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Abstract
Latent heat thermal energy storage (LHTES) systems using phase change materials (PCMs) have appeared as promising solutions for energy storage when harnessing renewable energy sources in a wide range of engineering applications. The present study focuses on the design of horizontal shell-and-tube PCM-based LHTES systems capable of simultaneous charging and discharging in solar domestic hot water (SDHW) applications. Two scenarios are investigated: (i) initially fully charged, and (ii) initially fully discharged LHTES systems, in both cases with a 30-minute charge/discharge time interval. Configurations with key geometrical design variations are considered to identify the best radial and tangential positions of the heat transfer fluid (HTF) tubes inside the shell that enhance storage performance against the following criteria: (i) gained and released thermal power, and (ii) total gained and released energy per unit mass of PCM. The distance between the hot and cold HTF tubes was maintained constant and an LHTES with horizontally aligned HTF tubes was selected as a baseline case. The findings showed that tangential displacement had a considerable impact on the performance of the system, while the effect of radial displacement was marginal. A design with displacements of ¼ tube diameter and 90 ° in the radial and tangential positions of the HTF tubes, respectively, had promising performance in both considered scenarios. In comparison to the baseline case, which had the hot and cold tubes positioned horizontally, and symmetrically on the shell’s central plane, this configuration demonstrated a 103.02 % enhancement in energy delivery in the fully discharged and a 2 % enhancement in the fully charged scenario, respectively.
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1. 
Introduction
Among renewable resources, solar energy is a promising candidate for producing thermal energy for domestic and industrial applications [1–4], which significantly contributes to the world’s total energy consumption [5]. However, there is a temporal mismatch between solar irradiation and energy demand that can be addressed by the latent heat thermal energy storage (LHTES) systems using phase change materials (PCMs) [6–8]. A PCM manages thermal energy in the form of latent heat in an isothermal phase change process, storing energy by melting and releasing energy by solidification [9–11], of which the latter presents a particular set of challenges due to the associated heat transfer deterioration [12–14]. 
PCMs can store up to 14 times more energy than water per unit volume [15]. Therefore, depending on the temperature difference considered for the LHTES systems, PCM can reduce the weight and required space of the LHTES system by providing higher storage capacity [16]. LHTESs can provide high energy storage capacities to adjust the mismatch between the solar energy supply and thermal energy demand [6], especially in integration with solar domestic hot water (SDHW) systems. These storage systems store energy (charge) when solar energy is available and release energy (discharges) when there is a demand for domestic hot water. Due to the irregular demand for thermal energy (discharging) and the variability of solar irradiation during the day, LHTES systems can be charged and discharged at either separate time intervals or simultaneously.
Recently, the simultaneous charging and discharging (SCD) mode of LHTES has interested researchers in developing various heat exchangers, including heat pipe-assisted [17–19], triplex tube [20–23], and shell and tube shell-and-tube [24–31].  Among various designs, triplex-tube and shell-and-tube are suitable for SDHW applications. The shell-and-tube configuration was selected for the present study due to its wide application and popularity. In a shell-and-tube LHTES system operated under SCD mode, the PCM is stored in the shell while two tubes are provided inside the shell (see Figure 1) for hot and cold heat transfer fluids (HTF) [29,30,32]. Murray and Groulx [32] experimentally studied the performance of a vertical shell-and-tube LHTES system coupled with an SDHW application in SCD mode. They found that natural convection in the molten PCM provides better heat transfer performance compared to direct heat exchange between the hot and cold heat transfer fluids (HTF); however, the low thermal conductivity of solid PCM reduces the heat transfer. 
[image: ]
[bookmark: _Ref87367138]Figure 1. Schematic of a typical SDHW system incorporated with an LHTES system in SCD mode, reproduced from Murray and Groulx [32].
The main drawback of most PCM materials is their low thermal conductivity [33,34] (0.1-0.2 W/m.K for organic PCMs and 0.4-0.6 W/m.K for others), which hinders the heat transfer process and reduce the charging/discharging rates [35,36]. Several approaches have been adopted to enhance the heat transfer in LHTES systems, including the application of extended surfaces [37,38], roughness [39,40], PCM micro-encapsulation [41,42], porous material [43,44], dispersion of high conductivity particles in the PCM [20,45–47], metal foam inserts [48,49], high-conductivity materials [37,50], and hybrid application [35,51]. These methods are costly and sometimes impractical in large-scale or industrial LHTES systems. Fang et al. [30] employed microencapsulated PCM to enhance the heat transfer process in an LHTES system and observed a stable direct heat transfer between heating water and cooling water in the SCD mode. Mahdavi et al. [31] used a hybrid method of utilising copper fins and Cu nanoparticles to improve heat transfer in shell-and-tube LHTES systems. They observed that the impact of nanoparticle addition under the SCD condition is negligible, and that the influence of fin is limited to a short time in the initial stage of the process. In addition, there are nontrivial considerations when nanoparticles are used in real applications [52].
[bookmark: _Hlk87225298]Apart from the PCM’s thermophysical properties, the geometry configuration and orientation of LHTES systems will impact the charging and discharging rate as the natural convection heat transfer in the molten PCM will be affected. The impact of the orientation of shell-and-tube LHTES systems on their performance has been studied by several researchers [53–57]. Khobragade and Devanuri [24] conducted energy and exergy analyses of shell-and-tube LHTES systems at different inclination angles under SCD mode. They found that the orientation of an LHTES can significantly impact the natural convection in molten PCM, hence the performance of LHTES, leading to a 27 % improvement in the maximum gained energy in the horizontal configuration compared with the vertical. The radial and tangential eccentricities of the tube within the shell can also significantly influence the performance of LHTES systems as boosts the natural convection in molten PCM [58–65]. Kadivar et al. [66] optimised the eccentric shell-and-tube LHTES system and calculated the optimum radial and tangential eccentricities, and found that the charging and discharging are more sensitive to the radial eccentricity than the tangential.
Comprehensive studies of LHTES systems in the SCD mode is challenging experimentally due to the significant costs involved in investigating a large number of geometrical configurations, and therefore, computational fluid dynamics (CFD) approaches – such as that used in the present study – are commonly employed as a cost-effective and suitable methods to study these systems [32]. According to the literature [30,31], the adoption of pin fin, encapsulation, and nanoparticle addition can marginally enhance the performance of shell-and-tube LHTES systems operated under SCD mod. However, the impact of geometric modifications such as inclination angle is typically more pronounced. Therefore, a horizontal shell-and-tube LHTES configuration was selected due to its enhanced performance under SCD mode [24]. Motivated by the early findings in Kadivar et al. [66], the present study investigates the impact of the radial and tangential positions of the HTF tubes inside the shell on the performance of such an LHTES system in SCD mode, which has not been studied thus far, to the best of the authors’ knowledge.

2. Characterisation of LHTES systems
2.1 SDHW applications in SCD mode
In a typical LHTES-incorporated SDHW system, the LHTES is charged and discharged simultaneously, in order to respond to a mismatch between energy supply and demand. During the daytime, energy is constantly supplied to the LHTES (charging) by the solar absorber, while energy extraction occurs during short time intervals (10 or 30 min domestic hot water use, for example, a shower). In order to replicate this, the response of several configurations of the LHTES system was evaluated in a fixed time interval. The selected flow rates for the cold HTF were taken from hot water end-use data for single-family dwellings collected by Aquacraft Incorporated Water Engineering and Management [67], shown in Table 1. Similar data was used by Murray and Groulx [68].
[bookmark: _Ref106011636]Table 1. Hot water usage in a single-family dwelling [67,68].
	Utility 
	Average flow rate (L/min)

	Bath 
	8.4

	Dishwasher 
	4.7

	Shower 
	5.7

	Faucets 
	3.5

	Washing machine
	7.9


Since the present study is a comparative investigation of different designs of LHTES units, the simulations replicate the LHTES when only the shower is in use for 30 min (i.e., the cold HTF flow rate of 5.7 L/min), and the results can be applied to cases with higher/lower flow rates. A hot HTF flow rate of 2.8 L/min was selected to reflect the flow rate of a typical SDHW system for a single-family dwelling [32].  
It is noteworthy that, the National Energy Policy Act (EPA) of 1992 (EPAct 92) set a maximum flow rate of 9.5 L/min for showerheads. The US EPA WaterSense program has considered water-efficient showerheads at a lower flow rate of 7.57 L/min. Lower flowing showerheads are definite in some green codes and use 5.7 L/min or less [69]. Based on the US EPA the average shower time is about 8 minutes; however, a longer time (30 min) was considered in this study. as illustrated in Figure 1, in order to have more control over the water temperature, the discharged hot water from LHTESs is used to heat water in a storage tank which is equipped with an auxiliary heater. In the present study, a flowrate of 5.7 L/min for a 30 min discharging time was considered that suits the slow heat transfer in LHTESs as well as green code and can respond to efficient demands.  
Two scenarios can occur when an LHTES is used for SDHW application in the SCD mode: (i) LHTES initially discharged, and (ii) LHTES initially charged. For example, when the SDHW system has not absorbed enough solar energy in the early morning, the LHTES is discharged, and the PCM is solid. However, LHTES is more likely fully charged in the late evening, and the PCM is liquid. Both scenarios were investigated. It is noteworthy that, in a real system, partially-charged scenarios can also take place which is not investigated in the present study.
2.1 LHTES geometry
Since the transient CFD simulations are computationally expensive and various cases were simulated in the present study, Therefore, measures were taken to reduce the computational effort. Firstly, the diameter of the shell and HTF tubes used in this study was smaller than the commercial LHTES systems. Secondly, a single unit of the LHTES system with a length of 1 mm was considered. Using a small sized single unit LHTES does not influence the performance of the cases studied in the present paper due to the small temperature difference in HTF tubes, which in turn, it allows the adoption of 2D simplified models (see section 3); however, the exchanged thermal power is smaller when compared to the commercial LHTES systems. Since higher thermal power is required in commercial applications, several units with a larger shell and HTF tubes diameter are used in parallel or series to achieve the desired performance. 
[bookmark: _Hlk87355237]Figure 2 illustrates the schematic cross-section of a horizontal LHTES unit and the position of hot and cold HTF tubes inside the shell. The inner diameter of the shell (D = 40 mm) and the distance between the HTF tubes (16 mm) are, respectively, 5 and 2 times of HTF tube diameter (d = 8 mm). Also, the thickness of the HTF tube is considered to be 1.5 mm, and the length of the unit is 1 m. Note that the tangential positions of the HTF tubes and their radial displacement are denoted by θ and C in Figure 2, respectively. Figure 3 shows various configurations of the LHTES unit and their specifications are listed in Table 2. Configurations T1 to T5 represent LHTESs with the modified tangential position and R1 to R3 show configurations with radial displacement. To promote natural convection, the hot and cold HTF tubes are always on the bottom and top half of the shell, respectively, except for the baseline case (T1) which has both tubes aligned horizontally and on the central plane of the shell. The distance between HTF tubes in all cases is constant and equal to 16 mm (2d).
[image: ]
[bookmark: _Ref87345981][bookmark: _Hlk87346051]Figure 2. Schematic of the horizontally aligned LHTES and the position of hot and cold HTF tubes inside the shell.
[image: ]
[bookmark: _Ref87538001]Figure 3. Various LHTES configurations. The baseline case is T1.
[bookmark: _Ref87346366][bookmark: _Hlk87346312]Table 2. Various combinations of radial and tangential positions of HTF tubes inside the shell.
	Cases
	D (mm)
	d (mm)
	θ (°)
	C (mm)
	C/d

	T1
	40
	8
	0
	0
	0

	T2
	40
	8
	22.5
	0
	0

	T3
	40
	8
	45.0
	0
	0

	T4
	40
	8
	67.5
	0
	0

	T5
	40
	8
	90.0
	0
	0

	R1
	40
	8
	90.0
	2
	0.25

	R2
	40
	8
	90.0
	4
	0.5

	R3
	40
	8
	90.0
	6
	0.75


2.2 PCM and thermophysical properties
Dodecanoic (lauric) acid (CH3(CH2)10COOH) was selected as the PCM for the present study since it is safe, relatively inexpensive and has a melting temperature of 42.5 ± 0.5 °C, which suits the temperature range for an SDHW application [70]. Dodecanoic acid also has stable thermal properties during thermal cycling [71]. The thermophysical properties of dodecanoic acid [72] are listed in Table 3 and the thermophysical properties of copper (the material of the tube body) can be found in Table 4.
[bookmark: _Ref87360676]Table 3. Thermophysical properties of dodecanoic acid [72].
	Property
	Value/relation (T in K)*

	Specific heat capacity (J/mol.K)
	Liquid
	

	
	Solid
	

	Density (g/mol)
	Liquid
	

	
	Solid
	930

	Thermal conductivity (W/m.K)
	Liquid
	

	
	Solid
	0.15

	Viscosity (cP)
	

	Molecular mass (g/mol)	
	200.3

	Thermal expansion coefficient (1/K)
	0.000797

	Latent heat of fusion (J/kg)
	184000

	Solidus temperature (K)
	314.15

	Liquidus temperature (K)
	316.15


[bookmark: _Ref87361561]* In all equations, the unit of temperature (T) is in Kelvin.
Table 4. Thermophysical properties of copper (the material of the tube body), adopted from ANSYS Fluent database.
	Property
	Value

	Specific heat capacity (J/kg.K)
	381

	Density (kg/m3)
	8980

	Thermal conductivity (W/m.K)
	388


3. Numerical methods
The CFD model was developed based on the enthalpy-porosity formulation [73–75], including natural convection, conduction heat transfer and phase change during the charging and discharging processes. In the enthalpy-porosity method, the liquid-solid mushy zone is treated as porous where the cell porosity is equal to the liquid fraction. In the computation domain, each cell is associated with a quantity called “liquid fraction” calculated based on an enthalpy balance. The liquid fraction lies between 0 and 1, and the porosity increase from 0 to 1 as the material melts. As the material is fully solidified in a cell, the porosity and hence the velocity drop to zero.
The thermofluid behaviour of the PCM in the horizontal configurations is 2D, therefore 2D numerical approaches have been demonstrated as a rewarding capacity to model the behaviour of such systems. It is widely used by previous studies and verified against experimental data (see e.g. Ref. [53,54,76]). The main goal of the present study is to investigate the PCM behaviour in the LHTESs but not the evolution of the water/tube wall in the process. Moreover, experimental data [29,77,78] showed that the variation of the HTF during the charging and discharging process is not significant. Therefore, a 2D approach was chosen for this study to investigate the performance of PCM, and the bulk effect of the HTFs and tubes was modelled using the method developed in Appendix A.
A shell conduction approach was used to model heat conduction in copper. This approach employs an equivalent thermal resistance (based on the thermal conductivity and thickness of the copper) to model heat conduction in the solid wall.
3.1 Governing equations
Following assumptions were considered:
· The flow is 2-D, laminar, incompressible, transient and Newtonian.
· Boussinesq approximation was used for buoyant force calculations [79–82].
· The gravity acceleration of 9.81 m/s2 was applied on the negative y-axis (see Figure 2).Viscous dissipation was neglected due to small velocity gradients [14].
· Linear variation of the liquid fraction with temperature was assumed [79–82].
· The bulk HTF temperature was assumed constant in the HTF tube 
· The flow in HTF tubes is fully developed and approximated by convective boundary conditions on the tube’s walls.
· Convective boundary condition was used to account for convective heat transfer in HTF tubes 
· Shell conduction approach was used to account for conductive heat transfer in copper
The governing equations for enthalpy-porosity can be written as follows [66]:
Continuity equation:
	.
	(1)


Momentum equation:
	 ,
	[bookmark: _Ref87349438](2)


where  is the velocity field, P the pressure,  the dynamic viscosity, and  is the PCM density, while  and  are reference density and temperature, respectively. The third and fourth terms on the right-hand side of the Eq. (2) are buoyancy force (defined based on the Boussinesq approximation) and momentum sink (due to reduced porosity in the mushy zone), respectively. The term  is a constant reflecting the mushy zone morphology that describes how steeply the velocity is reduced as the material solidifies. The constant is a small number to prevent division by zero, and the liquid fraction  is defined as:
	,
	(3)


where  and  are the solidus and liquidus temperatures, respectively.
Energy equation:
	 ,
	(4)


where  the thermal conductivity and  the total volumetric enthalpy, that is the sum of sensible enthalpy,, and latent heat,:
	 ,
	(5)

	 ,
	(6)


where  is the sensible enthalpy at the reference temperature,  is the specific heat. The following parameters were used in this work [66]: , , and  K.
[bookmark: _Ref113617512]3.2 Initial and boundary conditions
It is assumed that the shell’s outer surface is well insulated; therefore, an adiabatic boundary condition was used for the outer wall of the shell. The convective heat transfer boundary condition was applied to their inner surfaces. The convective boundary condition corresponds to the forced convection heat transfer from/to the HTFs [79] and is defined as:
	
	(7)


where  is the fluid bulk temperature, and  is the convective heat transfer coefficient, which can be estimated from the method developed in “Appendix A”. The shell conduction model was used to account for the conduction heat transfer through the tube’s wall.
The cold and hot water were assumed to enter the HTF tubes at 10 °C and 58 °C, respectively [32]. As discussed in Section 2.1, the flow rate of cold and hot water was assumed to be 5.7 L/min and 2.8 L/min, respectively. The initial temperature was assumed to be 55 °C when the LHTES is initially charged (PCM is melted) and 22 °C (room temperature) when the LHTES is initially discharged (PCM is solid).
3.2 Data reduction
Three terms, released, gained and stored energy, have been widely used throughout this paper which are described here for sake of clarity. The released energy implies the released thermal energy by PCM  to the cold HTF which can be calculated from the heat transfer rate in cold HTF. The gained energy is the absorbed thermal energy by PCM from the hot HTF which can be calculated from the heat transfer rate in the hot HTF. The stored energy in the LHTES system is the difference between gained and released energy that is stored in the form of latent heat in the PCM.
The gained thermal power,  , is defined as the amount of heat delivered by hot HTF to the PCM in the LHTES unit, and the released thermal power, , is the amount of heat delivered by the PCM in the LHTES unit to the cold HTF. These can be evaluated by calculating the rate of heat transfer on the surface of the hot and cold HTF tubes from:
	
	[bookmark: _Ref112417350](8)

	
	[bookmark: _Ref112417352](9)


where  and  are the heat transfer coefficient on the internal surfaces of the hot and cold HTF tubes, respectively,  and  are the inlet temperature of hot and cold HTF, respectively, and  and  are the temperature of the inner surface of hot and cold HTF tubes, respectively. The fluid inlet temperatures are assumed to be constant; however,  and  vary with time due to changes in heat transfer rate in PCM.
In Eqs. 8 and 9, the bulk HTF temperature and (ii) the convective heat transfer coefficient are constant, while the surface temperature of the HTF tubes ( and ) varies with time. Due to the small variations in the HTF temperature [77,78], the bulk HTF temperature was approximated by the inlet temperature. Consequently, the heat transfer coefficient was calculated by the Nusselt number with the method discussed in the Appendix. The convective heat transfer coefficient remains constant since the Reynolds number of HTFs does not change during the process. The bulk HTF temperature and convective heat transfer coefficient are used as convective boundary conditions on the surface of the HTF tubes in the CFD simulations as defined by Eq. 7. During the process, the power is altered based on the surface temperature of the HTF tubes ( and ), which are calculated by CFD simulation in each individual timestep. This simplified method can accurately predict the transient heat transfer process in horizontal shell-and-tube LHTES systems, which was also validated against the data from the literature (see Figures 7 and 8) for calculating average PCM temperature and liquid fraction.  
Since a valid converged CFD simulation must maintain the energy balance, therefore, the calculated heat transfer rate Eqs. 8 and 9 should be equal to the heat transfer rate calculated by CFD simulation in this case ANSYS Fluent simulations. Table 5 compares heat transfer rate values calculated by distinctive methods for configuration R2 at 20 min in an initially melted scenario:
[bookmark: _Ref122601871]Table 5. Comparing methods for calculating the heat transfer rate
	Method
	Heat transfer rate

	
	Cold HTF tube
	Hot HTF tube

	Eqs. 8 and 9
	66.74
	61.05

	CFD-ANSYS Fluent
	66.23
	60.81

	Deviation (%)
	0.76
	0. 39


The small deviations observed in Table 5 are due to the different averaging used by each method. In Eqs. 8 and 9, the averaged surface temperature was used, while in Fluent, the heat rate was averaged over the tube’s walls.
The capacity of the LHTES in gaining and releasing energy over time  can be evaluated as [83]
	
	(10)


where  is the heat transfer rate to/from HTFs (Eq.s (12) and (13)).
3.3 Numerical procedure
ANSYS-Fluent 19 is employed for solving the set of coupled partial differential equations using the Finite Volume Method (FVM), and the Pressure Implicit with Splitting of Operator (PISO) algorithm is used for treating the pressure-velocity coupling. The discretisation of momentum and energy equations is performed by the QUICK differencing scheme, while the PRESTO! (PREssure STaggering Option) scheme is adopted for pressure correction. The majority of the previous numerical studies (see, e.g. Ref. [66,76,80,81,84]) used convergence criteria of 10-6 for all equations, while other convergence criteria such as 10-5 for momentum equations and 10-8 for the energy equation was also used [82]. In the present study, a first-order implicit time advancing method was used and a course of 100 iterations at each time step was found satisfactory to fulfil the convergence criterion of 10-6 for momentum and 10-9 for the energy equations. The simulations were performed in double precision, and all convergence criteria were checked at each time step to ensure solution convergence.
3.4 Numerical convergency 
To ensure the convergency of the simulations, the convergency of the temperature was checked during the iterative simulation process. Figure 4 illustrates the variation of the average temperature on the cold and hot HTF tubes versus numerical iterations during the numerical solution. It demonstrates that the temperature changes in each time step remain constant after some iteration, proving the convergency of the temperature during the time steps. Figure 5 shows the absolute residual of the average temperature on the cold and hot HTF tubes in a typical time step during the numerical solution. It demonstrated that, after a few iterations at the initial stages of each time step, the temperature residual converges to an infinitesimal value (a value less than 10-7) at the end of time steps. Figures 4 and 5 confirm the convergency of the numerical simulations with well-defined convergence criteria.
[image: ]
[bookmark: _Ref112320902]Figure 4. Variation of the average temperature on the cold and hot HTF tubes versus numerical iterations during the numerical solution. For brevity, only a typical section of the graph is plotted. The horizontal axis represents the iteration progress, and each step shows the time step change.  
[image: ]
[bookmark: _Ref112321236]Figure 5. Absolute residual of the average temperature on the cold and hot HTF tubes in a typical time step during the numerical solution.

3.5 Mesh generation
The computational mesh was generated in ANSYS-Meshing 19.2 with structured boundary layer mesh over the tubes and unstructured in the rest of the computational domain. Face sizing was used to control the cell size inside the shell, and inflation layers were implemented to generate the boundary layer mesh, with ten layers over the HTF tubes, which can reduce the number of required cells to reach the mesh convergency. Figure 4 shows the computational mesh and the boundary layer mesh with a smooth transition. 
[image: ]
[bookmark: _Ref87350952]Figure 6. Computational mesh with the structured boundary layer mesh over the tubes and unstructured in the rest of the domain.

4. Validation and verification of CFD method
4.1 Model validation 
[bookmark: _Hlk87373953]The CFD method was validated against the experimental study of Hosseini et al. [53] and the numerical study of Seddegh et al. [79]. Both studies have been conducted to evaluate the charging and discharging behaviour of shell-and-tube LHTES systems. Hosseini et al. [53] recorded the temperature history in PCM and the variation of PCM liquid fraction with time (under the charging and discharging processes) in a heat exchanger with a 1 m long horizontal cylinder as the shell with an inner diameter of 85 mm, and a copper tube with an inner radius of 22 mm located centrally in the cylinder filled with commercial paraffin RT50 as the PCM. The outside surface of the heat exchanger was insulated by glass wool of 60 mm thickness to prevent heat losses to the surroundings. The HTF flow rate was 1 L/min, and the HTF inlet temperature was 343 K and 293 K for charging and discharging, respectively. Seddegh et al. [79] also used the same LHTES system to perform a numerical study.
[image: ]
[bookmark: _Ref87374122]Figure 7.  Validation of the CFD method against the results of Hosseini et al. [53] and Seddegh et al. [79] for the variations of temperature and liquid fraction during discharging (solidification).
Figure 7 compares the CFD results of the present study for variation of temperature and liquid fraction during the charging (melting) process compared with the results of Hosseini et al. [53] and Seddegh et al. [79]. Figure 8 illustrates the verification of the CFD results for discharging (solidification) process. For the discharging process, excellent agreement is observed with Seddegh et al. [79] data with a Normalised Root Mean Square Error (NRMSE) of 0.01 % and good agreement with Hosseini et al. [53] with an NRMSE of 5 %. For the charging process, excellent agreement is reflected in the experimental data of Hosseini et al. [53] with an NRMSE of 2 % and 0.07 % for temperature and liquid fraction estimations, respectively.
[image: ]
[bookmark: _Ref87374124]Figure 8. Validation of the CFD method against the results of Hosseini et al. [53] and Seddegh et al. [79] for the variations of temperature and liquid fraction during charging (melting).
4.2 Mesh and timestep dependency study
A mesh convergence study was conducted to ensure the numerical simulation is independent of the mesh resolution. This procedure started with a computational mesh with 3000 cells and continued by increasing the number of cells to 20000. 
[image: ]
[bookmark: _Ref87355466]Figure 9. Mesh convergency study for Case T3, initially charged, with different computational cells.
Configuration T3 (listed in Table 2), with the initially charged condition, was selected for mesh convergency study, and six computational meshes with various cells were studied. The variation of gained thermal power ( with time was recorded for each computational mesh, as shown in Figure 9. A computational mesh with 15000 cells seems to be sufficient for the present study since a further increase in the cells leads to marginal changes in the gained energy.
Since PCM’s charging and discharging process is a time-dependent process, the timestep size can influence the calculated results. In order to test whether the CFD code is independent of the timestep size, a timestep dependency study for timestep sizes of 0.1, 0.08, and 0.05 s was performed. Figure 10 shows that the sensitivity of results to the variation of the tested timesteps is negligible, and a timestep size of 0.05 s was used for the present study.
[image: ]
[bookmark: _Ref87356486]Figure 10. Timestep convergence study for Case T3, initially melted.
5. Results and discussion
[bookmark: _Hlk87447750]A range of CFD simulations was performed to investigate the SCD response of eight horizontal LHTES systems with various configurations shown in Figure 3. It was assumed that cold water enters the cold HTF tube at a temperature of 10 °C and a flow rate of 5.7 L/min  to discharge the system, and at the same time, hot water – e.g., from a solar collector – enters the hot HTF tube at a temperature of 58 °C and a flowrate of 2.8 L/min to charge the system. These conditions meet the operation parameters of a typical LHTES system for SDHW applications [29,32]. The SCD response of these LHTES systems was evaluated for a duration of 30 min in two scenarios: (i) LHTES is initially discharged (PCM is solid at room temperature 22 °C), and (ii) LHTES is initially charged (PCM is melted at 55 °C).
The SDC operation of LHTES systems can be an unstable process due to the complexity and nonlinearity of the process, including simultaneous melting, solidification, natural convection, and conduction heat transfer. Figure 11(a) shows that, at the beginning of the process, the natural convection is extremely weak (t = 5 min) and the dominant heat transfer mechnisim is conduction. As the process continues, small recirculation regions are formed (t = 10 min) and the natural convection begins to influence the heat transfer. With further melting, the liquid region becomes larger and the recirculation regions become stronger due to the increased velocity of the molten PCM (t = 15, 20, and 25 min). By further extension of the molten region (t = 30 min), the recirculation regions merge and construct larger recirculation that enhances the natural convection process. Variations in the dynamics of the recirculation and hence heat transfer leads to changes in the temperature distribution during the operation, as indicated in Figure 11(b). The temperature variations in the molten PCM can result in regional solidification in the PCM that will be investigated in the following sections (See Figure 19). Since the heat transfer to/from HTF tubes can vary significantly during the process, the temperature on the HTF tubes alters during the SCD process. As numerical simulation concerns, the constant temperature boundary conditions cannot properly model the heat transfer variations on the HTF tubes, and more realistic boundary conditions are required. Therefore, the convective boundary condition, explained in section 3.2 and Appendix A, was used in the present study, allowing the temperature of the HTF tubes to vary during the simulation. 
[image: ]
[bookmark: _Ref113617747]Figure 11. (a) Velocity contours and vectors; and (b) Temperatures contours for different instances during SCD operation. For brevity, only configuration T4 (for the initially discharged process) is considered. 
The thermal power is sensitive to the temperature of the surfaces of the HTF tubes and small variation in the temperature leads to changes in the thermal power (See Eq.s (8) and (9)). Therefore, depending on the heat transfer, operation condition and design of the system, small or large fluctuations can be appeared in the thermal power, especially in SCD mode. These fluctuations can be observed in Figure 12 (for initially discharged) and Figure 16 (for initially charged). This is also observed in the earlier experimental studies (see, e.g. Ref.s [24,29,30]). Since the hot and cold HTF tube is surrounded by the liquid and solid PCM, respectively, the influence of the natural convection is more prominent on the hot HTF tube than that on the cold HTF tube. Therefore, the fluctuations appeared in the  graphs are more than that of the  graphs. For the same reason, the fluctuations are stronger when in an initially charged LHTES (see Figure 16 (a)). Further discussion will be provided later in this paper.
5.1 LHTES initially discharged
The SCD operation of an initially discharged LHTES system is challenging since it has low stored energy to supply and the low thermal conductivity of PCM between the HTF tubes hinders the direct conduction heat transfer between tubes. 
Figure 12 illustrates the variations of the gained/released thermal power with operation time for initially discharged LHTES systems. For an initially discharged LHTES in SCD mode, the heat transfer from HTF initially occurs in the form of sensible heat to the PCM around each HTF tube. Therefore, in the initial stage, a constant decrease in the thermal power release/storage can be observed due to the reduction of PCM sensible heat transfer over time, as shown in Figure 12. As the process proceeds, the temperature of the solid PCM around the cold HTF tube reduces, and at the same time, the temperature of the solid PCM around the hot HTF tube increases until the PCM temperature in those regions reaches the melting temperature; after which further heat transfer from hot HTF to the PCM takes place in the form of latent heat by melting the solid PCM through natural convection-dominant heat transfer [56,66], and the energy is released into the cold HTF by heat conduction through solid PCM [66]. More heat is transferred in a convection-dominant than the conduction-dominant phase change process [80]; therefore, by comparing Figures 12(a) and (b), it can be seen that amount of gained power is more than the released power as the SDC process starts with initially solid PCM. 
A typical SDC process is initially an energy store process and the LHTES unit undergoes a temperature increase process during the initial stage until it eventually becomes stable [32]. Figures 12 shows that, in the stable condition, no noticeable change in the gained energy occurs, while the released power requires more time to reach a stable condition. The configurations of the HTF tubes inside the shell can alter the impact of natural convection heat transfer in the molten PCM and influence the performance of the LHTES system. Since the conduction heat transfer governs the energy transfer at the initial stage, all configurations have similar performance for about 2 min, as shown in Figure 12, after which each system starts to behave differently due to the emergence of natural convection and phase-change process in the liquid PCM that is influenced by the configuration.
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[bookmark: _Ref87450416]Figure 12. Variation of: (a) gained thermal power (, and (b) released thermal power ( with time for initially discharged LHTES systems.
Figure 12 (a) shows that the impact of the tangential position of the HTF tubes on the gained power is greater than that of the radial position. For example, as shown in the inset of Figure 12 (time between 22 to 24 min), the gained thermal power can change from approximately 58 W for the baseline configuration (T1) to roughly 75 W for configuration T3, which corresponds to a notable increase of about 32 %. However, further increases in the tangential displacement lead to a reduction of the gained thermal power to approximately 67 W and 65 W for T4 and T5, respectively. 
Figure 12 (b) shows that the impact of the tangential position on the released thermal power is greater than that of radial displacement. Increasing the radial distance (C in Figure 2) from configurations R1 to R2 slightly enhances the released thermal power, but further increases to that of configuration R3 reduces the released thermal power. Similar findings were reported by Zheng et al. [65] and  Kadivar et al. [66] that increasing the radial displacement of the HTF tubes towards the bottom of the shell can increase the thermal efficiency up to a certain level, after which further increase in radial displacement reduces the thermal efficiency.  
[bookmark: _Hlk113629464]Figure 13 shows the variations of the gained and released energy with time. The gained energy is the cumulative energy supplied by the solar absorber to the LHTES system from the beginning of the operation till a certain instance. The released energy is the cumulative energy released by the LHTES system (stored in a hot water tank, see Figure 1) from the beginning of the operation till a certain instance. Figure 13 demonstrates that the graphs do not reach an asymptotic value for the duration of the SCD operation (for all configurations), meaning that the LHTES system has more capacity to be operated for a longer time under SCD mode. The performance of all configurations in gained energy is similar (Figure 13 (a)), with slightly better performance for T4 and R3. However, there is a noticeable difference between the released energy among the configurations. Figure 13 (b) shows that, since the beginning of the operation, the released energy of all configurations equally increases to about 6 kJ after 8 minutes of the operation; after which the released energy of each configuration increases with different slop. Configuration, T1 has the lowest rate of increasing the released energy with time, while configurations R1 and R2 have the highest rate of released energy. 
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[bookmark: _Ref112431328]Figure 13. Variation of: (a) gained energy, and (b) released energy with time for initially discharged LHTES systems.
To perform a quantitative evaluation of different LHTES configurations, the total energy is calculated and shown in Figure 14. The total released energy enhances from 22.23 kJ for T1 up to 23.68, 34.16, 40.86, and 43.97 kJ/kg for T2 to T5, respectively, showing a monotonical enhancement up to 97.74 % with increasing the tangential position from T1 to T5. Increasing the tangential position (θ) moves the cold HTF tube above the hot HTF tube leading to the improved interaction between the convective region (in liquid PCM) and conductive region (solid PCM). This leads to the reduction of the solid PCM between the cold HTF tube and the liquid PCM, as illustrated in Figure 15. Since the solid PCM is a poorly conductive material due to its low thermal conductivity, the reduction of its thickness improved the heat conduction from the convective region (liquid PCM) to the cold HTF tube.
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[bookmark: _Ref87450427]Figure 14. Total released/gained energy of different LHTES configurations for 30-min operation under SDC mode when the unit is initially discharged.
The total gained energy is less sensitive to the changes in tangential position, leading to a maximum 13.80 % improvement in the total gained energy for configuration T4. Increasing the tangential position improved the total gained energy from 111.33 kJ for configuration T1 up to 113.04, 118.30, and 126.70 kJ for configurations T2 to T4, respectively; however, a further increase in tangential position to configuration T5 reduced the total gained energy down to 115.90 kJ. As mentioned, increasing the tangential position (θ) enhances the heat transfer; however, at θ = 90˚ (configuration T5), the cold HTF tube is exactly positioned above the hot HTF tube (see Figure 15) and diminishes the growth of the liquid region, leading to heat transfer reduction. 
Figure 14 shows that the total released energy is less sensitive to the changes in the radial position. An increase in the radial position from T5 to R1 increases the total release energy from 43.97 to 45.12 kJ, while a further increase in radial position to that of R2 does not affect the total released energy, although more increase to R3 reduced the total release energy to 42.68 kJ. Increasing the radial position monotonically enhances the total gained energy from 115.90 kJ for T5 to 117.57, 120.17, and 124.10 kJ for R1 to R3, respectively. This is due to growth in the liquid region, hence enhanced natural convection (see Figure 15).
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[bookmark: _Ref87455440]Figure 15. Impact of tangential displacement of the HTF tubes on the development of PCM liquid fraction for initially discharged LHTES systems; red: melted PCM, blue: sold PCM.
To achieve a better understating of the behaviour of the different LHTES configurations, the dynamic of the molten PCM is investigated in Figure 15. This figure shows the impact of the configurations of the HTF tubes on the liquid fraction development in an initially discharged LHTES under SDC mode. The red colour shows the liquid PCM, and the blue represents the solid PCM. During the SDC mode, when the PCM reaches its melting temperature, the cold HTF exchanges heat with the solid PCM around it, and the hot HTF transfers heat to the liquid PCM formed around its tube. The formation of the buoyancy-driven flow in the melted PCM enhances the phase-change heat transfer [56,66]. The heat transfer and thermal efficiency are significantly influenced by the interaction between the solid PCM and buoyancy-driven flow in liquid PCM. The more interaction between the liquid and solid PCM, the higher released and gained energy. For configuration T1, the least possible interaction occurs compared to other configurations. Increasing the tangential position causes the cold HTF tube to be placed above the hot HTF tube (through the buoyancy-driven region in melted PCM), leading to enhanced heat transfer between the hot and cold regions. 
5.2 Initially charged
The SCD operation of an initially charged LHTES system is less challenging since the stored energy can fully supply the energy demand, and the natural convection in the molten PCM enhances the direct heat transfer between HTF tubes. Figure 16 (a) and (b) illustrate the variations of the gained and released thermal power with time, respectively, for initially charged LHTES systems for SDC mode operation. As mentioned in the previous section, the energy storage/release is initially associated with sensible heat changes, i.e., by reducing the temperature of the PCM to the melt temperature, after which the phase change process in the form of latent heat governs the energy gained/release in a stable condition. Compared to the previous (initially discharged) case, here in the initially charged cases, a similar gained thermal power is observed, while the released energy roughly doubles during SDC. Figure 16 shows that the gained and released thermal power are in the same order, meaning that for longer operations, the process can be dominated by the direct heat transfer between the hot and cold HTFs, confirming the findings of Fang et al. [30].
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[bookmark: _Ref87450429]Figure 16. Variation of: (a) gained thermal power (, and (b) released thermal power ( with time for initially charged LHTES systems.
The tangential position can influence the gained thermal power in LHTES under SDC mode, as shown in Figure 16 (a). Among all configurations, T1 has the lowest gained thermal power during the SDC process. Increasing the tangential position from that T1 to T4 enhances the performance of energy storage, after which a further increase from configuration T4 to T5 leads to a reduction in the gained thermal power. Increasing the tangential displacement seems to enhance the stability of the gained thermal power, with T3 having the most stable energy storage process. 
The radial displacement of the HTF tubes can also influence the gained thermal power, as shown in Figure 16 (a). Increasing the radial displacement from 2 to 4 mm (that of R1 to R2) enhances gained thermal power for the majority of the operation time, while further increase to 8 mm (configuration R3) significantly reduces the gained thermal power. These findings are in line with those of Zheng et al. [65] and  Kadivar et al. [66] that increasing the radial displacement can be effective up to a certain level, beyond that further increase in radial displacement reduce the thermal efficiency. However, it is evidenced that increasing the radial displacement seems to enhance the stability of the energy transfer.
Figure 16 (b) shows the effect of the radial and tangential positions of HTF tubes on the realised thermal power for initially charged LHTES units. All configurations provide a stable energy supply during SDC mode, and the released thermal power is less sensitive to changes in radial and tangential positions. Increasing the tangential position from configuration T1 to T2 increases the gained thermal power; however, a further increase from configuration T2 to T5 led to decreases in the released thermal power. The effect of radial displacement on released energy is more significant than that of tangential, as shown in Figure 16 (b). Increasing the radial displacement from 2 to 4 mm (from configuration R1 to R2) marginally reduces the released thermal power, and further increase to 8 mm (configuration R3) significantly reduces the energy supply. The configuration R3 supplies the lowest thermal power compared to the other configuration, and the configuration T2 provides the highest. 
Figure 17 shows that the gained and released energy with time do not reach an asymptotic value for the duration of the SCD operation (for all configurations), meaning that the LHTES system has more capacity to be operated for a longer time under SCD mode. Figure 17 (a) shows that the released energy of each configuration linearly increases with different rates for each configuration. Configuration, T1 has the lowest rate of increasing the released energy with time, while configurations R1 has the highest rate of released energy. However, the performance of all configurations in released energy is similar, except for configurations T2 and R3, which have higher and lower rates, respectively.
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[bookmark: _Ref112433301]Figure 17. Variation of: (a) gained energy, and (b) released energy with time for initially charged LHTES systems.
Figure 18 shows the total released/gained energy of different LHTES configurations for 30 min of operation under SDC mode when the unit is initially charged. For all configurations, the total released energy is more than that of gained energy. The SDC operation of the initially charged LHTES system is less sensitive to the variations of the HTF tubes inside the shell. The reason is that the initially charged LHTES is filled with liquid PCM, hence good natural heat transfer exists in the system. Increasing the tangential position of the HTF tubes from θ = 0 ° to θ = 22.5 ° leads to an improvement in the total released energy from 137.35 kJ up to 145.11 kJ (5.65 % improvement) and total gained energy from 90.744 kJ up to 107.10 kJ (18 % improvement). The reason for this enhancement is the improved interaction between the hot and cold region that leads to the reduction of the solid PCM region around the cold HTF tube (see Figure 19), hence the growth of the liquid region (enhanced convection) and reduced thermal resistance by solid (improved conduction). A further increase in θ = 45 ° caused about a 2 % reduction in total released energy to a value of 141.81 kJ, although no significant change in the total gained energy. More increase in θ does not lead to noticeable changes in the total gained/released energies since the liquid region is already developed and the solid region reduced sufficiently, therefore, there is no further capacity in the system for heat transfer improvement. 
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[bookmark: _Ref87450432]Figure 18. Total released/gained energy of different LHTES configurations for 30-min operation under SDC mode when the unit is initially charged.
Figure 18 shows that increasing the radial displacement enhances the total gained energy from 105.05 kJ (for T5) to 111.38 kJ for R1, due to enhanced convection. Further increase in the radial displacement reduces the total gained energy to 107.08 kJ for R2 and 95.65 KkJ for R3. Increasing the radial displacement does not affect the total released energy, except for R3 where the total realised energy reduces by 5.54 % to a value of 131.59 kJ, which is due to the increased solid region around the cold HTF tube (See Figure 19).
Figure 19 shows the impact of tangential displacement of the HTF tubes on the development of PCM liquid fraction for initially charged LHTES systems. In the majority of configurations (T1, T2, T4 and R1-R3) floating mushy regions (regions where the solid and liquid are mixed) form in the liquid PCM below the hot HTF. In the mushy region, the temperature locally varies between the solidus and liquidus temperatures, thus the liquid fraction varies between 0 and 1. The floating mushy regions can be formed due to unstable heat transfer that causes temperature variations in the liquid PCM. The region is the variation of the temperature distribution in the liquid PCM due to unstable heat transfer discussed at the beginning of this section. The Mushy region is also highly unstable, creating unstable heat transfer from hot HTF to PCM, exacerbating the fluctuations in the gained energy observed in Figure 15 (a). Modification of the HTF tube positions alters the natural convection in the liquid PCM and limits the formation of separated mushy, hence enhancing the heat transfer stability. 
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[bookmark: _Ref87529029]Figure 19. Impact of tangential displacement of the HTF tubes on the development of PCM liquid fraction for initially charged LHTES systems; red: melted PCM, blue: sold PCM.
Due to the solidification in the energy release process, solid PCM forms around the cold HTF tube, acting as a barrier against heat transfer due to the low thermal conductivity of the PCM; reducing the released energy to a certain extent lower than that of storage. Figure 19 shows that increasing the radial position from configuration reduces the size of the solid PCM formed around the cold HTF tube, leading to increased heat transfer and enhanced performance of LHTES under SDC mode. The smallest solid PCM region is observed in R1 and R2.
5.3 Optimised design and application 
When the SCD model of an LHTES system begins at a completely discharged unit, due to existing solid PCM in the LHTES, the rate of the released energy is very low, yet its gained energy is high (more than two times, see Figure 12). Therefore, in this condition, it is expected that the system follows two chief characteristics: (i) fast response to the demand, (ii) enhanced released energy. Considering Figures 12 and 14, it seems that, among all configurations, the LHTES with the configuration R2 outperform the others in fulfilling these two characteristics. Configuration R2 can provide a thermal power of more than 15 W after approximately 7 min from the start of the SCD operation and supply thermal powers of over 20 W (for 73 % of the time) and over 30 W (for 50 % of the time), during a 30-min SCD operation (see Figures 12). Compared to the configuration T1 (with the lowest performance), the total released energy of R2 is enhanced by 105.47 % (see Figure 12). The performance of R1 is very close to that of R2 with almost a similar response to the demand and a 103.02 % enhancement in total released energy.
On the other hand, as mentioned earlier, the SCD operation of an initially charged LHTES system is less critical than the initially discharged one. It was observed that the performance of the LHTES in both initially charged and discharged conditions gain a similar amount of energy from hot water. However, the released energy in the initially discharged LHTES systems is substantially less than in initially charged LHTES systems. Therefore, the selection of LHTES systems with enhanced performance in the initially discharged condition is the priority. Configurations R1 and R2 showed promising performance in initially discharged LHTES. These configurations also have good performance in the initially charged system with a better gained energy for R1. Therefore, among all configurations, R1 seems to have the best overall performance at both initially charged and discharged LHTES systems.
The double tube heat exchanger used in this study for SCD operation has some clear advantages over single tube managed with automatic switches one that only can contribute to consecutive charging and discharging. The followings list the pros and cons of these two designs
·  Imagine, the highest solar irradiation is available whilst a demand for hot water is required, e.g. showering at noon of a sunny day. In the case of using a single-pipe LHTES with automatic switch, the demand of hot water activates the discharging mode which consequently depriving the system from utilizing the available high level of solar irradiation. To overcome this shortcoming in single-pipe LHTES applications, one of  the practical step is to consider two separate outlet branches from the solar panel, one for the LHTES system and the other for the end-user; however, this idea will add more complexity to the system, design and consequently capital cost. 
·  Single-pipe LHTES with automatic switch systems are more complex and expensive due to demand of control switches and its associated costs.  In addition, those switch systems are regularly electrical with limited lifetime span which prone the system to some technical maintenance issues. However, a double-pipe LHTES is simpler system, more durable as only mechanical devices (shell and tube) included in design and last but not the least more budget friendly as all the installation and maintenance procedure as only require a plumber technician.
· The present study showed that the design of double-pipe LHTESs can be optimised to suit both fast charging and discharging processes. However, Kadivar et al. [66] demonstrated that there is no single optimum design for both fast charging and discharging in single-pipe LHTESs.
· One of the drawbacks of the SCD is that some space in the shell is occupied with an extra tube, reducing the volume of the PCM in the shell. However, in the case of only charging/ discharging operation mode, both tubes can be served for the operation (only charging or discharging) which can enhance the heat transfer rate and increase the rate of heat transfer. Previous studies [85-86] have shown the advantage of multi-tube LHTESs in enhancing performance. 
6. Conclusions
The numerical results demonstrated that, at the beginning of the operation, heat transfer from the HTF was initially associated with changes to the sensible heat of the PCM and a stable change of released/gained energy was observed due to the temperature change. As the process proceeded, the PCM temperature approached its melting temperature and the energy transfer from hot HTF to the PCM took place in the form of latent heat.
The SCD operation mode does not suit configurations T1 (horizontally oriented HTF tubes) and T2 (no radial displacement and tangential displacement of 22.5 °), when these configurations are initially discharged. This mode of operation is challenging to the energy demand since the LHTES is discharged, and among all configurations, R1 and R2 had satisfactory performances. Compared to the configuration T1 (with the lowest performance), the total released energy of R2 is enhanced by 105.47 %. The performance of R1 is very close to that of R2 with almost a similar response to the demand and a 103.02 % enhancement in total released energy.
When the LHTES was initially charged, unlike in the initially discharged case, the gained and released thermal powers were similar, showing that, over the prolonged operation, the process can be dominated by direct (undesirable) heat transfer between the hot and cold HTFs. The SCD operation mode suits shell-and-tube LHTES systems when these are initially charged since the amount of energy released and storage are noticeable. The configuration R1 also excelled in this case with a high amount of released and gained energy, with a 22.74 % enhancement in the gained energy and about a 2 % improvement in the released energy. 
In general, the impact of the tangential position of the HTF tubes on the performance of LHTES systems operated in SCD mode is more significant than that of the radial position. The selection of the most suitable configuration depends on the application, and in an SDHW application in the SCD mode, the released energy is of importance. Therefore, considering both scenarios (LHTES initially discharged/charged), the performance of configuration R1 (¼ tube diameter and 90 ° displacement in the radial and tangential positions) demonstrated the best performance compared to the configurations studied in this work.
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Appendix A
The heat transfer in HTFs can be modelled by using convective boundary conditions by estimating the bulk temperature and convective heat transfer coefficient using empirical correlations [79,80]. Experimental data [77,78] showed that the variation of the HTF during the charging and discharging process is not significant. Therefore, the bulk temperature of the fluid can be approximated by the HTF inlet temperature. The thermophysical properties of water (HTF) can be estimated using Table 5 and the known bulk temperature of the fluid.
[bookmark: _Ref112255940]Table 5. Thermophysical properties of water (HTF) [87] and copper (HTF’s tube material).
	Property
	Value/relation (T in Kelvin)

	Specific heat capacity (J/kg.K)
	

	Density (kg/m3)
	

	Themal conductivity (W/m.K)
	

	Viscosity (Pa.s)
	


The convective heat transfer coefficient ( can be calculated by the Nusselt number ( as
	
	(A1)


where  is the tube's inner diameter and  is the fluid thermal conductivity.
In a fully developed laminar flow, the Nusselt number is constant. However, since the length of a typical HTF tube is short, the fluid is developing and the Nusselt number can be estimated by Churchill and Ozoe’s correlation [88], expressed as
	
	(A1)



where  is the Graetz number and  is the Prandtl number, expressed as
	
	(A2)

	
	(A3)


Where the Reynolds number  is calculated by
	
	(A4)


with  being the mass flowrate of HTF.
For transitional and turbulent flows, the Nuselt number can be calculated from the Gnielinski correlation [89]:
	
	(A5)


The friction factor  is calculated from:
	
	[bookmark: _GoBack](A6)
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