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Radiant cooling has well been acknowledged as energy efficient and thermal comfortable technology compared to conventional convective cooling. However, the radiant cooling exists two serious problems (viz., insufficient cooling capacity and high condensation risk) especially in hot and humid climate zones. By adding double-skin infrared transparent membranes (DIMs) onto radiant cooling panel, the air-contact surface can be separated from the cooling source surface, which makes it possible to use a low-temperature cooling source while maintaining air-contact surface higher than dew point temperature. The DIMs are transparent to radiant heat transfer which yields great cooling capacity while chilled ceiling has high emissivity (e.g., above 0.9). However, for metal chilled ceilings having low emissivity, radiant heat from cooling load to chilled ceiling would be reduced through DIMs, which results in insufficient cooling capacity. In this paper, a type of adaptive double-skin infrared membranes (a-DIMs) consisting a high-emissivity membrane and a high transparent membrane is proposed to improve cooling capacity of conventional metal chilled ceilings. The high-emissivity membrane serves as radiant cooling surface instead of low-emissivity chilled ceiling so as to improve radiant heat flux, while the high transparent membrane permits great radiant heat from cooling load to chilled ceiling. A combined heat transfer analysis based on semi-transparent surface radiation and natural convection were carried out to predict cooling capacity of condensation-free radiant cooling. The results indicate that the cooling capacity could be up to 101.9W/㎡ by adding a-DIMs consisting of a high-emissivity membrane of 0.96 and a high transparent membrane of 0.87, which is improved by 2 times compared to conventional metal chilled ceiling with low emissivity of 0.2. Moreover, the cooling capacity by adding a-DIMs is further improved by 25% compared to that by using both infrared transparent DIMs presented in our previous work. The results also indicate that the cooling capacity could be improved by above 2 times compared to conventional low-emissivity metal chilled ceiling by using the radiant cooling with a-DIMs for various humidity. It will be of great guidance for high-performance radiant cooling design without condensation and improved cooling capacity for low-emissivity metal chilled ceiling.
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1 INTRODUCTION
The rapid urbanization has promoted growth in the economic development and also led to the rapid rise in the proportion of building energy consumption in the total energy expenditure in China (Xu et al., 2016). The report (Building energy saving research center of Tsinghua University, 2020) in 2020 shows that the energy consumption of construction operation accounts for about 22% of the total energy consumption of the society in China, for which the demand of energy saving on construction operation is urgent. Indoor cooling is one of main reasons for the increase of building energy consumption (Shan et al., 2017). Compared with conventional air-conditioning systems, radiant cooling has been verified to have many advantages (Rhee and Kim, 2015), including energy conservation (Niu et al., 2002; Hassan and Abdelaziz, 2020; Li et al., 2020), thermal comfort (Tian and Love, 2008; Kim et al., 2018; Karacavus and Aydin, 2019), and indoor air quality (Jagjit et al., 2010; Saber et al., 2014). However, due to the restriction of dew point temperature on cooling source temperature (Wu et al., 2021), the cooling capacity was limited, which hindered the application of radiant cooling in hot and humid areas (Rhee et al., 2017; Ning, 2020).
In order to overcome the limitation of the dew point temperature on the cooling capacity of the radiant cooling, a kind of infrared-transparent membranes was used to separate the radiant cooling surface from the ambient air. It provides possibility to improve cooling capacity by reducing the temperature of the cooling source while maintaining air-contact surface temperature above dew-point temperature for condensation-free purpose. This method was first proposed by Morse (Morse, 1963) in the 1960s and recently validated by (Teitelbaum et al., 2019) by selecting several commonly used polymer materials as infrared transparent membranes. The experiments showed that a low temperature cooling source of 5°C could be adopted in a 32°C/70% RH environment without condensation, where the effective radiant temperature for cooling was 15.8°C. Also, (Teitelbaum et al., 2020) constructed an outdoor radiation-cooling pavilion that used an infrared-transparent membrane to provide radiant cooling at temperatures below the dew point. The work demonstrated the feasibility of infrared membranes to improve radiant cooling capacity by using low temperature cooling source below dew-point.
Very recently, quantitative evaluation of radiant cooling with infrared transparent membranes on cooling capacity was carried out by numerical modelling and reduced-scale experiments. (Xing et al., 2020) established a performance prediction model for the radiant cooling with an infrared transparent membrane to predict cooling capacity. By using the model, the effect of infrared transparent membrane properties on cooling capacity an infrared transparent cover was also investigated. The results showed that the temperature of the radiant cooling surface could be lowered to 7°C without condensation under relative humidity below 65%. The corresponding cooling capacity was 103.2W/㎡, which improved by 42% compared with conventional radiant cooling. (Liang et al., 2021). developed a computational fluid dynamic model to evaluate the thermal environment of radiant cooling using low cooling temperature. And the results indicated that the thermal comfort under low radiant cooling temperature satisfied the comfort criteria of ASHRAE Standard. (Zhang et al., 2021). established a heat transfer model using a two-flux method for air-layer integrated radiant cooling unit, which in return can help the selection or specify criteria for the development of materials for the infrared-transparent membrane. (Du et al., 2021). proposed a condensation-free radiant cooling by covering cooling source with double-skin infrared-transparent membranes (DIMs). The relevant heat transfer model and reduced-scale experiment was carried out so as to demonstrate cooling capacity improvement. The results indicated that the cooling capacity with DIMs could be up to 104.0 W/㎡, 48% improved compared to conventional radiant cooling by using low temperature cooling source of 7°C. Meanwhile, the risk of condensation was eliminated by controlling the air-contact surface temperature higher than the dew point temperature. Therefore, adding infrared transparent membranes onto chilled ceiling provide possibility to use a low-temperature cooling source while maintaining air-contact surface higher than dew point temperature so as to improve cooling capacity.
The previous literature on infrared membranes assisted radiant cooling focused on chilled ceiling with high emissivity, e.g., 0.95 (Teitelbaum et al., 2019), 0.9 (Xing et al., 2020), 0.95 (Du et al., 2021). High emissivity chilled ceiling has great radiant potential from cooling load to cooling source, where infrared transparent membrane is advantageous to sufficient cooling capacity. However, chilled chilling can be categorized into two types according to the radiative properties of the surface (Li et al., 2008). One has a high emissivity surface (e.g., the chilled water tubing was directly embedded in the structural slabs, gypsum board, or plaster, which serves as the cooling surface, and the emissivity of these materials is generally higher than 0.9). The other has a low emissivity surface [e.g., suspended metal ceiling panels with copper tubing, in order to reduce heat transfer resistance, are generally made of aluminum, iron and other metal materials with emissivity of about 0.2–0.3 (Lu, 2020)]. Concerning the latter low eimissivity chilled ceiling, radiant potential from cooling load to chilled ceiling would be reduced, which results in insufficient cooling capacity. Herein, infrared transparent membrane covering chilled ceiling may be not optimized for improving cooling capacity. The cooling capacity can be further improved by optimizing infrared parameters of infrared membrane assisted radiant cooling.
In this work, in order to improve the cooling capacity of the metal chilled ceiling, which is greatly limited due to its low-emissivity surface, a type of adaptive double-skin infrared membranes (a-DIMs) consisting a high emissivity membrane and a high transparent membrane was proposed. A heat transfer model of condensation-free radiant cooling with a-DIMs was established. The effect of infrared membranes and interlayer of a-DIMs on the cooling performance was explored under the condensation-free conditions.
2 Modelling of Condensation-free Radiant Cooling With A-DIMs
Figure 1 gives the structure of condensation-free radiant cooling with a-DIMs. It consists of the chilled ceiling, the upper infrared (IR) membrane, frame, interlayer air and lower IR membrane. The upper IR membrane, which adheres to the surface of the chilled ceiling, has little thermal resistance due to the small thickness (about 50 μm). Therefore, some hypotheses were proposed. The temperature of the upper IR membrane is equal everywhere on the surface and to that of the cooling source. The temperature of the upper IR membrane can be approximated as the cooling temperature and its lower surface replaces the surface of chilled ceiling as radiant cooling surface. Thus, the upper IR membrane is functionally named as the radiation-cooling membrane. The lower IR membrane separates ambient air from the interlayer air formed by a-DIMs, and the lower surface of the membrane serves as the air-contact surface, so that the lower IR membrane is functionally named as the (ambient) air-contact membrane.
[image: Figure 1]FIGURE 1 | Structure of condensation-free radiant cooling with a-DIMs.
The upper and lower IR membranes were sealed and filled with dry air in the middle to form the double-skin IR membranes, which decomposed the two targets of improving cooling capacity and preventing condensation. For conventional radiant cooling, the cooling source surface serves as the air-contact surface at the same time as Figure 2A. However, for the radiant cooling with a-DIMs, the air-contact and radiant surfaces are decoupled by the a-DIMs, as Figure 2B. In this structure, the infrared transparency of the membrane allows radiant heat exchange occurring directly between the radiant cooling and the radiant load, whereas the dry air layer with low-thermal conductivity is able to maintain a high air-contact surface temperature, leading to a high reliability of condensation prevention. The radiation-cooling membrane can improve the cooling capacity by reducing the cooling temperature. And the air-contact membrane can avoid condensation by maintaining its temperature higher than the dew point temperature of ambient air. When both the upper and lower IR membranes have high transmittance, these are called double-skin infrared-transparent membranes (DIMs) (Du et al., 2021). In this work, aiming at improving cooling capacity of low-emissivity metal chilled ceiling, a new type of adaptive double-skin infrared membranes (a-DIMs) consisting of one layer of high-emissivity radiation-cooling membrane and one layer of high-transmittance air-contact membrane are proposed.
[image: Figure 2]FIGURE 2 | The comparison between (A) conventional radiant cooling; (B) condensation-free radiant cooling system with a-DIMs.
As shown in Figure 3, the cooling capacity of the condensation-free radiant cooling with a-DIMs involves two parts, which can be expressed as:
[image: image]
where qr is the radiant flux and qc is the convective flux. The convective flux is the convective heat transfer of interlayer dry air between the radiation-cooling surface and the air-contact surface. According to literature (Jack and John, 2011), the convective flux can be expressed as:
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where Nu λ is the thermal conductivity which depend on the mean temperature of interlayer air, δ is the thickness of the interlayer air of the a-DIMs, and ΔT is the temperature difference between the cooling source surface and the air-contact surface. Nu is the Nusselt number, which is a function of the Grashof number (Gr) and the Prandtl number (Pr). The values of Pr depend on the mean temperature of interlayer air, and
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where g is the gravitational constant (9.81 m/s2), α is the thermal diffusivity of the interlayer air, and ν is the dynamic viscosity of the interlayer air. Based on these values,
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[image: Figure 3]FIGURE 3 | Overall heat transfer process of condensation-free radiant cooling with a-DIMs.
Figure 4 shows a radiation network representing the net radiation transfer between the cooling surface and cooling load surfaces. The radiant flux between the lower surface of the radiation-cooling membrane and the cooling load surface can be divided into two parts. The first is qrε which is the radiation heat transfer participated by the air-contact membrane, which can be regarded as the radiation exchange through an opaque radiation shield. The second part is qrτ which is the transparent radiant flux transferred between cooling source and cooling load.
[image: Figure 4]FIGURE 4 | Radiation network representing net radiation transfer between cooling surface and cooling load surfaces.
The total radiant thermal flux through the membranes between the cooling load and the cooling source surface covering with an infrared-transparent membrane are characterized by the serial thermal resistance as shown in Figure 4. The black-body emissive powers associated with the temperature of each surface are connected to the radiosity nodes, using the appropriate form of the surface resistance. Hence, the net radiation exchange between the cooling source and cooling load may be expressed as:
[image: image]
where Ebh is the black-body emissive power of the cooling load surface, Ebc is black-body emissive power of the cooling source, Rs,m-c is the surface radiant resistance of the infrared-transparent membrane when the diffused gray surface is used as the substrate, Rs,h is the surface radiant resistance of cooling load surface, Rt is a multi radiant resistance. The radiant resistance of each part are calculated as follows:
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where ε, ρ and τ represent the emissivity, reflectivity and transmittance of a surface, respectively. The subscript m1 represents the radiation-cooling membrane, the subscript ㎡ m2 represents the air-contact membrane, the subscript h represents the cooling load surface, and the subscript c represents the cooling source surface. Rg is the geometrical radiant resistance which is determined by the view factor between the surfaces, and Rs is the surface radiant resistance which is determined by the infrared radiative properties of the certain surface. The temperature of air-contact surface tm can be calculated by the black-body emissive power of the air-contact membrane Ebm:
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where Jm0 is the net radiation on the surface of the radiation-cooling membrane, and σ is Stefan-Boltzman constant, which is 5.67×108.
The infrared radiative properties of the membranes, including emissivity, reflectivity and transmittance, are crucial to the cooling performance of condensation-free radiant cooling with a-DIMs. For various infrared radiative parameters, the cooling capacity (including radiant flux and convective flux) is calculated according to the above formulas. The effect of the radiative properties parameters of the radiation-cooling membrane and air-contact membrane on the cooling performance is studied. The numerical calculation is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Flowchart of numerical calculation.
3 RESULTS AND DISCUSSION
3.1 Effect of the Emissivity of Radiant Cooling Surface on Cooling Performance
The common types used in the chilled ceiling include gypsum board, plaster, metal plate etc. The emissivity of these different surfaces is significantly different, and the radiant cooling capacity of bare chilled ceiling (without a-DIMs) is quite different, correspondingly. Figure 6 shows the cooling capacity of the chilled ceiling with different emissivity surfaces when the radiant cooling temperature is set at 17.5°C. It can be observed that the cooling capacity decreased obviously as the radiant cooling temperature is reduced from 1.0 to 0.1. For instance, as the emissivity was preset at 0.95, 0.6 and 0.2, the cooling capacity was 68.6, 53.9 and 33.8W/㎡. For low-emissivity surface (such as 0.2 emissivity), the cooling capacity is only 0.62 times (0.8 emissivity) and 0.49 times (0.95 emissivity) of high-emissivity surface. The main reason is that the reduced emissivity of the radiant cooling surface weakens the radiant heat transfer between the cooling source and cooling load. Therefore, the cooling capacity of low-emissivity chilled ceiling is very poor, which is far from meeting the engineering requirement. And it is necessary to take measures to improve the cooling performance of low-emissivity chilled ceiling.
[image: Figure 6]FIGURE 6 | The cooling capacity of the chilled ceiling with different emissivity surfaces when the radiant cooling temperature is set at 17.5.
3.2 Improving Cooling Capacity of Condensation-Free Radiant Cooling via Increasing the Infrared Radiative Properties of the Radiation-Cooling Membrane of the a-DIMs
An a-DIMs is used to solve the problem of poor performance of the low-emissivity chilled ceiling, which is critically related to the radiant-cooling membrane closely fitting with the surface of the chilled ceiling. Considering that the lower surface of radiation-cooling membrane replaces the surface of chilled ceiling as radiant cooling surface, it is analyzed to enhance the cooling capacity by increase the emissivity of the radiation-cooling membrane. Therefore, the high-emissivity membrane is selected as the radiation-cooling membrane. And the parameters of infrared radiative properties of the radiation-cooling membrane are shown in Table 1. The parameters of another membrane (air-contact membrane) are also given in Table 1. Table 2 shows the geometrical parameters and operating temperatures of radiant cooling with a-DIMs. At the same time, in order to evaluate the suitability of DIMs to low-emissivity chilled chilling, two types of condensation-free radiant cooling are compared. The main difference between a-DIMs and DIMs is whether the radiation-cooling membrane has high transparency or emissivity.
TABLE 1 | Parameters of infrared radiative properties of radiant-cooling and air-contact membranes.
[image: Table 1]TABLE 2 | Geometrical parameters and operating temperatures of radiant cooling with a-DIMs.
[image: Table 2]Figure 7 shows the comparison of cooling capacity for low-emissivity chilled ceiling (0.2 emissivity) between conventional radiant cooling, radiant cooling with DIMs and radiant cooling with a-DIMs when the radiant cooling temperature was set at 8°C. In order to prevent condensation of ambient air, the air-contact surface temperature (tm) should be controlled to be high than dew point temperature of ambient air (17.5°C for example). It can be calculated that the temperature of air-contact surface is 17.6°C using a-DIMs, and 23.5°C using DIMs, which are both higher than the dew point. Thus, the risk of condensation can be eliminated at a radiant cooling temperature of 8°C. The cooling capacity of radiant cooling with a-DIMs is 101.9W/㎡, which is improved by 2 times compared to conventional metal chilled ceiling with low emissivity of 0.2. Moreover, the cooling capacity by adding a-DIMs is further improved by 63% compared to that by using both infrared transparent DIMs.
[image: Figure 7]FIGURE 7 | Improvement of radiant cooling capacity with DIMs and a-DIMs compared to conventional low-emissivity chilled ceiling of 0.2.
In order to determine the suitability of the a-DIMs, Figure 8 shows the comparison of cooling capacity of the chilled ceiling with emissivity of 0.6 and 0.95, respectively. It can be observed that the cooling capacity of radiant cooling with a-DIMs is 104.3W/㎡for chilled ceilings with different emissivity, and the corresponding radiant flux and convective flux are the same. This is due to the high-emissivity radiation-cooling membrane takes place of the surface of chilled ceiling as radiant cooling surface to participate in the heat transfer process, thus the emissivity of the surface of chilled ceiling no longer affects the cooling performance. For conventional radiant cooling, the cooling capacity of the chilled ceiling with emissivity of 0.6 and 0.95 is 53.9 and 68.6 W/㎡, respectively. The cooling capacity of condensation-free radiant cooling with DIMs is increased by 65 and 50%, respectively, and that of condensation-free radiant cooling with a-DIMs is increased by 93 and 52%, respectively. Therefore, for the chilled ceiling with high-emissivity, radiant cooling with a-DIMs can also enhance the cooling capacity by reducing the radiant cooling temperature. And the improvement is better than radiant cooling with DIMs. However, the improvement is not as effective as for the chilled ceiling with low-emissivity.
[image: Figure 8]FIGURE 8 | Improvement of radiant cooling capacity with DIMs and a-DIMs compared to conventional chilled ceiling of 0.6 and 0.95 (A) εc=0.6, (B) εc=0.95.
It should be noted that, for the radiant cooling with a-DIMs, the maximum cooling capacity is achieved when the emissivity of the radiation-cooling membrane approaches 1.0. Moreover, in case of the transmittance of 0, the radiant characteristics of the original surface of chilled ceiling would not affect the cooling performance. When the emissivity of chilled ceiling is over 0.8, the cooling capacity improvement by using high-emissivity membrane is less than 5% compared with that by using high transparent membrane. Considering the low cost and easy availability of high transparent materials such as polyethylene, the DIMs is recommended. However, for the metal chilled ceiling with low emissivity, the cooling capacity of condensation-free radiant cooling with a-DIMs can be improved by 2 times. Moreover, the cooling capacity with a-DIMs can be further improved by 25% compared with DIMs.
Figures 7, 8 also show the radiant flux and convective flux included in the cooling capacity of two types of condensation-free radiant cooling. For the chilled ceiling with low-emissivity, the radiant flux of radiant cooling with a-DIMs is increased from 27.0W/㎡ to 79.5W/㎡ (2.9 times high) than that of radiant cooling with DIMs. The reason is that the radiation-cooling membrane with high-emissivity is selected, which greatly increases the radiant heat transfer on the cooling surface. However, it is obvious that the convective flux of radiant cooling with a-DIMs is reduced from 51.1W/㎡ to 24.8W/㎡ (2.1 times lower) compared with that of radiant cooling with DIMs.
To further investigate the reason why the convective flux of radiant cooling with a-DIMs is lower than that of radiant cooling with DIMs. Figure 9 shows the comparison of the factors affecting convective heat transfer at different scenarios of radiant cooling. It can observed that, for the chilled ceiling with low-emissivity (such as 0.2 emissivity), the convective heat transfer coefficient and air-contact surface temperature of the radiant cooling with DIMs are much high than the values of the conventional radiant cooling and radiant cooling with a-DIMs. The main reason is that higher air-contact surface temperature can result in greater heat exchange temperature difference, higher average temperature as well as corresponding physical parameters of the interlayer air.
[image: Figure 9]FIGURE 9 | Improvement of convective flux with DIMs and a-DIMs compared to conventional chilled ceiling with various emissivity of 0.2, 0.6 and 0.95.
To further evaluate the effect of radiant cooling with a-DIMs, Figure 10 shows the influence of the radiative properties parameters of the radiation-cooling membrane on the cooling capacity of the chilled ceiling with emissivity of 0.95, 0.6, and 0.2, respectively. It can be observed that the variation of cooling capacity with the radiative properties parameters of the radiation-cooling membrane is the same under different cooling temperature. For the chilled ceiling with high-emissivity, the maximum cooling capacity occurs when the reflectivity of the radiation-cooling membrane is less than 0.05, with little effect of the transmittance or emissivity. For the chilled ceiling with low-emissivity, the maximum cooling capacity occurs when the emissivity of the radiation-cooling membrane approaches 1.0.
[image: Figure 10]FIGURE 10 | Effect of the radiative properties parameters of the radiation-cooling membrane on the cooling capacity when the radiant cooling temperature set at 8 and 15.
3.3 Effect of Infrared Radiative Properties of Air-Contact Membrane on Cooling Capacity of Condensation-Free Radiant Cooling With a-DIMs
Figure 11 shows the temperature of air-contact surface of radiant cooling with a-DIMs for various radiant cooling temperature and transmittance of air-contact membrane. It can be observed that when the radiant cooling temperature increases from 1 to 17°C, the temperature of air-contact surface increase linearly. However, the change of air-contact surface temperature is slight with the increase of the transmittance of the air-contact membrane. For example, the change of air-contact surface temperatures are both within ± 0.1°C when the cooling temperature is set at 1 and 17°C. This indicates that the transmittance of air-contact membrane does not determine the condensation at an appropriate cooling temperature.
[image: Figure 11]FIGURE 11 | Temperature of air-contact surface for various (A) radiant cooling temperature (B) transmittance of aircontact membrane.
Figure 12 shows the cooling capacity of radiant cooling with a-DIMs for various radiant cooling temperature and transmittance of air-contact membrane. It can be observed that the cooling capacity increases as the radiant cooling temperature is decreased from 17 to 1°C. Moreover, the cooling capacity increases more rapidly when the cooling temperature decreases from 2 to 1. The reason is that the interlayer air changes from conduction to natural convection as the temperature difference increases. The convective flux and the cooling capacity increases as well. It can be also observed that when the transmittance of the air-contact membrane is improved from 0.1 to 0.9, the cooling capacity increases from 46.5 to 67.1W/㎡ at cooling temperature of 8°C, and increases from 46.5 to 67.1W/㎡ at cooling temperature of 15°C. In conclusion, with the increase of the transmittance, the temperature of the air-contact surface changes slightly and the cooling capacity increases significantly. Therefore, the transmittance as close as possible to 1.0 should be selected for the air-contact membrane.
[image: Figure 12]FIGURE 12 | Cooling capacity for various (A) radiant cooling temperature (B) transmittance of air-contact membrane.
3.4 Effect of the Thickness of the Interlayer on the Cooling Performance
Figure 13 shows the effect of the interlayer thickness on the cooling performance when the radiant cooling temperature is set at 8°C. It can be observed that the temperature of air-contact surface increase from 15.5 to 16.8°C as the thickness of the interlayer is increased from 5 to 20 mm. However, the change of radiant and convective heat flux is slight with the variation of the thickness of the interlayer. This indicates that increasing the interlayer thickness can improve the safety of condensation-free radiant cooling with a-DIMs at the same cooling temperature.
[image: Figure 13]FIGURE 13 | Effect of interlayer thickness on cooling performance for radiant cooling temperature of 8°C.
3.5 Evaluating Cooling Performance of Condensation-Free Radiant Cooling With a-DIMs for Various Environmental Humidity
Humidity limits the cooling performance of radiant cooling by affecting the dew point temperature. For the conventional radiant cooling, the cooling temperature is not allowed below dew point of ambient air. On the other hand, under the condition that the air-contact surface temperature is controlled higher than the dew point temperature of ambient air, the cooling capacity of the condensation-free radiation cooling with a-DIMs can be increased by reducing the radiant cooling temperature, and the maximum cooling capacity can be obtained at the lowest allowable cooling temperature. Figure 14 shows that the cooling capacity and the performance improvement of condensation-free radiant cooling with a-DIMs under different RH conditions and infrared radiative parameters of each surface as shown in Table 3. For instance, when the relative humidity is 75%, the corresponding dew point temperature is 21.2°C, and the lowest allowable cooling temperature can be set at 14.9°C. The maximum cooling capacity of radiant cooling with a-DIMs can reach 70.1W/㎡, 2.4 times performance improvement compared to conventional radiant cooling by using the cooling temperature of 21.2°C, which is equivalent to the dew point temperature. It can be observed that the cooling capacity of radiant cooling with a-DIMs decreases with the increase of relative humidity due to the augment of dew point temperature affected by RH. However, the performance improvement compared to conventional radiant cooling enhances with the increase of relative humidity. When the relative humidity is increased from 50 to 95%, the cooling capacity of radiant cooling with a-DIMs decreases from 134.5W/㎡ to 30.3W/㎡ and the performance improvement compared to conventional radiant cooling increases form 2.1 times to 2.9 times.
[image: Figure 14]FIGURE 14 | Cooling capacity and performance improvement of condensation-free radiant cooling with a-DIMs under different RH conditions.
TABLE 3 | Infrared radiative parameters of chilled ceiling surface and two layer infrared membranes.
[image: Table 3]4 CONCLUSION
In order to solve the problem of insufficient cooling capacity of metal chilled ceilings with low emissivity, a new type of adaptive double-skin infrared membranes (a-DIMs) consisting of one layer of high-emissivity membrane and one layer of high transparent membrane is proposed in this paper. Compared with the conventional metal chilled ceiling with low emissivity of 0.2, the cooling capacity of condensation-free radiant cooling with a-DIMs can be improved by 2 times. Moreover, compared with double-skin infrared-transparent membranes (DIMs) presented in previous publication (Du et al., 2021), the cooling capacity with a-DIMs can be further improved by 25%. It is resulted from that high emissivity membrane in the a-DIMs was used to replace conventional metal low emissivity chilled ceiling and high transparent radiation cooling membrane in the previously presented radiant cooling with DIMs. The high emissivity radiation-cooling membrane in the a-DIMs significantly improved radiant heat flux from cooling load to cooling source.
For the radiant cooling with a-DIMs, the maximum cooling capacity is achieved when the emissivity of the radiation-cooling membrane approaches 1.0. Several kinds of carbon materials are feasible to be selected as the radiation-cooling membrane, which have been verified that the emissivity can reach more than 0.9. As for the air-contact membrane, the low-density polyethylene material could meet the infrared transparent requirement for the condensation-free radiant cooling with a-DIMs. However, high performance infrared-transparent membranes with high strength and air-tightness could be better choices, such as PE aerogels and infrared transparent inorganic ceramics.
Further investigations under various RH conditions demonstrated that significant improvement of cooling capacity above 2 times compared to conventional low-emissivity metal chilled ceiling by using the radiant cooling with a-DIMs. It will be of great guidance for high-performance radiant cooling design with condensation-free and improved cooling capacity especially for low-emissivity metal chilled ceiling.
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NOMENCLATURE
E Emissive power, W/㎡
G Incident radiant flux onto a surface, W/㎡
H Incident radiant flux across a medium, W/㎡
J Outgoing radiant flux from a surface, W/㎡
Q Energy per unit time, W
q Energy per unit area per unit time, W/㎡
R Thermal resistance, ㎡·K/W
T Absolute temperature, K
Nu Nusselt number [image: image]
Pr Prandtl number [image: image]
Greek Symbols
τ Transmittance of a medium
ε Emissivity of a medium
ρ Reflectivity of a surface
α Absorption of a medium
λ Thermal conductivity, W/(m·K)
Subscripts
b Blackbody condition
c Heat convection; Cold panel
h Hot panel
r Heat radiation
rτ Radiant energy resulting from transmittance
rε Radiant energy resulting from emissivity
t Total
m membrane
s Surface
g Geometrical
w Wall
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