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Abstract

:

This paper presented a building façade combined with photothermal technology where a water circulation system, including a thermal radiation plate and a solar collector, was installed. When heated by solar radiation, the water in the system transfered part of the solar heat to the room through natural circulation by buoyancy caused by density difference. During the cold season, the solar heat efficiency of the façade under natural circulation was studied through experiments and numerical simulations. The results show that the simulated values of the model established by MATLAB were in good agreement with the experimental values. Under the action of natural circulation, good solar energy utilization efficiency could be obtained by the façade. When solar irradiance was 1100 W/m2, the heat gain of the solar collector was 1672 W, of which the heat delivered to the recycled water and supplied to indoor was 1184 W, and the solar heat efficiency could reach 71%. Both the pipeline impedance and the height difference between radiation plate center and solar collector center had a great influence on temperature change of water supply in this system, whereas had little impact on thermal supply and solar heat efficiency of this system.
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1. Introduction


Nearly 40% of global greenhouse gas emissions and energy consumption are due to the building industry [1,2]. HVAC is responsible for more than one third of building energy supply [3,4]. With the growth of the construction industry and the continuous improvement of resident’s requirements with respect to comfort of the indoor thermal environment, the demand for building heating energy consumption in cold seasons will become larger and larger [5]. Developing solar building integration technology is a significant method to effectively reduce the building energy consumption [6]. Many solar building integration structures have been designed. Considering the insufficient application proportion of this technology in actual engineering, it is necessary to conduct further research on this technology.



Typical solar building integrated structures include passive solar houses, solar roofs, Trombe walls, double skin façade (DSF), etc. [7]. Research data shows that solar roofs have great energy-saving potential, which could save nearly 30% in Ontario (Canada) [8]. However, for multi-storey and high-rise buildings, the roof is only a small part of the building envelope, thus, the integrated technology of solar energy and walls is a significant method to increase the use of solar energy in architectures. Photovoltaic (PV) building integration and solar thermal building integration are two important solar building integration technologies. Regarding the photovoltaic integrated façade, Brito et al. [9] indicated that vast façade scales of high-rise buildings might contribute remarkably to the potential for photovoltaic integration in urban landscapes. Liang et al. [10] studied a ventilation wall with opacity, which had an average photovoltaic conversion efficiency of about 9% and could reduce 40% of wall heat transfer. Yu et al. [11] displayed a purified PV/T (photovoltaic/thermal)-Trombe wall that could continuously generate electricity throughout the year, demote formaldehyde, realize space heating in winter, and provide hot water in summer. Hu et al. [12] explored the deployment position of PV cells through experiments and simulations and found that PVBTW (Trombe wall with PV cells on blinds) wall had the best performance. However, due to the influence of the solar elevation angle, the solar radiation illuminance per unit area of the building wall is small and the solar energy utilization efficiency is low in cost performance, which is an essential item influencing the development of photovoltaic and wall integration technology at present.



Compared with photovoltaic utilization technology, there are more studies on the combination of solar thermal systems and walls. To prevent overheating in summer, roller shutters [13] or Venetian blinds [14] could be added to Trombe walls. For the sake of improving heat transfer effect in cold winter, thermal fins could be mounted to the inner surface of the Trombe wall [15]. Chen et al. [16,17] presented a composite Trombe wall including a porous absorber, which could increase the thermal resistance and the heat thermal storage performance of the Trombe wall. Zhu et al. [18] investigated a Trombe wall embedding PCM (phase-change material), and found that the peak cold load and heat load of the building were reduced by 9% and 15%, respectively. In addition, the double skin façade technology could also improve the light and heat gain into the building. Leang et al. [19] investigated the energy property of a house integrating a Trombe wall containing PCM, and found that the thermal comfort was positive proportional to the latent heat, while the heating demand was inversely proportional to the latent heat. A study of a high-rise DSF building in Germany performed by Pasquay [20] showed that it could save about 15%–18% of heat energy in winter. Chen et al. [21] demonstrated that DSF system with double-layer reflective glass as outer surface could save nearly 26% of architecture energy consumption. Su et al. [22] found through CFD simulation that increasing the width of the cavity could increase the total thermal gain of DSF. Regarding the heat storage wall, Lee et al. [23] analyzed the thermal insulation performance of walls involving thin layer PCM, and found the peak heat flux decrease of the south and west walls was 51.3% and 29.7%, respectively. Using autoclaved aerated concrete with high porosity and low thermal conductivity instead of cement could greatly reduce the building’s heat gain and cooling load, and energy consumption could be reduced by about 7% [24]. Furthermore, embedding pipes into walls also has significant energy-saving potential, which could reduce heating costs by 40% [25]. Ibrahim et al. [26] displayed a wall circulation system with water pipes inserted in an external coating, which could reduce the heating load of a room by 15–44%. Zhang et al. [27] proposed a passive-use technology regarding solar energy of WIHP (a wall implanted with heat pipes), which has better heat transfer performance than ordinary walls, and the heat loss of a southern outer wall in winter was reduced by 14.47%.



Solar energy utilization efficiency and wall thermal insulation performance are two important performance parameters of the integrated structure of solar energy system and the wall. Based on ensuring the thermal insulation performance of the wall, improving the solar energy utilization efficiency, while using solar technology to ameliorate the thermal insulation performance of the wall, are problems that need to be solved in the progress of integrated solar energy building technology. For this reason, this paper designed a heating façade integrated with solar, which used solar energy as both the heat source and driving force. During the heating period, the wall is capable of transferring solar thermal energy indoors with a small thermal resistance, and prevents the indoor heat from being transferred outdoors with a large thermal resistance. During the cooling season, outdoor heat can be prevented from entering the room with a larger thermal resistance. Both experiments and simulations were conducted regarding the passive heating performance of the wall in the cold period.




2. Experimental


2.1. Description of the Façade System


The structural dimensions of the experimental house were: the internal space was 1.8 m × 1.8 m × 2.1 m (width × length × height), whereas the external dimension was 2.5 m × 2 m × 2.3 m (width × length × height). The experimental façade system faced south and included a solar hot water circulation pipe (Figure 1). The façade system was mainly composed of a glass cover, solar collector, air interlayer, massive wall (polyurethane sandwich panel), and thermal radiation plate. Figure 2 presents the experimental façade structure, while Table 1 shows the dimensions of all material layers. In the circulation system, the indoor radiation plate and solar collector were linked by a circulating pipe (20/24 mm) which was provided with a control valve. Copper pipes with 8/10 mm diameter were installed to the indoor radiation plate and solar collector. When the collector absorbed solar energy, the density of the working fluid (water) in the circulating pipe would decrease due to the increase in its temperature. The buoyancy caused by the density difference allowed the water to circulate naturally, which can directly and passively deliver heat from outside to indoors with small thermal resistance when compared with the ordinary wall. In winter, the wall can provide heat to the room by passively transferring heat from the solar collector to the radiation plate via the natural circulation of working fluid (water). In summer, the solar circulating water can be prevented from entering indoors by closing the control valve.




2.2. Experimental Methods


Physical parameters and dimensions of all material layers in experimental system are presented in Table 1. The test parameters include: solar irradiance, outdoor ambient air temperature, wind speed, water temperature at each inlet/outlet, surface temperatures of the radiation plate and solar collector, and indoor temperature. In the experiment, nine temperature measuring points were set on the surface of radiation plate and solar collector (nine measuring points were evenly distributed on the surfaces). Meanwhile, the indoor, outdoor, inlet and outlet of collector (Inlet 1/Outlet 1), and the inlet and outlet of the indoor radiant panel (Inlet 2/Outlet 2) were respectively set up with temperature measurement points. A TBQ-2 solar pyrometer (Jinzhou Sunshine Meteorological Technology Co., Ltd., Jinzhou, China) was employed to record the solar irradiance on the collector’s vertical surface, while Ni-Cr and Ni-Si thermocouples (Xinling Electric Co., Ltd., Yueqing, China) were employed to obtain the experimental temperature. Finally, the TSI-9555A multi-parameter ventilation meter (Beijing Hongchangxin Technology Co., Ltd., Beijing, China) was used to measure the air velocity. During the experiment, a fan coil with a rated power of 3 kW was installed indoors to control the indoor temperature by the connected 20 °C temperature well water.



The pipeline impedance of the system tested by mechanical circulation, could comprehensively reflect the resistance along the pipeline and local resistance of the system. Under the action of mechanical circulation, the pipeline impedance could be computed by measuring the total resistance of this system and the water flow. The inlet of the return pipe of the solar collector was connected in parallel with a circulating water pump, and the U-tube liquid pressure gauge was connected on both sides of the parallel node to measure the pressure difference. A LZB-15 rotameter (Jinhu Smart Meter Co., Ltd., Huaian, China) and LXS water meter were employed to measure the water flow in the pipe and U-tube liquid pressure gauge (BYY-100) was used (with inverted method) to measure the loop pressure difference of the system. Table 2 listed the measurement accuracy of each parameter.




2.3. Experimental Results


2.3.1. Pipe Impedance


The average value of measurement results under multiple different flows was taken as the pipeline impedance of the circulation system, as shown in Table 3.



According to the experimental test results presented in Table 3, the average pipeline impedance of the experimental system was 1211 kg/m7.




2.3.2. Parameter Uncertainty Analysis


In experiments, the test results are unable to be consistent with the truth value due to the limitation of the factors like test methods, measuring instruments and subjective conditions of experiment operators. For the sake of improving the accuracy and repeatability of the experiment, the influence of different factors variables on the results was analyzed. There are different calculation methods for the uncertainty of the values obtained by direct measurement and indirect measurement, respectively.



For the direct measurement value, according to the sample standard deviation Δa of the measurement data and the indication error Δb of the instrument, the combined comprehensive uncertainty can be obtained by taking the square root on the basis of the sum of the squares of the two.



For the indirect measurement value N:


     N   =   f ( x   1     ,   x   2     … x   n  )  



(1)




where the (x1, x2, …, xn) variables are independent.



The standard uncertainty of the dependent variable N:


   Δ N     =         (    ∂ f   ∂  x 1     Δ   x 1     )   2  +    (    ∂ f   ∂  x 2     Δ   x 2     )   2  +    (    ∂ f   ∂  x 3     Δ   x 3     )   2   … +     (    ∂ f   ∂  x n     Δ   x n     )   2     



(2)




The truth value of experimental measurements and corresponding relative uncertainty (Ur) can be given as:


   {        N   =    N ¯    ±  Δ N         U r     =       Δ N   N     ×   100 %           



(3)







In this experiment, the parameters, such as outdoor air temperature (T), water temperature at each inlet and outlet (T), outdoor wind speed (v) and solar radiation illuminance received on the surface of the collector (I), water flow (Qv), and pressure difference (ΔP), are directly measured, while other parameters, such as water density (ρ) under natural circulation and its corresponding water flow (G), pipeline impedance (S), and the solar heat efficiency (η), are calculated with the test data by indirect measurement. Based on the above analysis, according to the dependent variable function of other parameters, the Ur of the parameters in this experiment are shown in Table 4.



It could be found from Table 4 that the uncertainty of the direct measurement value was relatively small. The maximum value was 3.24% of the water flow and the minimum value was 0.08% of the temperature. This is mainly because the direct measurement is only affected by measuring instruments and personnel. When the instruments were properly selected, the measured value was closer to the real experimental value. In indirect measurement, the maximum uncertainty of pipeline impedance was 6.47%, which is mainly because the impedance is related to many factors, such as the increase of local pipe resistance due to the presence of dirt in the pipeline. The minimum uncertainty of density was 1.02%, which is mainly based on the precise fitting of MATLAB and the relative high accuracy of measuring temperature.




2.3.3. Experimental Test of Natural Circulation


The test data on 5 January 2020 was selected from the multi-day experimental test data for analysis, whose solar radiation changes greatly, and multiple different experimental points could be provided. The presented day was a cloudy to sunny day with solar irradiance of 0–764 W/m2 perpendicular to the collector, outdoor air temperature of 7.2–18.4 °C, and outdoor wind speed of 0.4–2.3 m/s. The variation trend of the inlet (inlet 2) and outlet (outlet 2) temperature of the radiation plate and their temperature difference are shown in Figure 3.



Figure 3 indicates that the indoor air temperature fluctuated little due to the influence of the fan coil during the experiment. The outlet and inlet water temperatures of radiation plate and collector gradually increased as solar irradiance was enhanced. The change tendency of collector surface temperature, the outlet and inlet temperature and their temperature difference are basically consistent with the solar radiation variation tendency. At 11:50, the solar irradiance obtained by collector surface achieved peak maximum, 764 W/m2, while the water temperatures of the radiation plate’s inlet and outlet in the circulation system reached 59.5 °C and 39.2 °C, respectively, their temperature difference reaching 19.3 °C. From 12:30–13:10, the solar irradiance was basically around 620 W/m2, and the water temperatures of the outlet 2 and inlet 2 in system basically reached a stable value, indicating the maximum outlet and inlet water temperatures of the façade system could reach 58.7 °C and 37.1 °C respectively, and their temperature difference was 21.4 °C under a solar irradiance of 620 W/m2. The solar irradiance obtained by collector surface reached 713 W/m2 at 13:20. At this time, the outlet and inlet water temperatures in the circulation system was up to the maximum values of 62.6 °C and 41.3 °C, respectively, and their temperature difference reached 21.3 °C. Comparing the solar irradiance at 11:50 and 13:20 and the water temperature of the indoor radiation plate’s outlet/inlet, it can be found that the water temperature at the radiation plate’s inlet, as well as the duration of the solar radiation with similar intensity, had a certain influence on the wall heat transfer. At 11:50, the irradiance reached peak maximum, 764 W/m2, while the peak water temperature of the system was at 13:20 (the irradiance was 713 W/m2), which was mainly because before the solar irradiance reached 764 W/m2, solar irradiance acting on the wall had been increasing and the intensity was small, whereas before the irradiance reached 713 W/m2, the solar irradiance acting on the wall had lasted for a period of time with little difference in intensity. From 11:10–15:10, the water temperature at the outlet was basically higher than radiation plate surface’s temperature, which means that the system was supplying heat to the room during this period of time. At 17:10, when solar irradiance was nearly 50 W/m2 and not completely reduced to 0 W/m2 (17:50), the temperature difference had become negative in the experiment, indicating that 50 W/m2 solar irradiance had almost no heating effect on the wall. At this time, the solar collector side became the cooling side instead of heating side, and the water was not only unable to supply thermal energy indoors, but would also take the heat in the room outside.



It is also found from Figure 3 that, for the natural circulation system, the gravity pressure difference as a driving force changes with the solar irradiance. There was slight hysteresis in the water temperature changes, and the temperature fluctuation of the indoor thermal radiation plate surface was small.






3. Numerical Model


3.1. Analysis of Heat Transfer Process


In actual working conditions, the flow characteristics of natural circulation were very complicated. When performing theoretical calculations, the following assumptions were made for thermal conditions to simplify the calculations:




	
The natural circulation loop was a single-phase system, which did not involve the study of two-phase natural circulation conditions.



	
There was no heat conduction and heat exchange in the axial direction of the pipe wall.



	
The fluid was an incompressible Newtonian fluid, and the density and viscosity characteristics of the fluid were linear functions of temperature.



	
No inner heat source in this system.



	
The circulating pipe in system was adiabatic, while the water temperatures at inlet 1 and outlet 1 were equal to the temperatures at the outlet 2 and inlet 2, respectively.








The physical model of the façade system was presented in Figure 4. The heat transfer process of the whole façade circulation system was sophisticated, which involved a contrasting relationship between the supply side (heating side) and the demand side (cooling side). When the surface of the solar collector (heating side) received solar radiation, the collector’s temperature increased. Part of heat was transferred to the room by the working fluid, while part was delivered to the indoor environment by heat conduction through the massive wall. Considering the heat transmitted by the massive wall occupied merely an extremely small section compared to the heat delivered by the water flow, the heat delivered by water flow was mainly considered in this paper. For the purpose of further illustrating the flow characteristics of the solar circulating hot water, the analysis was performed from the heating side and the cooling side, which are described in the following sections. It could be found from the heat transfer process of façade system (Figure 5) that the network consists of conduction, convection, and radiation terms.



3.1.1. Heating Side


In line with the law of conservation of energy, the solar radiation energy irradiated on the surface of solar collector per unit time (Qa) should consist of three parts, which include the useful energy output by the solar collector (Qw), the internal energy change of the collector itself (Qs), and the energy lost by solar collector to the surroundings (QL). It can be expressed by Equations (4)–(8):


   Q a     =   Q   s     + Q   w     + Q   L   



(4)






   Q a   =    τ  α p     Ι A   p   



(5)






       Q   w     =   c   w   G w   (   T   w , o       − T     w , i     )   



(6)






       Q   s     =   M   p   c p      d T  p    d t    



(7)






       Q   L     =       T p     − T   a     R L         =   A   p   U L   (   T p     − T   a   )   



(8)




where UL is the total heat loss coefficient [28]. In the wall system, the radiation heat and convection heat transferred outside could be ignored due to the insulation materials used on the wall side. Therefore, only the heat loss on the side of the glass cover was considered, including the radiation and convection heat exchange between the collector and transparent glass cover (the heat loss coefficient is UL1 calculated by Equation (9)), and the radiation and convection heat exchange between glass cover and surrounding environment:


   U   L 1       = h     r , p - g       + h     c , p - g    =   σ  (   T p     + T   g   )   (   T p 2     + T   g 2   )     (  1 /  ε p   )  +  (  1 /  ε g   )   − 1    +   N u k  L   



(9)







For vertical planes, the last term in Equation (9) can be obtained by Equation (10) [29] and Equation (11):


     N u = 1 + 1.44     (   1   −      1708   R a ·  c o s θ     )   +     [   1   −      1708    (   s i n 1.8 θ   )    1.6     R a ·  c o s θ     ]   +     ×       [     [    R a ·  c o s θ    5830    ]    1 / 3      −   1   ]   +   



(10)






     R a =       g β L   3     γ ψ     (   T p       −   T   g   )   



(11)




where the convection coefficient and radiative heat transfer coefficient [30] between glass cover and surrounding environment can be expressed using Equation (12) and Equation (13), respectively:


   h   c , a - g    =      8.6 v   a  0.6      L   0.4       



(12)






   h  r , a - g   =  ε g  σ  (   T a 2  +  T g 2   )   (   T a  +  T g   )   



(13)







Therefore, the heat balance equation of the glass cover can be written using Equation (14):


   δ g   ρ g   C g    ∂  T g    ∂ t      = h     c , a - g     (   T a  −  T g   )     + h     r , a - g     (   T a  −  T g   )     + U     L 1     (   T p  −  T g   )     + I α   g   



(14)




where αg is the glass cover’s effective absorptivity.



To simplify the calculation process, the total heat loss coefficient (ul) can be obtained directly from Equations (15) and (16) [31]:


   U L  =  1   N    344    T p       ×       (     T p     − T   a     N + f     )    0.33   +  1   h a        +   σ  (   T p 2     + T   a 2   )   (   T p     + T   g   )     1   ε p   +   0.05   N   (     1 − ε   p   )    +    2 N + f − 1     ε g    − N    



(15)






  f =  (  1 − 0.04  h a  + 0.0005  h a 2   )    ×    (  1 + 0.091 N  )   



(16)







On the basis of the hypothesis that along the width direction (x direction), the temperature allocation of all solid material layers were even, the collector’s heat thermal balance equation can be presented as Equation (17):


   ρ p   C p    ∂  T p    ∂ t   =  1   δ p     [   τ g   α p     I + U   L   (   T g     − T   p   )     − Q   W   ]     − k   p   (     ∂ 2   T p    ∂  y 2    +    ∂ 2   T p    ∂  z 2     )   



(17)








3.1.2. Cooling Side


For indoor radiation heating devices in this system, under the condition of heat balance, the heat carried by the water heated by the solar collector (Qw) was equal to the heat delivered indoors by the radiation plate (Qt), and equal to the heat exchanged by indoor fan coil (Qi) (there were no inner heat sources and storage body indoors). The heat of radiation plate included radiation heat transfer and convection heat transfer. Hence, the heat thermal balance equation on cooling side can be illustrated as Equations (18) and (19):


   Q   w         =   Q   t       =   Q   i   



(18)






   Q t     = Q    t , c      + Q    t , r    



(19)




where the convection heat thermal transfer amount of thermal radiation plate (Qt,c) can be given by Equation (20) [32]:


   Q   t , c       = h   i   (   T i  −  T t   )   A t  =  |  2  . 31     (   T i  −  T t   )    1.31    A t   |   



(20)




while the radiation heat transfer amount of the thermal radiation plate (Qt,r) can be expressed as Equation (21) [30]:


   Q  t , r   =  A t   h  t , r    |  A U S T −  T t   |   



(21)




where the AUST (area-weighted average temperature of uncontrolled surfaces in the room) represent a weighted average temperature of the non-heated surfaces of the room except the thermal radiation plate surface in °C [30]. In this study, there was no heat storage body, such as furniture, and the AUST value was regarded as the indoor wall surface temperature.



Thereby, the radiation plate’s energy balance equation in this system can be written as Equation (22) by referring to Equation (17):


   ρ t   C t    ∂  T t    ∂ t   =  1   δ t     [   Q w  −  (   h   t , r       + h   i   )   (   T t  −  T i   )   ]  −  k t   (     ∂ 2   T t    ∂  y 2    +    ∂ 2   T t    ∂  z 2     )   



(22)








3.1.3. Wall Circulation System


For natural circulation, the key to calculating the heat transferred to the room by water was to determine the mass flow (Equation (23)), which was caused by the driving force generated in the natural circulation loop due to the density difference between the heating section and the cooling section of the loop:


     G   =   ρ   w   Q v       =   ρ   w   v w       π d   2   4   



(23)







The density of the working fluid (water) in the natural circulation system changed with temperature. With reference to the water density change table, Equation (24) can be obtained by MATLAB fitting:


   ρ   =   −     0.000003 T   w 2    −        0.000108 T   w     +   1.000937   



(24)







The volume flow of water in the system (Qv) can be determined by Equations (25)–(27). According to the energy balance, the total driving pressure (ΔP) of the closed loop should be equal to the loss pressure drop (∆Pl). The total driving pressure of the system can be expressed by Equation (25):


   Δ P   =   −  ∮  ρ g d h =  ∫  ρ 1    g d h  1     −  ∫  ρ 2    g d h  2   



(25)




where h1, h2 is the height change of the water flow density ρ1, ρ2, respectively.



The total loss pressure drop includes frictional resistance along the pipeline and the local resistance. In this study, the pipeline impedance (S) was used to comprehensively reflect the frictional resistance and the local resistance of this system, which can be expressed by Equations (26) and (27):


     Δ P = Δ P   f     + Δ P   j     = Δ P = S Q   v 2   



(26)






     S =    8  (  λ  l d  + ∑ ζ  )     π 2   d 4  g    



(27)







In this paper, the value of S was equal to the average value of measurement results under multiple different flows.



The solar heat efficiency of the façade system, which represented the proportion of the heat delivered to indoor by radiation plate to heat obtained by collector, can be expressed using Equation (28).


     η   =     Q w     Q a    =     G c  w   (   T   w , o       − T     w , i     )     ∫ 0 t   α p     τ I Α   p  d t    



(28)









3.2. Simulation Methods


MATLAB software was employed to program and solve the numerical model in this study, and the corresponding final results satisfying the cycle termination conditions were obtained through iterative calculation. The calculation method and solution process of the whole circulation system are shown in Figure 6, wherein the left side shows the calculation method and solution process of the outlet temperatures of both the collector (tw_r) and the radiation plate (tw_u). In the simulation, the initial temperature of working fluid (water) was set 10 °C, the initial value of indoor air temperature was set 20 °C, and other initial parameters referred to the data on the experimental day. The flow chart displayed in Figure 6 can be briefly explained as follows:




	
At the beginning of the program, refer to the experimental data and input the necessary parameters, such as solar radiation (I), wind speed (v), and ambient air temperature (Ta). Set the initial values of the solar collector temperature (Tp_k), the inlet water temperature (tw_s), and the indoor temperature (Ti_k).



	
Solve the water temperature at the collector outlet 1 (tw_r). Assume that outlet water temperature of the solar collector (tw_r) is equal to its inlet water temperature (tw_s) at the k-th cycle, superpose iterations in steps of 0.001, and combine Equations (4)–(16) and (23)–(28), until tw_r with the required accuracy is found.



	
Take the collector’s water temperature (tw_r) as the radiation plate’s inlet water temperature at the k-th cycle.



	
Solve the radiation plate’s outlet water temperature (tw_u) in the k-th cycle. Assume the water temperature at radiation plate outlet (tw_u) is equal to the water temperature at collector’s inlet (tw_s). Based on the fact that the mass flow on the cooling side is equal to that on the heating side, combining Equations (6) and (18)–(21), determine whether f (tw_u) is equal to 0 within the accuracy range.



	
If f (tw_u) is equal to 0 within the accuracy range, then tw_u is the water temperature at radiation plate’s outlet at the k-th cycle and outputs tw_u.



	
If not, the iteration is continued with a step size of 0.0001 until tw_u with the required accuracy is found. In this process, the surface temperature of radiation plate is seen as the average temperature of the outlet and inlet water temperature of radiation plate.



	
According to the actual water temperature at collector inlet (tw_s) at the k-th cycle and the outlet water temperature of radiation plate (tw_u) obtained from the calculation at the k-th cycle, determine whether the cycle can be terminated or not. That is, within the precision range (±0.0002), is the tw_u equal to the tw_s?



	
If it is, output the thermal supply from thermal radiation plate to indoor, and calculate the façade’s solar heat efficiency according to Equation (28).



	
If not, take the water temperature at the radiation plate outlet 2 (tw_u) obtained at k-th cycle as the inlet water temperature of the solar collector (tw_s) at k+1-th cycle, return to step 2, and continue the cycle until the heat balance condition is satisfied, and finally obtain the solar heat efficiency of the system.










4. Simulation Validation


Climate and solar irradiance (I) are important factors affecting the performance of the wall circulation system. For the purpose of precisely analyzing the solar energy utilization performance of this system, this study carried out many days of experimental tests, and selected the time period in which the solar irradiance and outdoor wind speed were basically stable (the duration was greater than 1 h) for simulation verification. The solar irradiance during the selected time period should be higher than the solar irradiance before that time period, so as to ensure that under the action of solar irradiance in this time period, the water temperatures at thermal radiation plate’s outlet and inlet are higher than its inlet and outlet temperatures at the previous time. That is, the water must absorb solar heat rather than release heat to the outside during this time. Additionally, the water temperature at radiation plate’s outlet and water temperature at collector’s inlet should basically tend to be stable in this period of time. This simulation value did not represent a specific value at a certain point in time. In simulation, the solar collector’s area was set to 2 m2 and the radiation plate’s area was set to 1.5 m2 to simplify the calculation. With reference to parameters in the experiment like solar irradiance, wind speed, and outdoor temperature, the experimental conditions within the time period that meets the requirements are simulated, and the corresponding results are presented in Figure 7.



In Figure 7, the results show that under different climates and solar irradiance, the maximum error of the outlet and inlet water temperature of the radiation plate between simulations and experiments was within ±2 °C. Under high solar irradiance, the simulated outlet and inlet water temperatures were slightly lower than the experimental results, which is mainly due to the influence of the temperature gradient in the height orientation of the collector during the experiment. Under low solar irradiance, the simulated water temperatures at the outlet and inlet were slightly higher than the experimental values. This is because under low solar irradiance, the density difference of the circulating hot water in the system is too imperceptible to generate a large adequate gravity pressure difference, thus, the fluid velocity is low, which results in more heat loss per unit mass flow rate in the circulating pipeline under the experimental conditions. It can also be obtained from Figure 6 that the maximum relative error between the water temperature values of experiment and simulation was 2.93%. The simulated results agree well with the experimental results.




5. Discussion and Analysis


In this system, the heat delivered to indoor by circulating water is a direct factor which impacts the solar heat efficiency. Based on the above model, the parameters that influence the variation of heat transfer were simulated, including the outdoor thermal environment, the height difference between the radiation plate center and collector center, and the pipeline impedance. The change law of the solar heat efficiency of the façade was obtained as shown below.



5.1. Effect of Outdoor Thermal Environment Parameters


In simulation, the wind speed was set to 1.5 m/s, the indoor temperature was 20 °C, the initial water temperature and initial collector temperature was 10 °C and 7 °C (below the initial water temperature), respectively. Under the condition of different solar irradiance and 10 °C outdoor temperature, the water temperatures at the radiation plate’s outlet and inlet, their temperature difference, the heat delivered into indoor, and the solar heat efficiency can be obtained, which is presented in Figure 8 and Figure 9, respectively.



Figure 8 shows that under natural circulation, the water temperatures at the radiation plate’s outlet and inlet in this façade system and their temperature difference increased as the solar irradiance was enhanced. The water temperature difference between outlet and inlet did not change significantly under the condition of solar irradiance lower than 100 W/m2. As irradiance rose from 100 W/m2 to 1100 W/m2, the radiation plate’s inlet water temperature increased from 19.9 °C to 89.2 °C, the water temperature at outlet increased from 19.6 °C to 59.2 °C, and their temperature difference increased from 0.3 °C to 30 °C. This shows that the larger the solar radiation, the stronger the natural circulation force, and the more heat that is transfer to the room.



Figure 9 shows that both the heat transfer amount through the façade to indoor and the façade’s solar heat efficiency are positive proportional to the solar radiation. In this wall system, the transmittance of the glass cover was 0.8, and the absorptivity of the solar collector was 0.95. As the irradiance rose from 200 W/m2 to 1100 W/m2, the solar radiation thermal heat received by the solar collector was increased from 304 W to 1672 W (the solar collector’s area was 2 m2), the heat transfer amount to indoor at this time could reach 1184 W, and the maximum solar heat efficiency could reach up to 71%. The solar heat efficiency had exceeded 50% at 400 W/m2 solar irradiance. It can also be obtained from the Figure 8 that the variation speed of the solar heat efficiency declined with the increase in solar radiation. According to the previous theoretical analysis, high solar irradiance would increase the temperature of the solar collector and lead to an increase in heat loss, which transferred from the collector to outdoors through heat conduction, heat convection, and heat radiation. Therefore, reducing the solar collector’s heat loss to outside can improve the solar energy utilization efficiency of this façade.



When solar irradiance on the façade’s vertical surface was 620 W/m2, under different outdoor ambient air temperatures, the water temperatures at the radiation plate’s outlet and inlet, their corresponding temperature difference, the heat released into indoors, and the solar heat efficiency of this system can be obtained, as shown in Figure 10 and Figure 11, respectively.



Figure 10 indicates that under the constant solar irradiance, the water temperature at outlet and inlet and their temperature difference increased as the outdoor ambient air temperature increased, and changed linearly along with the ambient temperature. As the outdoor air temperature rose from 2.0 °C to 20.0 °C, the heat loss from the solar collector to the surroundings decreased, the inlet water temperature of radiation plate increased from 54.8 °C to 64.8 °C, the outlet temperature was increased from 36.8 °C to 43.0 °C, and their temperature difference enlarged from 18.0 °C to 21.8 °C.



Figure 11 indicates that both the heat transfer amount through the façade to indoor and solar heat efficiency of this façade system are positive proportional to outdoor ambient air temperature. with the rise of ambient temperature from 2 °C to 20 °C, the solar heat obtained by collector was 942.4 W, the heat transfer from the façade system to indoor raised from 468 W to 655 W, the solar heat efficiency improved from 49% to 69%. This is because, with constant solar radiation, the collector’s heat gain did not change. The higher the ambient temperature, the less the heat delivered from collector to outside through glass cover, the more heat that was delivered indoors.



From above analysis, it can be found that both solar irradiance and outdoor ambient air temperature will affect the heating performance of the façade. The greater the solar irradiance or the higher the outdoor ambient air temperature, the more the heat delivered through the wall to the indoor environment. Moreover, within the range of changes in outdoor meteorological parameters, the impact of the change in solar irradiance is more significant. It is obvious that this system could be applied in zones with high solar irradiance and a night temperature which is not lower than 0 °C (like Tibet), the wall could obtain a favorable heating effect.




5.2. Effect of the Height Difference between the Thermal Radiation Plate Center and Solar Collector Center


The simulation was performed under the conditions of a 10 °C outdoor temperature, 20 °C indoor temperature, 10 °C initial water temperature, 7 °C initial temperature of collector, and the solar radiation was set to 620 W/m2. Under different height differences between the radiation plate center and the collector center, the inlet and outlet water temperatures of the radiation plate, their temperature difference, the heat delivered indoors, and the solar heat efficiency of this system can be obtained, as presented in Figure 12 and Figure 13, respectively.



Figure 12 and Figure 13 illustrate that the inlet water temperature and temperature difference declined as the height difference between the cold and hot cores increased, whereas the outlet water temperature increased. The variation speed of the water temperature at the outlet and the inlet and their temperature difference reduced as the core’s height difference increased. However, the heat transfer via the façade to the indoor environment and the solar heat efficiency of this system basically did not change with the height difference. When height difference raised from 0.1 m to 1.5 m, the inlet water temperature declined from 68.9 °C to 57.5 °C, the outlet water temperature raised from 30.7 °C to 42 °C, while the corresponding temperature difference decreased from 38.2 °C to 15.5 °C. The total heat transfer and solar heat efficiency were basically unchanged, which were 559 W and 59%, respectively. This is because the change in the height difference between the cold and hot cores will affect the driving force of the circulation system. The greater the height difference, the faster the circulation speed, the shorter the heating time the hot water passing through the solar collector and the heat release time of hot water passing through the radiation plate, resulting in lowering the radiation plate’s inlet water temperature, and increasing the outlet water temperature.



In addition, the simulation was to calculate the heat transfer amount and water temperature when the system reached heat balance, and the cycle time to reach balance was not considered. Therefore, although the cores height difference affects the cycle time, under constant and stable solar irradiance (the thermal supply is unchanged), the height difference between the hot and cold cores has almost no effect on the final heat transferred into indoor and solar heat efficiency. Under actual climate conditions, the solar irradiance changes at any time, and the cold and hot cores’ height difference may affect the indoor heating effect.




5.3. Effect of the Pipeline Impedance of the System


The pipeline impedance includes the effects of resistance along pipeline and the local resistance and changes in pipe diameter (Equation (27)). Under the conditions that 10 °C outdoor temperature, 20 °C indoor temperature, 10 °C initial water temperature, 7 °C initial temperature of collector, and the solar radiation was set to 620 W/m2, the outlet and inlet water temperatures of the radiation plate, their temperature difference, the heat delivered into the indoor environment, and the solar heat efficiency of this system under different pipeline impedance could be acquired, as shown in Figure 14 and Figure 15, respectively.



Figure 14 and Figure 15 indicate that both the indoor radiation plate’s inlet water temperature and the corresponding temperature difference increased with the increase of pipeline impedance, while the outlet water temperature declined. The reason is that when other parameters were unchanged, the pipeline impedance increased and the total resistance of natural circulation of the hot water increased. While under the constant driving pressure in the natural circulation system, the water flow of natural circulation would be reduced, and the system would reduce the total operation resistance of the hot water to adapt to the driving pressure of natural circulation. The smaller the water flow, the higher the collector’s outlet water temperature could obtain, and the greater the water temperature difference could reach. It can also be obtained from the Figure 13 and Figure 14 that, when the pipeline impedance was small, the change of the pipeline impedance had a greater influence on radiation plate’s outlet and inlet water temperature and the solar heat efficiency. The simulation results show that when the pipeline impedance increased from 200 kg/m7 to 22,000 kg/m7, the inlet water temperature raised from 55.3 °C to 76 °C, the outlet water temperature decreased from 44.3 °C to 23.6 °C, and their corresponding temperature difference increased from 10.9 °C to 52.4 °C. Although the water temperature changed when the pipeline impedance changed, the heat transfer and solar heat efficiency in the system were basically unchanged, which were 558 W and 59%, respectively. When the pipeline impedance increases to make the collector outlet water temperature reach the boiling point, the operating parameters of the system will also change dramatically.



From the above analysis, it can be obtained that when the pipeline impedance changes within a certain range, the radiation plate’s outlet and inlet water temperature can be changed, but the thermal supply and solar heat efficiency are unchanged. Therefore, the pipeline impedance can be adjusted by setting a valve on the pipeline to reach the required outlet and inlet water temperature of the radiation plate. In addition, the simulation results were obtained under the constant heat gain of the collector. In actual adjustment, the increase of the pipe impedance not only increases the radiation plate’s inlet water temperature, but also increases the solar collector’s water outlet temperature, and the collector’s heat loss will also increase. At this time, the thermal supply and solar heat efficiency of the thermal radiation plate will decrease.





6. Conclusions


In this paper, a building façade combined with photothermal technology was proposed, which was arranged with a thermal radiation plate and a solar collector connected by a pipeline with a control valve. Under cold climate, experiments and simulation studies performed with MATLAB were conducted to evaluate the passive heating performance of the façade. Based on the above results, the following conclusions are drawn:



The numerical model was solved by MATLAB, and the experimental measured values of water temperatures agreed well with the simulated values. The maximum error of the inlet and outlet water temperature of radiation plate between simulation and experiments was within ±2 °C, while the maximum relative error was 2.93%. The numerical simulation method adopted in this study can deal well with the problem of the change of the natural circulation flow rate with solar radiation.



With the help of the natural circulation driving force caused by the density difference of the working fluid in the circulation system when heated by solar energy, the wall could obtain good solar energy utilization efficiency. Both solar heat efficiency and heat transfer amount increased as solar irradiance or outdoor air temperature increased. Under 1100 W/m2 solar irradiance, the heat gain obtained by the collector was 1672 W, the heat transfer was 1184 W, and the thermal efficiency was up to 71%. Within the range of changes in outdoor meteorological parameters, the change of solar irradiance has a more significant impact on solar heat efficiency and the heat transfer amount.



The impedance of the pipeline and the height difference between the radiant plate center and solar collector center were influential factors that impacted the water supply temperature of the system. Within a certain range, increasing the height difference between the radiation plate center and solar collector center or reducing the pipeline impedance could decrease the radiation plate’s inlet temperature, increase the outlet temperature, and reduce the water temperature difference between the outlet and inlet. However, the height difference between the collector center and radiation plate center, as well as the change of pipeline impedance, had little influence on the thermal supply and solar heat efficiency of the system.
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Nomenclature




	A 
	Area, m2



	c 
	Heat capacity, J/(kg·K)



	d 
	Circulation tube diameter, m



	F
	Radiation angle coefficient



	f 
	Friction factor



	G 
	Mass flow rate, kg/s



	g
	Gravitational acceleration, m2/s



	h 
	Heat transfer coefficient, W/(m2·K)



	I
	Solar radiation illumination, W/m2



	k 
	Thermal conductivity, W/(m·K)



	L 
	The length of collector plate, m



	M 
	Mass, kg



	N 
	The number of glass cover



	Nu 
	Nusselt number



	P
	Pressure, Pa



	Q 
	Heat flux, W



	R 
	Thermal resistance, (m2·K)/W



	Ra 
	Rayleigh number



	S
	Pipe impedance, kg/m7



	T
	Temperature, °C



	t 
	Time, s



	UL
	Heat loss coefficient, W/(m2·K)



	v
	Velocity, m/s







Greek Letters




	τ 
	Glass cover transmittance



	α 
	Absorptivity



	σ
	Stefan Boltzmann constant, W/(m2·K4)



	ε 
	Emissivity



	θ 
	Incidence angle, °



	γ 
	kinematic viscosity of air, m2/s



	β 
	Volumetric expansion coefficient, 1/K



	Ψ
	Thermal diffusivity of air, m2/s



	δ 
	Thickness, m



	ρ 
	Density, kg/m3



	η 
	Solar heat efficiency of the circulation system







Subscripts




	a 
	Air, ambient



	p
	Solar collector plate



	w
	Water



	g
	Glass cover



	r 
	Radiation



	i 
	Inlet, inside



	o
	Outlet



	t
	Thermal radiation plate



	j
	Non-heated surface
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Figure 1. Photograph of the experimental room. 
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Figure 2. Schematic diagram of the façade structure. 
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Figure 3. Experiment results of natural circulation. 
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Figure 4. Physical model of the façade system. 
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Figure 5. Schematic diagram of the entire wall system heat transfer network. 
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Figure 6. Simulation flow chart. 
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Figure 7. Comparison of experimental and simulated water temperature at the radiation plate’s inlet and outlet under different climates and solar irradiance. 
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Figure 8. Influence of solar irradiance variation on water temperatures at the outlet and inlet and their temperature difference. 
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Figure 9. Influence of solar irradiance variation on the heat transfer amount and solar heat efficiency. 
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Figure 10. Influence of outdoor ambient air temperature on water temperature at the outlet and inlet and their temperature difference. 
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Figure 11. Influence of outdoor ambient air temperature on the heat transfer amount and solar heat efficiency. 
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Figure 12. Influence of the height difference on water temperature at the outlet and inlet and their temperature difference. 
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Figure 13. Influence of the height difference on the heat transfer amount and solar heat efficiency. 
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Figure 14. Influence of the pipeline impedance on hot water temperatures at the outlet and inlet and their temperature difference. 
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Figure 15. Influence of the pipeline impedance on the heat transfer amount and solar heat efficiency. 
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Table 1. Dimensions and physical parameters of the wall system.
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	Material Layers
	Thickness (mm)
	Length (mm)
	Height (mm)
	Density kg/m3
	Specific Heat Capacity J/(kg·K)
	Thermal Conductivity W/(m·K)





	Glass cover
	5
	2000
	2000
	2500
	840
	0.76



	Air interlayer
	50
	2000
	2000
	1.205
	1005
	-



	Solar collector
	2
	2000
	2000
	2719
	871
	202.4



	Massive wall
	80
	2000
	2300
	50
	1380
	0.037



	Copper pipe
	8
	8
	2000
	8978
	381
	387.6



	Thermal radiation plate
	2
	2000
	1500
	2719
	871
	202.4
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Table 2. Test instrument, type, and parameter.
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Test Parameters

	
Test Instrument

	
Type

	
Accuracy






	
Solar radiation intensity

	
Solar pyrometer

	
TBQ-2

	
≤0.2%




	
Temperature

	
Thermocouple

	
Ni-Cr and Ni-Si

	
≤0.2%




	
Data acquisition unit

	
XSR-70 A

	
≤0.2%




	
Air velocity

	
Multi-parameter ventilator

	
TSI-9555 A

	
±0.015 m/s




	
Water flow

	
Water meter

	
LXS

	
±2%




	
Rotameter

	
LZB-15

	
±1.5%




	
Differential pressure

	
U-tube liquid pressure gauge

	
BYY-100

	
±2.5%
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Table 3. Pipe impedance.
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	Water Flow (m3/s)
	Differential Pressure (Pa)
	Pipe Impedance (kg/m7)





	3.5 × 10−3
	1.2 × 10−2
	980.2



	3.8 × 10−3
	1.5 × 10−2
	1038.8



	4.3 × 10−3
	2.2 × 10−2
	1189.8



	7.6 × 10−3
	6.9 × 10−2
	1211.2



	9.9 × 10−3
	13.3 × 10−2
	1359.9



	12.7 × 10−2
	21.4 × 10−2
	1486.1
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Table 4. The experimental Ur of the variables.
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	Variable
	T
	v
	I
	Qv
	ΔP
	ρ
	G
	S
	η





	Ur
	0.08%
	1.70%
	1.82%
	3.24%
	2.04%
	1.02%
	2.98%
	6.47%
	3.12%
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