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Abstract

:

The objective of this manuscript is to study the possibility of improving the thermal performance of an Evacuated Tube Solar Collector (ETSC) with the integration of a Phase Change Material (PCM) incorporated into metallic foam and fitted with plate fins. A 2D mathematical model has been proposed. Two types of metal foams (copper and nickel) were inserted. In addition, the effect of metal foam pore size of on heat transfer was studied. The results were acquired through numerical simulations of four different cases; namely, Case 1: pure PCM, Case 2: with metal foam, Case 3: with fins and Case 4: with metal foam and fins. The evaluation procedure involved observing the total change in Heat Transfer Fluid (HTF) temperature and melted PCM fraction during a single day. The results proved that the thermal performance of ETSC is improved considerably by inserting metal foam and fins simultaneously. The time required for the whole process is improved by almost 9% compared to the case of pure PCM, and 2% compared to the case of inserting only plate fins. Results revealed that the pore size of the metal foams slightly affects the dynamic process of heat storage/release in the ETSC/PCM system.
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1. Introduction


In recent decades, global energy consumption has increased sharply. Housing is the sector that consumes the most energy. Recently, there has been a significant increase in energy demand for domestic hot water. Faced with this situation, for environmental and economic reasons, the energy systems must be efficient and self-sufficient in energy. Renewable resources can also be used in an efficient and sustainable manner when integrated with a storage energy system.



Therefore, new technologies based on the use of renewable energy as energy sources must be developed to reduce energy consumption [1]. Solar energy, which is considered to be a renewable energy, can help us reduce our dependence on other energy sources. Solar domestic hot water systems are perhaps the most commonly used solar energy device. Nevertheless, there are drawbacks to their use, such as providing sufficient hot water for a longer period of time. As a result, thermal energy storage (TES) systems are required to boost the efficiency of water heaters [2]. Phase change materials (PCMs) have aroused great interest because they store the latent heat energy in small volumes. Due to their high thermal storage density and widespread availability, PCMs are used in a wide variety of practical applications, including solar water heaters. However, these materials suffer from low thermal conductivity which reduces their performance. High porosity metal foams appear to be an attractive solution which can improve effective thermal conductivity without reducing storage density.



There are numerous benefits of combining a TES system with solar hot water systems. This includes efficient use of thermal energy, better system efficiency and less environmental pollution. ETSCs have one advantage over flat plate collectors (FPCs): they are easy to align with sunlight direction. Previous studies [3,4] have shown that the integration of the PCM into the ETSC allows hot water to be supplied over a long period of the day, in addition to reducing fluctuations in the water temperature output and reduce heat loss. Therefore, the application of a TES system inside an ETSC is advantageous. LHTES systems have the potential to significantly improve the performance of solar systems.



The typical concepts of integrating a PCM based storage system in a domestic solar water heater are [5]: (i) the inserting PCM capsules in the water vessel, (ii) integration of PCM inside the collector, and (iii) coupling a separate PCM unit with a conventional collector.



The PCMs can be integrated efficiently with solar water heaters to reduce heat losses at night and to improve the conservation of thermal energy [6]. Furthermore, there has been much research [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26] conducted to investigate the effect of a finned heat pipe on the discharging process of the TES using numerical simulation methods. Results indicated that, though the energy storage capacity decreased with the immersion of the finned heat pipe, the heat transfer enhancement was more attractive. Recently, Raja et al. [26] studied an ETSC incorporating a Nano-PCM as a Latent Heat Storage System. They performed an optimization analysis of fin parameters (i.e., fin thickness and fin spacing). Their results showed that adding fins has a great effect on the phase change heat transfer of the paraffin in the ETSC. They noted that the PCM melts faster as the thickness of the fins gets thinner. Also, the addition of 1% of Cu to the PCM was found to be the optimum mass concentration at which the HTF outlet temperature increased by 2 K. Moreover, from their results it was found that integrating the PCM with a Solar Parabolic Trough Reflector in the ETSC improved efficiency of the system.



Furthermore, the insertion of suitable metal foams with PCM may improve the desirable thermal properties of PCM positively. However, little is known about the effect of embedded metal foams with PCM on the thermal performance of ETSC. Furthermore, no study of an evacuated tube solar water heater embedded with PCM, metal foams, and plate fins has been published. Likewise, the energetic analysis of such systems is rarely found.



Despite many studies that have been conducted on the ETSC system integrated with PCM, none of the studies have shown the effect of integrating the ETSC system with a metal foam-PCM storage system and fins. It is also necessary to analyze the effect of foam pore size and its material type on the ETSC system. A new type of ETSC with phase change energy storage is introduced in the current study. The main objective of this study is to develop a mathematical model and to simulate an ETSC integrated with PCM incorporated into metallic foams and fitted with plate fins. Two types of metal foams (i.e., copper and nickel) are tested. Moreover, the porosity effect and the pore density of the metal foams on the thermal enhancement of the ETSC system is considered.




2. The ETSC Configuration


The ETSC is composed of two transparent glass tubes. In each tube there is an absorber to collect solar radiation and an exchanger to allow the transfer of thermal energy. The tubes are evacuated to prevent convective heat loss from the absorber. The inner tube serves as an absorber because the surface is treated to be absorbent and selective, meaning that it captures solar radiation. The heat is transmitted out of the vacuum casing of the tube by the circulation of a heat transfer fluid (HTF) in contact with the absorber via plate fins as shown in Figure 1. The synthetic oil is used as the heat transfer fluid (HTF) flows through the copper tube in the annular space of the ETSC. The inner glass tube is filled with PCM embedded metal foams (copper and nickel foams) in order to enhance the heat transfer.




3. Mathematical Model


In order to predict the heat transfer inside the ETSC incorporated with PCM embedded metal foam/plate fins, a mathematical model was developed. The following assumptions were considered [26]:




	-

	
Incompressible Newtonian fluid




	-

	
Boussinesq approximation is used




	-

	
The metal foams are homogeneous and isotropic




	-

	
Thermal resistances of wall tubes are neglected.




	-

	
Thermal equilibrium between PCM and metal foam




	-

	
The flow is assumed to be laminar.




	-

	
Constant thermo-physical properties of the materials




	-

	
The heat losses are constant, and the net solar radiation absorbed by the ETSC is considered to be 80% of the incident solar radiation. The ETSC system is considered to be equipped with a solar track.









3.1. Continuity Equation


The continuity equation is expressed as follows:


    ∂ u   ∂ x   +   ∂ v   ∂ y   = 0  



(1)




where u is the x component and v is the y component of the fluid velocity.




3.2. Momentum equation


The x-momentum equation is expressed as follows:


     ρ f   ε    ∂ u   ∂ t   +    ρ f     ε 2     (  u   ∂ ( u )   ∂ x   + v   ∂ ( u )   ∂ y    )  = −   ∂ p   ∂ x   +  μ ε   (     ∂ 2  u   ∂  x 2    + v    ∂ 2  u   ∂  y 2     )  −  μ K  u +  ρ f  C u  



(2)







The y-momentum equation is expressed as follows:


     ρ f   ε    ∂ v   ∂ t   +    ρ f     ε 2     (  u   ∂ ( v )   ∂ x   + v   ∂ ( v )   ∂ y    )  = −   ∂ p   ∂ y   +  μ ε   (     ∂ 2  v   ∂  x 2    + v    ∂ 2  v   ∂  y 2     )  −  μ K  v +  ρ f  C v + ρ g β  (   T f  −  T 0   )   



(3)




where    ρ f   , p, ε,  μ , K, β, g, Tf and T0 are, respectively, the density, the pressure, the porosity, the dynamic viscosity, the permeability, the thermal expansion coefficient, the gravity force, the fusion temperature of PCM and the reference temperature.




3.3. Energy Equations


For the PCM-Metal foam medium


     (  ρ  C p   )    e f f     ∂ T   ∂ t   +    (  ρ  C p   )   l  .    (  u   ∂ T   ∂ x   + v   ∂ T   ∂ y    )  =  λ  e f f    (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )  − L   ∂ X   ∂ t    



(4)




where    λ  e f f    , Cp, L and X are, respectively, the effective conductivity, the heat capacity, fusion latent heat and the melted fraction.



The effective heat capacity is calculated in terms of the porosity as follows:


     (  ρ  C p   )    e f f   = ε  [  X    (  ρ  C p   )    P C  M S    +  (  1 − X  )     (  ρ  C p   )    P C  M S     ]  +  (  1 − ε  )     (  ρ  C p   )    F o a m    



(5)







The effective thermal conductivity is expressed as follows:


   λ  e f f   = ε  [  X  λ  P C  M l    +  (  1 − X  )   λ  P C  M S     ]  +  (  1 − ε  )   λ  F o a m    



(6)







For the fins


     (  ρ  C p   )    F i n s     ∂ T   ∂ t   =  λ  F i n s    (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )   



(7)







The enthalpy of the PCM:


  h   =  h  r e f     +    ∫   T  r e f    T    C p     d T +   X L  



(8)







The PCM reacted fraction X is defined as follows:


  X =  {    0       T −  T S     T S  −  T l        1                                 s i                                                   T 〈  T  s o l i d u s                     s i                                    T  s o l i d u s   〈 T 〈  T  l i q u i d u s         s i                                                      T  l i q u i d u s   〈 T      



(9)







The thermo-physical proprieties of materials are reported in Table 1.




3.4. Initial and Boundary Conditions


Initially, the domains of the HTF, the fins and the PCM are considered at a uniform temperature of 25 °C.



For the boundary conditions, the following conditions are considered:




	(i).

	
The inter-surfaces between the different domains such as PCM, HTF, tube wall and fins inside the ETSC are defined as thermally coupled boundary conditions




	(ii).

	
The inlet HTF tube is adjusted at a constant flow rate.




	(iii).

	
For the top wall of the ETSC, a solar heat flux is imposed via the UDF. The equation of the solar heat flux, which a result of the fitting curve, it is a polynomial of order 6.




	(iv).

	
The external down wall is adiabatic.











4. Numerical Method and Validation


The problem is simulated numerically using the commercial CFD software (Ansys 14). The discrete elements for all domains of the ETSC system are produced using unstructured tetrahedral meshes. User Defined Function (UDF) was generated to calculate solar radiation. The Darcy–Brinkman model and the enthalpy-porosity formulation [22] were used to formulate a single energy equation for the flow in porous media.



The numerical model is validated with that presented by Liangdong et al. [10] as shown in Figure 2.




5. Results and Discussions


Figure 3 show the hourly variation of the solar heat flux incident on the evacuated tube. The similar heat flux was used and the inlet temperature of HTF is fixed at 300 K, for all cases of simulation. Figure 4 show the contours of the temperature and the melted fraction, for three different period.



5.1. Effect of the Thermal Conductivity Enhancer Method into the ETSC


The effect of the enhancer method is discussed using four cases, which are: (1) pure PCM, (2) with 12 fins, (3) with metal foam and (4) with metal foam and 12 fins. Notice that the storage capacity of PCM should be the same, and consequently the geometric parameters are fixed for each case.



Figure 5 shows the HTF temperature for the four cases and Figure 6 shows the variation of the PCM melted fraction for the studied cases. The average melted PCM fraction is faster when the heat transfer enhancement method is used in the cases (3) and (4), as shown. Using case (1) as the basis, the melting rate is slightly faster by adding the plate fins in the PCM case (2), which indicates that the plate fins have reduced the PCM’s thermal resistance. Besides that, in comparison to case (1), the addition of copper foam (i.e., case (3)) improves heat transfer because more heat can be extracted from the PCM and transferred to the HTF via volumetric heat exchange in the foam structure. However, when the fins are added with the copper foam (i.e., case (4)), there is no discernible difference in the rate of heat transfer. This can be explained by the fact that when the copper foam is inserted, the heat transfer rate reaches its maximum due to the HTF’s thermal resistance. Thus, inserting copper foam is sufficient, and there is no need to add fins with copper foam.



For the freezing process, the average melted PCM fraction is decreased faster in the cases (3) and (4). The reason for this is that by incorporating plate fins and copper foam, the heat transfer rate from the PCM to the HTF is accelerated, resulting in a decrease in PCM temperature. The metal foam improves heat transfer, bringing the PCM temperature closer to that of the HTF. As a result, the melted PCM fraction decreases relatively faster in case (4), and the HTF temperature rapidly reaches the inlet HTF temperature values compared to cases (1) and (2) as shown in Figure 5.



As illustrated in Figure 6, the change in liquid fraction changes more rapidly during the freezing process than during the melting process.



Case (4) takes the least time to load/unload, process time is apparently reduced by approximately 9 % and 2 %, compared to case (1) and case (3), respectively, when the fins are inserted.




5.2. Effect of the Metal Foam Type


In order to understand the effect of the integration of metal foam inside the ETSC/PCM system, two types of base material, copper and nickel, are tested. Figure 7 shows the variation of the HTF temperature for pure PCM case and for the two cases of metal foams (i.e., copper and nickel).



Figure 7 shows that the metal foam manufactured from copper yields a higher HTF temperature of 430 K compared those of pure PCM, and nickel foam were 421 K and 425 K, respectively. This is because the thermal conductivity of a PCM/nickel foam composite is nearly three times that of pure PCM, while the thermal conductivity of a PCM/copper foam composite is nearly 15 times that of pure PCM. Figure 8 shows that with metal foam manufactured from copper, the melting and freezing processes are faster than other cases.




5.3. Effect of the Pore Size of the Copper Foam


The geometric parameter which influences the performance of a metal foam exchanger is the size of the pores. As a result, three different pore sizes of copper foam were considered: 5 PPI, 10 PPI, and 25 PPI, while the other parameters, particularly the amount of PCM, remained constant. Figure 9 shows that with 5 PPI size copper foam, the melting and freezing processes are faster than with other pore sizes. By reducing the pore size, the heat transfer surface per volume increases, resulting in increased heat rates and thus improved charging/discharging performance.




5.4. Effect of the Pore Size of the Nickel Foam


For the case with nickel foam inserted, melted PCM fraction variation is presented in Figure 10 for the three pore sizes (i.e., 5 PPI, 10 PPI and 25 PPI). The results indicate that the melting process is slightly faster with a pore size of 10 PPI. This is explained by the lower latent heat capacity and lower PCM content of the 10 PPI nickel foam, which are a result of the metal foam’s lower pore volume due to its lower porosity, as shown in Table 1.





6. Conclusions


A two-dimensional mathematical model for an Evacuated Tube Solar Collector (ETSC) embedded PCM integrated with heat enhancers such as metal foams and fins is developed. Two types of metal foams (i.e., nickel and copper) are considered. The effect of the pores per inch of the metal foams were studied. The enhancement in thermal performance caused by the addition of a thermal conductivity enhancer to the ETSC is determined. The study reveals the following conclusions:




	-

	
The ETSC/PCM system achieved higher thermal performance by inserting copper foams. The heat storage/release process is decreased by 9% compared with the pure PCM case and 2% compared with the fins case.




	-

	
When the metal foam is inserted, the melted PCM fraction is faster in the solidification process than the melting process.




	-

	
The melting/freezing processes are slightly faster, with 5 PPI copper foam and 10 PPI nickel foam pore sizes, which correspond to the lower latent heat capacity and lower amount of PCM.




	-

	
The heat storage/release rate process enhanced for the lower foam porosity.
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Figure 1. Cross section of ETSC incorporated with PCM embedded metal foam/plate fins. 






Figure 1. Cross section of ETSC incorporated with PCM embedded metal foam/plate fins.



[image: Sustainability 13 10632 g001]







[image: Sustainability 13 10632 g002 550] 





Figure 2. The validation of the mathematical model. 
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Figure 3. Evolution of the solar heat flux incident on the evacuated tube. 
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Figure 4. The contours of (a) the temperature and (b) the melted fraction, for three different period. 
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Figure 5. The HTF temperature for the four cases: Case (1): Pure PCM, Case (2): with fins, Case (3): with metal foam and Case (4): with metal foam and fins. 
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Figure 6. Time evolution of the PCM melted fraction for: Case (1): Pure PCM, Case (2): With metal foam, Case (3): with fins and Case (4): with metal foam and fins. 
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Figure 7. The HTF temperature evolution for various metal foam types. 
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Figure 8. The PCM melted fraction evolution for various metal foam types. 
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Figure 9. Time evolution of the PCM melted fraction with 5 PPI,10 PPI and 25 PPI copper foam composites in the case of (a) charging process and (b) discharging process. 
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Figure 10. Time evolution of the PCM melted fraction with 5 PPI,10 PPI and 25 PPI nickel foam composites in the case of (a) charging process and (b) discharging process. 
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Table 1. Thermo-physical proprieties of PCM/metal foam composites taken from [21].
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Properties

	
Pure Paraffin

	
+Nickel Foam

	
+Copper Foam




	
-

	
5 PPI

	
10 PPI

	
25 PPI

	
5 PPI

	
10 PPI

	
25 PPI






	
Melting point (°C)

	
60.79

	
61.23

	
61.40

	
61.34

	
60.99

	
61.02

	
61.19




	
Freezing point (°C)

	
58.40

	
57.52

	
57.33

	
57.25

	
57.74

	
57.16

	
57.22




	
Latent Heat (kJ/kg)

	
189.4

	
185.2

	
181.6

	
182.4

	
174.9

	
181.9

	
181.1




	
Thermal conductivity (W/mk)

	
0.305

	
1.2

	
1.1

	
1.18

	
4.9

	
5.2

	
4.6




	
Specific Heat Cp (kJ/kgK)

	
1.959

	
1.695

	
1.590

	
1.648

	
1.617

	
1.533

	
1.614




	
Porosity ε (%)

	
-

	
92

	
91

	
93

	
94

	
93

	
92
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