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Abstract

:

The well-established practice of integrating heat pipes into thermosyphons is recognized for its efficacy in achieving energy savings. This integration facilitates heat transfer and fluid circulation without requiring additional pumps or energy input, resulting in reduced consumption, lowered operational costs, and an overall improvement in system efficiency. This research explores the energy-saving potential of closed-loop thermosyphons, with a specific focus on their integration in latent heat-based heat pipe technologies in industrial settings. The study systematically investigates the influence of thermosyphon orientation on energy efficiency through a combination of experiments and computational fluid dynamics (CFD) simulations. Thereby, it results in superior heat transfer rates in forced convection scenarios. A closed-loop thermosyphon heat exchanger undergoes evaluation in three panel installation configurations relative to the ground, taking into consideration factors including copper diameters, coolants (with or without R410a), and temperature conditions. CFD validation identifies an efficient thermosyphon design—a panel oriented perpendicularly to the ground and filled with R410a refrigerant at 90 °C. It utilizes a 19.05 mm copper tube for forced convection. This optimized design demonstrates a commendable heat transfer rate of 1485 W and a heat transfer coefficient of 1252 W/(m2·K), significantly enhancing thermal process efficiency and resulting in notable energy savings.
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1. Introduction


Heat pipes are increasingly playing a significant role in various industrial applications, especially in the enhancement of thermal performance in heat exchangers and the augmentation of energy savings, both of which can be achieved without external energy input [1,2]. Thermosyphons are being employed by many researchers in rooftop solar collectors [3,4,5,6], both on the rooftop itself [7] and in photovoltaic systems, to conserve energy and reduce electrical costs [8]. Heat pipes have found extensive utility in diverse engineering applications, including heating, ventilation, and air-conditioning systems [9], ground source heat pumps [10], water heating systems [11], and electronics thermal management [12]. Their prevalence in these domains can be attributed to their straightforward structure, exceptional flexibility, high efficiency, compact design, and remarkable reversibility [13,14,15,16]. A heat pipe, known as a thermosyphon, consists of a sealed container lined with wicking material. This container is vacuum-sealed and filled with a specific volume of liquid, as depicted in Figure 1 (adapted from Figure 1 of [17]). A thermosyphon heat pipe comprises three principal components: the evaporating section, the adiabatic section, and the condensing section. These heat pipes are charged with a working fluid, such as water [18,19,20]. Thermosyphon systems operate through natural convection to circulate a fluid, typically a refrigerant, without the need for a pump. The selection of the working fluid is of great importance, as each heat pipe application requires specific temperature operating ranges. Consequently, when designing a heat pipe, careful consideration must be given to the intended temperature range through the selection of an appropriate working fluid. For low-temperature applications, working fluids such as ammonia, as well as various refrigerants like R134a [20,21,22,23], R22, and R410a [24], have been employed. These working fluids are used in conjunction with compatible metals such as copper, steel, and aluminum as shell materials [13,25]. The primary focus of this paper centers on R410a as the coolant for cases involving filled refrigerant. This selection is motivated by the environmentally friendly nature of R410a, making it a potential candidate for replacing R134a, which currently serves as the industrial standard. To obtain a comprehensive understanding of the distinctive attributes of R410a, refer to Table 1 [23].



Numerous factors influence the performance of a thermosyphon. Figure 2 provides a visual representation of the experimental studies conducted by various researchers. Experimental investigations regarding refrigerants in thermosyphons dominate, as they find application in multiple fields, including external influences, coated surfaces, and modified designs. The emission of refrigerants with high ozone depletion potential (ODP) and global warming potential (GWP) has substantial environmental consequences [26,27]. To attain an optimized closed-loop thermosyphon design, careful consideration must be given to the choice of fill liquid, the inclination angle relative to the horizontal (θ), and the length-to-diameter aspect ratio (AR). Ong et al. [28] have observed that both the fill ratio (FR) and inclination angle exert insignificant impacts on thermosyphon performance. The fill ratio (FR) denotes the liquid volume in relation to the evaporator’s volume, and it holds particular significance, as excessive liquid can lead to flooding, while insufficient liquid results in dryness. Both flooding and dryness are undesirable as they detrimentally affect thermosyphon performance. The inclination of the thermosyphon also influences its thermal performance by affecting the flow of condensate back to the evaporator section. Furthermore, proper system design and sizing are essential to ensure optimal operation, irrespective of the inclination angle. Engineering and thermodynamic considerations are pivotal in achieving energy savings within thermosyphon systems. Implementing a thermosyphon system within an industrial facility represents an effective approach to augmenting heat transfer and conserving energy, particularly in processes involving heat exchange and temperature regulation. The selection of the appropriate thermosyphon system necessitates careful consideration of several key factors that are pivotal for ensuring energy efficiency (see more details in Section 4 below).



In this research, the optimization of a closed-loop thermosyphon heat exchanger is investigated through a combination of experimental studies and simulations conducted with Ansys and Fluent software 2022. The oriented angle at which a thermosyphon system is installed significantly influences its energy-saving efficiency. To assess this, various adjustments are analyzed in closed-loop copper thermosyphons across three scenarios: (I) parallel with the ground, (II) perpendicular to the ground, and (III) changing the axis of the thermosyphon to be perpendicular to the ground. Additionally, a comparative analysis is performed on closed-loop thermosyphons under both free and forced convection conditions, taking into account variations in copper diameters (12.700, 15.875, and 19.050 mm), in coolants (presence or absence of R410a), and in temperatures (50, 60, 70, 80, and 90 °C). This exhaustive work aims to obtain the optimal setup solution, relying on three panel installation configurations, two types of coolants, five varying temperatures, and three sizes of copper tubes and encompassing both free and forced convection scenarios.




2. Theories


The copper thermosyphon tube is hermetically sealed at both ends and contains a specific quantity of working fluid, which varies according to the nature of the experiment. In this instance, the working fluid selected is R410a, which is prized for its low boiling point, facilitating efficient heat transfer. The heat transfer rate of the thermosyphon can be calculated by considering the heat transfer at the evaporation section, while taking into account the working fluid quantity and its specific heat (as detailed in Equation (1) of [17,29,30,31]):


   Q  h , w   =   m ˙  w   C p  Δ T  



(1)




where    C p    is the specific heat associated with the working fluid,   Δ T   is the water temperature difference between the inlet and the outlet and is the mass flow rate of the water (Equation (2) of [32]):


    m ˙  w  = ρ v A  



(2)




where  ρ  is the water density,  v  is the water velocity, and  A  is the cross-sectional area of water flow.



Thermal resistances and an equivalent circuit are shown in Figure 3, as detailed in Figure 2.8 of [7]). Specifically, Z1 and Z9 represent the heat transfer resistances associated with heating a solid surface. Z2 and Z8 denote the thermal resistances pertaining to the heat pipe wall. Z3 and Z7 characterize the thermal resistances of the wick structure, while Z4 and Z6 signify the thermal resistance corresponding to the vapor–liquid surfaces. Z5 represents the thermal resistance of the saturated vapor, and Z10 corresponds to the axial conduction thermal resistance through the heat pipe wall. The heat transfer mechanism in the heat pipe involves the ingress of heat from a heat source and its egress through a heat sink, mediated by conduction, convection, or thermal radiation. Additionally, electron bombardment or eddy currents may be utilized to heat the heat pipe, and electron emission can serve for cooling, as outlined in [7]. This thermal process induces a temperature difference through the evaporator and condenser walls, with thermal resistance manifesting at both vapor and liquid surfaces. The evaluation of heat pipe performance hinges on a thorough consideration of the overall thermal resistance, which has been extensively discussed in [33,34,35]. Mathematical expressions defining the thermal resistance network can be found in Tables 2 and 3 of [7] as well as in the pertinent literature [36]. It is important to highlight that this analysis excludes the consideration of heat transfer between vapor and liquid phases (Z4, Z6), the pressure drop across the vapor–liquid interface (Z5), the longitudinal pipe resistance (Z10), and external surface heat resistance (Z1, Z9). The total thermal resistance is, therefore, determined as follows:


     Z = Z   2     + Z   3     + Z   7     + Z   8   



(3)




which can be expressed as the overall heat transfer coefficient:


   1  U A   = +   ln  (   D o  /  D i   )    2 π k  L e    +  1   h  e i    A  e i     +  1   h  c i    A  c i     +   ln  (   D o  /  D i   )    2 π k  L c     



(4)




where the heat transfer coefficients, inside of the condenser and evaporation, are as follows (Equations (10) and (11) of [37]):


   h  c i   = 0.943    [    g  ρ l   (   ρ l  −  ρ ν  λ  k l 3   )     μ 1   (   T w  −  T s   )   L c     ]     1 / 4     



(5)






   h  e i   =  1   A  e i    (     T  e o   −  T  e i      Q  h , w     −   ln  (   D o  −  D i   )    2 π k  L e     )     



(6)




and the inside of evaporation area is


   A  e i   = 2 π r  L e   



(7)




where  r  and    L e    are the inner radii and the length of copper tube. The percentage between sections filled and unfilled with R410a can be calculated by


  % Q =    Q  filled   −  Q  unfilled      Q  filled     × 100 %  



(8)




which we will use below.




3. Methodology


In this paper, a thermosyphon is investigated through experiments and computational fluid dynamics under conditions involving both filled and unfilled R410a, considering free and forced convections. Further details are provided below.



3.1. Experimental Setup


In this section, experiments were conducted to validate the performance of the actual working fluid. The experiments encompassed temperature conditions at various locations on the thermosyphon panel, comparing the performance of three thermosyphon tube sizes, 12.700 mm, 15.875 mm, and 19.05 mm, both with and without the use of R410a refrigerant. The materials and equipment used in the experiment included (1) a heat transfer testing apparatus for free convection, employing a closed-loop thermosyphon and thermosyphon panel setups with copper tubes (as depicted in Figure 3), (2) heat dissipation fan equipment, (3) a data logger device, model MW 100, (4) a timer, (5) a precision scale, (6) air-conditioning equipment, (7) R410a refrigerant, and (8) a manifold gauge. To examine variations in closed-loop copper thermosyphon adjustments, three cases were considered: (I) perpendicular to the ground, (II) parallel to the ground, and (III) the axis changed to be perpendicular to the ground (see Figure 4). Additionally, thermosyphon performance was tested under different coolant temperatures (ranging from 50 °C to 90 °C) with a water flow rate of 2 GPM and a wind flow rate of 10.5 m/s. The inner and outer capillary tubes were tested with diameters of 2.16 mm and 3.16 mm.



The experimental operating conditions are shown in Table 2. The experimental procedure is divided into two main parts: an experiment conducted with and without R410a.



The steps of experimental preparation are as follows:




	
Filling the water boiling tank with clean water, ensuring that the upper heater portion is submerged and the water level is appropriate for use;



	
Setting up electrical equipment requiring a 220 V, 50 Hz power supply;



	
Preparing a timer for experiment timing;



	
Weighing the refrigerants used in the experiment using a precision scale;



	
Connecting the data logger (Model MW 100) to the computer for data recording;



	
Adjusting the room temperature to approximately 28 °C, as specified;



	
Installing the closed thermosyphon panel setup for all three tube sizes, the fan system for heat dissipation with the thermosyphon panel setups, and the power converter to supply 12 V 28 A power to the heat dissipation fans.










 





Table 2. Summary of experimental runs.






Table 2. Summary of experimental runs.





	
Run *

	
Case

	
Heat Transfer

	
R410a

	
Coolant

Temperature (°C)

	
Size of

Copper Tube (mm)






	
1

	
I

	
Free

convection

	
Filled

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
2

	
II

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
3

	
III

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
4

	
I

	
Unfilled

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
5

	
II

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
6

	
III

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
7

	
I

	
Forced

convection

	
Filled

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
8

	
II

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
9

	
III

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
10

	
I

	
Unfilled

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
11

	
II

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050




	
12

	
III

	
50, 60, 70, 80, 90

	
12.700, 15.875, 19.050








* Repeat 3 times per run.












3.2. Computational Fluid Dynamics (CFD)


In the field of fluid dynamics, encompassing heat and mass transfer, chemical reactions, and related phenomena, computational fluid dynamics (CFD) stands as a numerical technique used for solving the governing mathematical equations. It enables the prediction of approximate solutions. Addressing challenges related to heat and mass transfer and fluid flow involves three main, traditionally employed approaches: analytical, experimental, and computational methods [38,39,40,41,42]. For this study, Ansys Fluent was employed for modeling and analysis, thanks to a research-licensed version generously provided by King Mongkut’s University of Technology North Bangkok (KMUTNB).



In the research, a thermosyphon was examined, consisting of copper tubing, with three distinct sizes characterized by inner diameters of 12.70 mm, 15.875 mm, and 19.05 mm, each maintaining a consistent thickness of 2 mm. The total length of the thermosyphon extends to 2550 mm, and its schematic representation is displayed in Figure 5. Computational fluid dynamics (CFD) modeling was employed, utilizing deionized water (H2O) and the R-410a cooling agent as analyzed fluids. Comprehensive properties of the R-410a cooling agent can be found in Table 1. The influence of fluid temperature on the heat transfer rate was investigated by systematically varying the fluid inlet temperature, ranging from 50 °C to 90 °C. Analyses were performed under both free and forced convection conditions at the wall surface to determine the heat transfer rate, with the results subsequently being compared to experimental data. Further details regarding the boundary conditions imposed within the computational domain are available in Table 3.



To further the study of heat pipes, it is necessary to introduce a CFD two-phase flow model to describe the heat and mass transfer mechanisms and involved evaporation and condensation processes.





 





Table 3. Boundary conditions imposed on the computational domain.






Table 3. Boundary conditions imposed on the computational domain.





	Boundary Surface
	Boundary Condition





	Inlet
	The mass flow rate of study fluid is kept constant at 0.126    kg / s    with varying inlet temperature.



	Outlet
	Outflow condition.



	Wall surface
	Free convection: the ambient air temperature is held constant at 28 °C.Forced convection: the airflow rate is forced at 10.5 m/s into the analysis model, which is situated at a distance of 1.5 m.








Numerical simulations were performed by utilizing a CFD solver based on double precision. The analysis encompassed two equations: one related to energy and another for the standard k-epsilon model. The criteria for model convergence were met when the residuals within the computational domain registered values below 10−6. The exploration of grid independence was centered on the assessment of four distinct mesh densities, as illustrated in Figure 6: 88, 768; 231, 804; 352, 601; and 863, 300 hexahedral elements. It was noted that the solution exhibited consistent behavior, irrespective of variations in mesh resolution. Furthermore, the standard deviation was only 0.19, confirming that additional mesh refinement would have a negligible impact on the solution. Therefore, the decision was made to employ 88,768 grids in this model to enhance computational efficiency. Figure 7 provides details regarding the grid size and type.



Temperature and Heat Transfer Rate Analysis


The heat and mass transfer mechanisms involved in evaporation and condensation processes in the thermosyphon are the subject of this study. Surface temperature distributions for a copper tube with a 12.7 mm diameter under free convection and a 19.05 mm diameter under forced convection conditions, with a fluid inlet temperature of 90 °C, reveal interesting insights, as shown in Figure 8 In both cases, thermal gradients confirm that forced convection results in a higher heat transfer rate (  Q ˙  ) compared to free convection. It is worth noting that the temperature change (∆T) between regions T1 and T6 differs significantly, amounting to 0.64 °C for the 12.7 mm diameter copper tube under free convection and 2.42 °C for the 19.05 mm diameter copper tube under forced convection.



Moving to the comparative analysis of the heat transfer rates (  Q ˙  ) derived from both experimental and computational fluid dynamics (CFD) analyses, the results are presented in Figure 9. Notably, there is a close agreement between the experimental and CFD results, but deviations are apparent. These differences amount to roughly 10% for free convection conditions and 18% for forced convection conditions. The variations occurring in turbulent airflow patterns along the tube surfaces in both the experimental and CFD simulations can introduce temperature distribution fluctuations, leading to observable oscillations in the results.






4. Results and Discussion


The experiment involved three thermosyphon configurations: parallel, perpendicular, and angled types, each employing copper tubes with diameters ranging from 12.700 mm to 19.050 mm. These configurations were tested under five different coolant temperatures, ranging from 50 °C to 90 °C, with variations that included both filled and unfilled R410a and assessments of free and forced convection (see Table 2).



From Table 4, Table 5 and Table 6, we see that heat transfer rates (   Q  h , w    ) reveal a linear increase in with both copper diameter and coolant temperature. Insights drawn from Table 4 highlight that the maximum heat transfer rate (   Q  h , w    ) is attained when using the thermosyphon panel setup with a 19.05 mm diameter, utilizing forced convection heat transfer with R410a at 90 °C. This achievement can be attributed to the extensive heat transfer surface area provided by the 19.05 mm tube and the elevated 90 °C temperature, which is the highest achieved within this study. When comparing the three thermosyphon installation cases for heat transfer rates, the hierarchy is as follows: Case I > Case III > Case II. This trend is corroborated by Figure 10, which further demonstrates that the heat transfer rate is at its peak with the 19.05 mm configuration under forced convection conditions and lowest with the 12.70 mm configuration under free convection conditions. These findings align with previous research by Ong and Lim [18,22], who identify the thermosyphon panel installed perpendicular to the ground (Case I) as the most efficient configuration. They also note that higher power input results in elevated thermosyphon wall temperatures. Similar experiments conducted by Ziyan et al. [20] involved a comparative analysis of heat transfer rates in thermosyphons working with water and R134a refrigerant.



Table 7, Table 8 and Table 9 further confirm that, in closed thermosyphon tubes using R410a for forced convection heat transfer, the heat transfer coefficient,    h  e i    , is superior to that of the unfilled configuration, as expected. Notably, the 19.05 mm tube size exhibited the highest heat transfer coefficient. Additionally, the ranking of heat transfer coefficients is as follows: Case I > Case II > Case III.



Based on the data in Table 10, the greatest percentage disparity in heat transfer rates between thermosyphon tubes filled and unfilled with R410a at a temperature of 90 °C is observed in the case of a 19.05 mm tube setup installed with an axis perpendicular to the ground, yielding a maximum difference of 13.66%. Similarly, as shown in Table 11, the most significant percentage variation in heat transfer rates occurs between forced and free convection heat dissipation for a 19.05 mm tube setup installed parallel to the ground (Case II), with a notable maximum difference of 75.2%.



Technical and engineering challenges in this research include:




	(1)

	
Precision in joining and bending copper pipes to prevent potential damage.




	(2)

	
Challenges related to the installation and calibration of data measurement points within thermosyphon tubes.




	(3)

	
Limitations in temperature control due to the accuracy of data acquisition equipment.









The selection of the appropriate thermosyphon system necessitates careful consideration of several key factors that are pivotal for ensuring energy efficiency.



(1) Working fluid selection: The choice of working fluid is paramount to achieving efficient heat transfer. The selected fluid must possess desirable thermophysical properties, notably a high latent heat of vaporization, while also being compatible with the system’s materials.



(2) System design and sizing: Precise design and sizing are imperative to guarantee the system’s efficient operation. Critical factors to contemplate include pipe diameter, length, and orientation, all of which exert influence on flow rates and heat transfer capacity.



(3) Heat source and heat sink integration: For optimal energy conservation, effective integration of the thermosyphon system with the heat source (e.g., industrial equipment) and the heat sink (e.g., cooling systems) is essential to maximize heat recovery.



(4) Insulation: Adequate insulation of thermosyphon pipes assumes significance in mitigating heat losses, particularly in applications where the maintenance of elevated temperatures holds great importance.



(5) Monitoring and control: Implementation of sensors and control mechanisms is necessary to monitor and manage the thermosyphon system, allowing for adjustments and optimizations to maintain peak operational efficiency.



(6) Safety measures: The inclusion of safety features is vital to avert system malfunctions, overheating, and overpressure conditions.



(7) Regular maintenance: Prescheduled maintenance activities are imperative to sustain the system’s operational integrity. This encompasses tasks such as leak detection, cleaning, and component replacement as dictated by requirements.



(8) System efficiency analysis: Routine analysis of energy savings realized by the thermosyphon system is essential. This analytical approach facilitates adjustments based on empirical data and operational feedback, thereby maximizing efficiency.



To optimize heat transfer efficiency, it is recommended to transition from a single-phase closed-loop system to a two-phase closed-loop thermosyphon [43]. Additionally, the introduction of a nanoparticle fluid, such as graphene–acetone [32], also has the potential to significantly enhance thermal efficiency and elevate the convective heat transfer coefficient when compared to traditional working fluids.



Based on an exhaustive review of prior research [27], we strongly endorse the integration of a solar photovoltaic system to power a two-phase closed thermosyphon. Despite the relatively prolonged payback period associated with this approach, it effectively reduces indirect emissions tied to fossil-fuel-based grid electricity generation. The utilization of two-phase closed thermosyphons over single-phase systems within this study presents a commendable challenge for potential researchers. This choice not only introduces a formidable endeavor but also unveils a multitude of opportunities for the development of environmentally sustainable, economically valuable, refrigerant-based, solar-operated two-phase closed-loop thermosyphons.




5. Conclusions


This research systematically explores the efficacy of closed-loop thermosyphons, a latent heat-based heat pipe technology, for energy conservation in industrial settings. Employing a comprehensive methodology that combines experimental investigations and computational fluid dynamics simulations, the study scrutinizes the impact of thermosyphon orientation on energy efficiency. Forced convection thermosyphons, particularly those oriented perpendicularly to the ground (Case I) with a 19.05 mm copper tube filled with R410a refrigerant at 90 °C, prove to be highly efficient in enhancing heat transfer, emphasizing their superiority through specific parameters. As validated by computational fluid dynamics, the optimal configuration is identified as a 19.05 mm tube filled with R410a at 90 °C. This designed thermosyphon exhibits a remarkable heat transfer rate of 1485 W and a heat transfer coefficient of 1252 W/(m2·K). Additionally, this paper underscores the significance of future research exploring various tilt angles for heat pipe performance, laying a crucial foundation for potential industrial implementation and advancing sustainable energy.
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Nomenclature





	
Roman symbols




	
    A  e o     

	
Area of evaporation, outside [m2]




	
A

	
Cross-sectional area of water flow




	
    D i  ,  D o    

	
Diameter, inner and outer [m]




	
FR

	
Fill ratio




	
    C p    

	
Heat capacity [kJ/kg·K)




	
  k  

	
Heat conductivity [(W/m·K)]




	
    h  e o     

	
Heat transfer coefficient [W/m2.K]




	
    Q  h , w     

	
Heat transfer rate [kW]




	
Le,Lc

	
Length, evaporator and condenser [m]




	
AR

	
Length/diameter aspect ratio




	
     m ˙  w    

	
Mass flow rate [(kg/s)]




	
   % Q   

	
Percentage difference of filled and unfilledcoolant of heat transfer rate [-]




	
  r  

	
Radius [m]




	
Z

	
Resistant in thermal circuit of thermosyphon




	
Te, Tc, Tsat

	
Temperature, evaporator, condenser and saturation [°C]




	
Greek symbols




	
  ρ  

	
Density of the coolant at outside pipe (kg/m3)




	
θ

	
Inclination to the horizontal




	
   Δ T   

	
Temperature differences (K)




	
  v  

	
Velocity of the coolant at outside pipe (m/s)
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Figure 1. Cross-sectional view of thermosyphon. 
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Figure 2. Classification of experimental investigations based on various parameters. 
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Figure 3. Thermal-resistant circuit of thermosyphon heat pipe. 
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Figure 4. Experimental setup for closed-loop thermosyphon. 
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Figure 5. The experimental apparatus of the closed-loop thermosyphon panel installation: (a) perpendicular, (b) parallel, and (c) changing axis to be perpendicular to the ground. 






Figure 5. The experimental apparatus of the closed-loop thermosyphon panel installation: (a) perpendicular, (b) parallel, and (c) changing axis to be perpendicular to the ground.



[image: Energies 17 00527 g005]







[image: Energies 17 00527 g006] 





Figure 6. Schematic of thermosyphon used to study in this research. 
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Figure 7. Influence of grid density on the outlet temperature. 
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Figure 8. Grid size and type used in this research. 
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Figure 9. Distribution of copper tube surface temperatures: (a) copper tube with a diameter of 12.7 mm under free convection conditions and (b) copper tube with a diameter of 19.05 mm under forced convection. 
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Figure 10. The comparison of the heat transfer rate (  Q ˙  ) coupled with both experimental and CFD analyses of the conditions: (a) a copper tube with a 12.7 mm diameter of under free convection and (b) a copper tube with a 19.05 mm diameter under forced convection. 
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Table 1. Characteristic properties of R410a [23].
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Properties of R410a






	
Molecular weight (kg/kmol)

	
72.58




	
Boiling point at 1 atm (°C)

	
−51.53




	
Latent heat of vaporization at boiling point (kJ/kg)

	
276.2




	
Liquid density at 25 °C (kg/m3)

	
1062




	
Vapor pressure of satd. liquid at 25 C (kPa)

	
1653




	
Heat capacity of liquid at 25 C (kJ/kg K)

	
1.84




	
Heat capacity of vapor at 1 atm, at 25 C (kJ/kg K)

	
0.833




	
Thermal conductivity of liquid at 25 C (W/mK)

	
0.0886




	
Thermal conductivity of vapor at 1 atm (W/mK)

	
0.01339




	
Dynamic viscosity of satd. liquid at 25 C (kg/ms)

	
1.19 × 10−4




	
Kinematic viscosity of satd. liquid at 25 C (m2/s)

	
0.112 × 10−6




	
Critical temperature (C)

	
72.13




	
Critical pressure (kPa)

	
4926.1




	
ODP, CFC-12 = 1

	
0




	
GWP, CO2 = 1

	
1.725











 





Table 4. Rate of heat transfer (   Q  h , w    ) for thermosyphon panel (Case I).
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Coolant Temperature (°C)

	
50

	
60

	
70

	
80

	
90




	
Size of Tube (mm)

	
Heat Transfer

	
R410a

	
   Q  h , w     (W)






	
12.700

	
Force

	
Filled

	
403.1

	
582.7

	
763.1

	
944.2

	
1216




	
Unfilled

	
313.5

	
551.3

	
718.2

	
899.2

	
1081




	
Free

	
Filled

	
136.9

	
242.6

	
263.9

	
396.6

	
514.8




	
Unfilled

	
131.7

	
210.9

	
211.3

	
264.4

	
317.9




	
15.875

	
Force

	
Filled

	
438.6

	
634.1

	
781.5

	
978.6

	
1339




	
Unfilled

	
389.9

	
634.1

	
732.7

	
963.9

	
1192




	
Free

	
Filled

	
158.0

	
263.7

	
316.7

	
423.1

	
529.9




	
Unfilled

	
144.2

	
227.4

	
316.7

	
359.6

	
370.9




	
19.050

	
Force

	
Filled

	
474.2

	
711.9

	
950.5

	
1058

	
1485




	
Unfilled

	
421.6

	
669.7

	
792.1

	
1005

	
1326




	
Free

	
Filled

	
184.3

	
290.0

	
369.4

	
475.9

	
582.6




	
Unfilled

	
184.3

	
279.4

	
327.2

	
401.9

	
423.9











 





Table 5. Rate of heat transfer (   Q  h , w    ) for thermosyphon panel (Case II).
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Coolant Temperature (°C)

	
50

	
60

	
70

	
80

	
90




	
Size of Tube (mm)

	
Heat Transfer

	
R410a

	
    Q  h , w      (W)






	
12.700

	
Force

	
Filled

	
403.1

	
537.9

	
763.1

	
899.2

	
1217




	
Unfilled

	
358.3

	
493.0

	
673.3

	
854.3

	
1082




	
Free

	
Filled

	
184.4

	
237.3

	
274.5

	
370.2

	
476.9




	
Unfilled

	
158.0

	
184.6

	
211.3

	
248.5

	
302.1




	
15.875

	
Force

	
Filled

	
438.7

	
634.1

	
781.5

	
978.6

	
1324




	
Unfilled

	
438.7

	
585.3

	
683.9

	
880.7

	
1177




	
Free

	
Filled

	
194.2

	
247.8

	
290.3

	
396.6

	
503.5




	
Unfilled

	
168.6

	
219.0

	
263.9

	
317.3

	
360.4




	
19.050

	
Force

	
Filled

	
474.2

	
711.9

	
897.7

	
1163

	
1432




	
Unfilled

	
421.6

	
632.8

	
792.1

	
1057

	
1219




	
Free

	
Filled

	
210.7

	
290.0

	
369.5

	
423.1

	
556.5




	
Unfilled

	
184.4

	
242.6

	
316.7

	
354.3

	
439.9











 





Table 6. Rate of heat transfer (   Q  h , w    ) for thermosyphon panel (Case III).
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Coolant Temperature (°C)

	
50

	
60

	
70

	
80

	
90




	
Size of Tube (mm)

	
Heat Transfer

	
R410a

	
    Q  h , w      (W)






	
12.700

	
Force

	
Filled

	
403.1

	
627.5

	
763.1

	
989.1

	
1194




	
Unfilled

	
344.9

	
493.0

	
718.2

	
899.2

	
1081




	
Free

	
Filled

	
184.4

	
237.3

	
263.9

	
354.3

	
424.0




	
Unfilled

	
158.0

	
210.9

	
211.3

	
285.6

	
296.8




	
15.875

	
Force

	
Filled

	
438.7

	
682.9

	
781.5

	
978.6

	
1373




	
Unfilled

	
390.0

	
536.5

	
747.4

	
929.6

	
1177




	
Free

	
Filled

	
210.8

	
232.0

	
290.3

	
370.2

	
450.5




	
Unfilled

	
158.0

	
210.9

	
237.0

	
264.4

	
402.8




	
19.050

	
Force

	
Filled

	
474.2

	
738.2

	
924.1

	
1217

	
1485




	
Unfilled

	
421.6

	
632.8

	
792.1

	
1058

	
1272




	
Free

	
Filled

	
210.8

	
263.7

	
369.5

	
423.1

	
556.5




	
Unfilled

	
173.8

	
226.7

	
332.5

	
396.6

	
477.0











 





Table 7. Heat transfer coefficients (   h  e i    ) for thermosyphon panel Case I.
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Coolant Temperature (°C)

	
50

	
60

	
70

	
80

	
90




	
Size of Tube (mm)

	
Heat Transfer

	
R410a

	
    h  e i      (W/m2·K)






	
12.700

	
Force

	
Filled

	
806.2

	
821.9

	
898.7

	
915.2

	
967.5




	
Unfilled

	
601.8

	
639.6

	
701.9

	
772.3

	
810.4




	
Free

	
Filled

	
492.0

	
562.4

	
632.6

	
688.7

	
764.8




	
Unfilled

	
363.6

	
467.6

	
497.6

	
502.1

	
503.2




	
15.875

	
Force

	
Filled

	
867.3

	
908.3

	
922.0

	
963.8

	
1031




	
Unfilled

	
770.9

	
798.5

	
821.9

	
847.0

	
859.6




	
Free

	
Filled

	
556.1

	
582.8

	
649.1

	
695.2

	
781.9




	
Unfilled

	
460.3

	
544.3

	
586.5

	
601.7

	
646.3




	
19.050

	
Force

	
Filled

	
888.7

	
918.7

	
954.2

	
1094

	
1252




	
Unfilled

	
789.8

	
819.9

	
839.2

	
861.9

	
887.8




	
Free

	
Filled

	
593.5

	
603.8

	
677.8

	
760.2

	
846.3




	
Unfilled

	
490.2

	
525.6

	
614.4

	
676.4

	
700.4











 





Table 8. Heat transfer coefficients (   h  e i    ) for thermosyphon panel Case II.
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Coolant Temperature (°C)

	
50

	
60

	
70

	
80

	
90




	
Size of Tube (mm)

	
Heat Transfer

	
R410a

	
    h  e i      (W/m2·K)






	
12.700

	
Force

	
Filled

	
659.5

	
667.1

	
711.9

	
786.5

	
829.2




	
Unfilled

	
505.8

	
554.1

	
662.5

	
747.1

	
773.9




	
Free

	
Filled

	
529.9

	
609.3

	
636.7

	
665.6

	
672.7




	
Unfilled

	
420.3

	
429.9

	
430.7

	
430.1

	
433.9




	
15.875

	
Force

	
Filled

	
798.5

	
807.3

	
828.0

	
846.9

	
909.2




	
Unfilled

	
698.6

	
721.1

	
752.4

	
792.2

	
838.4




	
Free

	
Filled

	
573.9

	
633.3

	
654.6

	
680.8

	
733.8




	
Unfilled

	
433.5

	
474.8

	
489.0

	
500.2

	
544.9




	
19.050

	
Force

	
Filled

	
823.9

	
849.7

	
910.7

	
915.6

	
931.3




	
Unfilled

	
719.3

	
795.0

	
839.2

	
855.1

	
870.8




	
Free

	
Filled

	
590.2

	
661.5

	
672.0

	
711.1

	
796.1




	
Unfilled

	
464.3

	
483.6

	
505.2

	
529.9

	
554.1











 





Table 9. Heat transfer coefficients (   h  e i    ) for thermosyphon panel Case III.
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Coolant Temperature (°C)

	
50

	
60

	
70

	
80

	
90




	
Size of Tube (mm)

	
Heat Transfer

	
R410a

	
    h  e i      (W/m2·K)






	
12.700

	
Force

	
Filled

	
659.5

	
663.8

	
693.8

	
746.7

	
821.7




	
Unfilled

	
506.6

	
537.3

	
653.0

	
724.6

	
766.2




	
Free

	
Filled

	
473.0

	
588.2

	
643.3

	
688.9

	
744.1




	
Unfilled

	
343.7

	
346.4

	
478.7

	
510.4

	
520.1




	
15.875

	
Force

	
Filled

	
718.6

	
790.4

	
818.3

	
838.4

	
889.3




	
Unfilled

	
677.4

	
706.6

	
712.6

	
780.8

	
818.0




	
Free

	
Filled

	
550.6

	
606.2

	
654.6

	
734.3

	
773.7




	
Unfilled

	
378.1

	
390.6

	
505.4

	
542.6

	
564.6




	
19.050

	
Force

	
Filled

	
755.3

	
829.4

	
872.5

	
904.9

	
927.7




	
Unfilled

	
706.6

	
760.9

	
778.6

	
812.1

	
869.5




	
Free

	
Filled

	
593.6

	
631.3

	
680.7

	
745.2

	
789.0




	
Unfilled

	
415.8

	
433.9

	
548.9

	
593.4

	
617.3











 





Table 10. The percentage comparison of heat transfer rates between R410a-filled and unfilled systems at a coolant temperature of 90 °C in three thermosyphon installation cases with free convection.
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Size of Copper Tube (mm)

	
Case

	
R410a

	
%    Q   






	
12.700

	
Case I

	
Filled

	
8.85




	
Unfilled

	
14.09




	
15.875

	
Filled

	
6.22




	
Unfilled

	
14.57




	
19.050

	
Filled

	
9.94




	
Unfilled

	
15.00




	
12.700

	
Case II

	
Filled

	
9.41




	
Unfilled

	
13.10




	
15.875

	
Filled

	
9.42




	
Unfilled

	
13.59




	
19.050

	
Filled

	
11.87




	
Unfilled

	
14.45




	
12.700

	
Case III

	
Filled

	
11.07




	
Unfilled

	
9.59




	
15.875

	
Filled

	
11.15




	
Unfilled

	
12.31




	
19.050

	
Filled

	
13.66




	
Unfilled

	
11.88











 





Table 11. The percentage comparison of heat transfer rates between filled and unfilled R410a at a coolant temperature of 90 °C for three thermosyphon installation cases with forced convection.
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Size of Copper Tube (mm)

	
Case

	
R410a

	
    % Q    






	
12.700

	
Case I

	
Filled

	
57.7




	
Unfilled

	
70.7




	
15.875

	
Filled

	
60.4




	
Unfilled

	
68.9




	
19.050

	
Filled

	
64.3




	
Unfilled

	
72.0




	
12.700

	
Case II

	
Filled

	
60.8




	
Unfilled

	
72.1




	
15.875

	
Filled

	
64.0




	
Unfilled

	
74.3




	
19.050

	
Filled

	
66.7




	
Unfilled

	
75.2




	
12.700

	
Case III

	
Filled

	
64.5




	
Unfilled

	
72.6




	
15.875

	
Filled

	
57.7




	
Unfilled

	
70.7




	
19.050

	
Filled

	
60.4




	
Unfilled

	
68.9
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(a) A 12.7 mm diameter under free convection.
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(b) A 19.05 diameter under forced convection.
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(a) A 12.7 mm diameter under free convection.
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