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Abstract


A two-phase closed thermosyphon (TPCT), a gravity-assisted heat pipe, is a highly efficient heat transmitter involving liquid–vapor phase change. It is used in many applications, including heat spreading, thermal management and control, and energy saving. The main objective of this study is to investigate the effects of the operating conditions for a thermosyphon used in solar water heaters. The study particularly focuses on the influence of the inclination angle. Thus, a comprehensive simulation model is developed using the volume of fluid (VOF) approach. Complex and related phenomena, including two-phase flow, phase change, and heat exchange, are taken into account. To implement the model, an open-source CFD toolbox based on finite volume formulation, OpenFOAM, is used. The model is then validated by comparing numerical results to the experimental data from the literature. The obtained results show that the simulation model is reliable for investigating the effects of various operating conditions on the transient and steady-state behavior of the thermosyphon. In fact, bubble creation, growth, and advection can be tracked correctly in the liquid pool at the evaporator. The effects of the designed operating conditions on the heat transfer parameters are also discussed. In particular, the optimal tilt angle is shown to be 60° for the intermediate saturation temperature (<50 °C) and 90° for the larger saturation temperature (>60 °C).
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1. Introduction


To take advantage of solar power in heating applications, evacuated tube solar water heaters are prominently used [1]. There is indeed a substantial need for substituting fossil resources with renewable and sustainable energy means. Many countries throughout the world have set goals for their energy infrastructure development in order to limit greenhouse gas emissions [2].



Improving the global efficiency and optimizing the operation of solar devices, such as water heaters, are then actual challenges. Incorporation of heat pipes (particularly, the two-phase closed thermosyphons; TPCTs) in the collector has been shown to significantly enhance the solar water performance [3].



A TPCT is a highly efficient heat transmitter involving liquid–vapor phase change: at the evaporator section, the liquid is evaporated due to the absorbed heat. The vapor flows then through an adiabatic region to the condenser, where it condenses, releasing heat to relatively cold media [4]. Taking advantage of the gravity, the liquid falls back to the evaporator in a Nusselt-like liquid film. Fundamentally, the evaporator, involving a liquid pool, is placed in the TPCT bottom.



Many experimental and numerical studies on thermosyphons have been conducted to estimate the heat transfer characteristics and to describe the two-phase flow patterns under various operating conditions. The TPCT is commonly installed vertically, but most of the previous investigations indicate that the inclination angle is an important parameter to take into account. It is indeed expected to have a significant effect on the TPCT’s heat transfer capability.



Jafari et al. [5] discussed the factors influencing the heat transfer performance of thermosyphons. They reported that the working fluid, the tilt angle, and the filling ratio are important parameters affecting the performance and the internal flow patterns of the TPCT. Arat et al. [6] experimentally investigated the effects of the fluid volume and the inclination angle on the heat transfer coefficients in the condenser and the evaporator sections. For various vacuum pressure values, they also concluded that the lowest thermal resistance was obtained for a near-vertical position (a tilt angle of 90°). Lataoui et al. [7] conducted an experimental study on the effect of the operating conditions (the working fluid, the filling ratio, the temperature, and the heat input) on the thermal performance of a TPCT. They showed that the heat transfer coefficient in the evaporator could be well predicted in comparison with the analytical correlations, especially for an overfilled evaporator configuration and for low heat fluxes. Critical and optimal tilt angles of a TPCT were experimentally investigated by Gou et al. [8]. The obtained results showed that the critical tilt angle was 45° for all the operating conditions. The optimal angle was 60° for a saturation temperature ranging between 80 and 150 °C and 90° for higher temperatures (150–185 °C). Kim et al. [9] also conducted an experimental study to examine the effects of the filling ratio and the tilt angle on the boiling and condensation heat transfer within a water/copper TPCT. The best thermal performance was obtained at a tilt angle of 30° and a filling ratio of 50%. A core tube monitoring TPCT has been developed and tested by Wang et al. [10]. The experimental results showed that the thermal resistance is more affected by the tilt angle in the evaporator than in the condenser. The best heat transfer performance was obtained for a 10° tilt angle. More recently, Li et al. [11] conducted an experimental and numerical study to characterize the transient thermal and flow behavior of a TPCT for various filling ratios. Based on the calculation of the net vapor production, the temperature and pressure distribution and the startup time were accurately predicted, the overall error being within 10%.



Shabgard et al. [12] developed a mathematical model to investigate the effect of the filling ratio on the transient thermal behavior of a vertical TPCT. They found that the optimally filled thermosyphon provided, at the same time, the smallest thermal resistance and the shortest thermal response time. A slight increase in the input power would trigger, however, the dry-out at the evaporator section, though.



A computational model of the TPCT was undertaken by Ahmed et al. [13] to examine the effects of a wide range of operating conditions, namely, the filling ratio, the inclination tilt, and the power input. They concluded that the developed methodology assists effectively in revealing the essential mechanisms of the thermal performance and two-phase flow of the proposed TPCT used in concentrated solar collector applications. It was shown that the optimal performance of the TPCT (a high heat transfer coefficient and a low thermal resistance) was obtained at 250 W (power input), 90° (tilt angle), and 50% (filling ratio).



Naruka et al. [14] conducted a comprehensive investigation on cylindrical heat pipes at different tilt angles. They used three different working fluids (water, methanol, and acetone) and showed that the optimal tilt angle was 45°. Mahdavi et al. [15] found that, for a copper/water TPCT, larger heating power reduces significantly the thermal resistance. They also demonstrated that the tilt angle has little effect on the thermal performance for inverted installation (the evaporator was above the condenser). Using zirconia–acetone nanofluids, Sarafraz et al. [16] showed that the TPCT heat transfer performance could be enhanced. They also discussed the effect of the tilt angle and found that the optimal value was about 60°.



More recently, Khaougam et al. [17] conducted a comprehensive investigation to examine the flow patterns in a rectangular-section TPCT and their influences on its heat transfer performance. They examined particularly the influence of main design and operational parameters such as geometry ratios, the working fluid type, and the tilt angle. Bubble, slug, churn, and annular flow patterns have been exhibited for nanofluid mixtures. They identified an optimal tilt angle (80°), achieving a maximum heat transport capacity of about 8 kW/m2.



Uneven aggregation and poor dispersion are the main actual challenges of using nanoparticles [18]. Nevertheless, the use of a combination of surfactants and silver nanoparticles has shown the ability to enhance the heat transfer efficiency of a TPCT, as demonstrated by Dhairiyasamy et al. [19]. Internal flow patterns in the evaporator and the condenser can be quite different within a TPCT [20]. They can be affected by many conditions, including the aspect ratio, the working fluid, and the tilt angle [21]. The review of the available literature unanimously is claiming that the design and development of high-efficiency heat recovery or management solutions for specific applications require a deep investigation on the optimal operating conditions [22].



Kodancha et al. [23] showed that the treatment of the internal wall improved the thermal performance of the thermosyphon. The thermal resistance significantly decreased for a 45° tilt angle using water. They inferred this behavior was the effects of the wettability gradients, which are more significant at low tilt angles. The performance enhancement was also reported when water–ethanol and ethanol–methanol–hexanol–water mixtures were used as working fluids. For air-cooled applications, Rukruang [24] conducted an experimental investigation to optimize the performance of a multiport thermosyphon heat exchanger. The effects of the heat load, cooling air velocity, filling ratio, and tilt angle were then investigated. The optimal set was obtained for a 30% filling ratio and vertical position. They also have shown that both underfilling and overfilling degraded the evaporator performance considerably. The operational thresholds have also shown the effects of the flooding limit on that performance.



The effects of horizontal vibrations and heat load on the boiling behavior of a water-glass TPCT were investigated by Kang et al. [25]. Three boiling patterns were revealed according to the heat input and the vibration intensity: geyser, suppressed, and continuous boiling. Strong vibrations enhanced the heat loss by liquid film evaporation and suppressed boiling for low heat loads. The increase in total heat input allowed the persistence of continuous boiling for all vibration levels.



All the studies described above show the need for more numerical investigations on the effect of the tilt angle. It is indeed an important parameter, and optimizing it remains challenging. In addition, there is no definitive conclusion on the optimal tilt angle. Therefore, the main objective of the present study consists in developing a reliable simulation model and using it to investigate the effects of the main operating conditions on the heat transfer coefficients and the overall thermal resistance. It is validated by comparing numerical results with the experimental data available in the literature. The effect of the tilt angle, among other parameters, on the heat transfer performance of the TPCT is also discussed.




2. The Thermosyphon Simulation Model


In this section, we describe the thermosyphon to be simulated, the governing equations, the initial and boundary conditions, and the numerical procedure.



2.1. The Simulation Model


Figure 1 shows the schematic details of an evacuated tube collector involving heat pipes. To improve the efficiency of the water heater, it is interesting to investigate first the heat transfer characteristics of the TPCT, the main component of the evacuated tube collector. It consists of a carbon steel/water TPCT. The considered model is described in Figure 2a. It also shows the different sections of the TPCT and the tilt angle θ. A heat flux Qin is set at the evaporator, whereas a convective heat transfer condition is considered at the condenser (the boundary conditions are entirely described below). Taking into account the sensitivity of the model to the tilt angle θ, a three-dimensional geometry is considered. Using the blockMesh utility in OpenFoam [26], a structured hexa-hedralateral grid with different element numbers is therefore generated. Figure 2b illustrates the main characteristics of the meshed domain corresponding to the TPCT. The liquid phase is considered as the primary phase.



The developed model is built to simulate the heat and mass transfer in a cylindrical TPCT commonly used in evacuated tube water heaters. It mainly contains two sections: the evaporator, where the solar radiation heat is absorbed, and the condenser, where the heat is released to a fluid (water usually) through a specifically designed manifold, modeled in the present analysis by an external heat exchange coefficient (    h   c    ) and a “far” temperature (    T   ∞    ).



To validate the numerical results and to test the developed model, we chose a reference experimental case carried out by Gou et al. [8]. The main characteristics of the TPCT experiments are summarized in Table 1.




2.2. The Governing Equations


For multiphase flows, phase transition methods are commonly used to define the transport at the interface. It can be classified into two categories: tracking methods and capturing methods. The volume of fluid method (VOF) is a capturing method commonly used to simulate complex multiphase flows. It has, indeed, many advantages, including mass conservativeness, boundedness, controlled spurious oscillations, and an improved interface resolution [27]. It should be, however, associated with an appropriate interface reconstruction algorithm, which should be selected carefully, like MULES [28], isoadvector [29,30], or ROUNDS [31,32]. Tracking properly the liquid–vapor interface is still, therefore, a challenge. The relative simplicity of the VOF approach and its inherent ability to handle multiple interfaces and topology changes make it more suitable for modeling two-phase flows than other methods.



According to this approach, a fluid cell can involve liquid, vapor, or both phases. The volume fraction (αl and αv, for liquid and vapor, respectively) is used to define the fluid composition for each cell:


    α   l   =        0 : f u l l   v a p o r         0,1     : l i q u i d − v a p o r   m i x t u r e        1 : f u l l   l i q u i d        











Tracking the liquid–vapor interface is then possible by solving the continuity equation of the liquid phase. An advection equation can be obtained from the mass balance. It is then resolved to retrieve the interface location. The source terms are adapted in the conservation equations so that the phase change process can be implemented accordingly. The numerical handling of the remaining equations (based on Navier–Stokes equations) is carried out for both phases in the limits of thermal and dynamic relaxation [33,34]. The flow variables (u and P) and thermal characteristics (T) are common for the liquid and vapor phases. The thermophysical properties of the mixture, including the density (  ρ  ), the dynamic viscosity (  μ  ), the heat capacity per unit volume (  ρ  c p   ), and the thermal conductivity (k), are estimated from a volume average formula. Furthermore, the main assumptions are the following:




	-

	
The vapor phase is considered as an ideal gas;




	-

	
The liquid flow is incompressible;




	-

	
The liquid–vapor phase change consists of nucleate boiling;




	-

	
The liquid–vapor interface is considered locally in thermal and thermodynamic equilibrium even during the phase change process.









When no phase change occurs, to capture the moving interface, the global continuity equations are considered for each phase as:


     ∂ (   ρ   l   )   ∂ t    + ∇ ·     ρ   l     u  →    = 0  



(1)






     ∂ (   ρ   v   )   ∂ t    + ∇ ·     ρ   v     u  →    = 0  



(2)







    ρ   l     and     ρ   v     are, respectively, the liquid and vapor densities.     u  →    is the local velocity.



According to the VOF approach, the advection equation for the liquid in an incompressible two-phase flow is:


     ∂ (   α   l   )   ∂ t    +   u  →  · ∇     α   l     = 0  



(3)







When phase change is taken into account, the governing equations are described hereby for the liquid phase:




	-

	
The continuity equation:











     ∂ (   α   l     ρ   l   )   ∂ t    + ∇ ·     α   l     ρ   l     u  →    =   S   m    



(4)




where     α   l     and     ρ   l     are, respectively, the liquid volume fraction and density.     u  →    is the local velocity. Sm is the mass source/sink term due to phase change.



	-

	
The momentum conservation equation:








      ∂ ( ρ   u  →  )   ∂ t    +   ∇  →  ·   ρ   u  →    u  →    = ρ   g  →  −   ∇  →  P +   ∇  →  ·   μ     ∇  →    u  →  + (   ∇  →      u  →  )   T       +     F  →    C S F     



(5)





	-

	
The energy conservation equation:








      ∂ ( ρ H )   ∂ t    + ∇ ·     ρ H     u  →    = ∇ ·   k   ∇  →  T   +   S   E   +    d P   d t    + ∇ ·       ∇  →    u  →  + (   ∇  →      u  →  )   T     ·   u  →      



(6)





The liquid and vapor volume fractions are linked by:


    α   l   +   α   v   = 1  



(7)







The density (  ρ  ) and the dynamic viscosity (μ) of the liquid–vapor mixture are expressed by:


    ρ = α   l     ρ   l   +   α   v     ρ   v    



(8)






    μ = α   l     μ   l   +   α   v     μ   v    



(9)







    g  →    is the gravity vector given, in projection, to the basis directions by (see the coordinate system in Figure 2a):


    g  →  = − g   c o s θ     u  →    y   − − g   s i n θ     u  →    z    



(10)







      F  →    C S F     is the continuum force, considering capillarity written as [15]:


      F  →    C S F   =   σ   l v        α   l     ρ   l     κ   v     ∇  →    α   v   +   α   v     ρ   v     κ   l     ∇  →    α   l     0.5 (   ρ   l   +   ρ   v   )     



(11)




where     σ   l v     and   κ   are the liquid–vapor surface tension and the interface curvature, respectively, given as:


    κ   l   = −   κ   v   = − ∇ ·        ∇  →    α   l         ∇  →    α   l           



(12)







The enthalpy (H) of the liquid–vapor mixture can be defined as:


  H =        ρ   l     c   p l   α   l   +     ρ   v     c   p v   α   v         ρ   l   α   l   +     ρ   v   α   v      ( T −   T   s a t   )  



(13)







The thermal conductivity of the liquid–vapor mixture (k) is expressed as:


  k =  α l    k   l   +   α   v     k   v    



(14)







    k   l     and     k   v     are, respectively, the thermal conductivity of liquid and vapor phases.



The continuity equation source term Sm can be obtained by [35]:




	-

	
For evaporation:











    S   m   = −   β   e     α   l       P   s a t   − P    if   P ≤   P   s a t    



(15)







	-

	
For condensation:








     S   m   =   β   c     α   v     P −   P   s a t      if   P >   P   s a t     



(16)





    β   e     and     β   c     are defined as the mass transfer time parameters or relaxation coefficients for evaporation and condensation, respectively. In the literature, these two parameters were mostly set at constants during a given simulation. They reflect the characteristic time for the phase change process (evaporation or condensation) to occur once a departure from saturation conditions happens [33]. Their values can vary between 0.1 and 10−7 s−1 [15]. In this study, the proportionality to phase densities is practically verified:


       β   e       β   c      =      ρ   v       ρ   l       



(17)







The saturation pressure can be derived from the temperature field according to the Clausius–Clapeyron formula:


       P   s a t       P   0      = e x p   −    M     h   l v     R    (    1     T   s a t      −    1     T   0      )    



(18)







    h   l v     is the latent heat of vaporization.     P   0     and     T   0     are reference pressure and temperature, respectively.



The energy source term is obtained by:


    S   E   =   S   m       h   l v    



(19)








2.3. The Initial and Boundary Conditions


For the evaporator, the constant heat flux density (qin) is applied as a boundary condition:


    q   i n   =      Q   i n     π   D     L   e       



(20)







    Q   i n     is the input heating power at the evaporator,   D   is the TPCT external diameter, and     L   e     is the length of the evaporator section.



For the condenser, a convective boundary condition was considered:


     q   c   =      Q   c     π   D     L   c          and     Q   c   = π   D     L   c       h   c   (   T   c   −   T   ∞   )   



(21)







    q   c     and     Q   c     are the heat flux density and heat flux at the condenser section, respectively.     L   c     is the length of the condenser section.     h   c     is the heat transfer coefficient at the condenser section.     T   ∞     is the free stream temperature of the outer cooling fluid.



At the top and bottom faces of the thermosyphon, perfect thermal insulation is assumed:


  − k    ∂ T   ∂ n    = 0  



(22)







At the TPCT external frontiers, a no-slip condition is applied to the fluid:


    u  →  = 0  



(23)







Also, a zero-pressure flux boundary condition is considered:


     ∂ P   ∂ n    = 0  



(24)







The following initial conditions are taken into account:



	-

	
The evaporator is liquid-filled according to the experimental filling ratio (48%):     α   l     = 1 for all the cells involving only the liquid phase (the liquid pool at the TPCT bottom). To ensure the stability of the numerical solution at the first simulation time steps, a 0.5 mm thin film along the TPCT internal wall is set along the TPCT internal wall.     α   l     = 0 for all the remaining domain (filled with saturated vapor).




	-

	
The temperature T is set, according to the experimental data [8], at the expected operating temperature value (≈Tsat).




	-

	
The pressure is equal to the saturation pressure (Psat), which can be locally obtained from Equation (18).








2.4. The Numerical Solution and Procedure


The discretization of the governing equations is performed using the finite volume method, and the numerical solution is estimated at each simulation time step using OpenFoam v6 (2018) [26]. The latter is an open-source CFD software with many useful features. It enables simulating many processes, from complex fluid flows involving chemical reactions, turbulence, and heat transfer to acoustics, solid mechanics, and electromagnetics. The ability to modify and improve solvers to fit with the very considered problem is also an interesting feature.



The developed solver is based on the adiabatic two-phase flow with phase change code interPhaseChangeFoam, where the MULES interface reconstruction technique is used [36]. Thus, it provides access to extensive OpenFOAM functionality (MPI parallelization, turbulence models, discretization schemes, and linear solvers). A phase change model based on Hertz–Knudsen’s approach is incorporated and successfully tested [33,36]. This software enables, therefore, the simulation of diverse phase change processes in a single environment. The iterative algorithm PIMPLE, a combination of the PISO and SIMPLE methods, is used to obtain the numerical solution of the equations through time progress [37]. The standard k-ϵ model is the default turbulence model used within the interPhaseChangeFoam solver in OpenFOAM. This model is commonly used for two-phase flow simulations where phase change is involved [36]. In fact, turbulence models commonly employed for single-phase flows involving the k-ϵ models are applied in multiphase flows, where each phase is treated as in local equilibrium [38]. One of the most widely applied interface-capturing methods incorporated with RANS (Reynolds averaged Navier–Stokes) turbulence models is the volume of fluid (VOF) method incorporated in the described solver. It defines the fluid properties near the interface as varying with the volumetric fraction. The density gradient over interface cells is solved continuously. It generates a nearly laminar/transitional regime, triggered by a redistribution of energy over the horizontal directions near the interface [39]. Moreover, velocities and shear stress at the interface inside a TPCT are still of limited values, so that mean flow behavior is obtained with (RANS) models.



In addition, a self-adjusted time step is set to estimate the transient solution. A maximum global Courant number of 0.2 is then considered to ensure the simulation stability. The pseudo-steady-state regime is reached when the mean temperatures, pressures, and velocities in the evaporator and condenser sections are virtually constant. The solution convergence criteria is fulfilled when the time step fluctuations for the simulation parameters are below 1%. Figure 3 shows, for example, the time variations of the temperature at random positions in the evaporator and the condenser sections. It clearly confirms that the steady state is almost reached after 30 s of simulation time. For most of the simulation cases, it corresponds to 30–60 s. It takes more than 15 days, with a grid mesh of about 150,000 cells and using a 16-core workstation computer, to simulate up to that time.



The same approach has been used to simulate the heat and mass transfer within a different TPCT in a previous work [33], where further details about the numerical procedure can be found.





3. Results and Discussion


3.1. Model Validation


The developed numerical model was tested under a set of operating conditions (Qin = 100 W, tilt angle   θ   = 90°: vertical position). A mesh independence test was first performed for this reference case. Table 2 shows the mean temperature in the evaporator and the condenser sections for various mesh grid sizes. In particular, we have found that, over 150k cells, the mesh refinement has slight effects on the mean simulation temperatures. We have selected, then, the second mesh grid size (150k cells). The obtained results were then expressly compared with experimental data of Gou et al. [8]. Figure 4 shows indeed a good accordance between the simulated and measured temperatures along the TPCT.



It is worth mentioning that the temperature at the evaporator bottom, where the liquid pool is located, is well estimated, whereas numerical fluctuations are noticeable at the evaporator top. It is still, however, limited (less than 1 °C for consecutive axial positions). It is associated with bubble formation and vapor generation at the section above the liquid–vapor interface. The plotted temperatures are, indeed, deduced from the simulation results at the fluid–solid frontier. A reference liquid level is defined for the vertical position (  θ   = 0), obtained from the initial filling ratio (48%). At the condenser, the wall temperature is overestimated, in comparison with the experimental measurements, particularly in the condenser top. It can be explained by the fixed convective heat transfer coefficient and the constant cooling temperature condition considered in the TPCT model.



In addition, the TPCT model was efficiently able to capture bubbles formation and growth, like it is shown in Figure 5. It was also able to simulate condensation and liquid film falling along the inner wall. Bubbles were continuously generated at the top region of the liquid pool. It went then to the vapor region through the liquid–vapor interface (Figure 5).



Furthermore, the developed numerical tool is used to investigate the effects of the operating conditions on the TPCT thermal performance. The study is particularly focused on the input heating power (Qin) and the tilt angle (  θ  ). For this aim, the equivalent heat transfer coefficient (he, at the evaporator) and the overall thermal resistance (RTh) are, respectively, calculated as:


    h   e   =      Q   i n     π   D     L   e   (     T  ¯    e   −   T   s a t   )     



(25)






    R   T h   =        T  ¯    e   −     T  ¯    c       Q   i n       



(26)




where D and Le are, respectively, the TPCT diameter and the evaporator length.       T  ¯    e     and       T  ¯    c     are the mean temperatures at the evaporator and the condenser, respectively.     T   s a t     is the saturation temperature (estimated from the mean wall temperature at the evaporator/condenser limit).



According to most of the previous studies, the TPCT operation and performance can be affected by many parameters, including the geometry and dimensions of the container, the working fluid, the heat exchange conditions at the condenser, the heating power at the evaporator, and the tilt angle [40]. The last has been shown to have a deep impact on the thermal behavior of the TPCT [5,6]. We do then focus in the following on the effects of input heating power Qin and tilt angle   θ  .



Figure 6 and Figure 7 show the steady-state temperature distribution along the thermosiphon for two different heat input powers (Qin = 100 W and 300 W, respectively) and for various tilt angles (from vertical position   θ   = 90° to almost horizontal position   θ   = 0°).



As the heating power increases, the temperature curves become less oscillatory. The temperature difference between the TPCT ends (the evaporator at the bottom and the condenser at the top) increases, consequently. At 100 W, the wall temperature along the thermosyphon is affected only slightly by the tilt angle (Figure 6).



The effects of tilting on the temperature become more distinguishable when the heat input is increased (Figure 7). In this case, the temperature distribution can be subdivided into three parts: The first corresponds to the evaporator bottom (a liquid pool is located there), and the temperature is uniform. There are significant temperature fluctuations at the evaporator top (a liquid film is expected to flow on the inner wall) at the second part of the curves. Thet are due to the falling film evaporation that can be amplified with the heat input increase. The last part concerns the condenser section, where the wall temperature is the lowest and almost uniform, again.



It is expected that the simulation model can be enhanced by using higher-order techniques, such as ROUND schemes, which can account for the convective flux [31]. Additionally, alternative reconstruction methods, like the iso-advectors approach [29], having been available in recent versions of OpenFOAM, can also be used.




3.2. Effects of the Heating Power


For the considered TPCT, the input heating power can vary between 20 and 300 W when the heat loss is neglected for common applications, including vacuum tube water heaters [41]. From the estimated temperature values along the thermosyphon, we have calculated the equivalent heat transfer coefficient he (Equation (25)) and the overall thermal resistance (Equation (26)) for all the considered cases. For the vertical position (  θ   = 90°), Figure 8 shows the variation of the heat transfer parameters (he) and (RTh) according to the input power (Qin). The equivalent heat transfer at the evaporator is almost constant for relatively low heat input (Qin < 100 W). Over 100 W, it increases notably to reach 500 W/m2K. This can be explained, on the one hand, by the increased evaporation rate consequent to the heat input increase and, on the other hand, by the fact that when the saturation temperature increases, the pressure is allowed to vary more rapidly along the TPCT and thus helps an increased vapor flow rate to occur (see Equation (18)). The overall thermal resistance of the TPCT is almost constant and high for (Qin < 100 W), whereas it decreases significantly to 0.04 and 0.03 K/W, respectively, for input power of 200 and 300 W. It confirms that the heat transfer is improved for high heat input levels (200–300 W).




3.3. Effects of the TPCT Inclination


The developed numerical tool is also utilized to examine the impact of the TPCT’s tilt angle on heat transfer characteristics. Figure 9 illustrates the variation of the overall thermal resistance (RTh) with respect to the tilt angle (  θ  ) at different operating temperature values (Tsat = 80, 130, or 175 °C).



In particular, it shows that a tilt angle of 60° is the optimal value for temperatures under 150 °C, allowing the best (and minimal) values of the overall thermal resistance. In fact, the driving force component on the inner surface of a TPCT is minimal when the inclination angle is small (see Equation (10)). This results in the lack of the working fluid’s ability to go back to the evaporator section, which affects the gas–liquid conversion rate. The heat transfer performance is consequently weaker. When the tilt angle increases, the gas–liquid two-phase flow in the tube is in the upper and lower layers, which (because of stratification) barely interact with each other: the shear force becomes then smaller. The internal steam’s high-speed scouring of the liquid film in the condensation section also makes the relative resistance gradually reduce. It should be noted that since the top of the TPCT evaporation section is directly in contact with the condensation section (no adiabatic region), the effect of gravity does not significantly change the distribution of the liquid film. It has little influence on the thermal resistance, and the heat transfer performance at high tilt angles (near the vertical position) is poorer at low heat input power. For higher values of Qin and an operating temperature (Tsat) above 150 °C, the lowest thermal resistance is achieved for a vertical position (  θ   = 90°), suggesting the necessity to consider a larger driving force in order to compensate for the pressure loss due to shear and training.





4. Conclusions


This study made a focus on the thermal performance optimization of a TPCT used in vacuum tube solar collectors. For this aim, a numerical model was developed using the openFOAM toolbox. The obtained results were validated through a comparison with the experimental results of previous studies. A good accordance has indeed been revealed. The effects of the input heat power and the tilt angle were particularly investigated, specifically. According to the obtained results, the effects of the tilt angle on the temperature were more significant when the heat input increases. The temperature distribution along the TPCT has shown stratification as the tilt angle or the heating power increases. The heat transfer mechanisms involved in the TPCT operation can indeed be modified according to the input heat level. In fact, conduction is expected to be predominant at low heat input, whereas phase change and convective exchanges are expected to have an even more important effect at higher heating input power. Also, the increase in the input heat power leads to a decrease in the thermal resistance associated with the improvement of the heat transfer coefficient, in conformity with previous analyses. It was also shown that for an operating temperature under 130 °C, the optimal tilt angle   θ   was around 60°, whereas it was nearly 90° (vertical position) for higher temperatures (over 150 °C). For intermediate temperature (50–130 °C), a tilt angle of 60° is recommended to achieve relatively low thermal resistance and good heat transfer along the TPCT. Further attention should be paid to investigating the correlated effects of all the operating conditions in order to describe the optimal parameters of a TPCT. Finally, to limit the effects of numerical oscillations and spurious currents, implementation of high-precision reconstruction methods and convective flux schemes can improve the simulation model in future work.
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Abbreviations


The following abbreviations are used in this manuscript:



	
TPCT

	
Two-Phase Closed Thermosyphon




	
VOF

	
Volume of Fluid




	
CFD

	
Computational Fluid Dynamics




	
Nomenclature




	
    c   p l    

	
Specific heat capacity of the liquid phase

	
J.kg−1.K−1




	
    c   p v    

	
Specific heat capacity of the vapor phase

	
J.kg−1.K−1




	
D

	
Tube diameter

	
m




	
      F  →    C S F    

	
Continuum capillarity force

	
N.m−3




	
    g  →   

	
Standard acceleration of gravity

	
m.s−2




	
    h   e    

	
Equivalent heat transfer coefficient at the evaporator

	
W.m−2.K−1




	
    h   c    

	
Convective heat transfer coefficient at the condenser

	
W.m−2.K−1




	
    h   l v    

	
Latent heat of vaporization

	
J.kg−1




	
H

	
Specific enthalpy

	
J.kg−1




	
k

	
Thermal conductivity

	
W.m−1.K−1




	
    L   e    

	
Evaporator length

	
M




	
    L   c    

	
Condenser length

	
m




	
M

	
Molar mass

	
g.mol−1




	
  P  

	
Pressure

	
Pa




	
    P   s a t    

	
Saturation pressure

	
Pa




	
    q   c    

	
Heat flux density at the condenser

	
W.m−2




	
    q   i n    

	
Input heat flux density at the evaporator

	
W.m−2




	
    Q   c    

	
Heat flux at the condenser section

	
W




	
    Q   i n    

	
Input heating power at the evaporator

	
W




	
  R  

	
Specific gas constant

	
J.mol−1.K−1




	
    R   T h    

	
Thermal resistance

	
K.W−1




	
    S   m    

	
Mass source term

	
Kg.m−3.s−1




	
    S   E    

	
Energy source term

	
W.m−3




	
  T  

	
Temperature

	
K




	
    T   s a t    

	
Saturation temperature

	
K




	
      T  ¯    e    

	
Mean temperature at the evaporator

	
K




	
      T  ¯    c    

	
Mean temperature at the condenser

	
K




	
    T   ∞    

	
Cooling fluid temperature

	
K




	
    u  →   

	
Velocity

	
m.s−2




	
    α   l    

	
Liquid volume fraction

	




	
    α   v    

	
Vapor volume fraction

	




	
    β   e    

	
Time relaxation coefficient for evaporation

	
s−1




	
    β   c    

	
Time relaxation coefficient for condensation

	
s−1




	
  κ  

	
Liquid–vapor interface curvature

	
m−1




	
    σ   l v    

	
Surface tension

	
N.m−1




	
  θ  

	
Tilt angle of the TPCT

	
°




	
  μ  

	
Fluid dynamic viscosity

	
Pa.s




	
  ρ  

	
Fluid density

	
Kg.m−3
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Figure 1. Schematic diagram of an evacuated tube collector with heat pipes [3]. 
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Figure 2. The thermosyphon model: (a) Description of the main sections and heat transfer parameters; (b) Sketch of the mesh details (axial and cross-sectional meshing). 
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Figure 3. Time variations of the temperature at the condenser and the evaporator sections (random positions along the TPCT). 
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Figure 4. Comparison between simulation results and experimental data [8] (Qin = 100 W; vertical position). 
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Figure 5. Bubble creation and growth at the evaporator top (cross-sectional slice). 
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Figure 6. Temperature distribution along the TPCT for various tilt angles (low heat input Qin = 100 W). 
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Figure 7. Temperature distribution along the TPCT for various tilt angles (high heat input Qin = 300 W). 
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Figure 8. Effects of the input power on the heat transfer parameters. 
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Figure 9. Effect of the tilt angle on the thermal resistance. 
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Table 1. Setup parameters of the tested TPCT [8].
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	Parameter
	Data





	Working fluid
	Water



	Wall material
	Stainless steel



	Tube diameter (D)
	28 mm



	Total length (L)
	1486 mm



	Evaporator length (Le)
	1106 mm



	Condenser length (Lc)
	380 mm



	Filling ratio
	48% (of the evaporator volume)



	Input heat power Qin
	100, 200, and 300 W



	Tilt angle   θ  
	0, 15, 30, 45, 60, 75, and 90°










 





Table 2. Mean temperatures in the TPCT for various mesh grid sizes (Qin = 100 W,   θ   = 90°).
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	        T  ¯    e   ( ° C )    
	        T  ¯    c   ( ° C )    





	120,250 cells
	88.9
	73



	150,130 cells
	86.1
	75.2



	180,300 cells
	85.75
	75.7



	Experience [8]
	84.4
	75.5
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