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Abstract

:

Improved thermal storage capacity and reduced building energy consumption can be attained by utilizing phase-change materials (PCM) in glass enclosure structures, which can effectively utilize solar energy to improve the building’s thermal performance. This article investigates the thermal performance of double-layer glass filled with PCM as a function of relevant thermal physical parameters. Numerical analyses were conducted on the PCM glass units to assess the glass greenhouse thermal performance. Results indicate that the temperature distribution of the glass channel is mainly influenced by the absorption coefficient of the paraffin material. Compared to the absorption coefficient, the refractive index has a smaller impact on the temperature of the glass channel. On the other hand, the transmittance of the interior surface of the glass channel is greatly affected by solar radiation. According to the outdoor meteorological conditions of different seasons, increasing the latent heat of paraffin materials within a certain range with a reasonable density and melting temperature can greatly improve the thermal performances. Meanwhile, the thermal conductivity of paraffin materials and the change in the specific heat of paraffin materials have little impact on the improvement of thermal performance.
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1. Introduction


As the world population increases, the demand for food also increases significantly. To overcome the increasing demand for food supply, the greenhouse, one of the most promising agricultural technologies, can be used to grow more efficient crops by preparing the required thermal conditions [1]. Nowadays, diverse types of methods are studied to maintaining a suitable microclimate for crops. Burning fossil fuels in greenhouses can provide a favorable environment for food production, resulting in 29% of total global greenhouse gas emissions [2]. As a green and stable renewable energy source, solar energy has been widely used to improve the energy structure of greenhouses. Therefore, in response to the limitations of traditional microclimate control methods in intensive agriculture, improving the thermal and light environment can be ensured by a developing reasonable utilization of solar energy [3,4].



Transparent materials, namely glass or plastic, are mainly utilized for the envelope of the greenhouse to absorb sufficient sunlight. In the daytime, the solar radiation easily enters the greenhouse, which is mainly due to the high shortwave radiation transmittance of the transparent envelope. The greenhouse envelope structure is not likely to transmit longwave radiation from the inside, so the interior temperature of the greenhouse can be increased to meet the needs of crop growth in cold seasons [5]. Investment in greenhouses should take into account three analyses; energy amount, cost, and environmental impact [6]. Recently, a large amount of research has been conducted on the shape of greenhouses [7] and passive solar storage devices [8,9] among different types of solar energy utilization systems. The advantage of the greenhouse structure is its simple form, which is why it is adopted to maximize the rational use of natural light. To increase the capture area of solar radiation, studies were conducted on greenhouses with different spans, indicating that the type that can receive more solar radiation is an east–west single-span greenhouse [10,11,12,13]. In addition, the effect of orientations and elliptical surface aspect ratios on solar energy capture was studied [14]. However, the instability of solar energy is a weakness that affects the thermal environment of greenhouse structures.



In general practical applications, although greenhouses can provide a certain interior temperature for plant growth during sunny daytime in winter, attention should be paid to avoiding excessive temperatures that are not conducive to plant growth. However, considering the poor insulation and heat storage ability of the greenhouse envelope structure, the interior temperature of the greenhouse significantly decreases at night. Some issues indicate that the utilization of solar energy in greenhouses is limited by seasonal, diurnal, and weather changes, as well as the poor heat storage capacity of the greenhouse envelope, resulting in instability and indirectness [15]. If it is not heated in regions with a cold climate, the plants may freeze to death [16]. Some heating system may be installed to overcome this issue; however, this may result in an increase in the cost of the greenhouse construction and operation [5]. Latent heat thermal energy storage (LHTES) technology can be employed to achieve sustainable and stable solar energy utilization in greenhouses. This technology allows arriving solar radiation to be stored by storage materials during the daytime and release the stored heat into the greenhouse at night-time by convection and radiation [17,18,19,20,21]. Among them, the PCM wall is the most common LHTES component in a greenhouse. Berroug et al. [22] studied the impact of the PCM integration in the north wall on the internal temperature of east–west greenhouses, where CaCl2·6H2O is the storage medium; it was revealed that the greenhouse indoor temperature fluctuation at night is relatively small, and the winter temperature is 6–12 °C higher than that of greenhouses without PCM, indicating that PCM can improve the greenhouse thermal performance. Guarino et al. [23] applied PCM to the interior layer of walls for experimental research, and the results showed that using PCM walls remained effective under cold temperature conditions. Also, the heat stored by the walls during the day would be released at night, lasting approximately 6–8 h. Latent heat storage units containing PCM can also be used for heat recovery in greenhouses [24,25], but for the simple, fragile plastic greenhouse structure without an actual envelope, and they cannot support large heating equipment [26].



Plastic greenhouses are widely used, due to their lower investment needs and high short-term production. However, they have poor durability and are easy to damage, and the plastic film needs to be replaced frequently. Although the cost of a glass greenhouse is high, it has good thermophysical properties, and has been gradually popularized and applied, which has attracted the attention of scholars. Reichrath and Davies [27] verified that the simulation of pressure distribution in 52 span Venlo-type glasshouses using computational fluid dynamics (CFD) is feasible and accurate. Benni et al. [28] studied 2D or 3D models of Italian glass greenhouses, and calibrated and compared different CFD methods for greenhouse airflow analysis. Santolini et al. [29] studied the CFD method for wind-driven ventilation with screens, and found that the air flow velocity distribution was greatly affected by the screen. Lin et al. [30] proposed a closed-loop model predictive control strategy for Venlo-type greenhouse thermal performance increment, providing a cost reduction in the operation in the South African climate. Santolini et al. [31] focused on the impact of shading screens on the internal climate of greenhouses. By comprehensively considering the direction and placement of windows in complex environments taking into account elements such as solar radiation and wind direction, the optimal position and permeability of shading screens were determined. Mazzeo et al. [32] identified the best solution for the transparent envelope of greenhouses using TRNSYS under different climate scenarios.



To improve the thermal quality of glass units, scholars have studied adding PCM into embedded glass structures in common buildings, and carried out numerical and experimental research on various heat storage solutions as a technology to reduce building energy consumption [33,34]. Ismail et al. [35] carried out experimental research on a model filled with air or PCM inside a glass window, and obtained some laws of infrared and ultraviolet radiation transmittance and reflectance by analyzing the optical and energy characteristics of the model. Ismail et al. [36] created a one-dimensional radiation and heat-conduction model for the filling of PCM in double-layer glass windows, and explored the effect of thermal and optical parameters. Goia et al. [37] carried out simulations on the optical properties of solid-phase and liquid-phase PCM, and introduced the thermophysical behavior of PCM, combined with transparent materials. An investigation of the optical and thermal properties of PCM units was conducted by Gowreesunker et al. [38], in which they mainly used spectrophotometry and the T-history method. In studying the solar absorption and transmittance characteristics of PCM-filled glass windows, Li et al. [39] suggested two optical parameters for calculation, and investigated the thermal performance of PCM-filled glass windows in areas with high temperature differences in summer and winter in China. In studying the dynamic heat transfer behavior of windows containing PCMs, Zhong et al. [40] mainly focused on the influence of various physical parameters of PCMs, and proposed that the insulation performance and load transfer effect increase with the increase in the latent heat of melting of PCMs. Goia et al. [41] studied the spectra and angles of samples filled with different thicknesses of PCM in glass, and measured the differences in the spectral characteristics of PCM with different thicknesses using a dedicated optical testing bench and a spectrophotometer. In another study, Li et al. [42,43] simulated the thermal performance changes of PCM-filled double-layer glass units with different thermophysical parameters, through numerical analysis. Zhang et al. [44] studied PCM-filled glass roofs, and achieved high energy efficiency by analyzing their thermal performance.



In summary, the thermal performance of the PCM-filled glass unit is greatly influenced by the thermophysical and optical properties of PCMs, and there are many research results available in the literature. However, these results are not fully applicable to glass units in greenhouses. Moreover, there are few research results on thermal physical and optical properties. This paper takes the severe cold region of Northeast China as the background for investigating the impact of thermal physical parameters and optical constants of PCMs on the thermal performance of glass greenhouse containing PCM. The results obtained in this study will provide technical support for the use of glass greenhouses filled with PCM in severe cold areas.




2. Methodology


2.1. Geometric Description


A glass greenhouse mainly absorbs solar energy from its side where the solar radiation is applied, and PCM is filled into the double glazing unit located on this side. The double-layer glass unit filled with PCM is applied to a regular glass greenhouse, as shown in Figure 1. Unlike conventional buildings, glass greenhouses absorb solar radiation from vertical and inclined planes. The solar heat absorbed by the glass surface is transmitted to the inside or outside of the PCM glass unit through conduction, convection, and radiation exchange processes. In addition to the portion absorbed by the PCM and the glass, there is also a portion of solar irradiance that is transmitted into the structure and another portion that is reflected. The heat transfer processes of thermal convection and radiation mainly occur at the boundaries of the outer and inner surfaces of the greenhouse envelope.




2.2. Boundary Conditions and Corresponding Equations


The following assumptions are made to build the mathematical model:




	(1)

	
The heat transfer process in the glass unit is taken as one-dimensional (1D) transient heat transfer instead of multidimensional, for the calculation.




	(2)

	
The convection effects occurring in the liquid PCM are ignored.




	(3)

	
The scattering effect observed in the PCM layer is neglected.




	(4)

	
Considering that PCM is highly opaque in the long-wave radiation of liquids and solids, the heat radiation exchange between the glass surfaces on both sides of the cavity is ignored.




	(5)

	
PCM and glass are regarded as homogeneous isotropic media, and the material thermal properties are not affected by temperature variation.




	(6)

	
The wavelength does not affect the glass and PCM optical properties.









The schematic diagram of the composition of the double-layer glass unit equipped with PCM is shown in Figure 2. Since solid and liquid phases are concurrently formed during the phase-change process, in the figure, two different phases (phase 1 and phase 2) are shown on the figure. For instance, when solar radiation hits the surface, the PCM layer which is initially in a solid state will start to melt, forming two different sublayers: phase 1 (liquid PCM) and phase 2 (solid PCM). Research conducted on heat transfer includes the three areas, namely the outer glass, PCM layer, and the inner glass.



The 1D transient energy equation for the glass region is as follows [42].


    ρ   g     c   P , g     ∂ T   ∂ τ   =   λ   g       ∂   2   T   ∂   x   2     + ∅  



(1)




where, ρg, cP,g, λga and x are density (kg/m3), specific heat capacity (J/kg·K), thermal conductivity (W/m·K), and thickness (mm) of glass, respectively. T is temperature (K),   τ   is time (s), and   ∅   is radiative source term (W/m3), which is calculated by Equation (5).



The 1D transient energy equation for the PCM region is given by [45]:


    ρ   p     ∂ H   ∂ τ   =   λ   p       ∂   2   T   ∂   x   2     + ∅  



(2)




where, ρp and H are density (kg/m3) and specific enthalpy (J/kg) of the PCM, respectively, and H is calculated by Equation (3). λp and x are the thermal conductivity (W/m·K) and thickness (mm) of the PCM, respectively.


  H =   ∫    T   r     T      c   p , p   d T   +   β Q   L    



(3)




where, Tr and cp,p are the PCM reference temperature (K) and specific heat capacity (J/kg·K), respectively. β is the local liquid fraction in the different calculation region, which is calculated by the linear interpolation of Equations (4a)–(4c). The latent heat capacity of the PCM during the phase-transition process is depicted as QL (J/kg).


   β = 0   ,   T   <     T   s     



(4a)






  β =   T −   T   s       T   l   −   T   s     ,   T   s   ≤ T ≤   T   l    



(4b)






  β = 1 , T >   T   l    



(4c)




where, Ts and Tl are the solid and liquid phase-transition temperatures of the PCM, respectively.



The radiation source term formula of each layer for calculation is given below. Equations (5a), (5b), (5c), and (5d), respectively, given below, are used when the calculation nodes are located inside the glass layer 1, phase layer 1, phase layer 2, and glass layer 2.


  ∅ =     A   g 1     I   s o l       L   g 1      



(5a)






  ∅ =       T   g 1   A   p 1     I   s o l       L   p 1      



(5b)






  ∅ =       T   g 1     T   p 1   A   p 2     I   s o l       L   p 2      



(5c)






  ∅ =       T   g 1     T   p 1     T   p 2   A   g 2     I   s o l       L   g 2      



(5d)




where, Isol is the solar radiation during the day (W/m2) obtained from local meteorological data. Following the order of each material layer of the glass unit from left to right in Figure 2, Ag1, Ap1, Ap2, and Ag2 are the solar absorption ratios with respect to each layer, which are calculated by Equation (7). The material layer thicknesses (m) are denoted by Lg1, Lp1, Lp2, and Lg2. Finally, the solar transmittance values are represented by Tg1, Tp1, Tp2,, and Tg2, which are calculated based on Equation (6).



The solar transmittance of the glass and PCM layers are calculated by the following equations [46].


    T   g 1   =   ( 1 −   ρ   1   ) ( 1 −   ρ   2   ) e x p ⁡ ( −   α   g     L   g 1   )   1 −   ρ   1     ρ   2   e x p ⁡ ( − 2   α   g     L   g 1   )    



(6a)






    T   p 1   =   ( 1 −   ρ   2   ) ( 1 −   ρ   3   ) e x p ⁡ ( −   α   p 1     L   p 1   )   1 −   ρ   2     ρ   3   e x p ⁡ ( − 2   α   p 1     L   p 1   )    



(6b)






    T   p 2   =   ( 1 −   ρ   3   ) ( 1 −   ρ   4   ) e x p ⁡ ( −   α   p 2     L   p 2   )   1 −   ρ   3     ρ   4   e x p ⁡ ( − 2   α   p 2     L   p 2   )    



(6c)






    T   g 2   =   ( 1 −   ρ   1   ) ( 1 −   ρ   4   ) e x p ⁡ ( −   α   g     L   g 2   )   1 −   ρ   1     ρ   4   e x p ( − 2   α   g     L   g 2   )    



(6d)




where, ρ1, ρ2, ρ3, and ρ4 are the interface reflectivity of the surface between the glass and air; phase layer 1 and the glass; phase layer-1 and 2; and phase layer 2 and the glass, which is calculated by Equation (8). The extinction coefficient (m−1) of the glass, phase layer 1, and phase layer 2 are respectively represented by     α   g   ,       α   p 1     and     α   p 2    .



The absorptance of the glass and phase layers are obtained by the following equation [45].


    A   g 1   = 1 −   ρ   1   −   ( 1 −   ρ   1   )   ρ   2   e x p ⁡ ( − 2   α   g     L   g 1   )   1 −   ρ   1     ρ   2   ⁡ e x p ( − 2   α   g     L   g 1   )   −   T   g 1    



(7a)






    A   p 1   = 1 −   ρ   2   −   ( 1 −   ρ   2   )   ρ   3   e x p ⁡ ( − 2   α   p 1     L   p 1   )   1 −   ρ   2     ρ   3   ⁡ e x p ( − 2   α   p 1     L   p 1   )   −   T   p 1    



(7b)






    A   p 2   = 1 −   ρ   3   −   ( 1 −   ρ   3   )   ρ   4   e x p ⁡ ( − 2   α   p 2     L   p 2   )   1 −   ρ   3     ρ   4   e x p ⁡ ( − 2   α   p 2     L   p 2   )   −   T   p 2    



(7c)






    A   g 2   = 1 −   ρ   4   −   ( 1 −   ρ   4   )   ρ   1   e x p ⁡ ( − 2   α   g     L   g 2   )   1 −   ρ   1     ρ   4   e x p ⁡ ( − 2   α   g     L   g 2   )   −   T   g 2    



(7d)







The ρ is calculated using Fresnel’s relations [46,47,48,49].


  ρ =     (   n   R   −   n   L   )   2       (   n   R   +   n   L   )   2      



(8)




where, nR and nL are the refractive indices (RIs) of the materials on the left and right sides of each interface in Figure 2, and nL is 1 when ρ1 is calculated.



The boundary condition on the outer glass exterior surface (x = 0) considering the convective heat exchange with the outdoors as well as the solar radiation effect when it is available, is given by:


  −   λ   g     ∂ T   ∂ x   =   q   r   +   h   o   (   T   o   −   T   a , o   )  



(9)




where, qr is the heat transfer through radiation between the outside surface of the outermost glass and the external atmosphere (W/m2), which is calculated by Equation (10). Also, ho is the exterior surface convection heat-transfer coefficient of the outermost glass (W/m2·K). Ta,o and To are, respectively, the ambient temperature and the temperature of the exterior surface of the outermost glass (K).


    q   r   = ε σ   F   s   μ (   T   o   4   −   T   s   4   ) + ε σ   F   s   ( 1 − μ ) (   T   o   4   −   T   a , o   4   ) + ε σ   F   g   (   T   o   4   −   T   a , o   4   )  



(10)




Here,   σ   is the Stefan–Boltzmann constant.   ε   is the emission rate of the glass surface. Fs is the angle coefficient between the glass channel and the sky, which is calculated by Equation (11a).   μ   is the radiation attenuation factor between sky and air, in the case where it is assumed that all surface temperatures are consistent, which is calculated by Equation (11b). Ts is the sky temperature (K), which is calculated by Equation (11c). Fg is the angle coefficient between the glass windows and surrounding surfaces, which is calculated by Equation (11d).


    F   s   =   1 +   cos  ⁡  θ     2    



(11a)






  μ =    1 +   cos  ⁡  θ     2     



(11b)






    T   s   = 0.0552   T   a , o   1.5    



(11c)






    F   g   =   1 −   cos  ⁡  θ     2    



(11d)




where   θ   is the angle between the ground and the glass channel. For example, when   θ   = 0°, it is a horizontal glass channel.



The interior surface boundary condition of the inner glass at x = x3 accounting for heat exchange by convection and radiation with the interior is given as [36]:


  −   λ   g     ∂ T   ∂ x   =   h   i       T   i   −   T   a , i     − ε σ (   T   i   4   −   T   a , i   4   )  



(12)




Here, hi and Ti are the heat transfer coefficient (W/m2·K) and temperature (K) on the interior surface of the inner glass layer, respectively. Ta,i is the interior temperature (K).



The surface between the outer glass and paraffin material boundary condition at x = x1 is Equation (13a) [36]. When the PCM layer near the inner surface of the outer glass is liquid, the boundary condition of the coupling surface between the outer glass and the paraffin material at x = x1 is Equation (13b) [36].


  −   λ   g     ∂   T   g     ∂ x   +   I   g → p   = −   λ   p     ∂   T   p     ∂ x    



(13a)






  −   λ   g     ∂   T   g     ∂ x   +   I   g → p   = −   λ   p     ∂   T   p     ∂ x   +   ρ   p   H   d S ( t )   d t    



(13b)




where     I   g → p     is the radiation heat flux from the surface (coupling) between the outer glass and paraffin material (W/m2). The coupling surface temperature of the outer glass (K) and the coupling surface temperature of PCM (K) are denoted by Tg and Tp, respectively. The PCM thickness (m) of the liquid is represented by   S ( t )  .



When phase change occurs in the phase-change material region, the boundary conditions at the solid–liquid interface at x = x1 + S(t) are given in Equation (14) [36].


  −   λ   p , l     ∂   T   p , l     ∂ x   +   I   p , l  →   p , s   = −   λ   p , s     ∂   T   p , s     ∂ x   +   ρ   p   H   d S ( t )   d t    



(14)




Here, Tp,l and Tp,s are the liquid phase-change material temperature near the interface (K) and the solid PCM temperature near the interface (K), respectively. The radiative heat flux is represented by     I   p , l  →   p , s     at the phase-change interface of PCM (W/m2). The thermal conductivity (W/m·K) of molten PCM near the phase-change interface and of solid PCM near the phase-change interface are represented by kp,l and kp,s, respectively.



The boundary condition for the surface (at x = x2) between the inner glass and the PCM is given by Equation (15a). When the PCM layer near the inner glass is liquid, the boundary condition of the coupling surface between the inner glass and the phase-change material at x = x2 is expressed by Equation (15b).


  −   λ   p     ∂   T   p     ∂ x   +   I   p → g   = −   λ   g     ∂   T   g     ∂ x    



(15a)






  −   λ   p     ∂   T   p     ∂ x   +   I   p → g   +   ρ   p   H   d S ( t )   d t   = −   λ   g     ∂   T   g     ∂ x    



(15b)




Here,     I   p → g     (W/m2) is the surface radiation heat flux between the inner glass and the PCM.




2.3. Solution Method


A 1D optical and numerical heat transfer model for PCM containing double-glazed windows is established, and the dynamic characteristics of the optical and thermal mechanisms of a glass window with PCM are numerically studied. Based on the model developed in [42], the explicit finite difference scheme is used to discretize the equations and boundary conditions defined previously. The PCM area and glass panel are divided into 12 equally spaced portions and 6 equally spaced portions along the thickness direction, respectively.




2.4. Validation of Numerical Model


The numerical calculation process is verified by the parameters and results in [40]. In the process of model verification, the parameters and environmental parameters of double-layer embedded glass filled with PCM are selected according to [40]. The simulation process reaches a periodic change over two days. Figure 3 shows the comparison between the heat flux density (with absence of transmitted solar energy) and the inner surface temperature of the PCM glass channel calculated through the establish numerical model and the experimental results in [40].



As shown in Figure 3, due to the influence of the initial temperature and paraffin morphology, the calculated results have different characteristics compared to the literature results at different time periods. Due to the impact of the initial temperature of the glass channel containing paraffin material in the experiment, there is a significant difference between the two before 7:00. There is another time period between 11:00 and 14:00 where there is a significant difference between the two, because during this stage, the paraffin is liquid and radiation heat transfer dominates the process. Since the influence of the initial temperature has been eliminated after 7 h of the experiment, the two results are basically consistent between 7:00 and 11:00. During the period from 14:00 to 22:00, the calculation results are very close to the literature values.





3. Results and Discussion


Table 1 provides the relevant parameters of the material. The angle between the glass and PCM is 0. The greenhouse is located in Heihe City, Heilongjiang Province, China. Figure 4 shows the hourly ambient temperature and total radiant intensity of Heihe on 5 February and 17 July. The data is obtained from the EnergyPlus V8.9 software. The indoor temperature is set to 20 °C for the numerical calculations. The hi and ho on the surfaces of the glass are respectively taken as 7.75 and 7.43 W/m2·K [40]. The emissivity of the glass is 0.88 [36]. The RI and extinction coefficients (EC) of the glass are 1.5 and 19 m−1, respectively [38]. The RI of the PCM is the same in both phases, and is equal to 1.3. However, the ECs of the PCM are phase-dependent and equal to 30 m−1 and 5 m−1, respectively, for the solid and liquid phases.



3.1. Optical Parameters


3.1.1. Effects of Refractive Index


In order to analyze the effect of PCM RI on the thermal performance of glass channels containing PCM, five RI conditions were studied for solid phase-change materials with a constant RI of 1.3, and for liquid phase-change materials with RIs of 1.3, 1.7, 2.1, 2.5, and 3.0, respectively.



Figure 5a shows the inner surface temperature of the glass channel containing liquid paraffin material at different RIs. As seen in Figure 5, the trends of the inner surface temperature profiles of the glass channel before 10:00 and after 17:00 are roughly the same, and the interior surface temperatures with different RIs at the same time are almost the same. The reason is that the liquid phase rate of paraffin material in the glass channel is very small during this time, so the RI effect of the liquid paraffin material is not obvious. Considering the time between 10:00 and 17:00, the liquid phase rate of the paraffin material in the glass channel increases, and the RI of the liquid paraffin material has a weaker effect on the temperature of the interior surface. At 14:00, the temperatures of the inner surface of the glass channel containing paraffinic materials with RIs of 1.3, 1.7, 2.1, 2.5, and 3.0 were 25.93 °C, 25.93 °C, 25.37 °C, 24.53 °C, and 23.37 °C, respectively. As given in Figure 5, the inner surface presented the highest temperature at similar times, and the results indicate that the liquid paraffinic material RI has marginal influence on the interior surface temperature of the glass unit.



The solar radiation energy and the transmission energy of the inner surface of the glass unit containing liquid paraffin material are shown in Figure 5b,c for different RIs. As seen from the figures, there are considerable differences in the transmitted energy between 10:00 and 17:00. For example, at 15:00, the energy transmission and solar radiation of the inner surface of the glass channel of liquid paraffin material with RIs of 1.3, 1.7, 2.1, 2.5 and 3.0 are 627.49 W/m2 and 548.60 W/m2, 629.82 W/m2, and 550.55 W/m2. In contrast, before 10:00 and after 17:00, the energy transmittance and solar radiation energy of the inner surface of the channel are almost the same, because of the observed low liquid-phase rate of the phase-change material in the glass channel. The results show that solar radiation energy has a great impact on the inner surface transmission energy of the glass channel, resulting in the highest transmission energy appearing around 15:00. The total inner surface transmission energy of the channel decreases as the RI of the liquid paraffin material increases, meaning that the RI of the liquid paraffin material has a major effect on the inner surface transmission energy of the glass channel. From Figure 5d, it is seen that when the RI is less than or equal to 1.7, the transmittance of the paraffin material no longer increases. When the RI is greater than 1.7, the liquid-phase transmittance reduces with the increase in the RI of the paraffin, and reaches the minimum value of 55% when the RI equals 3.



To analyze the effect of the RI of paraffin materials on the thermal properties of glass units containing solid paraffin materials, five solid paraffin materials with RIs of 1.3, 1.7, 2.1, 2.5, and 3.0 were studied. The RI of the paraffin materials in the liquid state was 1.3, and the solid–liquid paraffin material absorption coefficients (ACs) were 30 m−1 and 5 m−1, respectively.



Figure 6a shows the temperature profiles of the inner surface of the glass channels containing solid paraffin materials with different RIs. As observed, the RI of the solid paraffin material has a minor effect on the inner surface temperature. Between 7:00 and 17:00, the RI of the solid paraffin material has some influence on the interior surface temperature, due to the solar radiation. For example, at 13:30, the inner surface temperatures of the glass channel of the liquid paraffin material with RIs of 1.3, 1.7, 2.1, 2.5, and 3.0 are 11.61 °C, 11.61 °C, 11.49 °C, 11.30 °C, and 11.30 °C, respectively.



Figure 6b,c show the transmission energy of the glass channel containing solid paraffin material with different RIs. As seen from the figure, the total inner surface energy transmission and solar radiation energy of the glass channel are almost the same before 7:00 because the solar radiation energy is 0; in contrast, there is a significant difference between 8:00 and 16:00, due to solar radiation exposure, total energy transmission and the solar radiation of the interior surface of the glass channel. During this time, the total transmittance energy and solar radiation energy of the inner surface of the glass channel decreased with the increase in RI of the solid paraffin material, and the melting time of the PCM increased, which was due to the increase in interfacial reflectivity with the increase in RI of the paraffin material, resulting in the decrease in transmittance energy into the glass channel, e.g., at 10:00, the RI of 1.3, 2.1, 2.5 of the solid. The inner surface total energy transmittance and solar radiation energy of the glass channel of paraffin materials with RIs of 1.3, 2.1, and 2.5 are 399.04 W/m2 and 361.01 W/m2, 358.84 W/m2 and 323.13 W/m2, and 305.83 W/m2 and 272.57 W/m2 at 10:00, respectively. The total energy transmittance and solar radiation of the inner surface of the glass channel of paraffin material with RIs of 1.3, 2.1 and 2.5 at 12:00 were, respectively, 471.42 W/m2 and 354.73 W/m2, 430.79 W/m2 and 312.87 W/m2, and 305.21 W/m2 and 182.71 W/m2. Since the paraffin was in liquid state between 12:00 and ~17:00, the total energy transmitted and solar radiation of the inner surface of the glass channel were almost the same. Between 17:00 and 20:00, the total energy transmitted and for solar radiation of the inner surface of the glass channel decreased as the RI of the paraffin material increased due to the curing of the paraffin material. The results indicate that the RI of the solid paraffin material has a substantial influence on the total transmittance energy of the inner surface of the glass channel. As given in Figure 6d, when the RI is less than or equal to 1.7, the transmittance of the paraffin material no longer increases. When the RI is greater than 1.7, the transmittance decreases as the RI of the solid phase of the paraffin material increases, and reaches a minimum value of 41.95% when the RI is 3.




3.1.2. Effects of Extinction Coefficients


The four different solid and liquid ECs of the PCM are 30 and 5 m−1, 30 and 50 m−1, 30 and 100 m−1, 30 and 150 m−1, and 30 and 200 m−1, respectively. It is also noted that the RI of the PCM is calculated as 1.3.



Figure 7a shows the impact of EC on glass channels containing liquid PCM. As seen from Figure 7, before 4:00, the temperature curves of the interior surface of the glass channel have the same trend because of the solar radiation absence, and the temperature values of the interior surface of the glass channel containing solid paraffin materials with different ACs were very close at the same time; after 4:00, the AC of the liquid-phase paraffin materials has a great influence on the interior surface temperature, due to the influence of solar radiation energy. Between 4:00 and 20:00, the influence of the AC of paraffin material on the inner surface temperature increases, and with the increasing AC of the liquid paraffin material, the interior surface temperature of the glass channel increases; for example, at 16:00, the temperature of the inner surface of the glass channel of molten paraffin material with an AC of 5, 50, 100, 150, 200 m−1 is 26.37, 31.47, 35.64, 38.67, and 40.89 °C. The findings show that the AC of the liquid paraffin material has a significant influence on the temperature of the inner surface.



Figure 7b,c show the transmission energy of the inner surface of the glass channel containing liquid phase-change material when the ACs are different. As shown in the figures, before 4:00, the solar radiation energy and total transmitted energy of the inner surface of the glass channel are almost the same, due to the absence of solar radiation energy. However, between 4:00 and 20:00, the solar radiation energy and the inner surface total transmitted energy of the glass channel are significantly different because of the AC of the liquid PCM, and are so during this time, as the liquid PCM EC increases. The total energy transmittance and solar radiation then decrease, and the time of maximum transmittance energy is delayed because the absorption capacity of paraffin material for solar energy increases with the increase in liquid paraffin material AC, which leads to the decrease in transmittance energy into the room and the increase in temperature of the paraffin material layer at the same time. For example, at 15:00, the solar radiation energy and total transmitted energy of the inner surface of the glass channel of liquid paraffin material with ACs of 5, 50, 100, and 200 m−1 are 627.49 and 548.60 W/m2, 564.16 and 418.78 W/m2, 584.35 and 310.24 W/m2, 471.69 and 229.83 W/m2, and 442.47 and 170.26 W/m2, and the time for presenting the maximum transmission energy on the inner surface of the glass channel of the liquid paraffin material with an AC of 200 m−1 experiences a significant delay, compared to 5 m−1 AC. The results show that the AC of the liquid paraffin material has a considerable effect on the transmission energy of the glass channel, as shown in Figure 7d.



The four different ECs of solid and liquid PCM are 3 and 5 m−1, 30 and 5 m−1, 60 and 5 m−1, 90 and 5 m−1, and 120 and 5 m−1, respectively, when the RI of the PCM is constant and equal to 1.3.



Figure 8a gives the interior surface temperature profiles of the glass channel containing solid paraffin material with different ACs. As given in Figure 8a, the temperature curves of the interior surface of the glass channel trend the same way before 7:00, and their values are very close at the same time point. Before the paraffin material becomes completely liquid, the temperature of the inner surface of the glass channel increases with the increase in the AC of the solid paraffin material, and, when the paraffin material is completely liquid for the ACs of 60, 90 and 120 m−1 for the inner glass channel. The surface temperature decreases rapidly. Before the paraffin material melts completely, a substantial amount of solar energy is stored in the glass channel, resulting in the temperature of the glass channel being much higher than in the outdoor temperature, and when the paraffin material is molten, the absorption capacity of solar energy in the paraffin material decreases, so the temperature of the glass channel also decreases. From the results, it is shown that the AC of the solid paraffin material has a major influence on the inner surface temperature.



Figure 8b,c show the transmission energy of the inner surface of the glass channel containing solid paraffin material when the AC is different. As seen from the figures, before 7:00, the solar radiation energy and total transmitted energy of the inner surface of the glass channel are basically the same, because of the solar radiation energy absence; on the contrary, however, between 7:00 and 16:00, a considerable difference is observed between the total energy transmitted and the solar radiation, because of the solar radiation energy influence, and during this period the total energy transmittance and solar radiation of the inner surface of the glass reduces with the increase in the paraffin material AC. The reason is that the solid paraffin material AC has a considerable impact on the inner surface energy transmittance of the glass, while the role of the time of presenting the maximum transmission energy and solar radiation energy on the inner surface of the glass is not obvious.





3.2. Thermal Parameters


3.2.1. Effect of Melting Temperature


To analyze the effect of phase-change temperature on the glass channels containing PCM, five phase change materials were studied with melting temperatures of 279–281 K, 282–284 K, 285–287 K, 288–290 K, and 291–293 K. The phase-change interval was fixed at 2 K, and other parameters were selected according to Table 1.



Figure 9 shows the obtained findings for the different melting temperatures of the phase change materials on February 9 (winter). As shown in Figure 9a, the peak temperature increase values with respect to corresponding ambient temperature for the PCM melting of 279–281 K, 282–284 K, 285–287 K, 288–290 K, and 291–293 K, are respectively 13.78 K, 14.95 K, 15.81 K, 15.81 K, and 15.81 K. The results show that as the melting temperature of the PCM increases, an increment in the inner surface temperature is seen, and the peak temperature is reached early. However, when the melting temperature range of the PCM is not less than 285–287 K, the inner surface temperature no longer increases. This is due to the fact that the peak transmission energy of the phase-change material no longer changes, as shown in Figure 9b,c, and it can also be observed that the change in the temperature range of the PCM has less effect on the interior surface transmission energy and the glass roof containing the total paraffin energy. As shown in Figure 9d, the transmittance of the inner surface of the paraffin-containing glass roof remains constant at 64.8% when the phase transition range of the PCM is around 279–281 K. Figure 10 displays the simulation results for the phase-change material’s various melting temperatures on July 17 (summer). According to Figure 10a, the apex for the inner surface temperature is nearly constant, and the temperature increases by 3.80, 3.80, 4.62, 4.80, and 3.80 K, respectively, when the phase transition temperatures of the PCM are 279–281 K, 282–284 K, 288–290 K, and 291–293 K, respectively. The findings demonstrate that the surface temperatures of the paraffin-containing glass roof fluctuate the least at 12.30 K, and remain solid–molten for the longest at 5 h. The phase change occurs between 0:00 and 3:00 a.m. and 6:00 and 8:00 a.m., when the melting temperature of the PCM ranges from 285 to 287 K.




3.2.2. Effect of Thermal Conductivity


Five thermal conductivity coefficients of the PCM, including     0.1 k   p    ,     k   p    ,     10 k   p    ,     100 k   p   ,     a n d   200 k   p     were investigated, to examine the influence of thermal conductivity on the thermal performance of paraffin-containing glazing structures. All other parameters shown in Table 1 remained the same.



Figure 11 and Figure 12 show the results of the simulation in winter and summer time, respectively. As shown in Figure 11a and Figure 12a, the peak temperatures are 11.605 and 26.385 °C and the valley temperatures are −0.527 and 13.247 °C when the thermal conductivity is 0.025, 0.25, 2.5, 25, and 50 W/(m·K), respectively. The peak temperature change factors corresponding to each thermal conductivity coefficient were −6.604 and 0.993 °C, 1.330 and −0.282 °C, 1.560 and −0.326 °C, and 1.575 and −0.329 °C, respectively, and the valley temperature change factors corresponding to each thermal conductivity coefficient were −9.867 and −3.511 °C, 2.354 and 0.810 °C, 2.725 and 0.938 °C, and 2.748, respectively. The results show that when the thermal conductivity of the paraffin material is less than 0.25 W/(m·K), the temperature fluctuation of the inner surface is minimal and it provides thermal insulation in winter and summer respectively; when the thermal conductivity of the paraffin material is greater than 0.25 W/(m·K), the temperature change factor increases with the increment in the thermal conductivity, but the effect is weak when the thermal conductivity is higher than that. From Figure 11b,c and Figure 12, it is seen that when the thermal conductivity of paraffin material is higher than that, its effect on the total inner surface transmission energy of the glass channel of paraffin-containing material is weak, because solar radiation is dominant in the heat transfer mechanism in the paraffin-containing glass channel.



Meanwhile, it can be seen from Figure 11d and Figure 12d that the initial melting time and the length of time in the liquid state of the paraffin-containing material are 8:00 and 14 h (winter) and 7:00 and 19 h (summer) when the thermal conductivity of the paraffin is 0.025 W/(m·K), respectively. As the thermal conductivity of paraffin increases, the paraffin may not melt in winter and solidify in summer, losing the functional role of the latent heat energy storage. As the above analysis shows, when the thermal conductivity of the material is higher than 0.025 W/(m·K), changing the thermal conductivity of the paraffin material does not provide an efficient way to augment the thermal performance of glass channels containing paraffin material.




3.2.3. Effect of Specific Heat Capacity


Five specific heat capacity coefficients of PCMs,     0.1 c   p , p    ,     c   p , p    ,     2 c   p , p    ,     5 c   p , p     and     10 c   p , p     are investigated in this section; all other parameters remained the same, as shown in Table 1.



Figure 13 and Figure 14 show the results of simulated specific heat effects on the thermal performance of roofs containing paraffin glass during winter and summer, respectively. As shown in Figure 13a and Figure 14a, the peak temperatures are 11.539 and 26.375 °C and the trough temperatures are −0.476 and 13.281 °C. When the specific heats are 228, 2280, 11,400, and 22,800 J/(kg·K), respectively, the various factors of the peak temperatures of winter and summer were −0.1399 and −0.017 °C, −0.066 and −0.010 °C, 0.326 and 0.068 °C, and 1.200 and 0.383 °C, and the various factors of the valley temperature were 0.100 and 0.064 °C, 0.051 and 0.034 °C, and −0.154 and −0.130 °C. The results show that the specific heat of the paraffin material has a small effect on the inner surface temperature. In the case of the specific heat of the paraffin material being equal to 22,800 J/(kg·K), the smallest fluctuation in the interior temperature is found with a value of only 10.383 °C.



From the (b) and (c) sub-figures of Figure 13 and Figure 14, it is seen that when the specific heat of the paraffin material is less than or equal to 4560 J/(kg·K), its effect on the total inner surface transmission energy of the glass channel containing paraffin material is weak; when the specific heat of the paraffin material is greater than 4560 J/(kg·K), the total transmitted energy reduces with the increment of the specific heat, because of the heat transfer process of solar radiation in the glass channel containing paraffin material, and most of it is absorbed by the PCM during the phase-change process.



Meanwhile, it can be concluded from Figure 13d and Figure 14d that when the specific heat of the paraffin material is 228 J/(kg·K), the initial melting time and the duration of the melting process are 13:00 and 2 h (winter), and 00:00 and 24 h (summer), respectively. The consequence of the increase in the specific heat of paraffin materials is that they are difficult to melt in winter and to solidify in summer. As shown in the above analysis, improving the thermal performance of glass channels containing paraffin materials by varying the specific heat of paraffin materials does not present an effective solution.






4. Conclusions


The one-dimensional steady-state heat transfer in the glass unit of paraffin-containing materials was numerically analyzed based on the control volume method in the present work. Thereafter, the transient heat transfer in the glass channel with PCM was analyzed using the finite difference method, and the thermal influence of the optical and thermal properties of paraffin on the glass unit of paraffin-containing materials was further investigated. After the numerical computations and discussions, the following conclusions were drawn from the study:




	
The influence of the paraffin absorption coefficient on the glass channel temperature distribution is significant. The larger the absorption coefficient, the higher the temperature of the glass channel, and this becomes more obvious with the enhancement of the solar radiation intensity. The influence of the refractive index of paraffin on the temperature of the glass channel is weak, compared with the absorption coefficient, but the trend of its refractive index on its temperature distribution is the same as the absorption coefficient. The heat transfer in the glass channel increases with the increase in the refractive index and absorption coefficient, but the influence of the paraffin absorption coefficient on the transmittance of the glass channel is greater than that of the refractive index.



	
Solar radiation energy has a significant impact on the transmittance of the inner surface of the glass channel, resulting in the highest transmittance at around 12:00 in winter and 16:00 in summer. As the refractive index of the liquid paraffin material increases and the absorption coefficient of the solid paraffin material increases, the total transmittance energy and solar radiation energy of the inner surface of the glass channel decreases.



	
Depending on the outdoor meteorological conditions in different seasons, increasing the latent heat of the PCM within a certain range, choosing a reasonable density of PCM, and managing the melting temperature range of the PCM are effective ways to augment the thermal performance of glass channels containing paraffin materials, while changing the thermal conductivity and specific heat of paraffin materials does not necessarily improve their thermal performance.








Future work should be devoted to experimentally analyzing the thermal performance of greenhouse glazing units incorporating PCM, focusing on the effect of the solid- and liquid-phase properties, as well as performing a thermoeconomic analysis.
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Figure 1. Double-glazed units filled with PCM in the greenhouse envelope. 






Figure 1. Double-glazed units filled with PCM in the greenhouse envelope.



[image: Buildings 13 01715 g001]







[image: Buildings 13 01715 g002 550] 





Figure 2. Composition of double-glazed units equipped with PCM. 
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Figure 3. Obtained heat flux and temperature results in present work and in [40]. 
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Figure 4. Average hourly fluctuation of ambient temperature and solar radiation intensity. 
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Figure 5. Effect of refractive index on glass channels containing PCM (17th July). 
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Figure 6. Effect of refractive index on glass channels containing PCM (5th February). 
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Figure 7. Effect of extinction coefficients on glass channels containing PCM (17th July). 
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Figure 8. Effect of extinction coefficients on glass channels containing PCM (5th February). 
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Figure 9. Effect of melting temperature on glass channels containing PCM (5th February). 
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Figure 10. Effect of melting temperature on glass channels containing PCM (17th July). 
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Figure 11. Effect of thermal conductivity on glass channels containing PCM (5th February). 
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Figure 12. Effect of thermal conductivity on glass channels containing PCM (17th July). 
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Figure 13. Effect of specific heat capacity on glass channels containing PCM (5th February). 
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Figure 14. Effect of specific heat capacity on glass channels containing PCM (17th July). 
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Table 1. Thermophysical properties of glass and PCM.






Table 1. Thermophysical properties of glass and PCM.





	Material
	Thickness

(cm)
	Phase Transition Temperature

Range (°C)
	Density (kg/m3)
	Thermal Conductivity (W/m·K)
	Specific Heat (J/kg·K)
	Latent Heat (kJ/kg)





	Glass
	4
	-
	2500
	0.96
	840
	-



	PCM
	6
	9–11
	900
	0.25
	2280
	226
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