bar to 2.5 bar and an accuracy in full scale ±0.5%. The hydraulic deadweight testers were used to verify the calibration of pressure sensors in order to confirm their class and to check the linearity. Each sensor was calibrated for the entire measurement range. The inlet and outlet temperatures of cold water were measured using two PT100-resistant temperature sensors (1/3 DIN B class of tolerance—it is not a standardized class of accuracy) inserted at the inlet and outlet collectors. Other temperatures in the test sections and wall temperature of thermosyphon were measured using J-type thermocouples with first class accuracy (the type of thermocouple made of iron-constant wires; the working range of this thermocouple is between −40 °C and 750 °C). All temperature sensors were calibrated for the entire measuring range (with the allocation of each sensor to a specific channel on the SCXI-1303—32-channel isothermal terminal block). An Isotech 935-14-61 RTD (resistance temperature detector) sensor was used as a reference thermometer. In combination with the Cropico 3001 micrometer, it offered an accuracy at the level of ±0.1 K. The power was supplied to the evaporation section using electric heater. The heater was made of kanthal electric wire insulated using glass wool. This heater has been supplied by a DC power supply. The evaporation section was thermally insulated by rock wool. The rest of the test section was insulated using thermaflex insulation. The scheme of the test rig is shown in Figure 2.



All data points were gathered during steady state conditions. After obtaining constant parameters, temperatures were measured three times, and the average values were used for further analysis. The measured uncertainty parameters are shown in Table 3.



The dimensions of the thermosyphon are presented in Figure 3. Despite the fact that the thermosyphon has been made of copper (λCu = 389 W/mK), it was assumed that the influence of axial flux of the transferred heat was negligibly small.



The heat flux transferred via conduction was neglected based on the above analysis. If the pipe is well isolated and assuming the stable temperature at the ends of the pipe (see Figure 4), the conducted axial heat flux can be calculated from the following equations [22,23]:


Q˙ax=−λ·T2−T1L·S



(1)






S=π·Do24−π·Di24



(2)







The calculations were made for a constant cold end of the pipe (T2 = 15 °C) and a variable temperature T1 of the hot end of the pipe (30 °C to 100 °C). It should be noted that the range of temperature differences was assumed as a maximum temperature change between evaporation (hot end) and condensation section (cold end). Calculations results are presented in Figure 5. The maximum calculated heat flux was no larger than 1.0 W. Finally, considering the results of calculation, influences of the axial conduction heat transfer was neglected.




3. Mathematical Model


The heat flux value generated by the electric heater was calculated from Ohm’s law, as given by Equation (3). The heat absorbed by the cold water could be calculated using Equation (4).


Q˙e=U·I



(3)






Q˙w=cp·m˙w·(Tw,out−Tw, in)



(4)







Because the electric heater was used, a constant heat flux density on heater surface was assumed as given in Equation (5):


q=Q˙eAe



(5)







The heat transfer coefficient was calculated as a ratio between the heat flux and the temperature difference (between the saturation temperature at the TPCT and wall surface temperature) using Equation (6):


hevap_ex=qTsur−Tsat



(6)







The total value of the thermal resistance was calculated using Equation (7):


R=Tevap−TcQ˙e



(7)







The filling ratio in the installation (which is defined as a ratio of the volume occupied by the medium to the volume of the evaporator) was calculated as follows:


FR=VfVe



(8)








4. Experimental Results and Discussion


4.1. Effect of Geyser Boiling Influences and Boiling Limit on Operating Parameters


The effect of the combination of different fill ratios, power inputs, and working fluids on the performance of TPCTs has been investigated experimentally. For a thermosyphon filled with water, two fill ratios (0.32 and 0.51) at heat inputs from 50 W to 300 W were considered. In the author’s opinion, it is important to show the variation of surface temperature along the wickless heat pipe as a function of time. This is because it is helpful to analyze influences of oscillation effects in TPTCs. Selected data for water is presented in Figure 6, Figure 7, Figure 8 and Figure 9. Analysis of the data shows that no geyser boiling effect occurred. The average time to reach steady state conditions was normally no longer than 1000 s (≈16.5 min). Also, a typical start-up effect caused by heat conduction towards the liquid pool was observed [24]. At the beginning, TPCT operated in a conduction mode (no two-phase transport occurs). The temperature in the evaporation section increased until reaching the saturation level and then the evaporation process started. The start-up time was normally a function of thermal capacity of working fluid. The experimental results for FRs 0.32 and 0.51 were obtained for typical temperature wickless heat pipe patterns, namely overshoot, zigzag, and stable phenomena [25].



For a TPCT filled with ethanol, three FRs (0.32, 0.51, and 1.0) in the range of heat input from 50 W to 300 W were studied. Selected data for ethanol is presented in Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14. It should be emphasized that the geyser effect was observed for FR equal to 1.0. For that experimental condition, the investigation procedure was repeated twice for different water cooling temperatures (see Figure 13 and Figure 14). The experimental results showed that the thermosyphon was stable for lower cooling water temperatures. It was observed that for larger values of the heat power, the temperature and pressure oscillations decreased and the geyser effect disappeared (compare results in Figure 12 with results in Figure 13). This could be explained by the fact that a larger heat flux at the evaporation section activated more nucleation sites. Furthermore, this caused an increase in the number of growing bubbles in the evaporation section and prevented against the growing of huge bubbles. The geyser effect is a function of temperature and pressure oscillations, as well as combination of working parameters such as heat flux and cooling water temperature. As can be observed in Figure 14, the geyser effect may occur even at a low value of heat flux. Generally, this effect consists of four phases: overheating of the fluid in the evaporation section; rapid growth of big bubbles of vapor; expansion of vapor bubbles together with the liquid phase of fluid, which has been gathered above vapor; and the falling down of the liquid back to the evaporation section. If the fluid is superheated enough, the each subsequent cycle is initiated [26,27,28].



The experimental results for filling ratios 0.32 and 0.51 were obtained for typical wickless heat pipe patterns, namely overshoot, zigzag, and stable phenomena. A start-up effect has been also observed and obtained for typical temperature wickless heat pipe patterns, namely overshoot, zigzag, and stable phenomena. The overshoot could be clearly seen, e.g., in Figure 8. The temperatures in the evaporation section suddenly decreased by approximately 10 °C. It should also be noted that pressure profile changes were also observed. What is more, after the overshoot, a zigzag effect has been also observed. In this work period, the vapor form in the evaporation section arrived at the condenser. This caused a temperature increase in the condensation section. The latent heat was absorbed via cooling water in the condenser and liquid condensate fell to the adiabatic and evaporation sections due to gravity. After that, the temperature in the evaporation and adiabatic sections significantly decreased. This process repeated until reaching stable conditions in the TPCT. No geyser effect was observed for these conditions. The average time to reached steady state conditions was normally no longer than 1000 s (≈16.5 min). However, for the thermosyphon operated with lager amounts of ethanol (FR = 1.0), this period was two times longer (above 2000 s). This could be explained by the greater thermal capacity of this system compared to thermosyphons with a smaller amount of fluid.



For SES36 as a filling fluid, three fill ratios (0.32, 0.51, and 1.0) with a heat input from 50 W to 160 W were studied. Selected data for SES36 is presented in Figure 15, Figure 16, Figure 17, Figure 18, Figure 19 and Figure 20. A geyser boiling effect was observed and there was an operation limit for heat inputs larger than 160 W for all FRs. During operation, the TPCT could encounter various limitations such as the viscous limit, sonic limit, entrainment limit, boiling limit, and capillary limit [9]. As can be seen in Figure 21, boiling limit is encountered in this case. It should be emphasized that the time to reach steady state conditions was significantly larger compared to thermosyphons filled with water and ethanol. The average time to reach steady state conditions was longer than 2000 s (≈33.5 min). What is more, after such a long time, some temperature and pressure oscillations were still being observed.



The maximum heat flux was calculated using Zuber correlations [29]:


Q˙max=Ccr·hfg·{σ·g·ρv2·(ρl−ρv)}14



(9)




where Ccr is a constant value dependent on the heater geometry. This value was assumed to be equal to 0.12 according to the relations below:


Ccr=0.12 for L*>1.2



(10)






L*=D·(g·ρl−ρvσ)12



(11)








4.2. Effect of Power Input on Axial Temperature Distribution


It is well known from the open literature [30,31] that the precise determination of TPCT performance demands precise temperature profiles along the thermosyphon. This is especially for the evaporator and condenser sections. As can be seen in Figure 22, Figure 23, Figure 24, Figure 25, Figure 26, Figure 27, Figure 28 and Figure 29, in the working fluid temperatures in condenser section was constant and did not depend on the variable heat input. In the case of the thermosyphon filled with water, a small negative slope of temperature between evaporator and adiabatic sections was observed. However, the difference was larger for higher heat inputs. This fact could be explained due to the existence (in this case) of a continuous liquid film that covered the internal wall surface in the evaporator section and also by the character of the heat transfer mechanism in the evaporation section. Heat was transferred by convection, and for low power input, the liquid level in the evaporator was generally high. As the heat input increased, the height of the liquid phase in the evaporator dropped, which resulted in the rise in the active heat transfer area of the evaporation section. A thin liquid film formed in the evaporation section, which enhanced heat transfer [32,33]. For a high heat input, the temperature in the evaporator section was relatively high. If the heat power was too high, it could initiate a transition from nucleation boiling regime to a film boiling regime. This caused the disintegration of the liquid film, which resulted in a rapid decrease of heat transfer in the thermosyphon. This could significantly increase the wall temperature in the evaporation section [34]. It should be emphasized that the negative slope of temperature between the evaporator and adiabatic sections was significantly larger for SES36 and ethanol compared to water. However, for a thermosyphon filled with SES36, a significant increase of evaporator wall temperature was also observed for rising heat power.




4.3. Effect of Heating Power on Thermal Resistance


Figure 30, Figure 31 and Figure 32 present thermal resistance plotted as a function of heat power. The influences of FR and power input on thermal resistance are clearly visible. Generally, thermal resistance decreased with power input increases, and thermal resistance increased with the increase of FR. Similar experiments have been conducted by other authors. The obtained experimental results are compared with experimental results from the open literature. As can be observed (Figure 33), performance of the presented thermosyphon is comparable to other constructions, but for small heat power, most of the other investigators have shown better performance of their systems. However, it should be noted that thermal resistance rose exponentially with decreasing power and it would be difficult to decide which system would perform best for larger heat power. Therefore, in the author’s opinion there is still a need to increase the experimental data base to indicate which system would be better for a larger power input.




4.4. Heat Transfer


Experimental heat transfer coefficients were compared with two very well-known correlations from the literature (see Table 4). The result of comparison is shown in Figure 34, Figure 35 and Figure 36 and as statistics in Table 5. Despite the fact that there has been many experimental and theoretical studies conducted that focus on heat transfer in pool boiling and flow boiling, the coherency of theoretical models with experimental data is still usually no better than ±30% [35]. In many literature studies, reported coherency of theoretical models with experimental data has been no better than ±50% [36]. This is because of the complex nature of the boiling process, which is the function of many parameters (heat flux, surface conditions, wetting angle, and saturation pressure) [29,37]. As has been mentioned, in a two-phase closed thermosyphon, the boiling process could also be disturbed by additional instabilities (such as the geyser boiling effect and pressure pulsations). Based on this analysis, it could be stated that both correlations have had relatively good agreement with experimental results obtained for water and ethanol. However, there is still a need to better analyze the pool boiling process in a two-phase thermosyphon. In this analysis, the influences of instability processes of pool boiling in a two-phase closed thermosyphon should be taken into account. However, the correlation was not able to predict results for SES36. This could be explained by the fact that both of the correlations were originally developed based on experimental results for water and ethanol. Generally, Imura and Shiraisi’s correlations have over-predicted experimental results. However, it should be noted that those theoretical models were carried out for nucleation boiling conditions in a thermosyphon. Usually, this mechanism of heat transfer dominates in a thermosyphon. Meanwhile, the obtained experimental results, particularly the analysis of temperature profiles, have confirmed that higher values of heat fluxes could occur during the phenomena of transition boiling and the geyser boiling effect. In the author’s opinion, further work is needed towards the development of better correlations to predict heat transfer coefficients in TPCTs operating within nucleation and transition boiling regimes. The future correlations should also take into account instabilities regarding how the thermosyphon works (e.g., geyser boiling phenomena). A significantly larger amount of experimental data should be used to confirm good agreement with theoretical models, especially with experimental results for new perspective fluids, e.g., SES36.





5. Conclusions


In this article, the influences of different parameters on the performance of TPCTs have been presented. A literature review has shown that a majority of experimental data has been collected only for water as a working fluid. Presented work has provided a gathered database for water, ethanol, and SES36. This author has also analyzed the phase change processes that could limit the thermal characteristics of a TPCT. The results have shown that the geyser boiling effect, as well as the boiling limit, could significantly change the performance of the thermosyphon. It is very important to note that the average time to obtain steady state conditions depended on the kind of fluid and power input. Despite the fact that oscillations of parameters are often encountered for the TPCT work characteristic, the occurrence of geyser boiling could significantly increase this effect. Generally, it has been confirmed that the thermal resistance decreases with power input increases and thermal resistance rises with a rise of FR. The performance of the presented thermosyphon is comparable to other constructions. For a small heat power, most of other investigators have shown better performance of their systems, but because of the fact that thermal resistances rise exponentially with decreasing power, it is difficult to decide which system would have the best performance for larger heat powers.



A comparison of selected experimental data for the heat transfer coefficient with well-known correlations from the literature have not provided a satisfying agreement. Relatively good agreement has been found for experimental data for a thermosyphon filled with water and ethanol. Although, presented models over-predict experimental results, Imura and Shiraisi’s model was not able to predict results for SES36. It should be concluded that there is still a need to improve theoretical models for heat transfer coefficients for TPCTs. In the author’s opinion, future models should be based on a larger experimental database and also take new working fluids into account. Improved models should also take into account the limitations of operation for TPCTs. What is more, attention should be focused on the influences of operation limitations and geyser boiling phenomena under TPCT working parameters.
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Nomenclature








	A
	heat transfer surface area (m2)



	AR
	aspect ratio (-)



	Cp
	specific heat (J/kg·K)



	D
	inside thermosyphon diameter (m)



	FR
	fill ratio (-)



	g
	acceleration due to gravity (m/s2)



	h
	heat transfer coefficient (W/m2·K)



	hfg
	heat of vapor (kJ/kg)



	I
	current (A)



	L
	length of thermosyphon (m)



	MAD
	mean absolute deviation (-)



	m˙w
	cold water mass flow (kg/s)



	P
	electric power (W)



	Pin
	operating pressure inside thermosyphon (bar)



	Patm
	atmospheric pressure (Pa)



	Pv
	vapor phase pressure (Pa)



	Prl
	Prandtl number for liquid phase (-)



	ΔP
	pressure drop (Pa)



	Q˙ax
	axial conducted heat flux (W)



	Q˙w
	heat flux absorbed by cold water (W)



	Q˙e
	electric heat flux (W)



	q
	heat flux density (W/m2)



	R
	thermal resistance (K/W)



	S
	cross-section area of the tube (m2)



	T
	temperature (K)



	T1
	temperature of cold end (K)



	T2
	temperature of hot end (K)



	U
	voltage (V)



	w
	velocity (m/s)



	W
	fluid heat capacity rate (W/K)



	V
	volume (m3)



	z
	axial coordinate (m)



	Greek symbols
	



	ρ
	density (kg/m3)



	λ
	thermal conductivity (W/m·K)



	μ
	dynamic viscosity (Pas)



	Subscripts
	



	Atm
	atmospheric



	ad1
	beginning of adiabatic section



	ad2
	end of adiabatic section



	cond
	end of condensation section



	c
	condenser



	cu
	copper



	evap
	evaporator



	exp
	experimental



	f
	fluid



	in
	inlet



	l
	liquid phase



	out
	outlet



	sat
	saturation



	sur
	surface



	th
	theoretical



	w
	water



	v
	vapor
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Figure 1. Comparison of the presented work’s results with other experimental studies from the literature: (left) Prandtl number vs. fill ratio, and (right) the dimensionless area ratio in the evaporator Le/D vs. the dimensionless area ratio in the condenser Lc/D. 
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Figure 2. The schematic diagram of test section: 1—fluid tank, 2—filter, 3—nonpulsation gear pump, 4—Coriollis mass flowmeter, 5—chiller, 6—heat exchanger, 7—evaporation section, 8—adiabatic section, and 9—condensation section. 
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Figure 3. Obtained construction of wickless heat pipe: (left) geometrical characteristic of thermosyphon (I—evaporator section, II—adiabatic section, III—condenser section, and IV—Schrader valve); (right) construction of the heat exchanger used as a condenser. 
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Figure 4. Visualization of the temperature axial profile in the pipe for the steady-state heat transfer conditions. 
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Figure 5. Conducted axial heat flux as a function of the temperature of the hot end of the pipe. 
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Figure 6. Working parameter variation as a function of time for a TPCT filled with distilled water at a filling ratio of 0.32 and heat load of 60 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 7. Working parameter variation as a function of time for a TPCT filled with distilled water at a filling ratio of 0.51 and heat load of 60 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 8. Working parameter variation as a function of time for a TPCT filled with distilled water at a filling ratio of 0.32 and heat load of 140 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 9. Working parameter variation as a function of time for a TPCT filled with distillate water at a filling ratio of 0.51 and heat load of 140 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 10. Working parameter variation as a function of time for a TPCT filled with ethanol at a filling ratio of 0.32 and heat load of 50 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 11. Working parameter variation as a function of time for a TPCT filled with ethanol at a filling ratio of 0.32: (left) temperature profile for heat input equal to 120 W; (right) temperature profile for heat input equal to 180 W. 
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Figure 12. Working parameter variation as a function of time for a TPCT filled with ethanol at a filling ratio of 0.51 and heat load of 60 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 13. Working parameter variation as a function of time for a TPCT filled with ethanol at a filling ratio of 1.0 and heat load of 50 W at a water cooling temperature of 15 °C: (left) temperature profile; (right) Gauge pressure profile. 






Figure 13. Working parameter variation as a function of time for a TPCT filled with ethanol at a filling ratio of 1.0 and heat load of 50 W at a water cooling temperature of 15 °C: (left) temperature profile; (right) Gauge pressure profile.



[image: Energies 12 00080 g013]







[image: Energies 12 00080 g014 550]





Figure 14. Working parameter variation as a function of time for a TPCT filled with ethanol at a filling ratio of 1.0 and heat load of 50 W at a water cooling temperature of 10 °C: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 15. Working parameter variation as a function of time for a TPCT filled with SES36 at a filling ratio of 0.51 and heat load of 50 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 16. Working parameter variation as a function of time for a TPCT filled with SES36 at a filling ratio of 1.0 and heat load of 50 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 17. Working parameter variation as a function of time for a TPCT filled with SES36 at a filling ratio of 0.32 and heat load of 50 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 18. Working parameter variation as a function of time for TPCT filled with SES36 at a filling ratio of 0.51 and heat load of 180 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 19. Working parameter variation as a function of time for a TPCT filled with SES36 at a filling ratio of 0.32 and heat load of 180 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 20. Working parameter variation as a function of time for a TPCT filled with SES36 at a filling ratio of 1.0 and heat load of 180 W: (left) temperature profile; (right) Gauge pressure profile. 
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Figure 21. Boiling limits for a TPCT with a length of 1.2 m, inner diameter of 10 mm, and evaporator, adiabatic, and condenser section lengths equal to 400 mm: (a) water, (b) ethanol, and (c) SES 36. 
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Figure 22. Temperature axial profiles for various heat power inputs for a TPCT working with water at a filling ratio of 0.32: (left) for heat power inputs 50 W to 140 W; (right) for heat power inputs 160 W to 220 W. 
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Figure 23. Temperature axial profiles for various heat power inputs for a TPCT working with water at a filling ratio of 0.51: (left) for heat power inputs 60 W to 140 W; (right) for heat power inputs 160 W to 220 W. 
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Figure 24. Temperature axial profiles for various heat power inputs for a TPCT working with ethanol at a filling ratio of 0.32: (left) for heat power inputs 50 W to 140 W; (right) for heat power inputs 160 W to 300 W. 
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Figure 25. Temperature axial profiles for various heat power inputs for a TPCT working with ethanol at a filling ratio of 0.51: (left) for heat power inputs 50 W to 140 W; (right) for heat power inputs 160 W to 300 W. 
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Figure 26. Temperature axial profiles for various heat power inputs for a TPCT working with ethanol at a filling ratio of 1.0: (left) for heat power inputs 50 W to 140 W; (right) for heat power inputs 160 W to 300 W. 
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Figure 27. Temperature axial profiles for various heat power inputs for a TPCT working with SES36 at a filling ratio of 0.32. 
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Figure 28. Temperature axial profiles for various heat power inputs for a TPCT working with SES36 at a filling ratio of 0.51. 
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Figure 29. Temperature axial profiles for various heat power inputs for a TPCT working with SES36 at a filling ratio of 1.0. 
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Figure 30. Thermal resistance as a function of heating power input for a TPCT working with water at different filling ratios. 
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Figure 31. Thermal resistance as a function of heating power input for a TPCT working with ethanol at different filling ratios. 
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Figure 32. Thermal resistance as a function of heating power input for a TPCT working with SES36 at different filling ratios. 
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Figure 33. Comparison of the obtained thermal resistance with experimental results from the literature. 
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Figure 34. Predicted and experimentally determined heat transfer coefficient values in the evaporator for a TPCT with water as a working fluid and FR = 0.51. 
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Figure 35. Predicted and experimentally determined heat transfer coefficient values in the evaporator for a TPCT with ethanol as a working fluid and FR = 0.51. 
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Figure 36. Predicted and experimentally determined heat transfer coefficient values in the evaporator for a TPCT with SES36 as a working fluid and FR = 0.51. 
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Table 1. Experimental data regarding a two-phase closed thermosyphon.
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	Study
	D (mm)
	Le (mm)
	Lc (mm)
	Le/D (-)
	Lc/D (-)
	Test Fluid, Prl
	FR (-)





	Ong and Lim [1]
	19.1
	127
	127
	6.6
	6.6
	Prl = 6.6

Water
	1.0



	Ong et al. [2]
	9.5
	310
	310
	32.6
	32.6
	R410A

2.26 < Prl < 2.44
	1.0



	Jouhara and Robinson [3]
	6
	64
	70
	10.6
	11.7
	Water

Prl = 6.13
	1.0



	Ong [4]
	32
	405
	327
	12.7
	10.2
	R134a

3.23 <Pr < 3.35
	0.7



	Jafari et al. [5]
	35
	79.5
	159
	2.27
	4.55
	Water

1.58< Prl < 7
	0.16, 0.35, 1.35



	Heris et al. [6]
	18
	160
	200
	8.88
	22.22
	Water

2.48 < Prl < 4.0
	0.6



	Eidan et al. [7]
	14.2
	150
	150
	10.56
	10.56
	R134a

3.15 < Prl < 3.29
	0.4, 0.5, 0.6, 0.7, 1.0



	Aghel et al. [8]
	14
	280
	300
	20
	21.42
	Water

Prl = 3.23
	0.75



	W. Wits and G. te Riele [9]
	12
	750
	250
	62.5
	20.83
	Water

Prl = 3.50
	No data



	Ong and Hamlaoui [10]
	25.5
	300
	300
	11.8
	11.8
	R134a
	0.95



	Alammar et al. [11]
	20.2
	200
	200
	9.9
	9.9
	Water

4.32 < Prl < 7.48
	0.26, 0.65, 1.0



	Present study
	10
	400
	400
	40
	40
	Water, Ethanol, SES36

3.42 < Prl < 15.46
	0.32, 0.51, 1.0
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Table 2. Selected properties of tested working fluids [14].
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	Properties
	Unit
	Water
	Ethanol
	SES36





	Flash point
	-
	No flammability
	Flammable
	No flammability



	Toxicity
	-
	No
	Low Toxicity
	No



	GWP (global warming potential)
	-
	0
	<25
	4121



	ODP (ozone depletion potential)
	-
	0
	0
	None



	Freezing point at normal pressure
	°C
	0
	−114.14
	−40



	Boiling point at normal pressure
	°C
	99.98
	78.24
	36



	Critical temperature
	°C
	373.94
	240.75
	177.6



	Critical pressure
	MPa
	22.06
	6.148
	2.85
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Table 3. Uncertainties of selected parameters.
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	Parameter
	Unit
	Operating Range
	Uncertainty





	Di
	mm
	10
	0.003



	Do
	mm
	12
	0.003



	mw
	kg/s
	0.01–0.03
	0.3%



	Tw
	°C
	10
	0.1



	Tsur
	°C
	10–300
	0.1



	Q˙e
	W
	10–1000
	±1%



	h
	W/m2·K
	600–1200
	±2.5%



	ΔP
	mbar
	2–10
	±0.065%



	Pin
	mbar
	−9 to 4
	±0.5%
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Table 4. A list of chosen correlations provided for calculations of the evaporation heat transfer coefficient.






Table 4. A list of chosen correlations provided for calculations of the evaporation heat transfer coefficient.





	Correlations
	References





	he=0.32(ρl0.65λl0.3Cpl0.7g0.2ρv0.25hfg0.4μl0.1)(PvPatm)0.3q0.4
	Imura et al. [38]



	he=0.32(ρl0.65λl0.3Cpl0.7g0.2ρv0.25hfg0.4μl0.1)(PvPatm)0.23q 0.4
	Shiraishi et al. [39]
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Table 5. Results of the statistical analysis of the prediction of heat transfer coefficient in the evaporation section for different fluids with FR = 0.51.






Table 5. Results of the statistical analysis of the prediction of heat transfer coefficient in the evaporation section for different fluids with FR = 0.51.





	
Kind of Fluid

	
Source

	
MAD (%)

	
% of Data within 50%






	
Water

	
Imura et al. [38]

	
14.99

	
100




	
Shiraishi et al. [39]

	
24.28

	
100




	
Ethanol

	
Imura et al. [38]

	
14.72

	
75




	
Shiraishi et al. [39]

	
22.37

	
75




	
SES36

	
Imura et al. [38]

	
61.22

	
30




	
Shiraishi et al. [39]

	
50.89

	
30
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