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Abstract: This paper reports the performance investigation of a newly developed Latent Heat Thermal Battery (LHTB) integrated with a solar collector as the main source of heat. The LHTB is a new solution in the field of thermal storage and developed based on the battery concept in terms of recharge ability, portability and usability as a standalone device. It is fabricated based on the thermal battery storage concept and consists of a plate-fin and tube heat exchanger located inside the battery casing and paraffin wax which is used as a latent heat storage material. Solar thermal energy is absorbed by solar collector and transferred to the LHTB using water as Heat Transfer Fluid (HTF). Charging experiments have been conducted with a HTF at three different temperatures of 68°C, 88°C and 108°C and three different flow rates of 30, 60 and 120 l/h. It is followed by discharging experiments on fully charged LHTB at three different temperatures of 68°C, 88°C and 108°C using HTF at three different flow rates of 30, 60 and 120 l/h. It is found that both higher HTF inlet temperature and flow rate have a positive impact on stored thermal energy. However, charging efficiency was decreased by increasing the HTF flow rate. The highest charging efficiency of 29% was achieved using HTF of 108°C at a flow rate of 30 l/h. Most of paraffin melted in this case, while part of the paraffin remained solid in other experiments. On the other hand, the results from discharging experiments revealed that both recovered thermal energy and recovery efficiency increased by either increasing the LHTB temperature or HTF flow rate. Highest recovered thermal energy of 5,825 KJ at 35% recovery efficiency achieved at LHTB of 108°C using 120 l/h of HTF.
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1  Introduction

Nowadays, limitation of energy resources, uneven distribution of energy resources across the globe and global energy demands are the biggest barriers against the current technology development. Energy conversion and storage are of great importance in most of the technologies [1–5]. A solar water heater is one of the main solar thermal applications, which plays significant role in the solar energy development across the globe. One of the most common solar water heater technique in building sector is evacuated tube solar collector with the predominant global share of 70% with the capability of 340 Giga Watt thermal energy production in 2018 [6–10]. Beside heat collection, the heat storage, timewise extraction and usage of the heat are some of the main issues in solar thermal energy applications. As solar radiation is only available during day time and clear sky, the continuation of solar thermal usage is challenging factor for consideration. Sensible heat storage material has low heat storage capability and continuous heat release over a broad range of temperature range. The latent heat storage technique is a more sustainable and feasible solution than sensible heat storage due to the ability of storing larger amounts of heat for a longer time. Therefore, latent heat storage materials, also known as Phase Change Materials (PCMs), form an alternative solution for thermal energy storage [11–16].

Several researches have been done to integrate the PCMs with the solar collector systems which the focus was more on integrating the PCM with the water storage tank [17–28]. Recently, Naghavi et al. [29] investigated the performance of a new thermal battery as part of an evacuated tube solar collector. In this design, the solar collector tank transformed to the thermal battery by designing a new fins attached to the condenser end and filing the collector compartment with PCM. It was confirmed that this design is able to provide hot water for residential building in tropical climate. They also developed a respective theoretical model [30] which confirmed that this design works properly as a complementary part of evacuated solar collector to produce hot water at times with weak solar radiation. It also showed that the performance of this design is less sensitive to the draw off water flow rate compare to a conventional system.

Even though other researchers were worked on the thermal energy storage, very few researchers were reported about the standalone portable latent heat battery which is designed to integrate with solar collector as a main source of heat. By considering all above-mentioned gaps, the author innovated the state-of-the-art Latent Heat Thermal Battery (LHTB) as a novel solution in thermal energy storage field. There are highlighted advantages of this innovation compare to the other existing lab scale models or actual scale equipment. This simple design can revolutionize the application of a standalone portable thermal battery in residential and industrial sectors. This can be installed anywhere for the charging and discharging purpose or even charge it in one place, then move it to the other place for extracting the stored heat. This device can be connected to a solar collector such as experimental set-up in this study for domestic application, or adopting the design for using industrial heat waste for different range of end users. Design simplicity makes it favorable for adoption with any source of thermal energy for a wide range of applications.

In general, term “thermal battery” is used in literature for any equipment which is able to store thermal energy and release it with delay. Thermal battery concept in solar thermal system is used to improve the thermal storage capability of solar collector and extending hot water supply duration to the night time. In a simple word, storing more amount of thermal energy for a longer time. Obviously, in most of the cases, PCM used as a supplemental part of the solar system in order to improve the system functionality, such as using PCM in flat plate solar collector [31–33], evacuated tube solar collector [34], or water tank [35,36]. In one of the most recent works in this field, PCM was applied in tankless domestic solar water heater in real working condition. Naghavi et al. [11,29] designed and experimentally tested a solar collector thermal battery. In this design, an array of evacuated tube heat pipe solar collectors connected to a manifold filled with PCM. The condenser side of the heat pipe located inside the latent heat manifold which is filled with PCM. The heat pipe condenser-end and the water pipe inside the manifold occupied with fins to improve the heat transfer function. The results from the experimental test in various conditions revealed that this solar collector thermal battery is able to provide the demanded hot water for household in a tropical climate region. The main objective of this study was to design a compact solar water heater with the ability of extending the hot water availability to the time when the solar energy is not available. Theoretical model analysis of the same work [30] shows that the thermal performance of this new design is higher than the similar system without latent heat storage. This is one of the great works in this field which resulted to the innovation of a new type of solar collector. However, as explained, this is a solar collector topic with the extendable thermal battery function.

In this study, the main objective is to design a “thermal battery” as a standalone equipment which can function independently using different source of thermal energy such as solar energy and industry heat waste. One of the highlighted capability of the proposed design is the ability of charging the battery at one place and using the stored heat at different place during discharging function. Unlike the existing works which focus on improving the performance or functionality of the existing devices such as solar collector, the present study focuses on real “thermal battery” device. The modern life is changing very fast and it is predictable to have a demand of thermal battery device in the market as a mobile hot water producer. Electric power bank is a great example which the application turns from an unnecessary device to the essential part of our modern life within a decade. LHTB is highly recommended for remote and rural area as well, specifically where the installation of individual solar collector is not financially possible. Therefore, installation of central solar collector bank with the capability of thermal battery connection for charging process is a brilliant application. The charged LHTB can be collected by individuals and used to produce hot water in their house or work place. This device can also be adopted for using other source of thermal energy such as industrial or residential heat waste. These are the main difference between this study and the other works in the field of thermal battery.

2  LHTB Design Description

The conceptual design of the LHTB is shown in Fig. 1. It consists of a battery casing which is equipped with a heat exchanger and filled with PCM as a latent heat thermal storage material. The heat exchanger is connected to the HTF stream and feed with water from the solar collector. The heat exchanger is sank in the PCM play a role of heat transfer intermediate device between the HTF and PCM. Heat is transferred from the HTF to the PCM and stored in form of latent heat. In a reverse process, the water from the storage tank is heated up by LHTB and supplied to the end user. This device is designed specifically for residential building for human use.
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Figure 1: LHTB conceptual design

Experiment design principle is based on three main steps, heat collection from a heat source, heat storage in a thermal battery and heat release to the final user once it is needed. One of the objectives of this study is to integrate the LHTB with solar collector as a main source of heat. The heat should be enough to melt down the PCM and create a potential latent heat storage as a result of PCM phase conversion. Therefore, selection of the solar collector is the first step to design the LHTB.

2.1 Solar Collector Selection

It is very important to determine the heat source in order to calculate the LHTB capacity. Many studies have been done in the field of solar collector types and their performances [37–40]. An Evacuated Tube Solar Collector (ETC) (Thermo Renewable SDN BHD) consisting of 20 tubes was selected. Specifications of the ETC are given in Table 1.
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2.2 Desirable Thermal Storage Material (PCM)

Melting point is the first criterion in the selection of a suitable PCM as it must match the operating range of the application. Other considerations are a high heat of fusion and a good thermal conductivity as they allow a large amount of heat to be stored and released without large temperature gradients. Low volume change during phase change, reversible melting and solidification behavior, long term reliability during repetitive cycling, low vapor pressure, nontoxic and low cost are also desirable. Based on the literature and taking all above considerations into account, the most suitable PCM for a final consumer temperature of 39°C is paraffin wax with a melting temperature of around 60°C. Paraffin is a white, odorless, tasteless and waxy organic material. Table 2 shows the thermophysical properties of the selected paraffin. The selected paraffin melting range is between 55°C and 64°C as confirmed by DSC (Differential Scanning Calorimeter) test. The other important factor for designing the LHTB is the thermal expansion of PCM within the temperature range of experiments. DSC and thermal expansion coefficient of paraffin is stipulated in Fig. 2.
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Figure 2: DSC and expansion coefficient of the paraffin wax

2.3 Casing Design

The LHTB casing is designed for outdoor application and must hold the weight of paraffin and heat exchanger. Prevention of paraffin leakage as well as accommodation of thermal expansion were taken into account. Based on meteorological data taken at Kuala Lumpur International Airport, the average solar radiation in Malaysia is about 4.5 kWh/day per square meter. Based on the literature, solar collector manufacturer data, solar collector surface, average ambient temperature of 30°C, and paraffin temperature of 64°C in fully liquefied form, the required amount of paraffin was 46 kg. As a result, the LHTB casing design is based on a volume of 0.0719 m3, as shown in Fig. 3.
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Figure 3: LHTB casing design

2.4 Heat Exchanger Design

The LHTB heat exchanger design and performance depend on heat exchanger type, number of tubes and passes, fin specification and the material of construction. Compact heat exchangers have a large heat transfer surface area per unit volume of the heat exchanger. As the fluid outside the tube is in static condition, fins are necessary for heat transfer from hot to cold medium and vice versa. Therefore, the model is designed based on the tube-fin heat exchanger having continuous fins made from aluminum which is also called plate-fin and tube heat exchanger. Design specifications and LHTB 3D model are shown in Fig. 4.
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Figure 4: Heat exchanger design & LHTB 3D model

3  Experimental Investigation

3.1 LHTB Fabrication & Experimental Set-up

LHTB prototype is fabricated and shown in Fig. 5. Fifteen thermocouples inside the LHTB are arranged in three layers parallel to the heat exchanger surface record the PCM temperature profile during experiments. Thermocouples are placed in the connecting pipes to measure the HTF temperature in each section. The experimental set-up is built at the rooftop of the Faculty of Engineering in the University of Malaya at a latitude and longitude of 3.1° N and 101.4° E, respectively. The tests are conducted on sunny days.
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Figure 5: Photos of fabricated LHTB and position of thermocouples

The schematic diagram of the experimental set-up is presented in Fig. 6. It consists of solar collector to absorb hot from the sun, LHTB as the thermal battery, tank to store the HTF, magnetic pump to flow the HTF and needle valve to adjust the flow as the main components. The set-up is equipped with instruments for data operating parameters measurement and recording included data logger GL820 made by Graphtec, digital flowmeter S030 manufactured by Burkert and T type thermocouples with measurement accuracy of ±0.1% of reading ±0.5◦C, ±0.2%, and ±0.5◦C/0.4% whichever is greater, respectively. The LHTB was insulated using 50 mm rock-wool on all sides as well as covered with aluminum plate to minimize the heat loss. Connecting pipes were insulated using 10 mm prefabricated thermal insulation.
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Figure 6: Schematic diagram of LHTB experimental set-up

3.2 Experimental Procedure

The experiment tests are carried out in charging and discharging modes. During charging mode, the HTF is pumped from the storage tank and pass through the solar collector. The heat is absorbed by the solar collector and transferred to the LHTB using the HTF. The HTF pipe which bypasses the solar collector is used to adjust the HTF temperature entering the LHTB. At this time, the heat transfers from HTF to the paraffin via the heat exchanger, the solid paraffin melts down and the heat stores in forms of latent and sensible heat in the paraffin. The outlet water becomes colder as a result of transferring heat to the paraffin. This process continuous for a course of four hours. Discharging tests are carried out using water as a HTF at ambient temperature and pump it directly to the LHTB. During the tests, the outlet water gets warm as a result of heat transfer from the liquid paraffin and the liquid paraffin becomes colder which finally transforms to the solid phase. The experiment stops once the water output temperature reaches the design temperature of 39°C.

3.3 LHTB Efficiency Calculation

The LHTB charging efficiency, ηc, is defined as the total thermal energy absorbed by the LHTB at the end of each charging test divided by the total thermal energy entering the LHTB during the test as below:

ηc=qaqi%(1)

where qa is the total absorbed thermal energy and qi is the total thermal energy input during the experiment. qa can be calculated using the following equations and it is integrated over the duration of the experiment:

qa=qHTFin−qHTFout(2)

qHTF=m.Cp.ΔT(3)

where q is the sensible heat [kJ], m is the mass of substance [kg], Cp is the specific heat [kJ/kg.°C], and ΔT is the change in temperature [°C]. The LHTB recovery efficiency, ηc is calculated for discharging modes based on the following formula:

ηr=qrqe%(4)

where the qr is the total recovered thermal energy from the LHTB and it is calculated using recorded data and qe is the maximum extractable thermal energy at the same testing condition.

3.4 Uncertainty Analysis

There are two source of error in different instruments may affect the result of experiment data; random and systematic errors. Therefore, the uncertainty analysis was performed to estimate the maximum possible error from the experiment [41,42]. The sources of the errors in different instruments are affected by two factors, systematic errors (i.e., individual instrument uncertainty, calibration, and data acquisition errors) and random errors.

Ut=εs2+εr2(5)

where, Ut is the total uncertainty, εs and εr are the systematic and random errors, respectively, which can be calculated by:

εs=∑i=1n⁡εs,i2(6)

εr=∑i=1n⁡εr,i2(7)

where, n is the error source number. The error εr,i can be calculated by:

εr,i=∑i=1n⁡(∅−∅¯)2N(N−1)(8)

where N is the number of times a parameter is measured and ϕ¯ is the average measured value. The total uncertainty of the experimental system could be calculated using Moffat [42] uncertainty analysis method.

ε=(∂f∂x1U1)2+(∂f∂x2U2)2+⋯+(∂f∂xnUn)2(9)

Therefore, the uncertainty of this experiment is mainly a function of the following parameters:

ε=f(TL1,TL2,TL3,THTF−in,THTF−out,FHTF)(10)

The calculated random error for TL1, TL2, TL3, THTF-in and THTF-out are 0.474°C, 0.564°C, 0.575°C, 1.015°C and 0.709°C, respectively. The systematic error of thermocouples and flowmeter is ±0.1% of reading ±0.5°C and ±0.2%, respectively. Based on the proposed uncertainty analysis method, the total uncertainty was found at 3.48%.

4  Results and Discussions

Charging tests were conducted using steady state HTF inlet temperature of 68°C, 88°C and 108°C. Each series of tests were repeated for three HTF flow rate of 30, 60 and 120 l/h. Discharging tests were carried out for fully charged LHTB at three different temperature of 68°C, 88°C & 108°C and three different water consumption of 30, 60 & 120 l/h. The average HTF inlet temperature is 30°C and minimum temperature for water consumption is 39°C. Summary of experimental tests are tabulated in Table 3.
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4.1 Charging Operation

The battery charging function can be evaluated based on the amount of absorbed thermal energy at the end of the test. Fig. 7 depicts the measured paraffin temperature variation with time with a HTF temperature of 68°C and various flow rate of 30, 60 and 120 l/h. The results for the HTF temperature of 88°C and 108°C depict in Figs. 8 and 9. From these figures we can see that during the early stage of the charging process, the heat transmission from HTF inlet to the heat exchanger is mainly consumed to heating up the pipes, heat exchanger and melting the paraffin between the heat exchanger plates until L1. This step takes few minutes depends on the HTF inlet temperature and flow rate. It is followed by a dramatic temperature increase of paraffin in L1 and followed by slower rate in water outlet temperature. This continues until L1 reaches the melting temperature range. During the melting process at L1, the heat is absorbed by the paraffin as latent heat with very less temperature increment. Then the liquid temperature rises more gradually with lower rate compare to the first sensible region at the solid phase. The melting boundary moves from the heat exchanger toward casing wall while the test is progressing. As time progressed, the water outlet temperature approaches L1 temperature and exceeded during the melting process. Once the melting is completed at L1, the temperature difference between L1 and water outlet approaches to zero toward the charging completion.
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Figure 7: Charging mode, HTF inlet temperature @ 68°C and flow rate @ 30 l/h (a), 60 l/h (b) & 120 l/h (c)
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Figure 8: Charging mode, HTF inlet temperature @ 88°C and flow rate @ 30 l/h (a), 60 l/h (b) & 120 l/h (c)
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Figure 9: Charging mode, HTF inlet temperature @ 108°C and flow rate @ 30 l/h (a), 60 l/h (b) & 120 l/h (c)

4.1.1 Melting Behavior

At the beginning of each test, heat transfers via only heat conduction from the heat exchanger to the solid paraffin, where the sensible heat is the only heat storage mode in the solid paraffin. As soon as a thin layer of a liquid paraffin is formed, heat storage in the paraffin undergoes three regions, a sensible region in the liquid section followed by latent region within melting boundary at the range of 55°C–64°C and sensible region in the solid section. Although conduction heat transfer takes place at early stage of charging, it is finally dominated by convection as the melting progresses. As can be seen in Fig. 7, the temperature increases fast with a steep trend in L1. The trend gets steeper as HTF flow rate increases. Therefore, the paraffin reaches the melting point faster, around 20 min for 120 l/h compare to 60 min for 30 l/h. This section of the curve is related to the conduction heat transfer from the HTF to the solid paraffin, where the paraffin temperature increases steeply. When the temperature reaches the melting range, the temperature rises very slowly and transferred heat from HTF absorbs by paraffin as latent heat. This is where the main charging process occurs and huge amount of energy stored in the LHTB. Once the melting process completed at L1, the temperature rises slower compare to the first section with steep temperature rise. This is due to the lower thermal conductivity of paraffin in the liquid than solid form and lower temperature difference compare to the beginning of the test. As can be seen, the water outlet temperature raises by a time delay compare to L1 but exceed L1 at the middle of melting range. Beyond the melting process the rate of HTF outlet temperature increment also slows down. The temperature profile in L2 and L3 is same as L1 which happens in a wider timeline. However, the paraffin is not fully melted in L2 and L3 at all tests. This confirms the charging incompleteness process. In order to improve the gap of remaining solid paraffin, it is recommended to improve the heat exchanger design by extending the fins or distributing the tubes in the whole battery compartment. This will help to harmonize the heat distribution which leads to melt down the whole PCM at the end of the test.

4.1.2 Influences of the HTF Inlet Temperature

As expected, the HTF inlet temperature should have strong influence on charging process. Figs. 7–9 depict the result of various HTF inlet temperature on the paraffin temperature variation and melting progression. Basically, the overall heat transfer coefficient between the HTF and paraffin is constant in all experiments, therefore, the heat flow from HTF to paraffin is directly proportional to the temperature difference between the HTF and paraffin. This can be concluded that the melting process should decrease by increasing HTF inlet temperature. This means that at the same experiment duration, more amount of paraffin shall be melted or higher temperature achieved, in case of using higher HTF temperature. For instance, L2 temperature reached at 50°C, 63°C and 84°C at the tests using 60 l/h of HTF and temperature of 68°C, 88°C and 108°C. This means that, the L2 even not reached the melting range in the test using HTF at 68°C, however, it is fully melted in the test using HTF at 108°C.

4.1.3 Influences of the HTF Flow Rate

Increasing the HTF flow rate will enhance the heat transfer process between HTF and paraffin. Each of the Figs. 7–9 shows the paraffin temperature profile at constant HTF inlet temperature and various flow rate. As flow rate increases, the temperature of paraffin increases faster and causes higher LHTB temperature at the end of the charging process. This means that the HTF flow rate has direct influence on the heat transfer process. From these figures, we can see the flow rate does produce a significant influence on the process, and improve the temperature behavior of the paraffin. In all cases, when the flow rate increases, more amount of paraffin melted in a shorter time which resulted to store more amount of latent heat at the end of the test. Fig. 7 shows the paraffin at L2 only reached to 41.7°C and 50°C for HTF flow rate of 30 and 60 l/h, however, it reached the melting range (57.2°C) at 120 l/h. The same pattern follows for tests using HTF at 88°C (Fig. 8). Lower flow rate of 30 l/h could push L2 to mushy zone (60.9°C), but higher flow rate of 120 l/h pushes L2 beyond melting range to the fully melted phase. For 108°C test (Fig. 9), L3 reached the middle of mushy zone at 60.9°C for HTF of 120 l/h vs. the bellow melting range (57°C) for HTF of 30 l/h. The maximum melting occurs in test using 120 l/h of HTF at 108°C where paraffin at L3 reached the mushy zone at 60.9°C. On the other hand, the least melting happened at test using 30 l/h of HTF at 68°C where the paraffin at L2 only reached to 41.7°C. In overall, charging efficiency increases by increasing the HTF temperature at constant HTF flow rate.

Apparently, the influences of the HTF flow rates are much weaker than the inlet temperature. This is due to the fact that higher flow rate can only improve the convection heat transfer where the thermal resistance of this convection heat transfer is less important than the thermal conduction resistance of the PCM due to the very small thermal conductivity of the PCM.

4.2 Discharging Operation

In order to perform the discharging operation experiments, the paraffin first heated up reaching its uniform temperature. As soon as the whole system was steady, the cold HTF at ambient temperature was started to circulate in the LHTB and the experiment starts. According to the data, the inlet HTF is at ambient temperature between 28.6°C and 31.8°C, depending on the weather condition.

4.2.1 Solidification Curves and Discharging Characteristics

Figs. 10–12 illustrate the temperature profile of paraffin during the solidification process. At the very beginning of the process, there is a peak in HTF inlet temperature which last for few minutes. This is due to the transferred heat from the fully charged LHTB to the inlet pipe via conduction prior starting discharging process. Discharging occurs as a result of temperature difference between the liquid paraffin and HTF. Drastic temperature reduction of paraffin at the beginning of each test represents the sensible heat transfer via convection in the liquid paraffin. Followed by constant temperature that shows latent heat discharge at almost isothermal process. This is the mushy phase of paraffin which is a mixture of the liquid and solid phase. Third section starts from the second drastic temperature reduction to the end of the test which is the indication of sensible heat transfer in the solid phase. All tests ended up with maximum paraffin temperature at 60.6°C which is the indication of remaining latent heat in paraffin. This is due to the solid paraffin formation on the heat exchanger surface which creates a barrier against the heat transfer from the liquid paraffin to the heat exchanger. The battery temperature reduces during the tests followed by warming up the outlet water. However, paraffin at L1 contributes more to the battery productivity than the other layers. This resulted to faster temperature reduction in L1 while paraffin further from the heat exchanger remains above solid paraffin temperature.

4.2.2 Influences of the Inlet HTF Temperature and LHTB Temperature

Once the HTF flow starts, the heat transfers from paraffin and increases the HTF outlet temperature to the highest point. This is followed by reducing the paraffin temperature at all layers drastically. The reason is that the effective conductivity of the liquid paraffin is well enhanced by the natural convection within the paraffin. Temperature profile stabilized during phase transition in all layers. This is followed by drastic reduction of L1 at the end of mushy zone. It means, the paraffin at L1 enters the solid phase where the temperature profile drops dramatically. However, the other layers follow horizontal trend toward the end of the tests. This is where the latent heat remains trapped inside the paraffin. As the solid layer extended on the heat exchanger surface with time, heat resistance increases against the heat transfer from the liquid paraffin to the heat exchanger. The increased solid paraffin and restrained natural convection by diminishing liquid paraffin space will certainly result on increasing the thermal resistance of the process with time. Therefore, the melting boundary moves slower and HTF outlet temperature reduces gradually. As can be seen in Fig. 10a, the L1 enters the solid phase after 40 min from the beginning of discharging test where the temperature reduces drastically. It means that the paraffin between the heat exchanger and L1 is completely solidified. Mushy phase takes around 24 min for L1. Then temperature reduces constantly once solidification completed toward the end of the test at 50.7°C. On the other hand, L2 and L3 remain in the liquid phase at constant temperature of 58.8°C. This is where the paraffin remains in mushy phase at melting range. As it observed at the end of the tests, 8 mm and 15 mm of the solid paraffin formed at the surface of paraffin and LHTB walls, respectively. Heat loss from LHTB outer surfaces is the reason of the solid paraffin formation on the walls. The solid paraffin formation on the heat exchanger surface varies from few millimeters to 22 mm. The solid paraffin thickness is higher at lower LHTB temperature and lower HTF flow rate. At higher HTF flow rate, the rate of the solid formation is more than the rate of heat transfer from the liquid paraffin to the heat exchanger. Therefore, more heat remains in the liquid paraffin at the end of the test. This is one of the gaps which need to be considered for design improvement. Circulating PCM during discharging process and modifying the heat exchanger design to cover the whole battery compartment are suggested for improvement.
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Figure 10: Discharging mode, LHTB fully charged @ 68°C and HTF flow rate @ 30 l/h (a), 60 l/h (b) & 120 l/h (c)

Discharging process for the LHTB at 88°C and 108°C illustrate in Figs. 11 and 12, respectively. Discharging pattern is the same as LHTB at 68°C, however there are differences in terms of discharging duration and solidification. Obviously, as LHTB temperature increases the LHTB delivery time increases as well. However, it is invers in case of increasing HTF flow rate. LHTB productivity decreases by increasing the HTF flow rate. Solidification on the heat exchanger surface is one of the issues during discharging process. Solidification starts from the heat exchanger surface and extends to the LHTB walls. Heat loss from the paraffin to the heat exchanger is faster than the heat convection inside the liquid paraffin. Therefore, paraffin surrounding the heat exchanger solidifies faster which then create a solid layer on the heat exchanger surface. The solid layer acts as a barrier against heat transfer from the liquid paraffin to the heat exchanger. Higher thermal conductivity of the solid paraffin compare to the liquid paraffin is a main factor as well as contribution of static condition of the liquid paraffin which creates poor natural convection. Results in general confirm that by moving toward the end of the tests, the liquid paraffin far from the heat exchanger contributes lesser to the LHTB productivity than paraffin close to the heat exchanger. However, reducing the HTF flow rate can give enough time to the liquid paraffin to transfer more heat to the HTF prior to the solid layer formation on the heat exchanger surface. Lower paraffin temperature at L2 and L3 at the end of the tests confirm this fact. On the other hand comparing the results of discharging in constant flow rate at different LHTB temperature reveals that the final paraffin temperature at L2 and L3 remains the same. But higher LHTB temperature can increase the LHTB productivity. For example tests at constant HTF flow rate of 60 l/h (Fig. 11), show the battery can perform for duration of 46 min at 88°C LHTB compare to 36 min at 68°C LHTB. This confirms the LHTB at higher temperature of charging mode can produce more hot water during discharging process. In another word, it can say that the LHTB in higher temperature has the capability of storing more energy than the LHTB in lower temperature. In overall, it was shown that LHTB is able to deliver water above designed temperature for maximum of 115 min at LHTB of 108°C using 30 l/h of HTF compare to 21 min at LHTB of 68°C using 120 l/h of HTF. Based on the findings during experimental test, it is recommended to work on the paraffin movement during the tests before transfer to the solid phase as a recommendation for heat transfer improvement.
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Figure 11: Discharging mode, LHTB fully charged @ 88°C and HTF flow rate @ 30 l/h (a), 60 l/h (b) & 120 l/h (c)
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Figure 12: Discharging mode, LHTB fully charged @ 108°C and HTF flow rate @ 30 l/h (a), 60 l/h (b) & 120 l/h (c)

4.3 Efficiency Analysis

To calculate the performance and efficiency of the LHTB at charging, the molten fraction of the paraffin in the LHTB at the end of the test needs to be determined. The molten fraction can be estimated based on the paraffin final temperature compared to the cool and warm limits of the melting temperature range. Practically it is not possible to accurately determine the amount of liquid and solid paraffin. Therefore, the charging efficiency is calculated based on the energy enter to and exit from the LHTB by HTF using Eq. (1). The result in Table 4 shows that the stored thermal energy increases by increasing the HTF flow rate at constant HTF inlet temperature. However, the efficiency decreases at the same condition. Since the residence time of the HTF in the heat exchanger is shorter, a smaller portion of its heat can be absorbed. On the other hand, both stored thermal energy and charging efficiency increases by increasing the HTF inlet temperature at constant HTF flow rate. The test using HTF inlet temperature at 108°C and flow rate of 30 l/h delivered the highest charging efficiency. While, the test using HTF inlet temperature at 68°C and flow rate of 120 l/h delivered the lowest charging efficiency. On the other hand, the highest amount of thermal energy stored in the test using HTF temperature and flow rate of 108°C and 120 l/h, respectively. The amount of stored thermal energy was 13,210 kJ in this condition.
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LHTB discharging efficiency is calculated based on the total amount of recovered thermal energy from the LHTB at the end of each test to the maximum extractable thermal energy at the same testing condition. Then, recovered thermal energy and recovery efficiency can be calculated using recorded data and Eq. (4). Recovered thermal energy and recovery efficiency for discharging tests are shown in Table 5. The results show that the both recovered thermal energy and recovery efficiency increase by increasing the HTF flow rate at constant LHTB temperature. For instance, LHTB at 68°C was able to deliver 2,198 kJ thermal energy at HTF flow rate of 30 l/h compare to 3,217 kJ at HTF flow rate of 120 l/h. Recovery efficiency was 18% and 27%, respectively. The highest recovery efficiency of 35% occurred in LHTB at 108°C using 120 l/h of HTF, whilst the lowest recovery efficiency of 18% occurred in LHTB at 68°C using 30 l/h of HTF. The amount of recovered thermal energy was 5,835 kJ and 2,198 kJ, respectively.
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5  Conclusions

A state-of-the-art latent heat thermal battery has been developed as a potential thermal storage device to minimize the limitation of solar availability in producing hot water. The melting and solidification characteristics of PCM, the heat transfer performance, the influence of HTF temperature and flow variation and LHTB temperature are extensively studied experimentally. The system can be operated in charging and discharging modes at various operating conditions. The experimental results show that the new device performs the designed functions very well. It is worthwhile to mention that the capability of heat storage was much higher than the heat recovery. Extensive experimental investigations have been conducted to analyze the influences of the various operation parameters on the performance of the LHTB, and the results show that the HTF inlet temperature and LHTB temperature have a stronger influence on the charging and discharging process, respectively, than the HTF flow rate. Although the higher HTF flow rate has the positive effect on charging process, it has an adverse effect on discharging process. The work in this paper demonstrates the LHTB is feasible for energy storage application, however, for improving the capability of the device, there is still a good deal of work to be done. This may include the heat exchanger distribution of the fins and tubes based on the paraffin temperature profile, PCM thermal conductivity improvement, and PCM circulation inside the LHTB during the process.
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Table 1: Specifications of the evacuated tube solar collector

Item Value
Number of heat pipes 20
Glass tube outer diameter, D, (mm) 58
Glass tube thickness, 7. (mm) 3
Absorber plate thickness, 7, (mm) 1
Evacuated tube length, /, (mm) 1800
Glass emittance, ¢, 0.88
Plate emittance, ¢, 0.95
Reflective index of glass, N 1.53
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Table 3: Summary of experimental tests

HTF (°C) HTF (I/h) LHTB (°C) HTF (I/h)
30 30
68 60 68 60
120 120
Charging mode Discharging mode
30 30
88 60 88 60
120 120
30 30
108 60 108 60

120 120
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Table 4: LHTB charging efficiency

HTF temperature (°C) HTF flow rate (/h)  Stored thermal energy (kJ) Charging efficiency (%)

30 4,397 23%
68 60 5,409 14%
120 6,853 5%
30 7,348 25%
88 60 8,087 15%
120 9,804 8%
30 11,189 29%
108 60 12,089 16%

120 13,210 9%
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Table 2: Thermohysical properties of the paraftin wax

Property Value
Melting point, 7,, (°C) 55-64
Density solid/liquid at 15/70°C, p,/p, (kg/m?) 990/916
Thermal conductivity of solid/liquid, k&, (W/mK) 0.349/0.167
Specific heat solid/liquid, ¢, ,c,; (kJ/kgK) 2.76/2.48
Volume expansion at AT =20°C, Bpcy (%) 0.293

Heat storage capacity, L (kJ/kg) 181
Dynamic viscosity, u (kg/ms) 0.00385
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Table 5: LHTB recovery efficiency

LHTB temperature (°C) HTF flow rate (I/h) Recovered thermal Recovery efficiency
energy (kJ) (%)
30 2,198 18%
68 60 2,633 22%
120 3,217 27%
30 3,324 23%
88 60 3,616 25%
120 4,387 31%
30 4,850 29%
108 60 5,166 31%
120 5,825 35%
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