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a b s t r a c t This paper reports the results of an experimental investigation on the thermophysical properties of composites materials (Epoxy resin/parafﬁn spheres) and (Epoxy resin/metal tubes) ﬁlled with parafﬁn developed to improve different properties of PCM and open a wide ﬁeld of applications to latent heat storage systems. The objective of this research is to use PCM composite as integrated components in a passive solar wall. The proposed composite TROMBE wall allows daily storage of the solar energy in a building envelope and restitution in the evening, with a possible control of the air ﬂux in a ventilated air layer. An experimental set-up was built to determine the thermal response of these composites to thermal solicitations. The results have shown that most important thermal properties of these composites at the solid and liquid states, like the ‘‘apparent’’ thermal conductivity, the heat storage capacity and the latent heat of fusion. Experimental investigations of the thermophysical properties of composites materials (Epoxy resin/metal tubes) ﬁlled with parafﬁn have shown that these materials combines a high heat storage capability and an enhanced heat transfer at the same time. Ó 2013 Elsevier Ltd. All rights reserved.



1. Introduction Phase change materials (PCMs) have been investigated for many applications, including energy storage materials, thermal protection systems, as well as in active and passive cooling of electronic devices [1–4]. Different inorganic as well as organic substances have already been used for the creation of phase change materials; among the most common ones are various salts and their eutectics, fatty acids and n-alkanes [5,6]. Parafﬁn waxes can be good phase-change materials because of their desirable characteristics such as a high latent heat of fusion, negligible super-cooling, low vapour pressure in the melt, chemical inertness and stability [7]. The number of carbon atoms in the chains of parafﬁn waxes with melting temperatures between 30 °C and 90 °C ranges from 18 to 50 (C18–C50). The speciﬁc heat capacity of latent heat parafﬁn waxes is about 2.1 kJ/kg °C. Their melting enthalpy lies between 180 and 230 J/g, which is quite high for organic materials. The combination of these two values results in an excellent energy storage density. Waxes are also readily available and inexpensive [8,9]. Traditionally, parafﬁn waxes are kept in closed tanks or containers during heating to suppress wax leakage. Another possibility to keep waxes in a stable shape during application is to embed PCM in a matrix of another material. The epoxy resin matrix ﬁxes ⇑ Corresponding author. Tel.: +33 145171836. E-mail address: [email protected] (A. Trigui). 1359-8368/$ - see front matter Ó 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.compositesb.2013.01.007



the parafﬁn wax in a compact form, even after melting, and suppresses wax leakage. The epoxy system (resin + hardener) was chosen so as to make reasonable the experimental conditions (reactivity, polymerization temperature, transparency). Such materials are also easily shaped, and the polymer phase provides its own speciﬁc properties. In the recent literature, one can ﬁnd studies on various conﬁgurations, including constrained melting in an enclosure [10–12] and various ﬁnned systems [13,14]. Various techniques have been used in the past investigations of melting in vertical circular tubes. This geometry is important in many practical applications such as casting processes, thermal storage systems, and food processing. One can note that it is common to store PCM in thin-walled metal tubes in order to reduce the thermal resistance and to bring the experiments closer to a real situation. However, metal tubes do not allow observation and recording of the process, whereas visualization turned out to be essential for understanding the phenomena. Sparrow and Broadbent [15] studied melting of parafﬁn in a thin-wall copper tube submerged in a constant-temperature bath. Various temperature differences between the wall and the parafﬁn were explored. Observation was done by interrupting the melting process at various stages and taking the solid outside the tube. This way, the melt fraction, i.e. the current fraction of liquid phase in the total mass of the material, was determined. Using the same experimental apparatus and technique, Sparrow et al. [16] investigated experimentally melting of pure substances, which have a
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Nomenclature e



s, t q T Cp k Q



U



s l m p c sens exch init end



thickness of composite samples time, s density of composite, kg m3 temperature, °C speciﬁc heat capacity, kJ/kg °C thermal conductivity, W m1 K1 energy per mass stored, J/g or kJ/kg heat ﬂux density, W/m2



solid liquid melting solid–solid change crystallization sensible exchanger initial thermal steady state ﬁnal thermal steady state



Subscripts 1, 2 bottom and top faces of the composite



well-deﬁned melting temperature, and mixtures, which melt over a range of temperatures. Accordingly, pure parafﬁns, n-octadecane and n-eicosane, were explored along with their mixture. The ﬁndings showed no differences between the solid shape during the melting process for the pure and impure substances. The melting behavior of various parafﬁn waxes in a cylindrical enclosure was investigated experimentally by Bareiss and Beer [17]. The solid–liquid interface location was inferred indirectly by using embedded, closely spaced thermocouples to detect the steep temperature rise associated with the thermal boundary layer as the melt front passed close to a thermocouple. Menon et al. [18] studied melting of a commercial parafﬁn wax in vertical tubes with various PCM heights. In addition to a systematic study which involved copper tubes and resulted in determination of dimensionless full-melting time as a function of the Fourier, Stefan and Rayleigh numbers and height-to-diameter aspect ratio, a demon-



(a)



(b)



stration study of melting was performed separately, in a glass tube. The observed patterns were similar to those reported by Sparrow and Broadbent [15]. Menon et al. [18] conﬁrmed the presence of natural convection in the liquid phase by tracer particles showing the ﬂuid motion during the melting. It was demonstrated that due to the density differences, the ﬂow near the hot tube wall is upward while the ﬂow near the cold solid–liquid interface is downward. More recently, Jones et al. [19] studied melting of n-eicosane in a short vertical cylindrical enclosure heated from the side. Their objective was to provide benchmark experimental measurements for validation of numerical codes, using rather sophisticated techniques for monitoring the melting front and image analysis. The melt fraction was determined experimentally from the reconstructed interface locations and compared to the numerical results. The results of Jones et al. [19] indicate that the melt fraction relates



(c)



(d) (1) : inferior plate of the mold, (2) : support of regulary spaced paraffin spheres, (3) : injection hermetic syringe. Fig. 1. Manufacturing of Epoxy resin/parafﬁn spheres composites. (a) Mold of parafﬁn spheres, (b) positions of spheres into a mold, (c) process of injection, and (d) sample.
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Table 1 Properties of composites (Epoxy resin/parafﬁn spheres composites). Properties of composites



Epoxy resin/parafﬁn spheres composites



Epoxy resin (d)



Diameter 12 mm (a)



Diameter 11 mm (b)



Diameter 10 mm (c)



Volume (mm3) Weight (g) Densities (kg/m3) Mass of parafﬁn wax (g)



200  200  17.4 762 1095 110.3



200  200  16 667 1042 98.0



200  200  15 627 1045 88.6



200  200  17 763 1122 _



Table 2 Properties of composites (Epoxy resin/metal tubes). Properties of composites



(Epoxy resin/copper tubes) (I)



(Epoxy resin/brass tubes) (II)



Volume (mm3) Weight (g) Densities (kg/m3) Weight of parafﬁn wax (g)



200  200  6.6 470 1780 32



200  200  6 422 1758 22



to the product of Fourier and Stefan numbers. Katsman et al. [20] explored experimentally the process of melting of a commercially available parafﬁn-type substance in transparent vertical tubes of various diameters, immersed in a water bath. The experiments provided detailed continuous phase ﬁelds inside the tubes for different bath temperatures. A correlation connecting the melt fraction with dimensionless groups was suggested, accounting for the temperature drop across the wall. In the present paper, a detailed study on the thermal storage capacity of a phase change material for energy conservation in buildings, and in particular in solar walls, is analyzed and discussed. As the overall objective is to insert PCMs in a passive solar component such as the ‘‘composite Trombe wall’’, parametric studies of relevant properties and dimensions are required. For example, the target climate for the use of PCM 27 in Trombe solar walls is a temperate climate with usual ambient temperatures. The temperature of the material cannot exceed 60 °C, because the PCM may lose its storage capacity and it could be damaged (phenomenon of segregation). Concerning the implementation, it is very interesting to envisage important heat storage within PCMs in a relative small volume. In the case



(a)



Fig. 3. Composite (II): epoxy resin + brass tubes (3.56 mm outer diameter and 2.74 mm inner diameter).



of solar energy channeled, it is important because the heat ﬂux can be intense during a short period. In the context of our application, the restitution of the heat stored can be done in natural convection or eventually in forced convection by means of a fan. This involves obtaining the best heat transfer conditions to store energy in a reasonable time interval. It has to be examined in a future work. An experimental set-up consisting of ﬂuxmetric measurement has been constructed to provide the thermal performance of the composites. In addition, a DSC analysis was carried out. This study deals with the comparison of experimental results for different parallelepiped PCMs composites to be used in passive solar walls. The proposed research is concerned with increasing the efﬁciency of passive solar applications by enhancing the thermal mass. Thermal storage capacity will be increased with the addition



(b)



(c)



(1) : inferior and superior plates of the mold, (2) : support of regulary spaced metallic tubes, (3) : metallic tubes, (4) : injection nozzle, (5) : injection hermetic syringe. Fig. 2. Manufacturing of Epoxy resin/metal tubes composites. (a and b) Positions of metallic tubes into a mold and (c) process of injection.
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of phase change materials. However, common PCMs with a solid– liquid phase transition suffer from a small thermal conductivity especially in the liquid state, usually below 0.2 W/(m K). Therefore, even though heat can be stored efﬁciently, it is not accessible in short times and with large heat ﬂux densities. This paper reports on the successful the attempt to improve the heat conductivity with metal tubes in order to enhance the phase change effects.



2. Experimental study 2.1. Samples preparation 2.1.1. Epoxy resin/parafﬁn spheres composites Three composites were prepared from parafﬁn spheres and epoxy resin on the basis of varying diameter of parafﬁn spheres. The ﬁrst step was to produce spherical shape calibrated based parafﬁn wax commercial (RT27) [9] of 10, 11 and 12 mm of diameter with a speciﬁc mold (Fig. 1a). Parafﬁn is injected in liquid state under constant pressure on the center of each shell using a speciﬁc syringe. After ﬁlling, the cooling and shrinkage compensation (16%) of the parafﬁn are performed. The second step was to place these parafﬁn spheres in a mold (200  200 mm2) with a controlled distribution keeping a distance of 2 mm between each surrounding spheres (Fig. 1b). The resin (AralditeÒ LY5052/AradurÒ 5052) was then injected in the center of the upper wall of the mold at room temperature and under constant pressure to impregnate these parafﬁn spheres. Finally, the sample was pressurized in the mold and the injection of an excess of material is performed to compensate the shrinkage (Fig. 1c).



Fig. 1d shows a sample with parafﬁn spheres of 12 mm of diameters. A fourth plate of epoxy resin matrix that stores and destocks only heat sensitive form was also prepared. The parallel study of these materials will highlight the special properties of the one containing the PCM when it is subjected to different solicitation. In Table 1, characteristics data of these materials are identiﬁed. 2.1.2. Epoxy resin/metal tubes composites A second series of two composites were prepared. Parafﬁn is embedded inside metallic tubes regularly spaced and aligned in an epoxy resin (cf. Table 2). The objective of this research is to develop composite materials that combine the high heat storage capacity of the PCM and the large thermal conductivity of metal tube. In Table 2, characteristics data of these materials are identiﬁed. Brass or copper tubes are placed in a mold (200  200 mm2) with an equidistant distribution of 1 mm between the tubes (Fig. 2). The resin is then injected in the center of the upper wall of the mold at room temperature and under constant pressure to impregnate these tubes. Besides, the sample is pressurized in the mold and the injection of an excess of material will be introduced to compensate the shrinkage. Melted wax is then injected into the cylindrical tubes using a syringe. Fig. 3 shows the brass tubes composite. 2.2. Experimental set-up For large size samples, testing using a noninvasive method for latent and speciﬁc heat determination is necessary. It was found that the determination of the overall thermophysical properties of PCMs over several cycles (solidiﬁcation and fusion) requires



(1) : Flux-meters, (2) (3) (4) (5)
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: Electrical heating element, : Expanded polystyrene (EPS), : Sample, : Exchangers. Fig. 4. Experimental set-up.
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Fig. 5. Stored heat (DH) as a function of temperature measured by differential scanning calorimetry (scanning rate, 0.2 °C/min).
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the design of a genuine experimental device (see Fig. 4). The proposed test bench for the parallelepiped-shape of composite provides temperature and heat ﬂux measurements at the material edges. The sample is located between two horizontal exchanging aluminum plates. Thermo-regulated baths, supplying the plates, allow a ﬁne regulation of the injected ﬂuid temperature with a precision of about 0.1 °C. Heat ﬂux sensors and thermocouples (type T) are placed on each side of composite. The whole thing is maintained in place by use of a slightly tighten pneumatic jack. The thickness of ﬂux-meters is about 0.2 mm and their sensitivity is about 202 lV=W=m2 for a sensor having an active surface area of 400 cm2. All sensors are connected to an USB acquisition device controlled by a LabviewÒ program adapted to measure temperature ﬂuctuations and heat ﬂux exchanged during fusion and solidiﬁcation processes. Experimental data are recorded with regular and adjustable time steps (6 s). The lateral sides are insulated by 11 mm thickness of expanded polystyrene which reduces multidimensional heat transfer to a 1D problem. In this work, different tests performed on all samples correspond to different boundary conditions following: – A temperature ramp on both sides of the sample imposed by two exchangers plates. – A sinusoidal temperature variation on the lower exchanger (which simulates daily changes in outdoor temperature), constant temperature on the other (to simulate the indoor temperature). – A temperature ramp of the lower exchanger, constant temperature on the other.



Table 3 Thermophysical properties of parafﬁn wax (RT27). Properties



a



Values measured



Heating state Solid–solid phase change temperature, Tpm Melting point, Tm Latent heat of solid–solid change, Lpm



3.58 °C 23.67–23.70 °Ca 23.300 J/g



Cooling state Latent heat of melting, Lm Solid–solid phase change temperature, Tpc Crystallization point, Tc Latent heat of solid–solid change, Lpc Latent heat of crystallization, Lc



134.928–158.110 J/ga 3.23 °C 24.78 °C 22.031 J/g 130.139–161.078 J/ga



Value measured by sigmoïde.



integration. The latent heat of melting corresponds to Lm = 134.9 28 J/g obtained by the conventional procedure as the area under the peak by numerical integration. Otherwise, it is 158.110 J/g corresponds to numerical integration of the area under the peak having as basis the sigmoïde. The difference of 23.182 J/g between the two procedures shows the impact of this choice. In the case of cooling, the latent heats of the solid–solid and solid liquid transition are 22.031 J/g and 161.087 J/g, respectively obtained by the sigmoïde procedure. As shown in Fig. 5, the onset temperature of crystallization is 24.69 °C. Table 3 shows the thermophysical properties for the present investigation. To clarify the effects on the heat transfer performance, an experimental device was developed, based on the measurement of temperatures and heat ﬂuxes exchanged between the two lateral sides of the PCM samples, providing the total heat stored during the phase change process.



3. Results and discussion



3.2. Apparent thermal conductivity measurements



3.1. Thermal analysis of parafﬁn wax



To determine experimentally solid and liquid thermal apparent conductivities of the composites, a temperature difference was imposed between up and down sides of the composites until observing a zero heat ﬂux (equilibrium state).The apparent thermal conductivities are calculated by the following expression [24]:



Generally, PCMs are characterized by calorimetric methods, like differential scanning calorimetry (DSC), applied to very small amounts of product. This technique is derived from the differential thermal analysis (DTA). Over the years, DSC became the reference method for thermal characterization of phase change material [21]. This equipment provides heat ﬂuxes by Joule effect, which corresponds to the necessary power difference to maintain at the same temperature a ‘‘cell’’ containing material to be characterized and a reference cell which is generally empty. The parafﬁn waxes (RT27) have a melting point provided by the manufacturer RubbithermÒ equal to +27 °C [9]. In this study, the thermophysical properties of the PCM were measured by a DSC instrument (Perkin–Elmer Pyris calorimeter). All DSC measurements were repeated for each sample at a different heating rate to ensure the reproducibility. Finally, a 0.2 °C/min heating rate was employed and considered sufﬁcient for the experiments in the case of fusion. Samples were conditioned in aluminum pans [22]. The DSC thermal analyses were performed in the temperature range of 25 °C/+45 °C. The DSC curves for the heating and cooling of the parafﬁn are shown in Fig. 5. It is seen that there exist two peaks, the larger peak is due to solid–liquid phase change and the smaller peak is due to solid–solid phase transition. The melting temperature of the PCM corresponds to the onset temperature (23.67 °C) obtained by the conventional procedure as the intersecting point between the tangent line at the point of the maximum slope of the DSC peak and the nonlinear base line taking into account the change of heat capacity between the solid and the liquid phases [23]. Otherwise, the temperature 23.70 °C corresponds to the intersecting point between the tangent line at the point of the maximum slope of the DSC peak and the sigmoïde. The latent heat of the parafﬁn is obtained as the total area under the peaks of the solid–solid and solid–liquid transitions by numerical



ks;l ¼



eR/s;l 2DT s;l



ð1Þ



where e is the thickness of the material; R/s,l is the sum of the measured heat ﬂuxes. For the case of the solid phase, the problem to be considered was that of a composite that initially held a solid parafﬁn at Tinit = 15 °C, lower than the melting temperature (Tm). This temperature was maintained until thermal equilibrium. The whole material was entirely solid. At time t > 0, the composite was heated by modifying the temperature on a single face only (Tend = 20 °C), such that Tend < Tm. A similar experiment was carried out for the liquid phase; the material is subjected to a temperature difference. The temperature levels on both sides (40 °C and 50 °C) are higher than the melting temperature. Several tests were carried out on the material to check the reproducibility of the measureTable 4 Apparent thermal conductivities of different composites. Samples



(a) (b) (c) (d) (I) with PCM (I) without PCM (II) with PCM (II) without PCM



Thermal conductivity (W m1 K1) Solid state



Liquid state



0.211 0.193 0.185 0.190 0.240 0.270 0.211 0.214



0.218 0.211 0.198 0.280 0.218



Uncertainties (%)



±5.8 ±6.0 ±6.0 ±6.2 ±6.0 ±6.0 ±6.2 ±6.2
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Fig. 6. Heat ﬂux and temperatures evolution of the solid phase (15–20 °C).



ment. The results were found to be satisfactory and provided values of apparent thermal conductivities were listed in Table 4. 3.3. Experimental procedure 3.3.1. Temperature ramp on both sides of the sample 3.3.1.1. Energy storage. Initially, the material is isothermal. Then it is heated or cooled by modifying the temperature set point of the thermo-regulated bath. The material will thus evolve from Tinit to Tend. Between these two permanent steady states the material stores energy. The ﬂux-meters make it possible to measure the heat ﬂuxes exchanged at the edges of the sample. The total amount of energy per mass stored can then be obtained from the following expression:



Q¼



1 qe



Z



tend



D/ dt ¼ C p ðT end  T init Þ ðkJ=kgÞ



ð2Þ



tinit



where D/ represents the cumulated heat rate entering the sample and Cp is the apparent speciﬁc heat capacity of the composite (kJ/ kg °C). This quantity can also be expressed by:



Q ¼ Q sens þ Lm ¼ ðCps  DT s þ Cpl DT l Þ þ Lm



ðkJ=kgÞ



ð3Þ



where Cps and Cpl are the average solid state and the liquid state speciﬁc heat of the material, DTs and DTl are the temperature variations for the material in solid phase and in liquid phase, and Lm is the latent heat of melting. The experience consists ﬁrst in imposing on the sample a superﬁcial temperature of 15 °C on both up and down faces, until obtaining a thermal steady state corresponding to an isothermal material. The heat ﬂuxes are then zero at the initial time t = 0. It is also conﬁrmed that the thermal losses are negligible at the isolated side faces. At a particular moment (tinit), a sharp ﬂuid temperature variation is imposed to the baths. This induces a thermal evolution of the system (storage) until another state of equilibrium is obtained. Fig. 6 presents the variation of the heat storage capacity of different samples in solid phase for a temperature range varying from 15 °C to 20 °C while Fig. 7 presents similar results for the transition from the solid to the liquid phase change 15–50 °C. Results for the liquid phase only were also obtained but the behavior; despite additional natural convection heat transfer is somewhat similar to the curves presented in Fig. 6.
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Fig. 7. Heat ﬂux and temperatures evolution from solid to liquid (15–50 °C).
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Table 5 Quantity of heat stored and apparent latent heat for different composites. Samples



Qsens (kJ)



(a) (b) (c) (I) (II)



Cp (kJ /kg °C)



Q (kJ)



Lm (kJ)



Solid (15–20 °C)



Liquid (40–50 °C)



Solid (15–20 °C)



Liquid (40–50 °C)



Evolution (15–50 °C)



5.9 5.2 4.9 2.6 2.0



12.5 10.8 10.0 4.7 4.2



1.5 1.5 1.6 1.1 0.9



1.6 1.6 1.6 1.0 1.6



53.0 49.3 44.9 20.9 15.0



34.7 32.9 29.9 13.6 8.9



Table 6 Quantity of heat stored and heat capacity for different composites. Composites



(a) (b) (c) (d) (I) (II)



Quantity of heat stored Q (kJ) Variation of T°



Quantity of heat capacity Cp (kJ/kg °C) Variation of T°



20–40 °C



20–50 °C



20–40 °C



20–50 °C



35.4 32.4 29.6 19.3 14.0 10.0



45.9 44.1 39.5 29.3 18.7 13.9



2.3 2.4 2.4 1.3 1.5 1.2



2.0 2.2 2.1 1.3 1.3 1.1



For the liquid and solid phases, the temperatures evolve in an asymptotic way to the set point. It is also noticed that the ﬂow evolves very quickly at the beginning of recording and then to a zero value which corresponds in a new state of balance obtained at the end of the test. The quantities of heat stored and heat capacities for solid and liquid states are given in Table 5. These values will be helpful to determine the apparent latent heat of these materials. The thermal evolution from 15 °C to 50 °C (Fig. 7) allowed us to follow the complete melting process, from the solid state to the liquid state during which a great quantity of heat has been stored by the material. The selected temperatures are sufﬁciently far away from the zone of melting point to consider that indeed the material is strictly in one or the other state. Regarding to the variation between 15 °C and 50 °C during which there is phase change, a new thermal balance is reached in a little more than half hour for composites (Epoxy resin/metal tubes) and 1 h for composites (Epoxy resin/parafﬁn spheres). Fig. 7 shows that the heat stored is much more important than sensible heat transfer when a phase change occurs. This conﬁrms



Fig. 8. Comparison of the heat storage evolution from 15 °C to 50 °C.



the interest of latent heat storage. The thermal behavior of the sample is very particular during the fusion process. One clearly observes on this ﬁgure the different phases of the material evolution between a solid state at the beginning and the liquid state at the end. For each test, the integration of the heat ﬂux over time determines the amount of heat stored during the process (stationary and isothermal states (/ = 0)). Several tests were carried out to ensure reproducibility of the experiments. To demonstrate the importance of thermal storage by latent heat, evolution of ﬂow and temperatures for different temperature differences between the initial and ﬁnal states, are presented in Table 6. Fig. 8 contains a comparison of the ﬂux density evolution at the lower side obtained for some samples. This ﬁgure also shows the importance of the amount of heat stored by latent heat relative to that obtained by sensible heat.



3.3.1.2. Energy release. In the cooling case, where the temperature evolves from 50 °C to 15 °C, solidiﬁcation of the material occurs. For our parallelepipedic samples, one observes (Fig. 9) symmetrical evolution on the measured heat ﬂuxes on the two faces of the samples (a, b, c) but not on the samples (I, II). Initially, for the samples (a, b, c), it can be observed a normal evolution of measured heat ﬂux corresponding to the cooling of the liquid phase. At the end of this phase (t = 24 min), when the temperatures of surfaces are in the vicinity of 27 °C, the heat ﬂux evolution is reversed. From this critical moment, the cooling of the samples goes on, parafﬁn solidiﬁes slowly and sample cools down until it reaches the prescribed temperature of 15 °C: after more an hour and a half, all samples have reached an equilibrium state. On the other side, for the samples (I) and (II), it can be observed a normal evolution of measured heat ﬂux corresponding to the cooling of the liquid phase up to 24 min. At this moment, it can be observed a discontinuity that occurs when surface temperatures are around 25 °C. From this critical moment, the cooling of the samples goes on; the heat ﬂux evolution is reversed after 6 min. The parafﬁn solidiﬁes slowly and samples cools down until it reaches the prescribed 15 °C: after more an hour, all samples have reached an equilibrium state.
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Fig. 9. Heat ﬂux and temperatures evolutions (50–15 °C).
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(I) Epoxy resin/copper tubes with PCM.



Fig. 10. Heat ﬂux variation during sinusoidal cycle for two samples: (a) with PCM and (d) without PCM.



(II) Epoxy resin/brass tubes with PCM. Fig. 12. Heat ﬂux variation during sinusoidal cycle for Epoxy resin/metal tube composites.



the atmosphere temperature (Eq. (4)). In this case, the temperature of the upper exchanger is maintained constant (T exch 2 = 23 °C).



T exch 1 ¼ 23 þ 8 sin



Fig. 11. Comparison between two samples: (a) with PCM and (d) without PCM.



Heat restitution is a very long process. At the beginning of solidiﬁcation, a layer of solid PCM starts to be formed on the plane surface in contact with the exchanging plate, a layer which ‘‘isolates’’ the liquid phase from the cooling source. Solidiﬁcation goes on slowly because of the low thermal conductivities of the solids PCMs. 3.3.2. Thermal cycle with temperature sinusoidal variation The simulation chosen here imposed a sinusoidal variation of the outdoor temperature which represents the daily variation of



  2p t



s



s ¼ 86; 400 s



ð4Þ



Fig. 10 shows the heat ﬂux recorded on both sides of the composites: (a) with PCM and (d) without PCM. Shortly after 2 h 28 min (time r identiﬁed in Fig. 14), the heat ﬂux (/1) is at its maximum. At this moment, the solar ﬂux is maximum. At time s, the heat ﬂux (/2) is reaching his maximum value. This occurs at 3 h 54 min. Between the instants r and s, the intensity of solar radiation has decreased and therefore the heat ﬂux entering the composite also. Despite this decrease, the gains are still positive and the composite continues to store heat; the PCM and its envelope warms up. T exch 1 is naturally higher than T exch 2 due to solar heat outside.This is a phase of storing energy. At 3 h 54 min, the composite releases energy. Then, on that same face, between 3 h 54 min and 6 h 5 min (between u and s), the composite releases heat (T exch 1 and T exch 2 decreases) and still provides heat (/2 > 0). However after 5 h 10 min (t), the heat ﬂux becomes negative on its outer face. Through all these phases, the PCM is in
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Fig. 13. Thermal cycle. Heat ﬂux evolutions for samples (ﬁrst test).



Fig. 14. Thermal cycle. Heat ﬂux evolutions for samples (second test).
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However, if we calculate the amount of the stored and released heat during a period (areas above or under the time axis), it is seen that their values are 9.7 kJ more than the storage capacity (9.9 kJ) of the composite (I). This is due to the hysteresis phenomenon between the solidiﬁcation temperature and the melting point temperature of the material. When the sun rises, /1 is always positive, this means that the composite have not entirely released the energy previously accumulated. 3.3.3. Thermal cycle with temperature ramp variation In the ﬁrst test, a ramp was performed by varying the temperature of the lower exchanger following the cycle: 15 °C up to 50 °C and back to 15 °C. The temperature on the higher exchanger is kept constant to 15 °C. The heat storage and release curves of the composites PCM are shown in Fig. 13. From the beginning of the storage performance test to 2 min 40 s of the test time, the temperatures of the composites PCM are the same, 15 °C. As the test time increased further, the temperatures and the ﬂux densities of the composites PCM went up, and the phase change from solid to liquid (thermal storage process) occurred. Until the temperatures of the parafﬁn and the composites PCM reached balance at 50 °C, it took 1 h 45 min for the composite (a), whereas, it took only 1 h 24 min for the composite (d) to reach temperature balance, which was increased 20% compared with that without parafﬁn. It was obvious that the heat storage rate of the composite PCM was higher than that without parafﬁn. It can also be seen from Fig. 13 that after the heat storage ﬁnished, it took 1 h 15 min for the composite (a) to drop its temperature from 50 °C to 15 °C (heat release process) and only 1 h for the composite (d), indicating that the time for the composite (a) was increased 20% compared with that for the composite (d) without parafﬁn. It suggests that the heat release rate of the composite PCM was much higher than that without parafﬁn. In Fig. 13, it can be observed the signiﬁcant effect of PCM on the ﬂux densities, which is due to the combination of the parafﬁn with the metal tubes that had a high thermal conductivity. Moreover, because the heat transfer rate in the heat storage process was controlled by natural convection, whereas in the heat release process, it was controlled by thermal conduction, the increase in the conductivity coefﬁcient of the PCM had a more signiﬁcant enhancement effect on the heat transfer in the heat release process than in the heat storage process. To demonstrate the importance of thermal storage by latent heat, a second test (Figs. 14 and 15) was elaborated with the following boundary conditions:



Fig. 15. Comparative study of the difference of ﬂux densities (/1  /2) for some samples.



its liquid form. At 6 h 5 min (period u), there is an inﬂection in the curves. Previously, the two sides of the composite were at the same temperature and then reached 25 °C, the temperatures rise suddenly and the heat ﬂux increases too. This is caused by the solidiﬁcation of the PCM. While solidifying, the PCM releases the latent heat contained, and as this amount of heat cannot be evacuated instantly from the composite, the temperature within the material increases. Obviously, the heat evacuates more easily from the outside because the ﬂux /1 increases more than the ﬂux (/2). On the other hand, the heat ﬂux (/2) becomes larger than before the solidiﬁcation process. This is a positive point for the efﬁciency of the system. Around 6 h 45 min, the heat ﬂux (/2) increases and starts to become positive at 11 h 36 min w. Between v and w, the temperatures remain constant about the melting temperature. At 11 h 36 min w, (/2) is positive and the temperature T exch 1 exceeds the melting temperature and increases steadily. The PCM has melted at the outside face and the melting front moves towards the internal part of the composite. Around midday x, the melting front reaches the inner side, (/1) increases signiﬁcantly, the temperature T exch 2 increases too. The whole PCM is melted and the temperature rises as the composite stores sensible heat. Fig. 11 clearly shows the storage–discharge phases of the PCM. In Fig. 12, it can be observed the signiﬁcant effect of PCM on the ﬂux densities for Epoxy resin/metal tube composites. If /2 is the ‘‘external’’ heat ﬂux positive when heat penetrates the composite, one can see that its variation is sinusoidal. There is a slight lag between the ﬂux densities of each side and a narrow bearing on the rising part of curves, characteristic of energy storage. A small time lag is observed. By plotting the difference (/1  /2), the heat storage can be appreciated. If (/1  /2) is positive, a heat storage takes place and conversely, if (/1  /2) is negative. Fig. 12 shows the difference of ﬂux densities which clearly shows periods of storage and release. Indeed, the periodic integration of the heat ﬂux evolution (/1  /2) is equal zero, see the following equation:



Z s



ð/1  /2 Þ dt ¼ 0



s being the period



– Temperature ramp of the lower exchanger; T exch 1 varying following the cycle 15 °C up to 40 °C and back to 15 °C. – Constant temperature of 15 °C on the upper exchanger (T exch 2 = 15 °C). Fig. 15 contains a comparison of the difference of ﬂux densities for some samples (a, c and d). This ﬁgure also shows the importance of the amount of heat stored by latent heat relative to that obtained by sensible heat. By the same analysis as before, the integral of the curve difference of ﬂux densities (/1  /2), the energies stored and released that correspond to different boundary conditions are calculated for all composites (Table 7).
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0



Table 7 Summary of composites energy stored/released for different boundary conditions. Composites



(a)



Quantity of heat (kJ) Temperature sinusoidal variation Rampe variation T exch 1 (15 °C, 50 °C, 15 °C), T exch 2 = 15 °C Rampe variation T exch 1 (15 °C, 40 °C, 15 °C), T exch 2 = 15 °C



Stored 21.0 31.3 20.7



(b) Released 21.5 34.5 23.6



Stored 16.7 29.0 18.4



(c) Released 17.4 30.6 19.8



Stored 16.7 28.0 17.0



(I) Released 17.4 30.6 19.7



Stored 9.7 12.8 9.9



(II) Released 9.9 14.6 11.7



Stored 4.5 12.8 7.0



Released 3.8 14.5 8.9
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4. Conclusion The application of phase change materials (PCMs) for solar thermal-energy storage capacities has received considerable attention in recent years due to their large storage capacity and isothermal nature of the storage process. This study deals with the comparison of experimental results for different parallelepiped PCM composite to be used in passive solar walls. This paper reports on the successful use of a speciﬁc experimental method to measure the temperatures and the heat ﬂuxes in order to characterize the phase change effects. The objective of this article was to study thermal conductivity, thermal stability of these PCM composites and the amount of energy exchanged during the variation of the samples thermodynamic states when the boundary temperatures vary. Experimental investigations of the thermophysical properties of Epoxy resin/metal tubes ﬁlled with parafﬁn shown that these composites combines a high heat storage capability and a superior heat transfer at the same time. Further investigations are needed to perform a comparison of experimental data and numerical modeling, simulation results in the presence of a phase change of the PCM material. References [1] Zalba B, Marin JM, Cabeza LF, Mehling H. Review on thermal energy storage with phase change: material, heat transfer analysis and applications. Appl Therm Eng 2003;23:251–83. [2] Khudhair AM, Farid MM. A review on energy conservation in building applications with thermal storage by latent heat using phase change materials. Energy Convers Manage 2004;45:263–75. [3] Kuznik Frédéric, David Damien, Johannes Kevyn, Roux Jean-Jacques. A review on phase change materials integrated in building walls. Renew Sustain Energy Rev 2011;15:379–91. [4] Trigui A, Karkri M, Peña L, Boudaya Ch, Candau Y, Boufﬁ S, et al. Thermal and mechanical properties of maize ﬁbres-high density polyethylene biocomposites, J Compos Mater [published online 6 June 2012]. [5] Kenisarin M, Mahkamov K. Solar energy storage using phase change materials. Renew Sustain Energy Rev 2007;11:1913–65. [6] Oró E, de Gracia A, Castell A, Farid MM, Cabeza LF. Review on phase change materials (PCMs) for cold thermal energy storage applications. Appl Energy 2012;99:513–33.
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