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Abstract

:

Windows have a great impact on building energy consumption, and the thermal performance of window frames directly affects its energy-saving potential. In this paper, a novel method is proposed to optimize the thermal performance of commercially available broken-bridge aluminum window frames, by incorporating radiant insulation panels (RIPs) into the window frame cavity. A typical aluminum alloy window frame heat transfer model is theoretically analyzed and validated, and the effects of key design parameters on the equivalent thermal conductivity (ETC) of the cavity radiation heat transfer and the heat transfer coefficient (U-factor) of window frames are quantitatively analyzed by a finite element simulation method using the THERM software. Moreover, the RIP, the insulation material filling, and low surface emissivity on the thermal performance of the window frame are compared and analyzed. The results show that the RIP is better placed in the middle, the width and quantity of RIPs are negatively correlated with the U-factor, while the surface emissivity of RIPs is positively correlated with the U-factor. Adding RIPs in the cavity can reduce the U-factor of the window frame by more than 7.43%, slightly lower than 8.97% for the filling type, but significantly higher than 0.81% for the low-emissivity type. Inserting RIPs is a simple and effective way to reduce the U-factor of the window frame and have a great potential of use.
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1. Introduction


The building industry consumes 50% of the world’s electricity and accounts for 38% of the total global carbon emissions [1,2]. Normally, windows account for only a 1/8~1/6 portion of the building envelope area; however, its heat loss can reach about 40–50% of the total amount of the building envelope [3]. In recent years, the window-to-wall area ratio of buildings has gradually increased, owing to aesthetic ascension; thus, the improving of the thermal insulation performance of windows has been paid more attention [4].



The glass and window frame are the main parts of the window, and their thermal properties directly determine the energy-saving abilities of the whole window system. At present, with the continuous optimization of window glass, from single-layer glass to double-layer glass to the current new energy-saving glass, such as insulating glass, vacuum glass, color-changing glass [5], photovoltaic integrated glass [6], etc., the U-factor of glass is getting lower and lower, and has been as low as below 1 W/(m2·K), or even below 0.5 W/(m2·K). While the U-factor of traditional window frames is higher than 1.0 W/(m2·K), the U-factor of aluminum window frames is generally 1.4~2.8 W/(m2·K) [7]. Therefore, window frames have greater energy-saving potential.



The most used frame materials are PVC, wood, and aluminum [8]. The aluminum window frame is the more widely used among them due to its light weight, high safety, and good mechanical performance. However, the thermal conductivity of aluminum is large. Typically, putting a thermal break made of polyamide between an external and an internal aluminum profile is required to create some resistance to the heat transfer between the aluminum profiles [9]. This kind of window frame is called a broken-bridge aluminum window frame, and how to further reduce the U-factor of it has been a hot spot of research.



The heat transfer of window frames is mainly through the thermal conductivity of solids, and convective and radiative heat transfer in cavities [10]. The optimization of window frame geometry, material modification, and upgrading of molding technology can effectively improve the thermal performance of window frames [11,12,13]. Zajaset et al. [11] conducted a parametric study on window frame geometry and identified the factors that have the greatest impact on the thermal performance of window frames through sensitivity analysis: the optimal frame shape can reduce the U-factor to 0.71 W/(m2·K). Moreover, weakening the heat transfer inside the window frame cavity will be one of the directions for future window-frame improvement. Reducing the emissivity of its inner surface decreases the heat transfer in the cavity. Mao Huijun et al. [14] simulated the effect of the emissivity of the inner surface of the cavity on the thermal performance of the window frame; the results showed that, as the emissivity of the inner surface of the cavity decreases, the U-factor of the broken-bridge aluminum alloy window frame and the whole window decreases, and the descent ranges are 12.39% to 30.38%, and 2.72% to 9.69%, respectively. Paulos et al. [15] investigated the improvement of the thermal performance of 48 commercial high-performance aluminum, fiberglass, polyvinyl chloride (PVC), and wood composite window frames with aerogel-filled cavities by using a two-dimensional numerical simulation software; the result showed that filling the cavities of the window frames with aerogel can reduce the U-factor by 4% to 29%, and completely filling the cavities with aerogel can further reduce the U-factor by 35%. Agnieszka et al. [16] proposed a method to reduce the U-factor of PVC window frames without considering the change of frame geometry and material—filling the cavity with polyurethane foam and conducting two-dimensional numerical simulations of heat transfer. It was found that filling the cavity with polyurethane foam reduced the U-factor of the window frame by about 27%.



For broken-bridge aluminum window frames, the material has been determined and the thermal conductivity cannot be changed. The emissivity of the aluminum alloy is 0.2, which is already low enough among common materials, so it is difficult to reduce the emissivity of its inner surface. Filling the window frame cavities is an effective way, but with more materials consumed and the heavy mass, it is not energy-saving and environmentally friendly enough.



To solve the above problems, a method is proposed to reduce the U-factor of the cavity of the broken-bridge aluminum alloy window frame, by adding a thin layer of RIPs in the cavity, which can save material and have good thermal performance at the same time. In order to quantitatively analyze the influence of RIPs on the heat transfer of the window frame, this paper takes the commonly used broken-bridge aluminum alloy window on the market as the research object, simulates the influence of the properties of placement position, width, surface emissivity, and quantity of RIPs on the thermal performance of the window frame, and compares the thermal performance with that of filled and low-radiation window frames. This paper provides a new idea and solution for improving the thermal performance of window frames, which is important for further improving the thermal performance of windows and achieving the goal of energy saving and carbon neutrality.




2. Research Methodology


For the study of the thermal performance of windows, there are two main research methods: experimental testing and computer simulation. The common measurement methods for the U-factor include the heat flow meter method, the simple hot box-heat flow meter method, the thermometric method, and the quantitative infrared thermography method [17]. However, most of these measurements must satisfy the approximate steady-state heat-transfer conditions for large temperature differences and take at least 72 h in specific seasons [18]. Compared with experimental tests, computer simulation is more economical, repeatable, not limited by time and place, and are generally adopted by scholars. Numerical simulation has become an essential research method in the field of window heat transfer, such as THERM developed by Lawrence Berkeley National Laboratory (LBNL) in the United States, Flixo software by Informind Ltd. in Switzerland, Bisco by Physibel Laboratory in Belgium, and MQMC developed by Guangdong Academy of Construction Sciences in China. THERM is a finite element simulation software [19] with the advantages of being practical and efficient, with a rich library of materials. THERM is used by many scholars to study the thermal properties of window frames and studies show that the results of this software are accurate [20,21]. Gustavsen Arild et al. [22] carried out a 3D CFD simulation of natural convection in the internal cavity of a window frame. PVC and broken aluminum alloy window frames were selected for the study and the results showed that CFD is a good tool for analyzing the heat transfer in the internal cavity of a window frame, but THERM software is also a good choice when considering radiation and convection effects.



Figure 1 shows the research methodology adopted to achieve the study objectives. First, parameters such as dimensional information of the model and physical properties of the material were collected, and then the equivalent heat transfer coefficient of the model was calculated by mathematical equations. Then, the THERM software was used to perform the calculations, and the simulation results of the THERM software were verified with the mathematical calculations. After verifying that the THERM calculation results were correct, the THERM software was used in the subsequent study to simulate the effect law of RIP key design parameters on the U-factor of the window frame, and the difference between different methods of reducing the U-factor of the window frame was compared and analyzed.



2.1. Mathematical Model


Several codes define methods for experimental and numerical simulations of window frames, the most commonly used and accepted of which are ISO 15099 [23] and ISO 10077–2 [24]. The assumptions and calculations of the window frame model vary from code to code, but all consistently recommend the use of computer software simulations for calculations. Dariush et al [25]. used a two-dimensional heat transfer model to simulate the heat transfer inside a horizontal window frame and verified the correctness of ISO 15099 for heat conduction, convection, and simplified radiation models for window frame cavities.



The heat transfer inside the cavity includes radiation and convection heat transfer, and the insulation effect depends on the geometry of the cavity, its position (vertical, horizontal, inclined), the emissivity of the solid surface, and the thermophysical properties of the filling gas. To simplify the study, the concept of equivalent thermal conductivity is introduced in the calculation of heat transfer in the cavity of the window frame. If the heat transfer effect of an opaque material is assumed to be the same as that of a cavity, then the thermal conductivity of this opaque material is the ETC of the cavity. When calculating the ETC of a cavity, the radiation heat transfer and convection heat transfer of the cavity should both be considered. According to ISO 15099, the ETC of the cavity should be calculated according to the following equation [23]:


   λ  e q   =  (   h c  +  h r   )  × d   ,  



(1)




where



λeq is the equivalent thermal conductivity of the cavity, W/(m·K);



hc is the convective heat transfer coefficientof the air in the cavity, W/(m2·K), which shall be calculated based on the Nusselt number, and the Nusselt numbers of the three different cases shall be considered according to whether the heat flow direction is upward, downward or horizontal, respectively;



hr is the radiant heat transfer coefficient in closed cavity, W/(m2·K);



d is the width of the cavity in the direction of heat flow, m.



2.1.1. Convective Heat Transfer Coefficient


The hc should be calculated based on the Nusselt number, according to the following equation:


   h c  = N u    λ  a i    d  ,  



(2)




where



Nu is Nusselt number;



λai is thermal conductivity of air, W/(m·K).



The Nusselt number is related to the aspect ratio of the cavity and the direction of heat flow. As shown in Figure 2, for a cavity with horizontal heat flow, the heat flow rate of surface 1 is equal to 0, and the temperatures of surface 2 and surface 3 are Tcc (or Tch) and Tch (or Tcc), respectively. The Nusselt number should be calculated as follows:




	(a)

	
For Lv/Lh ≤ 0.5, the Nusselt number is:











  u = 1 +    {     [  2.756 ×   10   − 6   R  a 2     (     L v     L h     )   8   ]    − 0.386   +    [  0.623 R  a  1 / 5      (     L v     L h     )    2 / 5    ]    − 0.386    }    − 2.59    



(3)






  N u = 1 +    {     [  2.756 ×   10   − 6   R  a 2     (     L v     L h     )   8   ]    − 0.386   +    [  0.623 R  a  1 / 5      (     L v     L h     )    2 / 5    ]    − 0.386    }    − 2.59    



(4)






  R a =    ρ  a i  2   L h 3  g  c  p , a i    (   T  c h   −  T  c c    )     μ  a i    λ  a i      



(5)




where



ρai is the density of air, kg/m3;



Lh is the width of the cavity, m;



g is the acceleration of gravity, 9.8 m/s2;



cp,ai is the specific heat capacity of air at atmospheric pressure, J/(kg·K);



μai is the kinematic viscosity of air at atmospheric pressure, kg/(m·s);



Tch is the hot side temperature of air, K;



Tcc is the cold side temperature of air, K;



Ra is the Rayleigh number of the cavity.



	
(b) For Lv /Lh≥5, the Nusselt number is:







   N u = m a x  (  N  u 1  , N  u 2  , N  u 3   )    ,   



(6)






   N  u 1  =    {  1 +    (    0.104 R  a  0.293      [  1 +    (    6310   R a    )    1.36    ]     )   3   }    1 / 3   ,   



(7)






   N  u 2  = 0.242    (  R a    L h     L v     )    0.273   ,   



(8)






   N  u 3  = 0.0605 R  a  1 / 3       



(9)





	
(c) For 0.5 < Lv/Lh < 5, the Nusselt number is found using a linear interpolation between the endpoints of (a) and (b) above.






When air temperature is 10 °C, six different sets of aspect ratios are selected to show the relationship between width and hc of cavity in Figure 3. The hc of cavity is not a simple linear relationship with the width, but decreases first and then increases with the cavity width. When the cavity width is less than 0.027 m, the larger the aspect ratio is, the larger the hc is; while when the width is larger than 0.027 m, the larger the aspect ratio is, the smaller the hc is; and when the cavity width is 0.027 m, no matter what the aspect ratio is, the hc is equal to 2.77 W/(m2·K).




2.1.2. Radiant Heat Transfer


When the heat flow is in the horizontal direction, the hr of the cavity should be calculated according to the following equations:


   h r  =   4 σ  T m 3     1 E  +  1 F  − 1     ,  



(10)






  E =    (   1   ε 1    +  1   ε 2    − 1  )    − 1      



(11)






  F =  1 2   (  1 +   1 +    (   L h  /  L v   )   2    −  L h  /  L v   )     



(12)




where



σ is Stephen–Boltzmann constant equal to 5.67 × 10−8 W/m2·K4;



ε1 and ε2 are the emissivities of surface 2 and surface 3, respectively.



When the air temperature is 10 °C and ε1 = ε2 = ε, the relationship between hr and aspect ratio of the cavity is shown in Figure 4. It can be seen from the figure that the larger the surface emissivity of the cavity and the smaller the aspect ratio, the smaller the hr.




2.1.3. Principle of RIP


Both lowering the surface emissivity or placing a RIP between the two surfaces can weaken the radiation heat transfer of the two surfaces. RIP is a thin plate with lower surface emissivity that is placed between radiating surfaces to weaken radiative heat transfer [26]. Adding the RIP can reduce the emissivity of the system, thereby reducing the radiation heat transfer. As shown in Figure 5a, a RIP is inserted between the parallel plates, and the surface temperatures of the two flat plates are T1 and T3 (T1 > T3). The radiation heat transfer without RIP is:


   q  1 , 2   =   σ  (   T 1 4  −  T 2 4   )     1   ε 1    +  1   ε 2    − 1     ,  



(13)







Adding RIP3 between the plates increases the resistance to the radiation heat transfer process and reduces the amount of radiation heat transfer. At this time, the heat is not transferred directly from surface 1 directly to surface 2, but from surface 1 radiation first to the RIP plate 3, and then from the RIP plate 2 radiation to surface 2. When plate 3 is very thin, the thermal conductivity is relatively large. It can be considered that the temperature on both sides of plate 3 is equal for T3, and can get the surface 1,3 and surface 3,2 radiation heat transfer q1,3 and q3,2, respectively.


   q  1 , 3   =   σ  (   T 1 4  −  T 3 4   )     1   ε 1    +  1   ε 3    − 1     ,  



(14)






   q  3 , 2   =   σ  (   T 3 4  −  T 2 4   )     1   ε 3    +  1   ε 2    − 1      



(15)







Under steady state heat transfer conditions, q1,3 = q3,2 = q’1,2. For ease of comparison, it can be assumed that the emissivity of each surface is equal, i.e., ε1 = ε2 = ε3 = ε. Therefore, it can be deduced from Equations (14) and (15):


   T 3 4  =  1 2   (   T 1 4  −  T 2 4   )    ,  



(16)







Substitute T3 into Equations (14) and (15) to get:


   q  1 , 2  ′  =  1 2    σ  (   T 1 4  −  T 2 4   )     1   ε 3    +  1   ε 2    − 1     ,  



(17)







Comparing Equation (13) with Equation (17), it is found that the radiant heat transfer from the surface will be reduced to one-half of the original one after adding a RIP with the same emissivity as the surface. It can be inferred that the more the number of RIPs, the less the amount of radiative heat transfer. In fact, when a material with lower emissivity is chosen as the RIP, ε3 is much smaller than ε1 and ε2, and the thermal insulation effect is much more significant than the above analysis.



After adding the RIP, the ETC of the cavity as shown in Figure 4b should be calculated according to the following equation:


   λ  e q  ′  =    L h       L  h l      λ  e q l     +  d λ  +    L  h r      λ  e q r         ,  



(18)






   λ  e q  ′  =    L h       L  h l      λ  e q l     +  d λ  +    L  h r      λ  e q r         ,  



(19)




where



Lhl is the equivalent width of the left cavity, m;



d is the width of the RIP, m;



Lhr is the equivalent width of the right cavity, m.





2.2. Thermal Model


Aluminum window frames can be divided into 60, 70, 80, and other series according to their widths. The cross-sections of different series of window frames are different, and the cross-sections of the same series of window frames produced by different manufacturers also vary widely. Thus, it is not an easy task to investigate them in detail on a case-by-case basis. To simplify the study, as shown in Figure 6, a common commercially available 80 series aluminum window frame was used as the simulation object. This window frame uses triple sealing treatment on the cross section, so the sealing performance and heat insulation of the window frame itself is better in the same series. Therefore, if our method can have a good effect on reducing the U-factor of this kind of window frame, then the effect may be better for other window frames as well. This typical model of a broken-bridge aluminum window frame with a width of 51.9 mm and a thickness of 79.8 mm is established, and the material of each part of the frame and its thermal conductivity and surface emissivity are shown in Table 1. Usually, the shape of the cavity in the window frame is irregular and not easy to calculate, so the cavity is equated to a rectangle when calculating the ETC of the cavity, and the specific equivalence method is shown in the specification ISO 15099 [23]. The cavity in the dashed box can be equated to a rectangular cavity, with an equivalent width Lh of 21.9 mm and an equivalent height Lv of 13.6 mm. According to NFRC 100–2010 [27], the boundary conditions for simulation are shown in Table 2. In order to verify the correctness of the THERM software, the ETC of the cavity of the selected model was calculated using the mathematical equations mentioned in Section 2.1. The calculated results are shown in Figure 6 and are equal to the simulation results of THERM. The detailed calculation results of the heat transfer coefficient of the cavity closed by the broken bridge are shown in Appendix A. After verifying that the THERM calculation is accurate, the subsequent studies and calculations are done with the THERM.





3. Results


Firstly, the overall U-factor and the ETC of each cavity of a typical broken-bridge aluminum window frame are simulated and calculated: the U-factor of the window frame is 2.7575 W/(m2·k), and the ETC of each cavity is marked in Figure 6. As shown in Figure 6, the ETC of the cavity where the thermal break is located is the largest, 0.0818 W/m·K, which is the weakest link in the cavity of the window frame, and so the study is conducted for this cavity. The preliminary analysis shows that the U-factor of the cavity should be related to the position of the RIP, the width of the RIP, the number of RIPs, the surface emissivity of the RIP, etc. Therefore, the simulation analysis was conducted for these aspects.



3.1. Analysis of the Influence of the Main Design Parameters of RIP


3.1.1. Position of RIP


The width-to-height ratio of the cavity is different for different positions of the RIP, and the hc and hr are both related to the width-to-height ratio of the cavity. The width of the RIP is 1 mm, the material is polyamide (nylon), and the thermal conductivity is 0.25 W/m·K, and the surface emissivity is 0.9. The RIP is set at 25% Lh, 50% Lh, and 75% Lh from the left surface, and the simulation results are shown in Figure 7 and Table 3, where λeql is the ETC of the cavity on the left side of the RIP, and λeqr is the ETC of the right side of the RIP.



From Figure 7 and Table 3, the ETC of the cavity when the RIP is at 50% Lh is minimum 0.0434 W/(m2·k), and the overall U-factor of the window frame is minimum 2.6016 W/(m2·k). The ETC of the cavity decreased by 46.94% and the overall U-factor of the window frame decreased by 5.56% when the RIP was added at 50% Lh compared with the window frame without the RIP. The difference between the RIP at 25% Lh and 75% Lh on the heat transfer between the cavity and the frame is not significant, and this difference is most likely due to the error caused by the window frame modeling.




3.1.2. Width of RIP


The width of the RIP increases the thermal resistance of the RIP and reduces the width of the cavity on both sides of the RIP, and the effect on the heat transfer of the whole cavity is a multivariate coupling relationship. To investigate the effect law of the width of the RIP on the heat transfer of the window frame, the position of the RIP is set to be centered, and the width varies from 0.5 mm to 2.5 mm (interval of 0.5 mm), and the material is polyamide (nylon) with a surface emissivity of 0.9. The simulation results are shown in Figure 8 and Table 4.



As shown in Figure 8 and Table 4, the larger the width of the RIP, the larger the ETC of the cavity and the larger the U-factor of the window frame. The ETC of the cavity increased from 0.431 W/(m2·k) to 0.0444 W/(m2·k), an increase of 3.02%, and the U-factor of the window frame increased from 2.5980 W/(m2·k) to 2.6146 W/(m2·k), an increase of 0.64%, as the width of the RIP panel increased from 0.5 mm to 2.5 mm.




3.1.3. Surface Emissivity of RIP


From the above equations, it is known that the surface emissivity of the RIP mainly affects the radiation heat transfer in the cavity. The influence of the surface emissivity of the RIP on the heat transfer performance of the window frame is explored by setting the surface emissivity of the RIP to vary from 0.1 to 0.9 (interval of 0.1). The width of the RIP was 1 mm, 2 mm, and 3 mm, the material was polyamide (nylon), the surface emissivity was 0.9, and the position of the RIP was centered. The simulation results are shown in Figure 9.



As can be seen from Figure 9, for different widths of the RIP, the effect of the surface emissivity of the RIP on the U-factor of the window frame is similar, the surface emissivity of the RIP increases from 0.1 to 0.9, and the U-factor of the window frame with different widths of the RIP increases by about 0.06 W/(m2·k). As the surface emissivity of the RIP increases, the U-factor of the window frame increases, and the rate of increase gradually slows down. The surface emission of the RIP decreased from 0.9 to 0.1, a decrease of 2.11~2.20%.




3.1.4. Quantity of RIP


According to the principle of RIP, the more the number of RIPs, the smaller the hr will be, while the hc may increase, so in order to understand the effect of the number of RIPs on the U-factor of the window frame, we set the number of RIPs at 0~6, the width of the RIP is set to 1 mm, the spacing between the RIPs is 2 mm, the surface emissivity is 0.2, 0.5, and 0.9, respectively, and the material of the RIP is still polyamide (nylon). The simulation results are shown in Figure 10.



From Figure 10, it can be seen that for the RIPs with different surface emissivity, the effect of the number of RIPs on the U-factor of the window frame is similar: the more the number of RIPs, the smaller the U-factor of the window frame, but the rate of reduction slows down. The U-factor of the window frame decreases from 2.7575 W/(m2·k) to 2.5527 W/(m2·k) with the addition of one RIP with surface emissivity of 0.2, which decreases by 7.43%. Adding six RIPs with surface emissivity of 0.2 reduced the U-factor of the window frame by only 0.97% compared to one RIP.





3.2. Comparative Analysis of Methods to Reduce Heat Transfer in the Cavity


Filling with insulation is currently the main way of improve the thermal performance of the window frame cavity, and another way of improving the window frame cavity is to lower the emissivity of the inner surfaces. In order to compare the effect of cavity modification by adding RIP with these two methods, the effect of a different cavity filled with polyurethane and reducing the emissivity of the inner surface of different cavities on the thermal performance of window frames were simulated. As shown in the Table 5, window frame A is the control group, window frames B is the window frame filled with polyurethane, the cavities of the window frames filled with polyurethane are indicated in white, and the thermal conductivity of polyurethane is 0.024 W/m·k.





4. Discussions


Adding RIP to the cavity of the broken aluminum window frame can reduce the ETC of the cavity and then reduce the U-factor of the window frame. However, since there are three types of heat transfer in the cavity, namely conduction, convection and radiation, the heat transfer situation is complicated, and so the finite element simulation software is used to help the analysis. The simulation analysis shows that the placement, width, number, and surface emissivity of the RIP have an effect on the equivalent heat transfer coefficient of the cavity. Among them are:




	
The RIP placed in the middle of the cavity can reduce the U-factor of the window frame by 5.56%, which is more conducive to reducing the heat transfer of the window frame.



	
The wider the RIP, the greater the U-factor of the window frame, although the U-factor of the window frame increases 0.64% only while the width increases from 0.5 mm to 2.5 mm. The width of the RIP should be as small as possible considering the material cost and the weight of the window frame.



	
The smaller the surface emissivity of the RIP, the smaller the U-factor of the window frame. The surface emissivity of the RIP is reduced from 0.9 to 0.1, resulting in a reduction of 2.11%~2.20% of the U-factor. Therefore, the surface emissivity of RIP should be reduced as much as possible.



	
The more the amount of RIP, the smaller the U-factor of the window frame. However, increasing the amount of RIP does not have a significant impact on the reduction of the coefficient but increases the cost, while using one RIP can achieve the effect of reducing the U-factor of the window frame by 7.43%. Therefore, it is recommended to use one RIP.



	
Compared with the filling and low-emissivity window frames, the U-factor of the RIP type window frame is slightly higher than that of the filling type window frame, but significantly lower than that of the low-emissivity type window frame. The comparison of the RIP type window frame and low-emissivity type window frame shows that the RIP type window frame requires lower surface emissivity of material and functions better than the low-emissivity type window frame. At the same time, the RIP type window frame is less consumable and lighter than the filled type window frame, but the energy-saving effect is comparable to that of the filled type window frame. Filling type and low-emissivity type are more limited by the material, the heat transfer coefficient of the filled material should be lower than the equivalent heat transfer coefficient of the cavity in order to be useful, low-emissivity materials are often expensive, and ultra-low-emissivity materials still need more experimental studies, while RIP type can be made of common materials from a wide range of sources. In summary, the RIP type window frame is a better choice when considering the economy and energy-saving capability simultaneously.









5. Conclusions


Research has shown that RIP is a simple and effective method for reducing the U-factor of window frames. This method saves raw materials and the RIP window frame is simple to produce. The RIP window frame is highly cost-effective and has potential for commercial application. It is recommended that when producing the RIP window frame, since the RIP is fixed to the thermal break, the RIP should be the same material as the thermal break, such as the commonly used polyamide, so as to avoid the instability of bonding between different materials. The RIP should be placed in the middle of the window frame cavity, the RIP should be as thin as it can be, and the surface radiation coefficient of the RIP can be reduced appropriately when the conditions allow. This study has certain limitations, and subsequent studies should be conducted to experimentally test the practical application of RIP, optimize the calculation equation of cavity heat transfer, and quantify the energy-saving effect on buildings with this RIP window frame.
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Appendix A




	Parameter
	Value
	Unit



	d
	0.02186
	m



	hc
	2.71778
	W/(m2 × K)



	Nu
	2.50000
	-



	λai
	0.02377
	W/(m·K)



	a
	0.00287
	-



	b
	0.00008
	-



	Lh
	0.02186
	m



	Lv
	0.01360
	m



	Lh/Lv
	1.60731
	-



	Lv/Lh
	0.62216
	-



	Nu(Lv/Lh = 0.5)
	2.85571
	-



	Nu1(Lv/Lh = 5)
	2.09503
	-



	Nu2(Lv/Lh = 5)
	2.69874
	-



	Nu3(Lv/Lh = 5)
	1.96587
	-



	Nu(Lv/Lh = 5)
	2.69874
	-



	Ra
	34,308.39951
	-



	ρai
	1.31015
	kg/m3



	cp,ai
	1006.05501
	J/(kg·K)



	a
	1002.73700
	-



	b
	0.01232
	-



	Tch
	6.65100
	°C



	Tcc
	−14.48800
	°C



	μai
	0.00002
	Pa·s



	a
	0.00000
	-



	b
	0.00000
	-



	Tav
	−3.91850
	°C



	g
	9.80000
	m/s2



	β
	0.00371
	K−1



	hr
	1.02439
	W/(m2·K)



	εcc
	0.41000
	-



	εch
	0.43000
	-



	σ
	0.00000
	W/(m2·K4)



	λeq
	0.08181
	W/(m·K)
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Figure 1. An outline of the research methodology. 
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Figure 2. Schematic diagram of cavity heat transfer model. 
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Figure 3. Relationship between cavity hc and width. 
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Figure 4. Relationship between cavity hr and emissivity. 
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Figure 5. (a): Schematic of RIP; (b): Model of the RIP. 
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Figure 6. Typical thermal model of broken-bridge aluminum window frame. 
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Figure 7. Effect of RIP position on heat transfer from window frame. 
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Figure 8. Effect of RIP width on window frame. 
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Figure 9. Effect of surface emissivity of RIP on U-factor of window frame. 
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Figure 10. Effect of the number of RIP on the U-factor of the window frame. 
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Table 1. Window frame materials.
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	Name
	Material
	Thermal Conductivity [W/m·k]
	Surface Emissivity





	①
	Window Frame
	Aluminum alloy
	160
	0.2



	②
	Thermal Break
	Polyamide (Nylon)
	0.25
	0.9



	③
	Sealing Strip
	EPDM (Ternary ethylene propylene)
	0.25
	0.9



	④
	Cavity
	Air
	-
	-



	⑤
	-
	Stainless Steel
	17
	0.8



	⑥
	Sealing Strip
	Flexible PVC
	0.14
	0.9



	⑦
	Desiccant
	Silicone
	0.03
	0.9



	⑧
	Sealant
	Solid/hot melt isobutylene
	0.24
	0.9



	⑨
	Glass Systems
	-
	-
	-
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Table 2. NFRC simulation condition.






Table 2. NFRC simulation condition.





	Parameter
	Value





	Tout
	Exterior ambient temperature of −18 °C



	Tin
	Interior ambient temperature of 21 °C



	V
	Wind speed of 5.5 m/s



	Trm,out
	Mean exterior radiation temperature of Tout



	Trm,in
	Mean interior radiation temperature of Tin



	hcv,out
	Exterior surface coefficient of heat transfer of 26 W/m2 °C



	hcv,in
	Interior surface coefficient of heat transfer of 3.29 W/m2 °C



	Is
	Total density of heat flow rate of incident solar radiation of 0 W/m2
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Table 3. Effect of RIP position on heat transfer from window frame.
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	Position
	 [image: Buildings 13 00058 i001]
	 [image: Buildings 13 00058 i002]
	 [image: Buildings 13 00058 i003]
	 [image: Buildings 13 00058 i004]





	λeql/λeqr [W/(m·k)]
	-
	0.0314/0.0556
	0.0418/0.0416
	0.0566/0.0335



	λ′eq [W/(m·k)]
	0.0818
	0.0480
	0.0434
	0.0487



	Uframe [W/(m2·k)]
	2.7575
	2.6552
	2.6016
	2.6435
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Table 4. Effect of RIP width on heat transfer from window frames.
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	Width(mm)
	0.5
	1.0
	1.5
	2.0
	2.5





	λeql/λeqr

[W/(m·k)]
	0.0412/0.0431
	0.0407/0.0426
	0.0403/0.0421
	0.0396/0.0416
	0.0391/0.041



	λ′eq

[W/(m·k)]
	0.0431
	0.0434
	0.0438
	0.0441
	0.0444



	Uframe

[W/(m2·k)]
	2.5980
	2.6013
	2.6051
	2.6099
	2.6146
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Table 5. Comparative analysis of methods for reducing heat transfer in the cavity.
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	Condition
	Cavity Type
	Inner Emissivity
	Uframe
	Relative Error





	A
	-
	0.2
	2.7575
	-



	B
	Polyurethane foam filling
	-
	2.5102
	−8.97%



	C
	Low radiation surface
	0.1
	2.7425
	−0.54%



	D
	Ultra low radiation surface
	0.05
	2.7351
	−0.81%
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