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Abstract

:

Featured Application


This paper proposed a method to measure the thermophysical properties for full-scale phase change material product which can be used in the field of temperature control. It is helpful to determine the temperature control performance of the full-scale phase change material products.




Abstract


The thermophysical properties of phase change material include thermal conductivity, heat of absorption, and phase change temperature range. This paper investigates the measurement methods of thermophysical properties for phase change material inside a full-scale container. The influence of contact thermal resistance is considered in a thermal conductivity test, and the formula for calculating the thermal conductivity of a phase change material inside the full-scale container is derived. In addition, the heat of absorption is measured based on the calibration results of the correction coefficient for heat flux sensors. In order to verify the reliability of the measurement method, the thermophysical properties of docosane and erythritol inside a full-scale specimen are measured, and the results are compared with HotDisk analyzer results and published data. The comparison results reveal that the method proposed in this paper can accurately measure the thermophysical properties of phase change material inside a full-scale specimen.
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1. Introduction


With the development of science and technology, energy storage technology has been widely used in many practical applications [1,2,3,4,5]. In order to optimize the design of energy storage systems, it is important to accurately measure the thermophysical properties of a phase change material (PCM) used in an energy storage system, including the thermal conductivity, the heat of absorption, and the temperature range of the phase change. Furthermore, for a full-scale PCM product, it is necessary to measure the thermophysical properties of a PCM inside its container to determine whether the product is qualified. Therefore, an appropriate measurement method is needed.



For the measurement of thermal conductivity for a solid PCM, the hot wire method [6,7,8], the HotDisk method [9,10,11], and the steady state method [12,13,14] are widely used. In addition, the steady state method, including the heat flow method analysis (HFMA) method, is generally used to measure the thermal conductivity of a full-scale product. However, the steady state method is susceptible to the influence of contact thermal resistance [15]. In order to minimize the impact of thermal contact resistance, a flexible material with a high thermal conductivity is added to the specimen, hot plate, and cold plate. Silicone grease is the most widely used material to reduce contact thermal resistance [16]. However, the maximum operating temperature of silicone grease is 300 °C, which limits the temperature range of a thermal conductivity measurement. Moreover, after heating, silicone grease will pollute the specimen, hot plate, and cold plate. Therefore, a compensation method is needed to reduce the impact of contact thermal resistance without polluting the specimen so as to achieve an accurate measurement of thermal conductivity.



For the measurement of the heat of absorption and the temperature range of the phase change, differential scanning calorimetry (DSC) is widely used. For instance, Sun et al. [17] measured the melting temperature and enthalpy variations of n-octadecane paraffin and calcium chloride hexahydrate. Jiang et al. [18] tested the melting point and latent heat of Na2CO3–NaCl eutectic salt. This method requires very small samples of about 1–10 mg. Though it is possible to estimate the heat of absorption of a pure PCM during phase change process [19], it is obviously inappropriate for widely used composite materials. In order to test the heat of absorption of a larger specimen during the phase change process, Zhang et al. [20] proposed a temperature reference method called the T-history method. This method measures the phase change temperature range and latent heat of a PCM by comparing the step cooling temperature curve of a PCM with that of a comparative specimen. Several researchers improved this method in recent years [21,22,23]. Compared with the DSC method, this method requires larger samples of about 15 g.



However, in practical applications, an appropriate method is still needed to measure the heat of absorption and phase change temperature range of a full-scale PCM product, even in a container. In 2012, based on the American Standard Test Method (ASTM) C518, Shukla et al. [24] proposed a new method called the dynamic heat flow meter analysis (DHFMA) method to measure the PCM content in gypsum board. Then, several researchers focused on this method, and a new ASTM standard called ASTM C1784 was established. Kosny et al. [25] carried out experimental and theoretical analyses on this method to measure the heat of absorption of fiber insulation materials containing a microcapsule PCM. In 2018, Biswas et al. [26] studied the thermal storage characteristics of two PCM-containing qualitative building materials by using this method, and they determined the temperature-dependent enthalpy functions for phase change.



This paper presents a measurement of thermal conductivity for a solid PCM in a container using the HFMA method with contact thermal resistance compensation; it also presents the phase change temperature range and heat of absorption measurements for a PCM in a container using the DHFMA method. The measurement methods for solid thermal conductivity and heat of absorption of a PCM product are established, and the calculation methods for solid thermal conductivity and heat of absorption of a PCM are deduced. Through the calibration of the sensitivity coefficient and correction coefficient for the heat of absorption of heat flux meter that varies with temperature, and the calibration of contact thermal resistance that varies with temperature, the thermophysical parameters of PCM can be accurately measured.




2. Measurement Method of Thermophysical Parameters for PCM in the Container


2.1. Measurement Apparatus


Figure 1a,b shows the diagrammatic sketch and photograph of the measurement apparatus which is design and constructed by our team, respectively [27]. The apparatus consisted of upper and lower plates with the same structures. The plates were made of silicon carbide (SiC), which has a large thermal conductivity in order to ensure temperature uniformity. A heat flux sensor and a thermocouple were placed on the center of the surface of each plate, as shown in Figure 1c. The model of the heat flux sensor was HT-50, which was purchased from the International Thermal Instrument Company (Del Mar, CA, USA). It is a conductive plate heat flux sensor with a diameter of 15.9 mm and a thickness of 3.5 mm. During the measurement, a test specimen with a dimension of 300 mm × 300 mm × 50 mm was sandwiched between the two plates, and its sides were insulated by thermal insulation cotton. In the measurement of thermal conductivity, one plate was heated, while, in the measurement of heat of absorption, both plates were heated to the same temperature.



A specimen made of 304L stainless steel with dimensions of 300 mm × 300 mm × 50 mm was used as the calibration specimen. In the testing experiment, a container, made of 304L stainless steel with same surface processing as the calibration material, was filled with a PCM. The pressure on the container filled with the PCM during the experiment was the same as that on the calibration specimen. The thickness of the container’s envelope was 5 mm. Figure 2 shows the 3D diagram and cross section of the testing specimen.




2.2. HFMA Method of PCM in the Container Considering Contact Thermal Resistance


The HFMA method is based on Fourier’s law for calculating the thermal conductivity of solid material. More than one heat flux meter should be used in this method to obtain the heat flux across the specimen. Then, the thermal conductivity is expressed as


λ=q×δΔT



(1)




in which q is the heat flow measured by heat flux meter, δ represents the thickness of the specimen, and ΔT is the temperature difference between two ends of the specimen. The thermal resistance of the specimen is expressed in Equation (2).


R=ΔTq=δλ



(2)







Compared with the formula of Ohm’s law in circuits, the total thermal resistance between the hot plate and the cold plate is shown in Figure 3, in which Idown = Iup represents the heat flow between the two plates, Rctr is the contact thermal resistance between the specimen and the plate, Rbox is the thermal resistance of container material, and RPCM is the thermal resistance of the PCM inside the container. In addition, the PCM is put into the container when it is in liquid phase. Then, the container is placed vertically during the solidification process of the PCM, which makes the PCM fully touch with the wall of the container. Therefore, the contact thermal resistance between the PCM and the container is neglected.



Based on the traditional steady-state method, the total thermal resistance between the hot plate and the cold plate, R, is expressed in Equation (3), in which Rs is the thermal resistance of the full-scale specimen (as shown in Equation (4)).


R=Rctr−down+Rs+Rctr−up



(3)






Rs=Rbox−down+RPCM+Rbox−up



(4)







The thermal conductivity of the container wall is measured by a HotDisk analyzer, and the thermal resistance of the container wall is calculated by Equation (5).


Rbox−down+Rbox−up=δbox−down+δbox−upλbox



(5)







Then, the calculation model of RPCM is deduced, as shown in Equation (6), in which Rctr-down and Rctr-up are calibrated functions that vary with temperature.


RPCM=R−Rctr−down−Rctr−up−δbox−down+δbox−upλbox



(6)







Therefore, the thermal conductivity of the PCM in the container can be obtained in Equation (7).


λPCM=δPCMRPCM



(7)








2.3. DHFMA Method of PCM in the Container


In the DHFMA method, the specimen is in thermal equilibrium at the beginning and the end of each temperature step. After considering the correction coefficient of the heat flux sensors, the integral of heat flow in each step can be calculated as the heat of absorption in each temperature step. Based on ASTM C1784, two heat flux sensors are used. When the temperature of the specimen changes from Ta to Tb, the change of areal enthalpy hA can be obtained by measuring the values of both heat flux sensors installed on the two plates, as shown in Equation (8).


hA(Ta,Tb)=∑i=1nSup(Ei−up−Eequi−up)Δτ+∑i=1nSdown(Ei−down−Eequi−down)Δτ



(8)




in which S is the sensitivity coefficient of the heat flux sensor after calibration, E represents the output voltage value of the heat flux sensor, and Δτ is the time interval. Eequi represents the value of heat flow returning to the steady state after loading the temperature step. In theory, if the heating plates and the specimen are well insulated, the Eequi will be zero when the value of heat flow returns to the steady state. However, in the experiment, it was impossible to achieve complete insulation. As such, the Eequi was near zero but not equal to zero. At the same time, the subscript up represents the heating plate on the top, while the subscript down represents the heating plate on the bottom.



Because the areal enthalpy of the heat flux sensor is not linear in the whole temperature range, the correction coefficient SHFM (Ta,Tb) needs to be calibrated. Then, the areal enthalpy of the specimen (hAs (Ta,Tb)) can be calculated in Equation (9), which contains the areal enthalpy of the container and the PCM. In addition, the volume specific heat within each temperature step is considered to be linear, so the volume specific heat of the specimen with the container at the average temperature (Equation (10)) is obtained, which is shown in Equation (11).


hAs(Ta,Tb)=hA(Ta,Tb)−∫TaTbSHFM(Ta,Tb)dT



(9)






Tmean=12×(Ta+Tb)



(10)






CV(Tmean)=hAs(Ta,Tb)δ×(Tb−Ta)



(11)







In order to obtain the heat of absorption of the PCM in the container, further calculation is needed. Since the volume of a PCM changes during the phase change, the specific heat of a PCM is expressed by mass specific heat. Firstly, the heat of absorption of full-scale specimen is expressed in Equation (12), and the heat of absorption of the container is calculated by Equation (13), where the volume specific heat of the container (CV-box (T)) is measured by a HotDisk analyzer with an accuracy of 7%. Vs refers to the volume of the full-scale specimen, and Vbox is the volume of the container’s wall. Therefore, Equation (14) gives the mass specific heat of the PCM inside the full-scale container, in which mPCM refers to the mass of the PCM. When a PCM is in the liquid or solid phase, Cm-PCM refers to the sensible specific heat of a PCM.


Qs(Ta,Tb)=Vs×∫TaTbCV(T)dT



(12)






Qbox(Ta,Tb)=Vbox×∫TaTbCV−box(T)dT



(13)






Cm−PCM(Tmean)=Cm−PCM(Ta,Tb)=Qs(Ta,Tb)−Qbox(Ta,Tb)mPCM×(Tb−Ta)



(14)







In addition, the latent heat of the PCM inside the full-scale container needs to be calculated and compared with the DSC test result to verify the rationality of this method. Through the non-linear fitting of the test points of the solid and liquid phases, the fitting results can be used as the baseline in the phase transition interval. The baseline is regarded as the sensible heat of the PCM in the phase change range, so the latent enthalpy of the PCM is expressed by Equation (15).


L=∑TaTb(hPCM−hsensible)



(15)







The linear fitting of the heat of absorption at different temperature steps in the solid phase is used as the baseline of the solid phase region. When the heat of absorption in a temperature step deviates from the baseline, the average temperature of this temperature step is regarded as the starting point of phase change, which is named Ta. Similarly, the linear fitting of the liquid phase is used as the baseline of the liquid phase region. When the heat of absorption in a temperature step returns to the liquid phase baseline, the average temperature of the temperature range is used as the phase transition termination point Tb.





3. Calibration


3.1. Calibration Method of Contact Thermal Resistance


Contact thermal resistance is mainly affected by surface geometry, pressure load, temperature, and contact material. In the calibration process, factors other than temperature should be avoided as far as possible. In this paper, 304L stainless steel was used as the calibration material of contact thermal resistance. The geometrical morphology of the material is represented by its surface roughness, so the 304L stainless steel with the same surface processing type as the full-scale container was selected to reduce the influence of roughness. In addition, the contact material is always an SiC plate and 304L stainless steel, so this factor can be ignored. Therefore, the function relationship between temperature and contact thermal resistance needs to be calibrated under the same pressure loaded on the specimen.



In order to obtain the temperature gradient across the 304L stainless steel, three thermocouples sheathed with stainless steel of 2 mm in diameter, were placed in the holes drilled to the center of the specimen at distances of 10 mm, 25 mm, and 40 mm from the heating plate. The locations of the thermocouples are shown in Figure 4.



In a previous study [27], the sensitivities of both heat flux sensors installed on the plates were calibrated with varying temperatures, as shown in Equation (16) and Equation (17). Thus, the heat flux across the calibration material can be calculated by Equation (18), in which E1 and E2 represent the output voltage of two heat flux sensors, respectively.


Sdown(Tdown)=2.82×10−3×Tdown+48.25



(16)






Sup(Tup)=2.59×10−3×Tup+48.93



(17)






q=Sup(Tup)×Eup+Sdown(Tdown)×Edown2



(18)







The measurement results for when the heating temperature was 100 °C are shown in Figure 5; here, Figure 5a gives the two heat flux testing results, and Figure 5b shows the linearity of the temperature gradient in the material. According to the least square method, the temperature value of the hot end (TH) was 89.3 °C, while the cold end (TC) of the calibration material was 87.1 °C. The average heat flux across the specimen was 672.03 W/m2, which was calculated by Equation (18).



Therefore, the contact thermal resistances of both plates are expressed by Equation (19) and Equation (20).


Rctr−down(Tdown)=Tdown−THq



(19)






Rctr−up(Tup)=TC−Tupq



(20)







In order to study the relationship between contact thermal resistance and temperature (as well as for future research), the setting temperature range of the calibration experiment was from 100 to 900 °C for every 100 °C, and the values of contact thermal resistance at other temperatures were deduced. Figure 6 shows the calibration results of contact thermal resistance at different heating temperatures. It can be seen that there were non-linear exponential relationships between the contact thermal resistances of both plates and temperature. With the increase of temperature, the contact thermal resistance between the two plates and the calibration material decreased gradually. Due to the expansion of the calibration material, the actual contact area between the two plates increased. The contact thermal resistance fitting results of both plates are shown in Equation (21) and Equation (22).


Rctr−down(Tdown)=0.00334+0.01722×e−Tdown325.68973



(21)






Rctr−up(Tup)=0.00392+0.01776×e−Tup262.50754



(22)







Therefore, during the experimental test, the contact thermal resistance between the PCM specimen in a container and the plates could be estimated approximately under the same pressure by using Equation (21) and Equation (22).




3.2. Calibration Method of Calorific Absorption Correction Coefficient of Heat Flux Sensor


In the measurement of heat of absorption, the correction coefficient related to the heat flux sensor needs to be calibrated. The 304L stainless steel was also used as the calibration material, and its volume specific heat value varying with temperature (CV-304 (T)) was measured by a HotDisk analyzer. The relationship between the volume specific heat and temperature is expressed in Equation (23).


CV−304L(T)=3.8254+0.0014×T



(23)







In each temperature step, the correction coefficient is considered to be linear. When the temperature is changed from Ta to Tb, the change of areal enthalpy hA (Ta, Tb) can be expressed as hA (Tmean). Based on Equations (8)–(11), the correction coefficient SHFM (Tmean) can be calculated by Equation (24) at each mean calibration temperature, which represents the heat stored by the heat flux sensors within the temperature step from Ta to Tb.


SHFM(Tmean)=hA−CV−304L(Tmean)×δ304L×ΔTΔT



(24)







During the calibration process, the initial temperature of both heating plates was set to 25 °C, and the temperature step was 10 °C. The calibration average temperature range was from 30 to 150 °C. Equation (24) was used for every temperature step to calculate the correction coefficient at its mean temperature. After the calibration process was finished, the calibration results were fitted to obtain the function of the correction coefficient varying with the average temperature. The fitting function is shown in Equation (25), and the fitting curve is shown in Figure 7.


SHFM(Tmean)=1.2971+0.0190×Tmean+5.9365×10−5×Tmean2



(25)









4. Experimental Results


4.1. Thermophysical Properties of n-docosane in the Container


The thermophysical properties of n-docosane in the container include the thermal conductivity of the solid phase, the heat of absorption, and the phase change temperature range. In order to verify the measurement result of the heat of absorption, the latent heat of n-docosane was also calculated to compare with the DSC results.



At the beginning, the n-docosane with 8.8 mg was tested by DSC to provide a reference for the full-scale measurement. The results of DSC show that the initial phase change temperature of n-docosane was 42.9 °C and the latent heat was 256.9 J/g.



Based on the DSC results, n-docosane is a solid specimen when the temperature is below 40 °C. Thus, the temperature of one plate was set to 40 °C, and the other plate was regarded as the cold plate in order to measure the thermal conductivity. Figure 8 shows the curves of the testing results of heat fluxes and temperatures. It shows that the temperatures on both plates were 40.0 °C and 28.9 °C, respectively. Besides, the average heat flux across the specimen was 60.92 W/m2.



Based on the testing results, the values of contact thermal resistances were calculated by Equation (21) and Equation (22). The results show that the contact thermal resistances at both ends of the full-scale specimen were 0.0186 m2·°C/W and 0.0198 m2·°C/W, respectively. Then, the thermal resistance of n-docosane inside the full-scale specimen was 0.1431 m2·°C/W, which was calculated using Equation (6). Therefore, the thermal conductivity of n-docosane was 0.280 W/m·°C, with a mean temperature 34.5 °C. If the contact thermal resistance is not taken into consideration, the testing result would be 0.221 W/m·°C, with a mean temperature of 34.4 °C. In order to verify the accuracy of the measurement result, a HotDisk analyzer was used to measure the thermal conductivity at 35.0 °C. The measurement result was 0.275 W/m·°C. It can be calculated that the deviation was 19.6% without considering the contact thermal resistance, while the deviation was 1.8% when the contact thermal resistance was taken into consideration. In order to obtain the function of thermal conductivities of n-docosane varying with temperatures, the heating temperatures were set to 38 °C and 35 °C using the same method, so the mean temperatures of the specimen were 32.8 °C and 30.2 °C, respectively. In addition, the HotDisk analyzer was used to measure thermal conductivity at 30 °C for comparison. Figure 9 gives the thermal conductivities of n-docosane by using the method in this paper and HotDisk analyzer at different temperatures.



Therefore, the fitting result of solid thermal conductivity of n-docosane measured in this paper is expressed in Equation (26). It can be calculated that the thermal conductivity of n-docosane at 25 °C was 0.258 W/m·°C. Some references show that the thermal conductivity of n-docosane ranges from 0.22 to 0.26 W/m·°C at room temperature [7,28,29]. Moreover, Rao et al. [30] noticed that the thermal conductivity of n-docosane increases when the temperature increases. Therefore, the measurement results are reliable.


λC22=0.00226×T+0.20168



(26)







Then, the total heat of absorption, the phase change temperature range, and the latent heat were measured by the DHFMA method. The mass of n-docosane in the container was 2.614 kg. Figure 10 gives the curves of temperature step and heat flux values of both heat flux sensors in order to measure the heat of absorption of n-docosane from 42.0 to 43.0 °C; Figure 10a refers to the lower heating plate, while Figure 10b refers to the upper heating plate. The areal enthalpy of the specimen at the temperature step can be calculated by the area enclosed by the heat flux curve and qequi. Similarly, other temperature step measurement results can be obtained.



According to Equations (9)–(14), the results of heat of absorption for full-scale specimen and n-docosane at each temperature step can be calculated, as shown in Figure 11, in which (a) presents the heat of absorption per unit temperature step for both full-scale specimen and n-docosane, and (b) presents the accumulated total heat of absorption for n-docosane. It can be found that the temperature step was 2 °C when the temperature was under 40 °C and above 50 °C, while the temperature step was 1 °C between 40 and 50 °C. The design of this temperature step is intended to not only accurately measure the phase change temperature range but to also effectively save testing time.



Figure 11 clearly shows that the full-scale specimen has a distinct endothermic zone in the test temperature interval, which is due to the large amount heat of absorption by phase change of n-docosane inside the full-scale specimen. In addition, when the temperature changes from 42 to 43 °C, the heat of absorption curve begins to deviate and the phase change of n-docosane begins. The initial temperature point of phase change refers to the mean temperature 42.5 °C. Similarly, the end temperature point of phase change refers to 48.5 °C.



In addition, due to the mass of n-docosane being 2.614 kg, the specific heat values of solid and liquid phases are calculated by Equation (14). Figure 12 gives the sensible specific heat value of n-docosane. Then, test results were fit to obtain the baseline, which refers to the sensible specific heat value. Based on the results of Figure 11, it can be concluded that the total enthalpy of n-docosane in the phase change range (42–49 °C) was 259.92 kJ/kg. The sensible specific heat in the phase change range can be obtained from Figure 12. As such, the total sensible enthalpy, which was 16.46 kJ/kg, was calculated by the area enclosed by the sensible specific heat from 42 to 49 °C. Therefore, the latent enthalpy of n-docosane was 243.46 kJ/kg. Compared with the published data [7,28,29,30,31] in which the initial phase change temperature of n-docosane was from 40.67 to 43.15 °C, and the latent heat is from 194.6 to 241.3 kJ/kg, the measurement results in this paper are reasonable.




4.2. Thermophysical Properties of Erythritol in the Container


The thermal conductivities of erythritol are measured at four heating temperatures, 50 °C, 70 °C, 90 °C, and 110 °C, in which the mean temperatures of erythritol in the container are 43.6 °C, 62.4 °C, 81.2 °C, and 99.6 °C. During the measurement, the influence of contact thermal resistance was taken into consideration for each test. For comparison, the thermal conductivities of erythritol were measured by a HotDisk analyzer whose sensor was located in the furnace, where the temperatures were set as 40.0 °C, 60.0 °C, 80.0 °C, and 100.0 °C. The thermal conductivities of erythritol at different temperatures were measured through an experimental process which is similar to the measurement process of n-docosane, and the results are shown in Figure 13.



It can be seen that the solid thermal conductivity of erythritol decreased while the temperature increased. The maximum deviation between the measurement results, considering contact thermal resistance, and those of a HotDisk analyzer was 2.6%. The fitting result of solid thermal conductivity of erythritol measured in this paper is expressed in Equation (27).


λery=−0.00152×T+0.76952



(27)







Compared with the published data in which the thermal conductivity of erythritol at room temperature was from 0.710 to 0.733 W/m·°C [32,33,34], the result calculated by Equation (27) was 0.731 W/m·°C at the temperature of 25 °C. Therefore, the testing results are accurate at different temperatures by considering the contact thermal resistance.



Figure 14 gives the testing results for heat of absorption of full-scale specimen with erythritol, in which (a) presents the heat of absorption per unit temperature step and (b) presents the accumulated total heat of absorption. The mass of n-docosane in the container was 4.225 kg.



It can be seen that there is also an obvious zone which indicating the heat of absorption in the full-scale specimen. In this temperature range, the solid–liquid phase change of erythritol occurred inside the full-scale specimen, which absorbed a large amount of heat. When the temperature rose from 118.0 to 119.0 °C, the curve of heat of absorption deflected obviously. Thus, the initial temperature point of phase change refers to the mean temperature 118.5 °C. Similarly, the end temperature point of phase change refers to 124.5 °C. It can be concluded that the phase change temperature range of erythritol was from 118.5 to 124.5 °C.



Figure 15 gives the sensible specific heat value of erythritol, with reference to the baseline. It can be concluded that the total enthalpy of erythritol in the phase change range was 345.78 kJ/kg, including the sensible enthalpy and the latent enthalpy. Based on the curve of sensible specific heat shown in Figure 15, the area from 118 to 125 °C was 13.94 kJ/kg, which can be considered the sensible enthalpy value of erythritol. Therefore, the latent enthalpy of erythritol was 331.84 kJ/kg. Compared with the published data [35,36,37], in which the initial phase change temperature of erythritol was from 117.0 to 119.3 °C and the latent heat was from 315 to 344 kJ/kg. Besides, the latent enthalpy measured by DSC was 344.6 J/g. Therefore, the measurement results in this paper are reasonable.




4.3. Uncertainty Analysis


Uncertainty analyses include the uncertainty analysis of the thermal conductivity measurement and the uncertainty analysis of the heat of absorption measurement.



Based on Equations (1)–(7), the thermal resistance and thermal conductivity of the PCM in the container can be arranged as Equation (27) and Equation (28). Therefore, the uncertainty sources of the thermal conductivity measurement include uncertainties of temperature difference, thickness, heat flow, the thermal conductivity of the container measured by a HotDisk analyzer, and the contact thermal resistance calibration.


RPCM=R−Rctr−down−Rctr−up−Rbox−down−Rbox−up=ΔTq−Rctr−δboxλbox



(28)






λPCM=δPCMRPCM



(29)







Uncertainty analysis was performed using the thermal conductivity test data of erythritol in a container with the heating temperature of 110 °C. Firstly, the temperature difference was calculated by the temperatures measured on the two plates. By considering the uncertainty of the temperature difference measurement and the acquisition error of data acquisition card [38], the standard uncertainty of temperature difference measurement was 0.11 °C. Then, the thickness of the container was measured by a vernier caliper, and the thermal expansion was also taken into consideration. The thermal expansion coefficient was measured by DIL 402C which is purchase from NETZSCH (Shanghai) Machinery and Instruments Co. Ltd. Branch Office Liaoning (Shenyang, Liaoning, China). As such, the standard uncertainty of the thickness measurement was 9.69 × 10−6 m. Furthermore, the uncertainty of the heat flow measurement comes from the calibration process of the heat flux meter. Sources of calibration uncertainty include the uncertainty of thermal conductivity measured by a HotDisk analyzer, the uncertainty of the temperature difference measurement, and the uncertainty of the thickness measurement. The standard uncertainty of the heat flow measurement was 4.45 W/m2. Similarly, the standard uncertainty of thermal contact resistance calibration was 6.82 × 10−6 m2·°C/W. Equation (30) gives the uncertainty composition formula of PCM thermal resistance, and Equation (31) refers to the standard uncertainty of thermal conductivity of a PCM.


uRPCM=(∂RPCM∂ΔT×uΔT)2+(∂RPCM∂q×uq)2+(∂RPCM∂Rctr×uRctr)2+(∂RPCM∂δbox×uδbox)2+(∂RPCM∂λbox×uλbox)2



(30)






uλPCM=(∂λPCM∂δPCM×uδPCM)2+(∂λPCM∂RPCM×uRPCM)2



(31)







Therefore, the standard uncertainty of the thermal conductivity measurement of erythritol was 2.03 × 10−2 W/m·°C when the heating temperature was 110 °C, and the relative standard uncertainty was 3.27%. In this way, the uncertainty of the thermal conductivity measurement of n-docosane and erythritol in the container at different heating temperature can be obtained. The results show that the relative standard uncertainty was better than 3.79%.



In addition, Equation (32) gives the calculate formula for heat of absorption of the PCM in the container, so the sources of uncertainty in the calculation of the heat of absorption can be obtained.


QPCM=hAsδ×Vs−Cbox×Vbox



(32)







Uncertainty analysis was performed using the heat of absorption test data of erythritol in a container with temperature step from 120 to 121 °C. Equation (33) gives the uncertainty composition formula for each temperature step.


uQPCM=(∂QPCM∂hs×uhAs)2+(∂QPCM∂δ×uδ)2+(∂QPCM∂Vs×uVs)2+(∂QPCM∂Cbox×uCbox)2+(∂Qpcm∂Vbox×uVbox)2



(33)







The uncertainty of areal enthalpy depends on the uncertainty of the heat flow measurement, which was 1.99%. In this temperature step, hAs = 3.90 × 103 kJ/m2. As such, the standard uncertainty of hAs (uhAs) was 77.61 kJ/m2. The standard uncertainty sources of thickness measurements include vernier caliper measurement uncertainty, specimen thermal expansion uncertainty, and thermal expansion measurement uncertainty. Thus, the standard uncertainty of δ (uδ) was 9.69 × 10−6 m. The volume uncertainty depends on the uncertainty of the thickness measurement. As such, it can be calculated that the standard uncertainties of the specimen (uVs) and the container (uVbox) were 1.16 × 10−6 m3 and 1.56 × 10−6 m3, respectively. Furthermore, the volume specific heat of the container was measured by a HotDisk analyzer. The measurement accuracy of Cv-304 was 7%, which was subject to uniform distribution. Meanwhile, Cv-304 = 3.99 kJ/m3 in this temperature step, so the standard uncertainty of Cv-304 is 3.99 × (7%/3) = 0.16 kJ/m3. In addition, δ = 0.05 m, Vs = 4.50 × 10−3 m3, and Vbox = 1.14 × 10−3 m3. By substituting all the parameters into Equation (33), it can be calculated that the standard uncertainty of QPCM (uQPCM) was 6.99 kJ. As shown in Figure 14, the heat of absorption from 120 to 121 °C was QPCM = 3.51 × 102 kJ. Therefore, the relative standard uncertainty can be calculated in Equation (34). It can be concluded that the relative standard uncertainty mainly depends on the uncertainty of the heat flow measurement.


u′QPCM=uQPCMQPCM×100%=1.99%



(34)









5. Conclusions


In this paper, a method to measure the thermophysical parameters of a PCM inside a full-scale specimen was proposed. The thermophysical parameters included solid thermal conductivity, phase change temperature range, and heat of absorption. Calibration methods for the heat of absorption correction coefficient and the contact thermal resistance between the specimen and plates were proposed. Furthermore, in order to obtain the thermal conductivity and heat of absorption of a PCM inside a full-scale specimen, calculation methods were deduced. During the experiment, n-docosane and erythritol in the full-scale 304L stainless steel container were selected as the PCMs. Their thermophysical properties were tested by the method presented in this paper. It can be found that the test results in this paper were in good agreement with the HotDisk analyzer results and the published data; the uncertainty analysis indicated that the relative standard uncertainty for thermal conductivity of the PCM in the container was better than 3.79%, and the relative standard uncertainty for heat of absorption in each temperature step was 1.99%. Therefore, the test methods for measuring thermophysical properties of a PCM inside a full-scale specimen proposed in this paper are accurate and reasonable.
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Nomenclature








	CV
	volume specific heat capacity (kJ/(m3·°C))



	CV-304L
	volume specific heat capacity of 304L stainless steel (kJ/(m3·°C))



	CV-box
	volume specific heat capacity of the container (kJ/(m3·°C))



	Cm-PCM
	mass specific heat capacity of the PCM (kJ/(kg·°C))



	E
	voltage value read by heat flux meter (μV)



	Eequi-down
	voltage value read by heat flux meter on the lower plate returning to the steady state (μV)



	Eequi-up
	voltage value read by heat flux meter on the upper plate returning to the steady state (μV)



	Ei-down
	voltage value read by heat flux meter on the lower plate at the ith temperature step (μV)



	Ei-up
	voltage value read by heat flux meter on the upper plate at the ith temperature step (μV)



	Eequi
	voltage value returning to the steady state (μV)



	h
	enthalpy (kJ/kg)



	hA
	areal enthalpy (J/m2)



	hsensible
	sensible enthalpy (kJ/kg)



	L
	latent enthalpy (kJ/kg)



	m
	mass (kg)



	Q
	heat of absorption (kJ)



	q
	heat flow (W/m2)



	R
	thermal resistance (m2·°C/W)



	Rbox-down
	thermal resistance the lower wall of the container (m2·°C/W)



	Rbox-up
	thermal resistance the upper wall of the container (m2·°C/W)



	Rctr
	total contact thermal resistance (m2·°C/W)



	Rctr-up
	contact thermal resistance between specimen and upper plate (m2·°C/W)



	Rctr-down
	contact thermal resistance between specimen and lower plate (m2·°C/W)



	S
	sensitivity coefficient of heat flux sensor (W/m2·μV)



	SHFM
	correction coefficient of heat flux sensor (kJ/m2·°C)



	T
	temperature (°C)



	Ta
	initial temperature of temperature step (°C)



	Tb
	termination temperature of temperature step (°C)



	TC
	the temperature of the cold surface of the PCM product after fitting (°C)



	Tmean
	mean temperature of temperature step (°C)



	TH
	the temperature of the hot surface of the PCM product after fitting (°C)



	ΔT
	temperature difference (°C)



	u
	standard uncertainty



	u’
	relative standard uncertainty



	V
	volume



	Greek symbols
	



	δ
	thickness (m)



	δbox-down
	thickness of the lower wall of the container (m)



	δbox-up
	thickness of the upper wall of the container (m)



	λ
	thermal conductivity (W/m·°C)



	Δτ
	time interval (s)



	Subcripts
	



	box
	container



	s
	PCM with a container



	C22
	n-docosane



	down
	lower plate



	ery
	erythritol



	PCM
	phase change material without container



	up
	upper plate



	304L
	304L stainless steel
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Figure 1. Structure of the measurement apparatus. (a) Diagrammatic sketch, (b) photograph, and (c) heating plate. 
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Figure 2. The 3D diagram and cross section of the testing specimen. 
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Figure 3. Schematic diagram of steady-state thermal resistance series structure. 
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Figure 4. The location of the thermocouples in the specimen. 
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Figure 5. Results of heat fluxes and temperatures in the calibration when the heating temperature was 100 °C. (a) Curves of heat flux and temperature measurements. (b) Temperature gradient in the material. 






Figure 5. Results of heat fluxes and temperatures in the calibration when the heating temperature was 100 °C. (a) Curves of heat flux and temperature measurements. (b) Temperature gradient in the material.



[image: Applsci 09 02422 g005]







[image: Applsci 09 02422 g006 550]





Figure 6. The calibration results of contact thermal resistance at different heating temperatures. (a) Hot plate. (b) Cold plate. 
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Figure 7. The fitting curve of correction coefficient varying with temperature. 
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Figure 8. The curves of testing results of heat fluxes and temperatures. 
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Figure 9. Thermal conductivities of n-docosane at different temperatures. 
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Figure 10. Curves of temperature step and heat flow values on both plates. (a) Bottom plate. (b) Top plate. 
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Figure 11. Testing results for heat of absorption of full-scale specimen and n-docosane. (a) Heat of absorption per unit temperature step. (b) Total heat of absorption. 
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Figure 12. Sensible specific heat value of n-docosane. 
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Figure 13. Thermal conductivities of erythritol at different temperatures. 
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Figure 14. Testing results for heat of absorption of full-scale specimen and erythritol. (a) Heat of absorption per unit temperature step. (b) Total heat of absorption. 
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Figure 15. Sensible specific heat value of erythritol. 
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