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Abstract

:

In recent years, extensive research has been dedicated to enhancing energy efficiency and promoting environmental sustainability in heating and cooling systems. Among the promising solutions, phase change materials (PCM) technology stands out as a key area of exploration. This study focuses on improving the thermal performance of PCM–water hybrid tanks by investigating methods to enhance thermal conductivity and heat transfer. Through experimental testing using techniques such as copper matrices, steel twisted matrices, and copper spirals, this study demonstrates significant improvements in thermal conductivity, particularly with the use of copper matrices. The integration of a copper matrix placed in the PCM reservoir increased the heat transfer coefficient and thermal conductivity of the PCM, and thus, the total phase transformation time for solidification was reduced by 79.19% and for melting by 54.7%. Our experimental results demonstrate that the integration of a copper matrix can increase latent heat transfer from 55,677.6 J up to 125,274.6 J, marking a 125% enhancement over the experiment with pure PCM. Additionally, comparisons of the energy storage potentials for different PCMs underscore the benefits of integrating PCMs into hybrid storage tanks. These findings highlight the immense potential of PCM technology to increase energy storage efficiency in heating and cooling applications.
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1. Introduction


The development and popularization of renewable energy source applications, the reduction in energy consumption and the optimization of energy management in order to limit environmental problems (air pollution, global warming, acid rain, etc.) and the impacts of the global energy crisis have now become a real focus of scientific and engineering research. In addition, due to the impressive increase in demands in the building and industrial sectors worldwide, there is a growing need for appropriate methods to improve the thermal performance of heating and cooling systems.



The market is looking for new materials, systems and technologies that could be used to reduce the dependence of buildings on fossil fuels, to use renewable energy sources, to contribute to the greener and more efficient use of energy and to improve indoor thermal comfort in a more sustainable and cost-effective way. Apart from heating, one of the biggest energy needs in buildings is the preparation of domestic hot water. In this area, it is very important to use PCMs (phase change materials) for heat storage in order to achieve the necessary savings and a balance between peak demand and energy production. This is confirmed by the amount of research and testing of these materials and their practical applications. Here, the current practice is facing several challenges, especially regarding the economic feasibility of implementing PCMs and the ways to use them [1,2].



Thermal energy storage (TES) and phase change materials (PCM) are efficient technologies that can store high thermal energy densities in a limited temperature range.



An extensive method to reduce energy consumption is the use of phase change materials known as “PCMs”. PCMs have attracted much attention and have become a topic of major interest in recent decades. Latent heat accumulation is a highly promising method because it can provide higher energy storage densities than thermal energy storage systems in the form of sensible heat, and has the ability to store heat at a constant (or approximately constant) temperature corresponding to the phase transition temperature of the PCM. PCMs used in TES must meet two main requirements, namely high latent heat values and high thermal conductivity, and at the same time, they must have a melting/solidification point within the practical range of application [3,4,5].



Phase change materials can be used as preferred materials for energy storage and have the advantage of being able to maintain a high energy density under limited temperature conditions. The issue is that PCMs have relatively low thermal conductivity, which can limit the charge and discharge rates of a thermal energy storage device.



Existing research focuses on potential solutions to improve the physicochemical properties of accumulation materials and their compatibility with each other in multi-stage phase accumulation. Existing research is also focused on monitoring the properties of binary compounds. The results are aimed at improving energy efficiency by increasing the ratio of renewable sources, through energy management and by reducing energy consumption for heating and cooling. This is caused by the significant increase in energy demand worldwide due to the rapid growth of the world’s population and economy, which, in turn, leads to severe environmental impacts [4,5].



The most suitable PCMs for research and application (solid–liquid state and vice versa) are paraffins, which have many advantages over other materials. Their primary characteristics are a wide range of temperature ranges, relatively high latent heat, a noncorrosive nature, durability and a long cyclic lifetime.



PCM-TES systems for heat storage are receiving a lot of attention, and various possible PCM-based technological approaches in heating systems are being investigated. Emphasis is placed on the concept of PCM systems for space heating and the use of PCMs in passive and active systems. Active PCM-TES systems (underfloor heating, PCM ceiling slabs and other systems) and passive PCM-TES systems (PCM slab walls, PCM shutters, PCM building blocks, air heating systems, underfloor heating, ceiling slabs, etc.) have high potential to reduce the heating load in buildings [4,6,7,8,9,10].



The use of PCMs in cooling, heating and power generation is divided into four temperature ranges: For the low temperature range (−20 °C to 5 °C), mainly organic compounds are used as PCMs. For the medium–low temperature range (5 °C to 40 °C), mainly organic compounds and salt hydrates are used. For the medium temperature range (40 °C to 80 °C), mainly organic PCMs such as paraffin and fatty acids are used. Finally, for the high temperature range (80 °C to 200 °C), salt hydrates have long dominated the TES sector due to their durability and economic advantages, while organic PCMs are seldom used in this temperature range [11].



Cool thermal energy storage (CTES) currently represents a significant area of application for industrial refrigeration, such as process cooling, food preservation and building air conditioning systems. One of the possibilities is the application of a phase change in which the temperature range can be appropriately adjusted for proper and efficient operation of the cooling system. For air conditioning and refrigeration (cold storage), temperatures between 5 and 15 °C are optimal for heat storage, but at lower temperatures, latent heat storage materials are more efficient than sensible heat storage materials (such as water).



CTES can have an important role in peak load management and addressing the problem of the interruption of power supply from renewable energy sources, especially when CTES is integrated into district cooling systems [12,13]. PCMs can be integrated into free cooling systems, passive building heating and cooling systems, and evaporative and radiant cooling systems to improve indoor thermal comfort and reduce energy consumption. With systems integrated into PCMs, energy cost savings of up to 50% can be achieved compared to traditional options, with the fastest payback of approximately 6 years [14,15,16]. For space cooling, a suitable general-purpose cooling medium is water with a temperature of 5–12 °C. The reasons for its significant application are mainly associated with its high specific heat capacity, simple equipment, low cost and unpretentious technical requirements. However, the accumulation of cold in water as a liquid has one significant drawback, namely the range of the temperature interval, which, in many cases, is only a few degrees. Many applications in the industrial and food sectors require temperatures up to 8 °C, and others such as refrigeration and air-conditioning require systems up to 15 or 18 °C, and this significantly limits the amount of accumulated cold (energy extracted from the water); the lower limit is, in practice, a temperature above 4 °C that occurs due to pressure changes associated with the water anomaly. Other problems arising from the above include the low energy storage density, the large volume of the water storage tanks and the difficulties in storing and treating the cold.



However, the use of PCM for CTES purposes is still limited due to its low thermal conductivity. As a result, extensive research has been carried out to improve its thermal performance by adding nanomaterials, microencapsulating and stabilizing its form. In addition to scientific research papers, there are review articles on CTES using PCMs [17].



Currently, there is extensive research on TES systems for heat and cold storage in renewable-energy-based systems [18,19,20]. Current research in the field of heat storage is focused on increasing the thermal conductivity of PCMs in a variety of ways, including the effects of PCM geometrical parameters, PCM heat exchanger configurations and the addition of nanoadditives such as carbon, graphene, graphite, metals, nanotubes, metal foams, etc., but at the same time, problems such as the sedimentation of additives also arise from this. The main three factors that influence the selection of PCMs for different applications are the melting temperature, the latent heat of fusion and the thermophysical properties of the PCM, the primary thermal conductivity [21,22,23].



Studies on this subject also focus on increasing the heat transfer rate in PCMs. Currently, commercially available heat storage systems are based on sensible heat, while PCM-based heat storage systems are mostly in the development or experimental commercial use phase. As this literature review shows, most works deal with paraffin-based PCMs, which indicates the importance of this substance and its techno-economic potential for further improvement and application [24,25].



The heat transfer from the surface of a PCM to the inner layers of the PCM is dependent on its physical properties.



According to [26,27], the melting process can be described by four phases: (1) PCM in solid state, (2) PCM in solid state—phase change, (3) PCM in semi-solid state—phase change, (4) PCM in liquid state—liquid.



With respect to the “massiveness” of the PCM, but especially the very small values of λ in the solid state—valid for phases (1) to (3)—the internal heat exchange is of crucial importance. Therefore, it is necessary to consider not only the conditions on the surface between the PCM and the tank in which the PCM is placed, but also the internal heat exchange process itself.



Several authors, mentioned in [28], have used various methods leading to an improvement in the internal heat exchange, especially in the semi-solid state, where a liquid phase has already been formed between the container in which the PCM is stored and the solid phase of the PCM, and this separates the core of the PCM (in the solid phase from the exchange surface). From their results, it can be concluded that there is a decrease in the rate of phase change, and this is due to the low value of λ. As the research demonstrates, it is essential to ensure an increase in the λ value of a PCM that is still in the solid phase.



Research on the influence of the size, mass and arrangement of PCMs in thermal energy storage, as well as ways to improve the thermal conductivity of PCMs, is mostly based on mathematical, analytical and numerical models [28], which are not supported by experimental studies. Therefore, an experimental model was developed to test PCMs, in which various thermophysical parameters of such materials, as well as methods to improve the methods of thermal energy storage and transfer, were investigated.



Based on the growing demand for sustainable energy solutions and the limitations of current energy storage methods, this study focuses on improving the thermal conductivity of phase change materials (PCMs). Although PCMs offer significant advantages for thermal energy storage due to their high latent heat capacity, their low thermal conductivity hinders their practical application. Existing research has explored various methods to improve the performance of PCMs, including the incorporation of nanoadditives, microencapsulation and geometric modifications (e.g., fins) [21,22,23]. However, a critical gap in the research remains regarding the achievement of significant improvements in cure and fusion rates without compromising other important PCM properties and without implementing complex and expensive modifications. This research aims to address this gap by exploring the implementation of readily available, uncomplicated metal structures to significantly improve the thermal conductivity and heat transfer rate of PCMs. The goal is to achieve significantly faster solidification and melting processes compared to existing methods.



The primary objective is the experimental testing of various techniques to improve the thermal conductivity of PCMs and heat transfer, mainly by using commonly available non-random metal structures from the point of view of their applicability in practice. The other objective is to reduce the times of the process of accumulation and transfer of energy, respectively, in the melting and solidification of PCMs.



Recent published results show an acceleration in the melting process of 24.52% and in solidification of 43.6%, as reported by the authors [29] for shell- and tube-type heat exchangers using the technique of improving heat transfer by applying three longitudinal fins of brass. In the work [30], the authors achieved a reduction in solidification time of 5% and in melting time of 37.8% in the simulation of a triplex-tube heat exchanger containing a Y-shaped fin. Hosseinzadeh et al. [31], in a system with tree-like and conventional rectangular fins, achieved a 76% reduction in solidification time compared to a plain triplex-tube heat exchanger. The authors of [32], in an experimental analysis, estimated reductions in the charging and discharging times of 41.48% and 22.16%, respectively, with the integration of spiral fins. The authors of [33] attempted the combination of metal foam and nanoparticles, which led to significant reductions in melting times of 69.52% compared to pure PCM.



The aim of our work is to demonstrate the possibility of speeding up the process of solidification (which was reduced by 79%) and melting (by 54%).



The methods consist of experimental measurements of various techniques for monitoring the temperatures in the individual layers a PCM during the whole process of the accumulation and transfer of energy, and an evaluation of the influence of various metal structures on the thermal conductivity of the PCM and the heat transfer between the individual layers of the PCM and the interface between the PCM surface and the heat transfer fluid.




2. Materials and Methods


To perform the measurements, a PCM had to be selected, the necessary equipment for measuring the values had to be prepared and the right conditions had to be ensured.



The PCM chosen was a material of organic nature, specifically, paraffin, with a phase change in the temperature range of 48.2–52 °C for the melting process and 53.5–51 °C for the solidification process. Based on the above, it can be concluded that the phase change process for the material shows a hysteresis curve.



The Comet MS3 measuring and recording panel was used to obtain the most accurate temperature measurement. The measuring and recording panel was designed to measure, record, evaluate and subsequently process input electrical quantities that are subject to relatively slow changes (>1 s). In conjunction with appropriate sensors and transducers, it is suitable for monitoring physical quantities. The device can measure up to 16 channels simultaneously. It can also work independently without the use of a PC as it has its own memory for 150,000 data. The data can be measured cyclically and non-cyclically, and the desired time interval of data measurements can be set. K-type thermocouples were used for temperature measurement; the tolerance is ±0.15 °C at the required temperature range of measurement (25 to 65 °C). Temperature sensors of this type are a combination of nickel and chromium alloys. The thermocouples have good mechanical flexibility and strength and are resistant to acids and liquids with adverse effects.



The equipment shown in Figure 1a was used to heat (charge) the samples. For measurements to detect energy transfer profiles, the samples were placed in the constructed calorimetric experimental device. The device monitors the transfer of thermal energy from the water and PCM to the heat transfer medium (water), and is shown in Figure 1b. The parameters of the selected material are shown in Table 1.



The storage tank was a 12 L transparent tank with a controllable heat source (1000 W) with a temperature range from 20 °C to 99 °C in steps of 0.1 °C and a deviation from the desired temperature of approx. 0.2 °C. The heat source also allowed the water in the tank to circulate. The experimental device was designed to monitor the state of phase change of the PCM from solid to liquid and vice versa. The experimental setup thus allowed the samples to be monitored with the required temperature parameters while also ensuring a uniform flow of water around the samples with the PCM. At the same time, the transparent tank allowed the possibility of creating time-lapse image recordings, enabling the evaluation of the individual stages of phase change.



2.1. Experimental Samples


Glass laboratory beakers according to ISO 3819 [34] with a volume of 100 mL were chosen as the experimental sample containers. The transparency level of the laboratory beakers was satisfactory to observe and visually document the phase change behavior of the PCM.




2.2. Measurement Procedure


The measurements were divided into three parts. (1) The first included the reference measurements of the charging and discharging of a sample of pure water and a sample of PCM; these measurements were necessary for comparisons with the others. (2) The second part included the measurements of the PCM samples with three different thermal conductivity and heat transfer techniques (steel twisted matrix, copper matrix, copper spiral). The measurements were designed to compare and select the most suitable technique. The first two parts of the measurements are provided in Figure 1a,b. Then, (3) the third part included the measurements in the experimental setup, shown in Figure 2, where the most appropriate technique chosen in part (2) was used.




2.3. Numerical Model


The energy equation in enthalpy form is written as [35,36]:


    ∂   ρ H     ∂ t   = ∇   k ∇ T    



(1)




where the total enthalpy (H) corresponds to the sum of the sensible enthalpy and the latent heat.



According to [35], the enthalpy–temperature relationship (Figure 3) during the melting process can be described by four phases: solid-state PCM, solid-state PCM—phase change, semi-solid-state PCM—phase change, liquid-state PCM—liquid.



Consequently, according to [35,36,37,38,39], the enthalpy is the sum of the enthalpy h and the enthalpy at phase change.


  H = h + Δ H  



(2)






     H =   C   p s   T +     L   p       a 1 + a 2       T −   T     p − a 1       ,     T     p − a 1     < T <   T     p + a 2         H =   C   p s   T +   T   p   ,     T     p + a 2     ≤ T ≤   T     m − e 1         H =   C   p l   T +   L   p   +   L     e 1 + e 2       T −   T     m − e 1       ,     T     m − e 1     < T <   T     m + e 2         H =   C   p l   T +   L   p   + L ,   T ≥   T     m + e 2         



(3)







Subsequently, the thermal conductivity of the PCM, k, at the interface phase is expressed as follows:


  k =   k   s   +       k   l   −   k   s         ∆ T     m         T −     T   m − e 1       ,     T     m − e 1     < T <   T     m + e 2      



(4)







The stored energy in a unit volume of PCM can be expressed as follows [35]:


  E =   ∫    T   0       T   p − a 1        ρ   s     C   p s   d T +   ∫    T   p − a 1       T   p + a 2        ρ   s     C   p s   d T     +   ρ   s     L   p   +   ∫    T   m − e 1       T   m + e 2        ρ   l     C   p l   d T +   ρ   l   L   +   ∫    T   m + e 2       T   f        ρ   l     C   p l   d T    



(5)







Consequently, the sensible enthalpy h is given by [25,26,40,41,42]


  h =   h   r e f   +   ∫  T r e f   T      c   p   d T    



(6)







href—reference enthalpy;



Tref—reference temperature;



Cp—specific heat capacity at constant pressure.



The enthalpy of latent heat is expressed as follows [35,39]:


  ∆ H = β L  



(7)







The liquid fraction β is defined as follows:


     β = 0   a k   T <   T   s o l i d u s       β = 1   a k   T >   T   l i q u i d u s       β =   T −   T   s o l i d u s       T   l i q u i d u s   −   T   s o l i d u s       a k     T   s o l i d u s   < T <   T   l i q u i d u s       



(8)







L is latent heat.



The latent heat density varies between the solid state (a value equal to zero) and the liquid state.



For solidification and melting, the equation is as follows:


    ∂   ∂ t     ρ H   + ∇ .   ρ   v  →  H   = ∇ .   k ∇ T   + S  



(9)







H—enthalpy;



Ρ—density;



    v  →   —flow velocity.



During the phase change process, heat is exchanged between the heat transfer fluid and the phase change interface in the PCM at the phase change temperature [40,41,42]. This heat transfer is a function of the thermal resistance of the PCM that is in the phase change process. The result is a functional dependence of the outlet fluid temperature on the thermal resistance of the system and the constraints of the phase change temperature. Maximum heat transfer is achieved under the condition where the outlet temperature is equal to the phase change temperature of the PCM.



When the phase change interface is reached, the PCM stack can be analyzed as an exchanger between the fluid (heat transfer fluid) and the cooler/source (constant-temperature PCM). Therefore, for the average efficiency of the system at phase change according to [42,43], one can write the relation:


  ε =     Q   a c t       Q   t h     =   Σ   m  ˙  ·   C   p   ·     T   i n   −   T   o u t     · ∆ t   Σ   m  ˙  ·   C   p   ·     T   i n   −   T   P C M     · ∆ t   =         T  ¯    i n   −     T  ¯    o u t             T  ¯    i n   −     T  ¯    P C M        



(10)







ε—efficiency;



Qact—energy released from the reservoir during the phase change;



Qth—maximum theoretical energy released from the tank during the phase change;



ṁ—mass flow rate of the heat transfer fluid;



Cp—heat capacity of the heat transfer fluid;



Ti—inlet temperature of the heat transfer fluid into the tank;



Tout—outlet temperature of the heat transfer fluid from the storage tank;



Δt—time interval;



TPCM—PCM phase change temperature.



The actual usable amount of phase change energy stored in this way is defined by the charging and discharging efficiency. Since the efficiency is based on a constant outlet temperature, this efficiency provides information about the temperature reached at the outlet of the storage tank. The efficiency can thus be characterised as a function of the operating flow rate, which characterizes the energy capacity of the storage tank. Further, as [42,43,44] shows, efficiency increases as flow rates decrease because as the thermal resistance of the PCM changes, the amount of energy transferred to the heat transfer fluid also changes. Efficiency defines the operating conditions of the storage system and is a key parameter for the design of the storage tank.



Another factor is the so-called PF (Packing Factor), which defines the ratio of the total volume of the PCM to the total volume of the storage tank [43].


  P F =     V   P C M       V   s t o r a g e      



(11)




where



VPCM—volume of PCM in the tank;



Vstorage—total volume of the tank.



The Packing Factor allows us to compare different PCM case designs in a convenient way, and at the same time, it allows to indirectly evaluate the efficiency in terms of determining the total in energy capacity of the tank in the usable area.



The temperature solution is essentially an iteration between the energy equation and the liquid fraction equation. In ANSYS Fluent, the method proposed by Voller and Swaminathan is used to update the liquid fraction.




2.4. Problems of Mass and Heat Transfer in the Flow of Liquid PCM along a Wall


When a fluid flows along a wall or solid body, a boundary layer [45] is formed due to the adhesion of molecules.



When a horizontal plate is traversed at a velocity of ut, the fluid velocity decreases due to the effect of frictional forces to zero near the surface of the plate, which is shown by the velocity profile. The thickness of the hydrodynamic boundary layer δHdMV gradually increases in the flow direction along the plate’s (1) laminar flow, (2) transition region and (3) turbulent region (Figure 4). At the same time, a laminar sublayer is formed close to the surface in regions (2) and (3). Critical values of the Reynolds numbers can be used to determine the transition boundaries between the boundary layers.



For point 1, the following equation is calculated:


    R e   c r i t 1   =     u   s t r   ·   x   k r i t 1 .     v    



(12)







For point 2, the following equation is calculated:


    R e   c r i t 2   =     u   s t r   ·   x   k r i t 2 .     v    



(13)







At the temperature boundary layer, there is a temperature change, i.e., the temperature at the surface of the body Tp is different (in this case, bigger) compared to the ambient temperature Tt, which is shown by the temperature profile (Figure 5).


    R e   c r i t 1   =     u   s t r   ·   x   k r i t 2 .     v    



(14)







At a distance of x from the leading edge of the heat exchange surface, the local value of the heat flux density can be obtained by applying Fourier’s heat conduction law:


  q  x ˙  = − λ t ( ∂ T / ∂ y ) y = 0  



(15)




where λt is the coefficient of thermal conductivity of the fluid [W·m−1·K−1], Tp is the surface temperature [K] and Tt is the temperature of the flowing fluid [K].



At the outer boundary, near the core of the flow, the temperature of the fluid changes only slightly in this direction; here, the heat is transferred to the core of the flow by convection.


  q   x  ˙  = a · (   T   p   −   T   t   )  



(16)







Subsequently, the local heat transfer coefficient is calculated as follows:


    a   x   =   − λ t ( ∂ T / ∂ y ) y     T   p   −   T   t     =   λ t     δ   T e M V      



(17)







When a heated vertical plate is surrounded by liquid, at a plate surface temperature higher than the liquid paraffin temperature Tp > Tt, a thermal boundary layer is formed (Figure 6).



To determine the value of the heat transfer coefficient for natural convection in the PCM, the following equations are calculated:


  N u = C · ( G r · P r   )   m    



(18)






  N u =   β · g ·   L   3   · (   T   p   −   T   t   )     v   2      



(19)




where β is the temperature coefficient of the volumetric expansion of the fluid [K−1], L is the characteristic length at which natural convection takes place [m], ΔT is the difference between the temperature on the surface of the body and the temperature of the surrounding environment [K] and ν is the kinematic viscosity of the fluid [m2·s−1].


  P r =   v · ρ · c   λ t   =   v   a    



(20)




In Equation (20), ρ is the density of the fluid [kg·m−3], c is the mass heat capacity [J·kg−1·K−1], λt is the coefficient of thermal conductivity of the fluid [W·m−1·K−1] and a is the coefficient of thermal conductivity of the fluid [m2·s−1].



The solution is to increase the heat exchange surface, but at the same time, there cannot be a significant increase in the volume of the additive material.





3. Experimental Work


3.1. Reference Water Sample


The first measurement of the reference sample was to determine the time required for the sample to reach temperature.



The plot of Figure 7 shows the increase in temperature over time. The total time for heating the water from 25 °C to 65.8 °C is therefore 395 s for Δt = 40.8 °C. The temperature of the heating medium was set at 69–70 °C. The sample contained 60 mL of water, which corresponds in mass to 80 mL of PCM. The total energy required to heat 60 g of water is expressed by the following equation:


  Q = m · c · Δ t = 0.06 · 4180 ·   65.8 − 25   = 10232.64   J  



(21)







In the above formula, Q is the amount of energy, J, which represents the amount of energy delivered from the PCM to the water (heat transfer medium); m is the mass of the heat transfer medium, kg; c is the specific heat capacity of water, J/(kg·K); and Δt is the temperature difference of the heat transfer medium, K.



The second measurement of the reference sample shows us the amount of energy the sample can transfer to the heat transfer medium and in which period. The measurement was carried out in an experimental setup (Figure 1b) with an experimental calorimeter. The device contained 400 mL of water, which was 62.5 times smaller than a 25 L container. The course is described in Figure 8.



During the discharge of the reference sample, 60 mL water (sample), we heated 400 mL of water in the experimental calorimeter from 25 °C to 31 °C, which corresponds to Δt = 6 °C, in a time of 425 s. The sample was calculated to transfer 10,032 J of energy. In these measurements, only the sensible heat transfer was measured.




3.2. Reference PCM Sample


Further measurements focused on the melting and solidification processes of PCM over time. To compare the sensible and latent heat energy transfer, 60 g of PCM was placed in the samples, specifically, the paraffin mentioned above with a melting phase change of 48.2–51 °C. An amount of 60 g of this paraffin represents 80 mL. In Figure 9, a graphical progression of the melting of pure PCM can be observed.



Since the measured sample contains one thermocouple, which is in the center or core of the paraffin, the image may not correlate with the real situation. This is due to uneven heating of the sample, due to the lower thermal conductivity of the paraffin. This means that the sample, i.e., the PCM on the shell, underwent a phase change much earlier than its core.



In the first part of Figure 9, the curve of sensible heat transfer (State A) is shown, which lasts for 935 s; then, at a temperature of 48.2 °C, the second part of the graph starts with a phase change transition (melting of the PCM in the core) or the transfer of energy in the form of latent heat (image record State B). The end of the phase change occurs after the core melts at 52 °C at 1525 s. This means that the whole phase change took 590 s. In the third part of the graph, the curve again shows the acceptance of sensible heat up to the time of the end of the measurement.



According to the parameters of the paraffin, it received 10,800 J in the form of latent heat during the phase change, since paraffin has a latent heat capacity of 180 KJ/kg. To express the amount of energy absorbed by the paraffin in the form of sensible heat, Equation (1) can be used. The heat capacity of the paraffin, according to the parameters in Table 1 and Δt = 34.3 °C, is 4527.6 J.



The discharging or solidification process of the PCM is described in Figure 10. The figure shows the whole process of energy supply, mainly energy in the form of latent heat.



The focus of this measurement is the amount of latent heat transfer to the heat transfer medium over time. In Figure 10, the progression of the onset of the solidification process of the PCM can be observed, which starts at a time of 395 s and a temperature of 53.5 °C. The temperature of the heat transfer medium is 33.5 °C at this point. The phase change ends at 51.00 °C at a time of 4135 s. The heat transfer medium has heated to a temperature of 35.7 °C. In total, the phase change lasted 3740 s. From Figure 10, it can be determined that the phase change consists of two parts. These parts can be divided into a constant-temperature latent heat part and a mixed latent and sensible heat part. The latent heat part takes 2295 s and the mixed-phase part takes 1445 s which means that the latent heat part accounts for 61.36% of the total phase change time. During this section, the PCM heated the heat transfer medium from 33.5 °C to 35.7 °C, i.e., Δt = 2.2 °C. This can be calculated as follows:


  Q = m · c · Δ t = 0.4 · 4180 · 2.2 = 3678.4   J  



(22)







The PCM supplied 3678.4 J to the heat transfer medium during the latent heat part of the phase change. During the mixed phase, the curve or temperature is in equilibrium and maintains the temperature of the medium at 35.7 °C. Two thermocouples were used in the experimental setup, one for measuring the temperature of the heat transfer medium and the other for measuring the phase change of the sample located in the core. Therefore, the measured state may be different from the real state due to the uneven solidification of the PCM both on the shell and in the core.




3.3. Verification of Results in ANSYS


After the first experimental measurements, the experiment with the heating of the PCM in the laboratory breaker was simulated in the ANSYS 19.0 software. The simulation results were compared with the experimental measurements and confirmed.



The modeling results match the experimental measurements. Figure 11 shows the uniform states of the PCM, where state (1) corresponds to a time of 550 s, state (2) to a time of 620 s, state (3) to a time of 800 s, state (4) to a time of 900 s, state (5) to a time of 1000 s and state (6) to a time of 1150 s. The results show minimal differences, caused by the idealization of the process in ANSYS.




3.4. Sample with Copper Matrix


Measurement of the PCM sample with a copper matrix was carried out, to find out the percentage efficiency of the melting and solidification of PCM and the acceleration of energy transfer to the heat transfer medium. The role of the copper matrix or copper spiral is to ensure uniform heat transfer within the PCM while at the same time providing an increase in heat transfer between the PCM and the PCM tank shell primarily through conduction (for solid-phase PCM), and in a combined manner through conduction and convection (for liquid-phase PCM). The transition state of the mixture during phase change melting is characterised by a transition from primary transfer through conduction to combined transfer. Within the conductive structure, melting occurs at its surface, which, from a heat transfer point of view, represents the formation of convective flow at the boundary layer. In cooling, the process is more complex due to the formation of a solid phase not only on the inner surface of the tank shell, but also on the surface of the structure towards the core. In view of the above, these processes are described by a set of cooling curves, which generally produce hysteresis.



When the samples were measured with PCM, a copper matrix was added to PCM due to its high thermal conductivity. The copper matrix had a mass of 36 g. The thermal capacity of the copper matrix was not considered in these measurements. In Figure 12, the melting of pure PCM with the copper matrix is presented graphically. The thermocouple was placed in the paraffin core.



In the first part of Figure 12, the curve of sensible heat (State A) is presented, which lasts for 715 s; then, at a temperature of 48.2 °C, the phase change transition (melting of the PCM in the core) starts in the second part of the graph with latent heat (image record State B). The end of the phase change occurs after the core melts at 52 °C at a time of 1215 s. In this case, the whole phase change takes 500 s. In the third part of the graph, the curve again shows the acceptance of sensible heat up to the time of the end of the measurement.



In the case of the measurement, the paraffin received the same amount of energy as the reference sample, namely 10,800 J of latent heat.



The measurement at Figure 13 shows us the curve of latent heat transfer to the heat transfer medium over time. The solidification process of the PCM starts at a time of 260 s and a temperature of 53.5 °C. The temperature of the heat transfer medium at this point is 29.9 °C. The phase change ends at a temperature of 51.00 °C at a time of 1190 s. The heat transfer medium was heated to a temperature of 34.2 °C.



In total, the phase change took 930 s. As can be also observed here, the phase change consists of two parts. The latent heat part lasts for 505 s, and the mixed-phase part lasts for 425 s, which means that the latent heat part accounts for 54.30% of the total phase change time. During this period, the PCM heated the heat transfer medium from 29.9 °C to 33.0 °C, i.e., Δ = 3.1 °C. This can be calculated as follows:


  Q = m · c · Δ t = 0.4 · 4180 · 3.1 = 5183.2   J  



(23)







The PCM supplied 5183.2 J to the heat transfer medium during the latent heat part of the phase change. During the mixed phase, the sample heated the heat transfer medium to a final temperature of 34.2 °C. In total, the two phases together heated the medium by 4.3 °C:


  Q = m · c · Δ t = 0.4 · 4180 · 4.3 = 7189.6   J  



(24)







The total energy transferred was 7189.6 J.



Two thermocouples were used for the measurements in the experimental setup, one for measuring the temperature of the temperature of the heat transfer medium and the other for measuring the phase change of the sample located in the core. Therefore, the measured state may be different from the real state due to the non-uniform solidification of the PCM both on the surface and in the core.




3.5. Sample with Copper Spiral


When measuring the sample with PCM, a copper spiral was added to the sample. The copper spiral had a mass of 21 g. The heat capacity of the copper spiral in these measurements was not considered. The melting of pure PCM with the copper spiral is graphically presented in Figure 14. The thermocouple was placed in the core of the sample. In the first part of the graph, the curve of sensible heat (State A) is presented, which lasts for 1430 s, and the second part of the graph starts at a temperature of 48.2 °C with the phase change transition (melting of PCM in the core) or the acceptance of energy in the form of latent heat (image record State B). The end of the phase change occurs after the core melts at 52 °C at a time of 1630 s. This means that the whole phase change process took 200 s. The latent energy received was 10,800 J.



The Figure 15 shows the curve of latent heat transfer to the heat transfer medium over time. The solidification process of the PCM starts at a time of 365 s and a temperature of 53.5 °C. The temperature of the heat transfer medium at this point is 31.0 °C. The phase change ends at a temperature of 51.00 °C at a time of 2660 s. The heat transfer medium was heated to a temperature of 35.1 °C. In total, the phase change lasted 2295 s. The latent heat portion lasts 1555 s and the mixed-phase portion lasts 740 s, which means that the latent heat portion accounts for 67.75% of the total phase change time. During this section, the PCM heated the heat transfer medium from 31.0 °C to 34.7 °C, i.e., Δt = 3.7 °C. This can be calculated as follows:


  Q = m · c · Δ t = 0.4 · 4180 · 3.7 = 6186.4   J  



(25)







The PCM supplied 6186.4 J to the heat transfer medium during the phase change in the latent heat part, 6186.4 J. During the mixed phase, the sample heated the heat transfer medium to a final temperature of 35.1 °C. In total, the two phases together heated the medium by 4.1 °C:


  Q = m · c · Δ t = 0.4 · 4180 · 4.1 = 6885.2   J  



(26)







The total energy transferred was 6855.2 J.



Two thermocouples were used for measurements in the experimental setup—one for measuring the temperature of the heat transfer medium and the other for measuring the phase change of the sample located in the core. Therefore, the measured state may be different from the real state due to the uneven solidification of the PCM both on the surface and in the core.




3.6. Sample with Twisted Matrix


The steel matrix, despite having lower thermal conductivity than copper, was chosen because of its dense, twisted structure that transmits temperature throughout the sample volume.



In the measurement of the sample, the steel twisted matrix was added to the PCM. The steel twisted matrix had a mass of 6 g. The heat capacity of the steel twisted matrix was not considered in these measurements. In Figure 16, the graphical progression of the melting of pure PCM with the steel twisted matrix is presented. The thermocouple was placed in the core of the sample. In the first part of the graph, the curve of sensible heat acceptance (State A) is visible, which lasts for 915 s. Then, at a temperature of 48.2 °C, the second part of the graph starts with a phase change transition (melting of the PCM in the core) or the acceptance of energy in the form of latent heat (image record State B). The end of the phase change occurs after the core melts at 52 °C at a time of 1575 s. This means that the whole phase change process took 660 s. The latent energy received was 10,800 J.



The solidification process at Figure 17 of PCM starts at a time of 430 s and a temperature of 53.5 °C. The temperature of the heat transfer medium at this point is 32.5 °C. The phase change ends at a temperature of 51.00 °C at a time of 2320 s. The heat transfer medium was heated to a temperature of 36.1 °C.



In total, the phase change took 1890 s. The latent heat part took 1110 s and the mixed-phase part took 780 s, which means that the latent heat part accounts for 58.73% of the total phase change time. During this section, the PCM heated the heat transfer medium from 32.5 °C to 35.3 °C, i.e., Δt = 2.8 °C. This can be calculated as follows:


  Q = m · c · Δ t = 0.4 · 4180 · 2.8 = 4681.6   J  



(27)







During the phase change in the latent heat part, the PCM supplied 4681.6 J to the heat transfer medium. During the mixed phase, the sample heated the heat transfer medium to a final temperature of 36.1 °C. In total, the two phases together heated the medium by 3.6 °C:


  Q = m · c · Δ t = 0.4 · 4180 · 3.6 = 6019.2   J  



(28)







The total energy transferred was 6019.2 J.



Two thermocouples were used for the measurements in the experimental setup, one for measuring the temperature of the heat transfer medium and the other for measuring the phase change of the sample located in the core. Therefore, the measured state may be different from the real state due to the non-uniform solidification of the PCM both on the surface and in the core.




3.7. Comparison of Sample-Charging Rates


Figure 18 shows a comparison of the sample-charging rates. The reference measurement was a PCM sample that did not contain any components to increase thermal conductivity. The total phase change time is 590 s. The steel twisted matrix curve melted the PCM in a time of 660 s. Compared to the reference sample, this time is 11.86% longer but, at the same time, the total charging time along with the sensible heat is 3.3% shorter after the end of the phase change process. The PCM curve (copper spiral) shows a longer charging time for sensible heat but, at the same time, the time required to go through the phase change is significantly lower at 200 s. Compared to the reference sample, this is a significant acceleration of 66.1%. The total time even with sensible heat is 14.1% shorter, which means that the copper spiral transfers heat more efficiently.



The PCM (copper matrix) achieves a transition time of 500 s, which means an acceleration of 15.25% compared to the reference sample. Compared to the PCM with a copper spiral, this acceleration is not as efficient, but the overall time is significantly different, specifically, by 22.62% compared to the reference sample. It is obvious that the copper matrix can work even more efficiently than the copper spiral. The higher content of the embedded copper element does not always guarantee a faster phase change transition, but due to the acceleration of the overall charging (sensible + latent), this phenomenon can be ignored.




3.8. Comparison of Sample-Discharging Rates


Figure 19 shows the energy transfer rate waveforms of each sample. The reference measurement of the pure PCM sample shows that the phase change time (solidification process) that takes place from 53.5 °C to 51 °C has a sample time of 3740 s.



The PCM with the copper spiral achieved a phase change time of 2295 s. The sample achieved an increase in phase change acceleration of 38.6% compared to the reference measurement.



The PCM with the steel twisted matrix had a time of 1890 s. This shows that the phase change was faster compared to the reference sample by 49.46% and faster by 17.65% compared to the copper spiral.



The PCM with the copper matrix showed promising results during the solidification process. Its time was 930 s, which means 75.13% acceleration compared to the reference sample. Compared to the steel twisted matrix, this difference is 50.79%, indicating that this method is relatively efficient and applicable for practical use.



A summary of the results in terms of increasing the transfer of latent heat energy from the PCM to the heat transfer fluid is shown in Table 2.




3.9. Interfacial Interaction of Metal Structures and PCM


During the calorimetric experiments, different metal structures were added to the sample with pure PCM; details of the characteristics, such as weight, volume, heat exchange surface and ratio of percentage volume to PCM volume, are shown in Table 3.



The data in the table clearly show the great influence of metal structures on thermal conductivity and heat transfer even at low volume ratios from 2.7% in the case of the steel twisted matrix to 6.1% in the case of the copper matrix. At the same time, the most important factor in comparing the techniques is the heat exchange surface, as it can be seen in the graphs above that the copper matrix shows the best results, even though according to the data from Table 3, compared to the steel twisted matrix, the copper matrix has an area of only 33% of the area of the steel twisted matrix.



In the case of our experiments, the amount of sensible heat in copper is insignificant. In the case of the copper matrix, during the experiment, during the heating of the PCM from 25 °C to 53 °C (this range should be taken into account), with a specific heat capacity of copper of 385 J/Kg and a copper matrix weight of 36 g, the whole amount of energy is 388.08 J, which is 5.4% of the total heat released by the PCM. When calculated only during the phase change (53.5 °C–51 °C), this value is only 36.45 J and, or 0.67%.




3.10. Hysteresis Curves of Measurements


In the measurements of the pure PCM sample, the hysteresis is not clearly visible; in fact, it is minimal, due to differences in the charging and discharging process. During charging, the dynamic itself is relatively high, which is due to the transition of the PCM from the solid to the liquid phase, while the internal heat transfer improves with an increase in the liquid fraction. In the discharge process, the curve reaches an ideal level where there is almost no temperature drop in the PCM during the phase change. However, it is necessary to note that the process is exceptionally slow and inefficient from the point of view of the time course. The gradual transition to the solid phase on the PCM-HTF contact surface results in a decrease in the thermal conductivity, resulting in a decrease in the ability to transfer heat efficiently. The experimental results are shown in Figure 20.



Figure 21 shows the application of the volumetric structure on the base of the copper matrix (0.0006 m × 0.0085 m). The result in the charging process is only a slight change in the curve, and this is in the final phase where a significant amount of solid material changes phase to liquid in a short time. During discharge, there is a significant improvement in dynamics and a reduction in the total time compared to pure PCM of up to 75%. Such an improvement in the dynamics allows the use of latent heat for application in the reservoir due to the acceleration of the energy release in a sufficient time range.



As shown in Figure 22, the copper spiral only slightly improves the dynamics of the process during the extraction of energy, while it is possible to observe a comparable process in the case of pure PCM. During the charging process it is possible to observe the influence of the location of the spiral, which is cross-sectionally on the inner radius of the beaker, and it is possible to confirm the theoretical conclusions from the point of view of the theory of boundary formation, which, in this case, is significantly influenced. There is a significant improvement in the heat transfer between the wall area of the beaker and the surface layer of the PCM, but this effect disappears in the core itself and standard sweating occurs.



In Figure 23 is presented a waveform with the application of a volumetric structure represented by a thin-walled spatial structure in the whole volume with flat metallic fibers (0.0001 m × 0.00045 m). There are no significant changes in the charging process, similar to the case of pure PCM and PCM–copper spiral. In the discharge process, there is a significant shortening of time, which is demonstrated as an effective improvement in the heat transfer dynamics in the entire volume, even after the transition of the surface contact layer to the solid phase.




3.11. Measurement of the Experimental Hybrid Tank of Water–Pure PCM


A cylindrical accumulation tank (heat transfer medium reservoir) made of low-alloy ferritic–pearlitic steel (steel grade 13—Cr-Ni-V) was used for the measurements (Figure 24a). The volume of the tank was 30 l and the dimensions were a diameter of 320 mm and a height of 420 mm. The tank was insulated with two layers of glass wool. The heating of the heat transfer medium was provided by an electric coil with an input of 1000 W. A heat exchanger (radiator) with an output of 800 W was chosen as the load. The tank was filled to 25 L as there was a smaller tank with PCM inside.



A smaller cylindrical tank with a capacity of 5 l served as a reservoir with the PCM for energy storage. The tank was also made of low-alloy ferritic–pearlitic steel of grade 13 (Cr-Ni-V). The dimensions of the vessel were a diameter of 160 mm and a height of 250 mm. The vessel material had a thermal conductivity of λ = 80 W/m·K. The container contained 3.7 kg of paraffin, which, based on its density, corresponds to 5 liters, while the percentage of the copper matrix to PCM volume was 1.3%.



A total of 12 thermocouples were used in the measurement tanks, 3 of which were used to measure the temperatures in the storage tank with the heat transfer medium and 9 of which were used to measure the temperatures in the PCM tank. The locations of the thermocouples in the vessels are shown in Figure 24b. A cylindrical system was chosen as the method of thermocouple placement.



Figure 25 shows the charging process of the water and PCM tank. The phase change starts at 3155 s at the part where the PCM4 thermocouple is located. Gradually the phase change passes from the shell of the tank to the core of the tank. From the graph, the heat transfer dissipation between HTF and the paraffin shell and core is clearly visible; this is due to the low thermal conductivity, especially in the semi-solid phase.



The total time to melt the entire 3.7 kg of PCM is 28,185 s. The end of the phase change occurs in the core of the tank with the PCM9 thermocouple. It is evident from Figure 25 that the charging is non-uniform throughout the volume.



Figure 26 shows the solidification process of the PCM in the storage tank and the charging of the heat transfer medium of the accumulation tank. Solidification starts at a time of 1310 on the PCM9 thermocouple. During this measurement, the heat transfer medium was discharged to a temperature of 43.4 °C. Thus, the temperature of the heat transfer medium is still at approximately 48.9 °C at this point. The phase change ends at a temperature of 51.00 °C at 43,050 s on the PCM5 thermocouple. The total solidification time is 41,740 s. The heat transfer medium was heated to a maximum temperature of 47.0 °C. This temperature was recorded approximately at the midpoint of the phase change. Overall, the heat transfer medium was heated by Δt = 3.6 °C. This can be calculated as follows:


  Q = m · c · Δ t = 3.7 · 4180 · 3.6 = 55,677.6   J  



(29)








3.12. Measurement of the Experimental Hybrid Tank of Water–PCM with Copper Matrix


During the investigation and experimental testing of various ways of improving the thermal conductivity of the PCM, such as a steel twisted matrix, a copper matrix and a copper spiral, the copper matrix technique was selected for the experimental setup. A comparison of the charging and discharging of the samples using the different methods of thermal conductivity enhancement for PCM versus the reference pure PCM is shown in Figure 27. When observing the charging and discharging of an experimental tray of pure PCM, the effect of the low thermal conductivity of paraffin and, consequently, the significant temperature differences between the core and the shell of the material during the whole charging and discharging process are clearly visible.



The copper matrix was a spatial structure embedded in an internal PCM tank and was formed of 13 layers of conductive copper strips. Each layer represented a rib with a thickness of 1 mm and an unfolded length of approximately 1000 mm. The width of each rib was 5 mm (Table 4).



Figure 28 shows the charging progress of the water and copper matrix PCM reservoir. The phase change starts at a time of 6195 s in the part where the PCM8 thermocouple is located. The total time to melt the complete 3.7 kg of PCM is 18,960 s. The end of the phase change occurs at the PCM7 thermocouple. The phase change transition took 12,765 s which is 54.7% faster compared to the PCM tank without the copper matrix. The charging in this case was much more uniform throughout the volume.



Figure 29 shows the solidification process of the PCM with the copper matrix and the charging of the heat transfer medium of the accumulation tank. Solidification starts at 460 s on the PCM9 thermocouple. At this time, the heat transfer medium is at 22.3 °C. The phase change ends at 51.00 °C at 9145 s on the PCM6 thermocouple. The total solidification time is 8685 s. The heat transfer medium was heated to a maximum temperature of 30.4 °C. In total, the heat transfer medium was heated by Δt = 8.1 °C. This can be calculated as follows:


  Q = m · c · Δ t = 3.7 · 4180 · 8.1 = 125274.6   J  



(30)







For comparison, the PCM with the copper matrix was able to deliver 125% more latent heat energy than the PCM without a copper matrix, and the phase change was faster by 79.19%. This result indicates a significant shift in the rate and amount of energy transferred.





4. Technical Evaluation of Measurements and Discussion


Comparison of Storage Capacities of Selected PCMs


To establish the comparison, the results were processed based on the following conditions: a 1000 L storage tank with water as the heat transfer medium was chosen as the reference storage vessel. The accumulated energy in the storage tank for the selected thermal gradient (Δt = 20 °C) Qat = Qv = 83.7 MJ. Storage tank with 200 litres integrated cylindrical PCM tank and 800 litres of water. For the selected paraffin the weight is about 150 kg (Table 5).



Based on the described methodology, the theoretical energy storage potential for organic PCM A43 (from the manufacturer PCMproducts Ltd., Peterborough, UK) [46] was determined, which has a latent heat value of 230 kJ/kg and a phase change at 43 °C. In terms of comparing the latent heat value against the reference PCM, it can accumulate 50 kJ/kg more energy in the phase change. This means that when keeping the same ratio of 800 L water to 200 L PCM, there is an increase of 25.2 MJ in the amount of energy stored relative to the reference water storage tank (Table 6).



The theoretical increase in stored energy when using organic PCM A43 is approximately 30.11%.



The third model case represents the use of salt hydrate as a PCM. The chosen material is a salt hydrate (TEAP PCM) [47], and due to the “know-how” of the manufacturer, only the parameter for the latent heat value of 260 kJ/kg and the phase change at 36 °C is given in this work. The ratio of water to PCM volume was kept as in previous cases (800 L water and 200 L PCM), (Table 7).



The results of the comparison of the individual PCMs are shown in Figure 30. They indicate that using the more efficient PCM based on salt hydrate allows up to 34.6% more energy to be stored while maintaining the volume of the tank.



As a result, even when using a PCM with a lower latent heat capacity, the efficiency is higher than when using a storage tank without a PCM. In the cases of using a PCM with a higher latent heat capacity, an increase of up to 30.11% or up to 34.6% was achieved.



The results obtained in this paper confirm and extend the published results of [27], and are in line with studies where the authors achieved a 50% reduction in the storage tank while maintaining the thermal capacity of the storage tank [28], where the authors achieved more than a twofold reduction in the size of the storage tank, where the authors [48] achieved a 14% increase in the thermal capacity of the storage tank with a small increase in the volume of the storage tank and found that the discharge efficiency of the PCM was increased by 83.9%. In the case of this paper, the technically available methods and materials were used to achieve the desired degree.



The methods of thermal conductivity and heat flow enhancement described by the authors of [18,19,20,21,28] have been experimentally verified and underestimate analytical and numerical predictions. The copper matrix shows the best results.



These results suggest that the use of PCMs as additive materials to increase the heat capacity of heat transfer media are effective and have benefits for science and practice. The implementation of PCMs in storage tanks allows us to maintain the size and volume of the tank or to significantly increase the heat capacity of the tank itself while maintaining the volume.



Further research should be focused on finding the ideal ratio of PCM to water in hybrid tanks and on other technologies to increase the thermal conductivity of PCMs for faster and more efficient heat transfer.





5. Conclusions


The accumulation of thermal energy in the form of latent heat is currently quite a widespread topic to investigate. PCMs are used for latent heat accumulation. Their segmentation is wide and there are a number of different types with different parameters. Since each group of PCMs has different properties, each group has its advantages and disadvantages for use in energy storage. The biggest disadvantage is their low thermal conductivity, which causes uneven melting and solidification; moreover, the main problem with heat transfer during a phase change is the boundary level. There have been many studies around the world that have looked at ways to improve thermal conductivity. In this work, the improvement of the thermal conductivity of paraffins by using different elements such as a copper matrix, a steel matrix or a copper spiral was described. For each element, measurements designed to monitor the increase in the thermal conductivity of melting and solidification were carried out. Overall, the results were positive and each of the elements led to acceleration of the melting and solidification of the samples, either in a greater or lesser proportion. The most suitable measured variation was the copper matrix PCM sample, at a copper matrix-to-PCM volume ratio percentage of 6.1% in a laboratory beaker.



The solidification rate of the PCM was 75.13% faster than that of the reference sample. Similarly, these results were also measured for an experiment on a larger accumulation tank with a PCM storage tank, where into the PCM tank was integrated a copper matrix, where the percentage of copper matrix to PCM volume was 1.3%. These differences were clearly visible and confirmed again that the copper matrix placed in the PCM tank increased the heat transfer coefficient, and thus, the total phase change time for solidification was reduced by 79.19% and melting by 54.7%; therefore, it is one of the best options to increase the thermal conductivity of paraffin as a PCM for hybrid storage tanks. The integration of a copper matrix into the PCM tank proved to be the most effective solution, increasing the latent heat transfer from 55,677.6 J to 125,274.6 J, which signifies a 125% enhancement over experiments with pure PCM. An analysis using hysteresis curves revealed that the copper matrix not only improves heat transfer but also stabilizes the thermal response of the PCM across cycles of charging and discharging. This stability is crucial for the practical application of PCMs in energy systems, where consistent performance is necessary to manage peak loads and enhance overall energy efficiency.



Considering future research, it is imperative to delve deeper into the microstructural interactions within PCM composites that are modified with metal matrices. Understanding the specific impacts of these matrices on the thermal and physical properties of PCMs will pave the way for targeted enhancements in PCM technology. Additionally, extending numerical simulations to assess the dynamic thermal behavior under varying operational stresses will provide a comprehensive view of their potential in real-world applications.



Based on the current research and our experiments, it is important for further development to determine a clear relationship between the volume of the copper matrix and the volume of the PCM by introducing a coefficient that could determine the optimal ratio of the volume structure to achieve the maximum effect. Based on the results of our work, at a smaller volume in calorimetric experiments, the volume ratio of the copper matrix to the PCM was 6.1% and the achieved discharge acceleration result was 75%, and in the case of the experimental setup, the ratio was 1.3% and the achieved discharge result was 79%, which confirms the above statements and shows a further way to achieve significant improvements.



The promising results from this study suggest that further exploration into scaled-up systems and long-term operational stability could significantly advance the deployment of PCM-based energy storage solutions in both industrial and residential settings, promoting more sustainable and efficient energy management.







Author Contributions


Conceptualization, M.R., M.F. and D.S.; methodology, M.F., D.S. and T.K.; software, D.S. and N.P.; validation, M.F., M.R., D.S. and T.K.; formal analysis, M.R.; investigation, M.L.; resources, M.R.; data curation, D.S. and N.P.; writing—original draft preparation, D.S., M.R., M.F. and T.K.; writing—review and editing, T.K.; visualization, D.S. and N.P.; supervision, M.R.; project administration, M.R.; funding acquisition, M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financed by the Slovak Ministry of Education, Science, Research and Sport within projects KEGA 024TUKE-4/2024 and VEGA 1/0371/23. This work was also supported by the European Union’s Horizon Europe research and innovation program under Marie Skłodowska-Curie grant agreement No. 101086487, project SME 5.0.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy reasons.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Dogkas, G.; Rebola, A. Development and experimental testing of a compact thermal energy storage tank using paraffin targeting domestic hot water production needs. Therm. Sci. Eng. Prog. 2020, 19, 1–23. [Google Scholar] [CrossRef]

	



Osterman, E.; Stritih, U. Review on compression heat pump systems with thermal energy storage for heating and cooling of buildings. J. Energy Storage 2021, 39, 1–23. [Google Scholar] [CrossRef]

	



Acheampong, A. Economic growth, CO2 emissions and energy consumption: What causes what and where? Energy Econ. 2018, 74, 677–692. [Google Scholar] [CrossRef]

	



Al-Absi, Z.A.; Mohd Isa, M.H.; Ismail, M. Phase Change Materials (PCMs) and Their Optimum Position in Building Walls. Sustainability 2020, 12, 1294. [Google Scholar] [CrossRef]

	



Faraj, K.; Khaled, M.; Faraj, J.; Hachem, F.; Castelain, C. A review on phase change materials for thermal energy storage in buildings: Heating and hybrid applications. J. Energy Storage 2021, 33, 101913. [Google Scholar] [CrossRef]

	



Boussaba, L.; Foufa, A. Elaboration and properties of a composite bio-based PCM for an application in building envelopes. Constr. Build. Mater. 2018, 185, 156–165. [Google Scholar] [CrossRef]

	



Heier, J.; Bales, C. Combining thermal energy storage with buildings—A review. Renew. Sustain. Energy Rev. 2015, 42, 1305–1325. [Google Scholar] [CrossRef]

	



Rimar, M.; Fedak, M.; Kulikov, A.; Krenicky, T.; Kulikova, O. Influence of Heat Accumulation of the Object on the Operation of the Cooled Ceilings Cooling System. MM Sci. J. 2022, 3, 5931–5936. [Google Scholar] [CrossRef]

	



Sharma, A.; Tyagi, V. Review on thermal energy storage with phase change materials and applications. Renew. Sustain. Energy Rev. 2009, 13, 318–345. [Google Scholar] [CrossRef]

	



Morovat, N.; Athienitis, A. Simulation and performance analysis of an active PCM-heat exchanger intended for building operation optimization. Energy Build. 2019, 199, 47–61. [Google Scholar] [CrossRef]

	



Oró, E.; de Gracia, A. Review on phase change materials (PCMs) for cold thermal energy storage applications. Appl. Energy 2012, 99, 513–533. [Google Scholar] [CrossRef]

	



Sarbu, I.; Sebarchievici, C. A Comprehensive Review of Thermal Energy Storage. Sustainability 2018, 10, 191. [Google Scholar] [CrossRef]

	



Ban, M.; Krajačic, G. The role of cool thermal energy storage (CTES) in the integration of renewable energy sources (RES) and peak load reduction. Energy 2012, 48, 108–117. [Google Scholar] [CrossRef]

	



Du, K.; Calautit, J. A review of the applications of phase change materials in cooling, heating and power generation in different temperature ranges. Appl. Energy 2018, 220, 242–273. [Google Scholar] [CrossRef]

	



Devaux, P.; Farid, M. Benefits of PCM underfloor heating with PCM wallboards for space heating in winter. Appl. Energy 2017, 191, 503–602. [Google Scholar] [CrossRef]

	



de Gracia, A.; Navarro, L. Life cycle assessment of aventialted facade with PCM in its air chamber. Sol Energy 2014, 104, 115–123. [Google Scholar] [CrossRef]

	



Zhang, X.; Shi, Q. Research Progress on the Phase Change Materials for Cold Thermal Energy Storage. Energies 2021, 14, 8233. [Google Scholar] [CrossRef]

	



Sharma, S.; Sagara, K. Latent heat storage materials and systems: A review. Int. J. Green Energy 2005, 2, 1–56. [Google Scholar] [CrossRef]

	



Zhou, C.; Zhao, Y. Review on thermal energy storage with phase change materials (PCMs) in building applications. Appl. Energy 2012, 92, 593–605. [Google Scholar] [CrossRef]

	



Şahan, N.; Fois, M. Improving thermal conductivity phase change materials—A study of paraffin nanomagnetite composites. Sol. Energy Mater. Sol. Cells 2015, 137, 61–67. [Google Scholar] [CrossRef]

	



Agyenim, F.; Hewitt, N. A review of materials, heat transfer and phase change problem formulation for latent heat thermal energy storage systems (LHTESS). Renew. Sustain. Energy Rev. 2010, 14, 615–628. [Google Scholar] [CrossRef]

	



Shenhui, T.; Xuelai, Z. Progress of research on phase change energy storage materials in their thermal conductivity. J. Energy Storage 2023, 61, 1–14. [Google Scholar] [CrossRef]

	



Zalba, B.; Marín, J. Review on thermal energy storage with phase change materials, heat transfer analysis and applications. Appl. Therm. Eng. 2003, 23, 251–283. [Google Scholar] [CrossRef]

	



Pielichowska, K.; Pielichowski, K. Phase change materials for thermal energy storage. Prog. Mater. Sci. 2014, 65, 67–123. [Google Scholar] [CrossRef]

	



Regin, A.F.; Solanki, S.C. Heat transfer characteristics of thermal energy storage system using PCM capsules: A review. Renew Energy Rev. 2008, 12, 38–58. [Google Scholar] [CrossRef]

	



Amin, N.A.M. Optimising PCM thermal storage systems for maximum energy storage effectiveness. Sol. Energy 2012, 86, 2263–2272. [Google Scholar] [CrossRef]

	



Kelly, N.; Tuohy, P. Performance assessment of tariff-based air source heat pump load shifting in a UK detached dwelling featuring phase change-enhanced buffering. Appl. Therm. Eng. 2014, 71, 809–820. [Google Scholar] [CrossRef]

	



Hirmiz, R.; Teamah, N. Performance of heat pump integrated phase change material thermal storage for electric load shifting in building demand side management. Energy Build. 2019, 190, 103–118. [Google Scholar] [CrossRef]

	



Rathod, M.K.; Banerjee, J. Thermal performance enhancement of shell and tube latent heat storage unit using longitudinal fins. Appl. Therm. Eng. 2015, 75, 1084–1092. [Google Scholar] [CrossRef]

	



Nematpour Keshteli, A.; Sheikholeslami, M. Influence of Al2O3 nanoparticle and Y-shaped fins on melting and solidification of paraffin. J. Mol. Liq. 2020, 314, 113798. [Google Scholar] [CrossRef]

	



Hosseinzadeh, K.; Erfani Moghaddam, M.A. Effect of two different fins (longitudinal-tree like) and hybrid nano-particles (MoS2-TiO2) on solidification process in triplex latent heat thermal energy storage system. Alex. Eng. J. 2021, 60, 1967–1979. [Google Scholar] [CrossRef]

	



Mehta, D.S.; Vaghela, B. Thermal performance augmentation in latent heat storage unit using spiral fin: An experimental analysis. J. Energy Storage 2020, 31, 101776. [Google Scholar] [CrossRef]

	



NematpourKeshteli, A.; Iasiello, M. Enhancing PCMs thermal conductivity: A comparison among porous metal foams, nanoparticles and finned surfaces in triplex tube heat exchangers. Appl. Therm. Eng. 2022, 212, 118623. [Google Scholar] [CrossRef]

	



ISO 3819:2015; Laboratory Glassware—Beakers. International Organization for Standardization: Geneva, Switzerland, 2015.

	



Al-Maghalseh, M.; Mahkamov, K. Methods of heat transfer intensification in PCM thermal storage systems: Review paper. Renew. Sustain. Energy Rev. 2018, 92, 62–94. [Google Scholar] [CrossRef]

	



Iten, M.; Liu, S.; Shukla, A. Experimental validation of an air-PCM storage unit comparing the effective heat capacity and enthalpy methods through CFD simulations. Energy 2018, 155, 495–503. [Google Scholar] [CrossRef]

	



Talati, F.; Taghilou, M. Lattice Boltzmann application on the PCM solidification within a rectangular finned container. Appl. Therm. Eng. 2015, 83, 108–120. [Google Scholar] [CrossRef]

	



Gorzin, M.; Hosseini, S.M.J.; Ranjbar, A.; Bahrampoury, R. Investigation of PCM charging for the energy saving of domestic hot water system. Appl. Therm. Eng. 2018, 137, 659–668. [Google Scholar] [CrossRef]

	



Bouhal, T.; Saïf ed-Dîn, F.; Kousksou, T.; Jamil, A. CFD thermal energy storage enhancement of PCM filling a cylindrical cavity equipped with submerged heating sources. J. Energy Storage 2018, 18, 360–370. [Google Scholar] [CrossRef]

	



Allouche, Y.; Varga, S.; Bouden, C.; Oliveira, A.C. Validation of a CFD model for the simulation of heat transfer in a tubes-in-tank PCM storage unit. Renew. Energy 2016, 89, 371–379. [Google Scholar] [CrossRef]

	



Sandnes, B.; Rekstad, J. Supercooling salt hydrates: Stored enthalpy as a function of temperature. Sol. Energy 2006, 80, 616–625. [Google Scholar] [CrossRef]

	



Almsater, S.; Alemu, A.; Saman, W.; Bruno, F. Development and experimental validation of a CFD model for PCM in a vertical triplex tube heat exchanger. Appl. Therm. Eng. 2017, 116, 344–354. [Google Scholar] [CrossRef]

	



Castell, A.; Belusko, M.; Bruno, F.; Cabeza, L.F. Maximisation of heat transfer in a coil in tank PCM cold storage system. Appl. Energy 2011, 88, 4120–4127. [Google Scholar] [CrossRef]

	



Kozak, Y.; Farid, M.; Ziskind, G. Experimental and comprehensive theoretical study of cold storage packages containing PCM. Appl. Therm. Eng. 2017, 115, 899–912. [Google Scholar] [CrossRef]

	



Pivarčiová, E.; Brodnianská, Z. Heat and Mass Transfer: Theory, Examples and Exercises; Technical University of Zvolen: Zvolen, Slovakia, 2018. [Google Scholar]

	



Phase Change Materials: Thermal Management Solutions. Available online: https://www.pcmproducts.net/ (accessed on 11 February 2024).

	



Phase Change Material PCM Manufacturers for Air Conditioning, Electronics Cooling. Available online: https://www.teappcm.com/ (accessed on 11 February 2024).

	



Zou, D.; Ma, X. Experimental research of an air-source heat pump water heater using water- PCM for heat storage. Appl. Energy 2017, 206, 784–792. [Google Scholar] [CrossRef]








[image: Applsci 14 03732 g001] 





Figure 1. Sample-charging device (a) and experimental calorimeter (b). 
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Figure 2. Scheme of experimental setup. 






Figure 2. Scheme of experimental setup.
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Figure 3. Temperature–enthalpy relationship [35]. 
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Figure 4. Evolution of the hydrodynamic boundary layer along the horizontal plate. 
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Figure 5. Evolution of the temperature boundary layer along the horizontal plate. 
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Figure 6. Boundary layer evolution during vertical plate flow in natural convection. 
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Figure 7. Charging water sample. 
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Figure 8. Discharging water sample. 
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Figure 9. Charging pure PCM sample. 
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Figure 10. Discharging pure PCM sample. 
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Figure 11. Simulation of charging pure PCM sample. 






Figure 11. Simulation of charging pure PCM sample.



[image: Applsci 14 03732 g011]







[image: Applsci 14 03732 g012] 





Figure 12. Charging PCM–copper matrix sample. 
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Figure 13. Discharging PCM–copper matrix sample. 
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Figure 14. Charging PCM–copper spiral sample. 
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Figure 15. Discharging PCM–copper spiral sample. 
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Figure 16. Charging PCM–steel twisted matrix sample. 
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Figure 17. Discharging PCM–steel twisted matrix sample. 
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Figure 18. Comparison of sample-charging rates. 
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Figure 19. Comparison of sample-discharging rates. 
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Figure 20. Hysteresis curves of pure PCM measurements. 
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Figure 21. Hysteresis curves of PCM–copper matrix measurements. 
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Figure 22. Hysteresis curves of PCM–copper spiral measurements. 
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Figure 23. Hysteresis curves of PCM–steel twisted matrix measurements. 
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Figure 24. Accumulation tank for heat transfer medium (a) and thermocouple location in the tank (b). 
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Figure 25. Charging rate of the hybrid tank of water–pure PCM. 
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Figure 26. Discharging rate of the hybrid tank water–pure PCM. 
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Figure 27. Comparison of charging and discharging rate of the samples. 
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Figure 28. Charging rate of the hybrid tank of water–PCM with copper matrix. 
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Figure 29. Discharging rate of the hybrid tank of water–PCM with copper matrix. 
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Figure 30. Comparison of hybrid tank capacities. 
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Table 1. Parameters of selected PCM.
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	Property
	Value





	Melting phase change temperature
	48.2–52 °C



	Solidification phase change temperature
	53.5–51 °C



	Specific heat capacity
	2.22 kJ/kg·K



	Latent heat capacity
	180 kJ/kg



	Thermal conductivity in solid state
	0.22 W/m·K



	Thermal conductivity in liquid state
	0.7 W/m·K










 





Table 2. Comparison of latent heat transfer rates in experiments.
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	Experiment Description
	Latent Heat (J)
	% Difference Compared to Pure PCM





	Pure PCM sample
	3678.4
	-



	PCM with copper matrix
	5183.2
	41.0% increase



	PCM with steel twisted matrix
	4681.6
	27.3% increase



	PCM with copper spiral
	6186.4
	68.3% increase










 





Table 3. Characteristics of metal structures.
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	Property
	Steel Twisted Matrix
	Copper Matrix
	Copper Spiral





	Weight (g)
	11.7
	36
	21



	Volume (m3)
	   0.214 ×   10   − 5     
	   0.49 ×   10   − 5     
	   0.36 ×   10   − 5     



	Heat exchange surface (m2)
	0.052
	0.017
	0.008



	Weight % comparison to paraffin
	19.5%
	60.0%
	35.0%



	Volume % comparison to paraffin
	2.7%
	6.1%
	4.45%



	Heat exchange surface % comparison to steel twisted matrix
	100.00%
	33.47%
	15.17%










 





Table 4. Parameters of copper matrix.






Table 4. Parameters of copper matrix.





	Property
	Value





	Construction volume
	64.35 mm3–0.06435 L



	Total heat exchange surface of the finning
	468 mm2



	Thermal conductivity of copper
	401 W/m·K



	Total weight of construction
	0.52 kg










 





Table 5. Parameters of hybrid tank of water–PCM (selected).
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	Medium
	Amount
	Sensible Heat
	Latent Heat
	Total





	Water
	800 L
	66.96 MJ
	-
	66.96 MJ



	PCM
	200 L
	6.48 MJ
	27.00 MJ
	33.48 MJ



	
	1000 L
	73.44 MJ
	27.00 MJ
	100.44 MJ










 





Table 6. Parameters of hybrid tank of water–PCM (A43).
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	Medium
	Amount
	Sensible Heat
	Latent Heat
	Total





	Water
	800 L
	66.96 MJ
	-
	66.96 MJ



	PCM
	200 L
	7.09 MJ
	34.56 MJ
	41.65 MJ



	
	1000 L
	73.44 MJ
	34.56 MJ
	108.9 MJ










 





Table 7. Parameters of hybrid tank of water–PCM (salt hydrate).






Table 7. Parameters of hybrid tank of water–PCM (salt hydrate).












	Medium
	Amount
	Sensible Heat
	Latent Heat
	Total





	Water
	800 L
	66.96 MJ
	-
	66.96 MJ



	PCM
	200 L
	6.84 MJ
	38.88 MJ
	41.65 MJ



	
	1000 L
	73.8 MJ
	38.88 MJ
	112.68 MJ
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
3
5

g
z

520 35 50 65 80 95 110125140155170185200215230245260275290 305320 335350 365380395

Time (5)
—ater  m—Water (sample)





media/file4.png
radiator

valve

switchboard

valve
Dk
Tank
valve
valve
|—\ =
e Cosmet
MS3 B
b






media/file52.png
(oD) aamyeradwa],

G0S'0L
GET1'89
G08°c9
GeH'c9
GOT'19
GG/'8¢
G0 9¢
GC0HS
G0L18
cee'6l
=\ \ WAy
G59 ¥
(0[O %
¢G6 6€
G09°2€
elordlely
G06 T€
Ges’0¢
G0Z'8T
GE8'cr
60S'cT
Ger'1T
60881
GSH91
GOL ¥
GSLTT
C0¥6
1V
COL¥
Geee
G

Time (s)
Water 2

Water 3

Water 1

PCM 3
PCM 6
PCM 9

PCM 2
PCM 5

PCM 8
= = = End of phase change

PCM 1

PCM 4

PCM 7
= == = Start of phase change






media/file39.jpg





media/file18.png
Temperature (C°)

~
o
)
)
)
)
)
)
)
)

65
60
55
50------------------
45
40
35
30
25
I O 1 O 1 O 1 O 1 O 1O O© LI O O O L1 O LW O LW O 10O O LW O W O I O O
O = IN AN O ¢Hh O H O O = O NIDNOMOW H ONLO O O — INal 0o O S O 1O
— = AN AN O D 0N O DNDNO OO O AN AN IO N0 N
I e B R I R e
Time (s)

s PC\V| s Hea t-transfer fluid - - - Start of phase change = = =End of phase change





media/file21.jpg





media/file44.png
68
65
62
59

56

53
50

47

44
41

38

35

32

29

26

23
20

qa6v
064Y
Gy
09V ¥
({1474
0CLy
G96¢
008¢
Geoce
04¥€
qoee
Ovie
G26¢
018¢
G1v9¢
08¥¢
qglec
0S1I¢
g861
0¢81
G991
06v1
Ggeel
0911
G66

0¢€8

G99

004

gee

041

Discharging

—— Charging





media/file26.png
Temperature (C°)

D W W = k= G g O D
N P N R Nk, N PO

70

-
N
I~

135
200
265
330
395
460
525
590
655

PCM (copper matrix)
= == = Start of phase change

|
Mixed-phase
Latent heat 1at€'!nt and
sensible heat
IR A R —— p— = S I I R
53.5 =3 ~
—
34.2
29.9 33
/

0 O 1O O W1 O 16O O 16 O 1 O 1o O Lo
L O = 0 <~ INH O DN O N N O
IN o O OV © = = AN cHh oHh H 1O 16O O O
L onn e B 5 A e B o B o B o B v R v B v B v

Time (s)

Heat-transfer fluid
= == = End of phase change

1760
1825
1890
1955





media/file61.png





media/file57.jpg
I
H494
Ejonas
o FE5333
<6 T
e !
su i
oa
o
s o
ot ¢
e H
one 1
oz _ 2
@ joans
w o 20055

' B
RE8RR2SBRAA
() amesadway.

J—vit






media/file55.jpg
() ammyesadwag

Time (s)

Water

Water1

P

PCM2
PcM

M1

PCM6
PMY

PCM 4

PN S
= = — Endof phase change

= = = Startof phase change






media/file7.jpg





media/file28.png
N
-
)

)

)

)

)

4

4

I

65
60
i& 55
§50 ----I-----I----I -----------
e
v 45
3
gg 40
35
30
25
0o O w0 O 1 O I O W O 10 O w0 O 1O O W0
INcHh © O O O O Al O IO AN 0 IO — o <
HNNCOCO%*LOLOOL\I.\OOQQS
Time (s)

PCM (copper spiral)
— = = Start of phase change

1110

o O I O 10 O 10 o 10 O
N <H © I o © QO o0 O \O
— AN O N < IO 1O O O DN
L B e B = T e B e R 5 e B e B o B |

e Heat-transfer fluid

= = = [End of phase change

1825
1890
1955






media/file10.png
h TeMV






media/file49.jpg
5

i333

WK_NK_
F
-
i
i
H

H
k1l
¥
FERE
20805
:
H
H

8382393888
(o) amyesadusa)





media/file11.jpg





media/file6.png
4.5

35¢

Enthalpy, J/kg

1.5¢

05+

x 10°

)

1 ke 1 l 1 ] ll ] L |
| Toell |
| I
| I
| I
I I
I
| I
TN | I
Tp=43.9 \ | I L=190 kikg
I
| I
| !
Lp=30kJ/kg |
p-
| | Tm=59.9
I |~
136 | (87
1 1 1 | 11 | 1 1

0 10 20 30 40 50 60 70 80 90

Temperature ,°C

100





media/file36.png
Temperature (C°)
w S AN U1 U1 N (@) |
U1 ) U1 ) U1 o U1 -

QI
-

N
Ul

-
\O

0 O 1 O w0 o w0 O I O LW
~ NN OO O FH O IO O
N = AN AN O o T IO O \O

e \\ ater (sample)

PCM (copper spiral)
PCM (steel twist matrix)
= = = Start of phase change

Time (s)

940

995
1050
1105
1160
1215
1270
1325
1380
1435

e PCM

PCM (copper matrix)
Heat-transter fluid
= == = End of phase change

1490
1545
1600
1655






media/file15.jpg
Temperature (%)

B
5
og® B g

—ater e Water (Sample)





nav.xhtml


  applsci-14-03732


  
    		
      applsci-14-03732
    


  




  





media/file54.png
Temperature (C°)
B s W U1 Ul
S = 0 N O

PCM
PCM (steel twist matrix) «= «= e Start of phase change

1145
1335
1525
1715

1905
2095

2285
2475

PCM (copper spiral)

o Lo
O O

\O o0
AN AN

3045
3235
3425

Time (s)

3615

3805

3995

4185
4375
4565
4755

4945

- @ e
H O 16O
O o v
— o 0o
H 1O 16

PCM (copper matrix)
= == «[nd of phase change

5705





media/file2.png





media/file53.jpg
THE
incls
— S 1






media/file23.jpg
Time ()
e PCM (copper matix) —— Heattransfer fluid

artof phase change = = = End of phase chan





media/file59.jpg
3 100%

g 130%
¥ 135%
o 209 40 6 80 100 120° 140°

Water mWater—PCM (reviewed) W Water—PCM (A43) B Water—PCM (salt hydrate)





media/file24.png
Temperature (C°)
W W s s U
o o1 © O O

N
U1

(i TR e (o Ren il (o RN e i (o R eI (o)
N0 © O ¢ O O ol O 1o
— AN N O <D0 N

PCM (copper matrix)
— = == Start of phase change

720

785

o B O
O = QO
o O O
Time (s)

1045
1110

1175
1240
1305
1370
1435
1500
1565
1630
1695

Heat-transfer fluid
= == = End of phase change

1760
1825
1890
1955






media/file29.jpg
mperature (C)

 PCM (copper spiral)

= = Start of phase change

P

Time (s)

28y

305
875

—— Heattransfer fluid

= = —End of phase change

4935





media/file1.jpg





media/file12.png
hTeMV

xQ‘V





media/file9.jpg





media/file42.png
68
65
62
59

56

53
50

47

44
41

38

35

32

29

26

23
20

a6l
0681
Ge8l
0941
G691
0€91
GGl
00<1
Gevl
04€1
Goel
0¥l
L1l
OLLI
G101
086
Gle
0S8
G8Z
0¢4
a9
064
o4
09¥
g6¢c
0153
Gg9¢
00¢
Gl
04

Discharging

—— Charging





media/file56.png
n o 1 o 10
Lo

(,D) amyeradway,

cTe¥e
G96'€T
C08'TT
¢P0'TC
G8T’1T
Gzs 0t
G961
€00°61
CHT's1
a8 L1
GTL91
€96 ‘C1
c0Z'S1
Chh 1
€89 €1
GZ6'Cl
¢91 ‘Tl
COF'1T
¢9°01
G886
GZI6
G9¢8
G09Z
cH89
G809
GZES
G9GY
GO8E
Ch0g
G8TT
GZST

G9L

Time (s)

Water 2
PCM 2
PCM 5

PCM 8
= = = End of phase change

r3

Wate

Water 1

PCM 3
PCM 6
PCM 9

PCM 1
PCM 4

PCM 7
= = = Start of phase change






media/file47.jpg
dgzeazizes §

£02020°200






media/file38.png
o1 O
—_ W
[ |

Temperature (C°)
W
O

47

45

43

41

39

37
0 © 16 O 10 O
O Iy I H o
HCOLOL\@:

e\ ater (sample)
PCM (copper spiral)
= = == End of phase change

1295
1480
1665
1850

0 © I O 1 O w0 O 11 O w0
N AN O OO N O FOH O XD
O AN H IO IN OY = O O DN
AN AN AN AN AN AN O O o o
Time (s)
PCM

4070
4255
4440
4625
4810
4995
5180
5365

PCM (copper matrix)

PCM (steel twist matrix) == == == Start of phase change





media/file17.jpg
1

El

1135

‘Time ()

——POM —— Heat-transfer fluid - - - Start of phase change — - ~End of phase change






media/file60.png
>
'g 100%
o 120%
o O 130%
2 135%
-
0% 20% 40% 60% 80% 100% 120% 140%

Water W Water—PCM (reviewed) M Water—PCM (A43) B Water—PCM (salt hydrate)





media/file30.png
Ul U1 o) N
o Ul - Ul

Temperature (C°)
s &

O8]
O]

30

25

PCM (copper spiral)
= == = Start of phase change

= == = End of phase change

— L] -_— i- -[ L] L] -[ -_— — - - - TS -_— -_—
| Latent heat Mixed- \\
phase
latent and \
sensible \.
31 heat \351
oo ;4.7
vl
o IoNNIoNN IoNNIoNN o NN o (o N Io NN o o NN o NN Io NN Io NN Io NN Io NN o NN Io N Io N (o NN [N [o TN [0 N IO TN [o NN [ TN IO NN Lo TN [ TN [ @
IN <H v—= 00 IO &N O O N O N I = 0 IO AN O O N O IN FH = 0 1O &N O O on
M O O 0O O —=H OHh IO N oo N IO N O HF IOINOYY OO AN IO INOY
N = = = = = AN A a0 <A
Time (s) Heat-transfer fluid





media/file51.jpg
Temperature (C°)

©
Y rE] REBERE
HEEZ GE235E
Time ()
Water1 Water2 Water3
p—e “rar: rews
v ras rove
rom7 rows roms

~ = =Startof phase change = = = End of phase change.





media/file35.jpg
o Water (sample)
PCM (copper spiral)

e PCM (sl twist matrx)

= — = Start of phase change.

Time (5)

——rcM
——— PCM (copper matrix)
—— Heat-transfer fluid

= = = End of phase change





media/file48.png
Water 1

WO

Water 3

AR\






media/file27.jpg
"tv
135
200

= PCM (copper spiral)

= = =Start of phase change

Time (s)

—— Heat-transfer fluid

= = =End of phase change





media/file3.jpg
valve

‘switchboard

valve ot
alie Tank
valve
Cosmet
—T—c ()






media/file22.png
Mass Fraction
Contour 1

0 0.02 0.04 (m) 0 0.02 0.04 (m) 0 0.02 0.04 (m)
L S— SSS—

Mass Fraction
Conlour 1

0 0.02 0.04 (m)
L SSSaa—  SSS—





media/file19.jpg
Latent heat

Time (s)

—CN pure) —— Heattransfer fluid
= — —Startof phase change = — —End of phase change.





media/file58.png
e
\O

(,D) aajeradwa ],

0FE ¥T
elelenlorg
04L°TT
G86 1T
00212
GI¥ 02
0€9°61
G881
09081
cLT'L1
067 91
Q0L St
026 71
ce1 vl
0S€ ‘€1
Q9¢ 71
08411
G66 01
01201
GTh6
0798
GG8/
0£0Z
G879
00SS
GI/¥
0€6€
GhIE
09€T
GLST
06Z

G

Water 3
PCM 3
PCM 6
PCM 9

Time (s)

Water 2
PCM 2
PCM 5

PCM 8
= = = End of phase change

PCM 1
PCM 4
PCM 7
- == = Start of phase change

Water 1






media/file40.png
68
65
62
59

56

53

47

44
41

38

35

32

26

23
20

00¥<
00¢S
0004
S08Y
097
SOvv
S0cy
007
08¢

ToRNToluTo)
S D D
A F O
D

ischarging

S00€ A






media/file33.jpg
Temperature (C°)

Latent heat

———PCM (Steel twist matrix)
~ = =Start of phase change

Mixed-phase
latentand
sensible heat

Time (5)
—— Heat-transfer fluid

= = =End of phase change





media/file32.png
Temperature (C°)

N N W W B s U O
o G o o o u1 o O

-
o0

155
230
305
380
455
530
605
680
755

PCM (Steel twist matrix)
= == Start of phase change

830
905
980
1055

Time (s)

1130

1205
1280
1355
1430
1505
1580
1655
1730
1805
1880
1955

Heat-transfer fluid

— = = End of phase change





media/file14.png
Temperature (C°)

65
59
53
47
41
35
29
23

5 20 35 50 65 80 95 110125140155170185200215230245260275290305320335350365380395

e \\/ ater

Time (s)
e\ ater (sample)





media/file41.jpg
et
o681
st
oozt
6ot
oeor
<oct
o0t
cert
ozt
<ot
orzt
P

sror
085
<16
058
kY
oz
<9
o6¢
S
oor
<66
oce
o
o0
se

Charging ——Discharging






media/file37.jpg
g 3888
e Water (sample) g TiE () e PCM (copper matrix)

= = = End of phase change





media/file46.png
00€€
O6l€
080¢€
046¢
098¢
044¢
0¥9¢
0€4¢
474
0Lece
00¢¢
060¢
G861
G/81
G941
Ge91
aral
Gevl
Gcel
Il
GOLI
G66

G88

GLL

G99

qaq

vy

gee

Ggcc

g1l

Discharging

—— Charging





media/file45.jpg
——Charging  —— Discharging





media/file16.png
Temperature (C°)

65
59
53
47
41
35
29
23

/—
O O O 10 O 1 O 10 O 1 O 1 O ;O 1O ;Lo O
AN O O 0N =W A IO DN 0O =N O DN OO A
A e B B B B o B &N I o\ I o\ I o\ I o\ I o\ BN o\ IR e Ml o 9!
Time (s)
e Vater — e Vater (Sample)

335

350

365

380
395

410

425





media/file20.png
[ NI | ‘
I |
1 \
[ I |
| B |
I \
I \
—
LI 0~
__k LOY
AL
F A
| |
-
5
=< |8
o 9
%wr.
95
Lmln___
1 QO
Tl !
.mm |
= |
N
I Tg)
| o
|
|
|
-
5 |
<
-
-
oD}
-
o
—_
=
o
ch)

\

0 1N o O O
O O O wn uwn

N O
LN

(,D) aanjeraduwa],

N < o0
n & € < oo n n

Time (s)

Heat-transfer fluid
— = = End of phase change

PCM (pure)
— = = Start of phase change





media/file50.png
- i —‘_
BT .

T

B Y 8 B R
(,0)amyeradway

&

020"
GCH'TE
068°0€
G8'6C
09£'8¢
GR9°LT
0£9°9¢
G9G"Gg
00S%¢
GEF'ET
0LE°TC
GOE'TT
0Fz'0¢
GLT'6T
OIT'8T
SLIA
086°GT
1671
0S8°ET
68L°C1
0eL'11
Ga9'01
0656

ST

09F L

S6£9

0ees

9T

00cE

GELC

00T

5

Time(s)

Water 2

Water 3
PCM 3
PCM 6
PCM 9

Water 1

PCM 2
PCM

PCM 1
PCM 4

PCM 7
— = = Start of phase change

L

PCM 8
= = = End of phase change






media/file5.jpg
50 60 70 80 90 100

40

‘Temperature ,°C

30

20

s
2.5% 10
05

0





media/file31.jpg
n

Temperature (C)

Time (s)

e PCM (St twist matrix) e Heat transfer fuid

= = -Startof phase change — = —End of phase change





media/file25.jpg
o~ Latenthent

Time (s)

—PCM (copperm o Heat transier fluid

= Startof pha






media/file0.png





media/file8.png





media/file43.jpg
——Charging  —— Discharging






media/file34.png
(@)
S

Mixed-phase

59 latent and
N Latent heat sensible heat
o
) i\
; - TeE T TE*E B T T T T T T TG T T O T T T T T T
§49 53.5 53
CJQ)-‘44
&
)]
= 39
§ " 325 522 %61
29 -
o 1’0o w0, L LW Lw w0 w0 LwnLwn wlD Ll LwLuwn LuwnLwLwLwLw LwnLw LwnwloLw wn Lwn
— AN FHF O O DN O DD A I ODNNO N WA <FHF OO DN O ON O
— AN O O NSO AN O O O DN OO AN O NODNO 0N =D
L e B B e I B e B HE B B o\ I o\ I o I o\ I o\ I o\ Bl o\ BN o\ Bl o\ I e s M e o M 0 0}
Time (s)

PCM (Steel twist matrix)
— = = Start 