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Abstract:



Insulation performance in older buildings is usually poor, so retrofitting the insulation in these buildings would reduce the energy required for heating, resulting in cost and energy savings. Windows account for a significant amount of the heat loss, therefore, we have developed vacuum layer type vacuum insulation panels (VIPs) with a frame structure that is also slim and lightweight. The developed VIPs are inexpensive and easy to install, as well as being slim and translucent, so retrofitting the window insulation of existing buildings can be easily performed. In this paper, we propose a frame covering with a low emissivity film and a gas barrier envelope coating, with a focus on a reasonable design method. Firstly, a structural model was created to evaluate the safety and specifications of the frame using element mechanical analysis. Next, a finite element model (FEM) was created to predict the insulation performance. Subsequently, experimental validation was completed and the insulation performance was evaluated with the measured thermal conductivity by a guarded hot plate (GHP) apparatus. Finally, case studies were used to evaluate the insulation performance under different conditions. The optimum design included a reasonable frame-structure to hold the vacuum layer with a high insulation thermal conductivity performance of approximately 0.0049 W/(m·K).
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1. Introduction


Various sources indicate that buildings have the potential for energy savings, especially existing buildings in which insulation performance is poor. Many effective technologies have been applied to new buildings to reduce energy consumption, such as smart energy management, renewable energy systems, heat recovery ventilation, and high insulation techniques [1,2]. However, these new techniques are difficult to install in existing buildings; thus, retrofitting the insulation of existing buildings is an effective way to contribute to energy conservation. As modern state-of-the art thermal insulation, vacuum insulation panels (VIPs), installed in buildings to provide better thermal insulation than traditional thermal insulations (approximately 10 times better), have been reported in some studies [3,4,5].



In general, VIPs are divided into two types: filling VIPs and vacuum layer VIPs, determined by the way in which the vacuum layer is generated. The filling VIPs include a gas barrier envelope and a core material. This core material is usually glass wool, polyester fiber, silica powder, or any other porous material. The filling type VIPs are often used in new buildings to improve the insulation performance of the walls. Collins [6,7,8,9,10,11,12] studied vacuum glazing which maintains a vacuum layer by using spacers. Vacuum glazing consists of low-emissivity glass and a clear float, with an evacuated space in between rather than air or noble gas. The durability of the spacers was investigated and the material selection for spacers was discussed. Collins and Simko [11] described the high insulation performance technique for vacuum glazing. According to their study, a Japanese company (Nippon Sheet Glass Co., Tokyo, Japan) developed a double-layer vacuum glazing as a commercial product with a U value of 1.5 W/(m2·K) [13]. Ulster studied the edge thermal conduction and sealing method of vacuum glazing [14]. The Fraunhofer Institute for Solar Energy Systems (Freiburg, Germany) developed a hermetic glazing edge seal for vacuum glazing based on a sputtered metallic layer and a soldering technique [15,16,17,18]. The studies mentioned above investigated vacuum glazing and achieved good insulation performance in newly constructed buildings. However, vacuum glazing is so heavy that it is unsuitable for retrofitting the insulation of existing buildings due to the additional construction cost.



We have developed a translucent VIP. The model consisted of two acrylic plates covered with a low emissivity film coating achieved using a transparent gas barrier envelope, and the evacuated space was supported by plastic pillars fixed by a plate. This method achieved very good insulation performance with a thermal conductivity of 0.007 W/(m·K) and a lower production cost than vacuum glazing, meaning this product is effective for retrofitting insulation of existing buildings [19].



In this study, we developed a frame-structure model of a VIP that is slim, translucent, easy to install (mounted directly or attached as a curtain), and retrofits the window insulation of existing buildings, as illustrated in Figure 1. This VIP resists degradation from the weather due to being installed internally. With respect to durability, if the VIPs are easy to install, the degraded ones can be replaced by new ones, due to the simple structure and the cost-effective material. In terms of the production cost, the VIP production is simplified in the preparation stage. The production process is simplified by using a three-dimensional (3-D) printer. Using the frame structure to hold the vacuum layer in place, this method produces a lighter, thinner, and cheaper product which can effectively retrofit the insulation of existing buildings. Some sources indicate that fewer components can effectively reduce the volume of gas generated inside VIPs, which is effective for improving degradation resistance.


Figure 1. Conceptual diagram of the application of vacuum insulation panels (VIP) to buildings.
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In this paper, the heat transmittance was derived by analyzing a frame element with finite element analysis (FEA) to predict the insulation performance for the above VIP using a numerical model. Case studies are performed to evaluate how the different design conditions influence the insulation performance of our proposal. Subsequently, experimental validation was completed with a guarded hot plate apparatus which contained an airtight chamber to effectively measure very low thermal conductivity [20]. A VIP sample was produced by a 3-D printer and applied as an experimental specimen to the GHP apparatus. Finally, case studies were used to evaluate the performance of the different models in terms of thermal conductivity and heat transfer coefficient.




2. Core Structural Design for Frame-Structure VIP


First of all, a mechanical analysis should be applied to design the core structure of the VIP. The structural frame (the layout of the frame structure is shown in Figure 2 (left)) should be provided to hold the vacuum layer when the internal pressure is evacuated to 0.1 Pa. That means that every beam of the frame should hold up the distributed loading of atmospheric pressure in the safety margin. The schematic is shown in Figure 2 (right) [21,22]. The element analysis would have to be conducted to a structural calculation model in Figure 3, divided into calculating two possibilities.


Figure 2. Element mechanical analysis for a frame-structure VIP: (left) the layout of the frame structure; (right) the schematic.



[image: Energies 11 00298 g002]





Figure 3. Schematic diagram of the structural model.
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Here, the structural analysis was performed as a simplified support beam. Usually, deflection is performed to evaluate the structural design in one dimensional view. The schematic of this calculation model shows the maximum stress should occur in the center of a beam and minimum stress in the edge. In this model, when the atmospheric pressure is loading on the surface, the compression and elastic occurs at the same time but in opposite directions. Then, we define the relationship between the deflection and span by using the equations provided below:


[image: ]



(1)
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(2)







For the polycarbonate frame, [image: ] is the Young’s modulus (2.32 GPa), and [image: ] is the Poisson’s ratio (0.39). For calculations, the width of the polycarbonate frame [image: ] is 1 mm, the span [image: ] is 10 mm, the coefficient of uniform loading to a rectangular flat plate [image: ] is 0.0138, [image: ] is 0.0611, and the effect in different stresses [image: ] is 1013 hPa. The maximum deflection of the frame with different spans is shown in Figure 4. However, the structural design also affects the insulation performance which is described in the next section. In order to create an appropriate design for VIP, we discussed additional models and evaluated their insulation performance. Therefore, we designed the structure by changing the width of frame from 0.5 mm to 1.5 mm, and changing the span to 5, 8, 10, 12 and 15 mm. The variation in deflection is shown in Figure 5.


Figure 4. The maximum deflection of the frame with different spans.
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Figure 5. Comparison of deflections under different conditions.
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A mechanical design within the safety requirements is indicated in Figure 4. We set the span of the frame to 10 mm, while considering the effects of stress and deformation, to ensure the numerical model of heat transmittance to predict the thermal insulation and specimen could be used in the experimental manufacturing. Additionally, the vacuum layer was obtained and the surface was relatively flat with a span of 10 mm. Figure 5 shows the comparison of the deflections based on different conditions. The design should also consider the insulation performance and the transparency; therefore, a frame width of 1 mm and a span of 10 mm were used.



Subsequently, to validate the structural design, we created a 3-dimensional model using the simulation software: ANSYS workbench 14.0 (ANSYS, Canonsburg, PA, USA). The distribution of deformation for the core frame that is modelled as concept in Figure 2. The fixed boundary indicates that the element analysis can be applied to a full-scale VIP, and the meshing in Figure 6 shows the calculation result is accurate due to the 257,791 nodes and 49,046 elements and the result is shown in Figure 7. The result validates the mechanical analysis in Figure 4, indicating a reasonable structural design with a sufficiently flat for application.


Figure 6. Three-dimensional meshing stage in finite element model.
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Figure 7. Distribution of deflection on frame (3-dimensional).
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3. Derivation of Heat Transmittance in a VIP Element


The theoretical solution for the heat transmittance of a VIP can be derived from a frame element [23]. Figure 8 demonstrates the heat transmittance through a frame element. Usually, the “U” value is conducted to evaluate the performance of heat transmission according to this model. For an evacuated insulation design, the convection in the vacuum space can be ignored due to the well-decreased gas molecules. The details will be explained in the following section.


Figure 8. Schematic of heat transfer through a frame element.
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3.1. Calculation and Design of the Vacuum Layer


The reason why an evacuated product should have very good insulation performance will be discussed in this section. Heat, temperature, and the motion of molecules are all related. Temperature is a measure of the average kinetic energy of the molecules in a material. Heat is the energy transferred between materials that have different temperatures. Heat transfer is classified into various mechanisms, such as thermal conduction, thermal convection, thermal radiation, and transfer of energy by phase changes. The mass and density will be changed when the temperature distribution is inhomogeneous at a constant vacuum degree. Many studies indicate that the free convection can be converted into a pure gas heat conduction when the pressure is low enough, or reaches a typical vacuum degree. Natural convection due to gravity is usually defined by Grashof number, Grm. And most adiabatic space is confined, in order to obtain a state of pure gas heat conduction the natural convection must be prevented. Prandtl number (Prm) in the adiabatic space is all in 0.7 (air, nitrogen, and helium). Hence, Grm < 103 is considered as sufficient condition for preventing natural convection heat transfer. We can establish the equation below to evaluate as a condition how the free convection can be converted into a pure gas heat conduction:
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(3)
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(4)




where g is the gravity acceleration (m/s2), [image: ] is the coefficient of expansion (1/K), and [image: ] is described by the following equation [24]:
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(5)




where [image: ] is the pressure ratio, such that [image: ]; [image: ] is the vacuum pressure, (Pa); [image: ] is the atmospheric pressure, (Pa); [image: ] is the temperature difference between the cold and hot surface (K); [image: ] is the thickness of the vacuum layer (m); and [image: ] is the kinematic viscosity (m2/s).



For porous materials, feature scale is very small so that the calculated Grm is far less than 103. Therefore, natural convection heat transfer can be prevented even at normal pressure. And in porous materials, feature scale is usually in 10−4–10−8 m. For the evacuated space existed design, the feature scale is the vacuum layer [image: ] that is far bigger than that in porous materials. Calculation indicate the natural convection heat transfer will be prevented in a relative vacuum degree.



Here, the temperature difference [image: ] is 25 (K); thickness of vacuum layer [image: ] is 10−3 m; gravity acceleration g is 9.8 (m2/s); kinematic viscosity [image: ] is 1.323 × 10−5 (m2/s); if the assumed pressure [image: ] is 1000 Pa. We can obtain the result as Grm = 2.085 × 102 < 103. We decided a much lower design pressure to our proposal of 0.1 Pa and 1 Pa, hence, we can totally ignore the natural convection heat transfer in the numerical model for heat transmittance.



In general, the Knudsen number [image: ] is usually defined for a gas as the ratio in Equation (6), where l is the mean free path (calculated with Equation (7)) and [image: ] is any macroscopic dimension of interest. A high Knudsen number indicates a low pressure, and thus a slow molecular flow, whereas a low value of the Knudsen number suggests a viscous flow. Where [image: ] is the Boltzmann constant in 0.38 × 10−23 (J/K); [image: ] is the temperature in 300 (K); [image: ] is the molecular diameter in 0.37 (nm); and here [image: ] is the pressure in 0.1, 1 and 10 (Pa), respectively [25]:
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(6)
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(7)







The calculated [image: ] were 68, 6.8, and 0.68, respectively. The rarefied gas heat conduction is in the free molecular state only if the [image: ] is less than or equal to 0.5. Then, the calculation of design the vacuum layer can be determined and the derivation will be detailed in the next section.




3.2. Establishment of the Numerical Model of Heat Transmittance


The “U” value is performed to evaluate a frame VIP element and defined by the following equations [24,25,26]:
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(8)




where U is the overall heat transfer coefficient of the VIP (W/(m2·K)); [image: ] is thermal resistance of low temperature surface ((m2·K)/W); [image: ] is the thermal resistances of high temperature surface ((m2·K)/W). [image: ] is the thermal resistance of evacuated space with frame ((m2·K)/W), calculation of [image: ] can be categorized into conductive heat transfer and radiant heat transfer, defined as Equations (9)–(13), respectively. The [image: ] is determined by the heat transfer model:
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(9)







Heat conduction in evacuated space can be calculated by the above equation, and the heat transfer in the frame is considered the only conductive heat transfer. The equation is the same as the equation above. Here, the thermal conductivity of the evacuated space [image: ] is a constant, calculated by the equation below:
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(10)
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(11)




where [image: ] is the specific heat ratio, defined as Cp/Cv, and [image: ] is the accommodation coefficient. L in Equation (10) is categorized into with the frame and without the frame defined as [image: ] and [image: ] shown in Figure 8.



The radiant heat transfer in an evacuated space is defined by the equations below:
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(12)




where [image: ] is the Stefan-Boltzmann constant (5.67 × 10−8 W/(m2K4)), ε1 and ε2 are the optimized emissivities of the gas barrier film and low-e film at mean temperature [image: ] (K), and [image: ] is the angle factor between the two surfaces of the VIP that can be calculated by the following equation:
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(13)




where [image: ] is determined by the visibility of [image: ] to [image: ], [image: ] if [image: ] is visible to [image: ] and is 0 otherwise.





4. Validation of the Numerical Model with Experimental Results


4.1. Specimen Production and its Cost Performance Evaluation


The test specimen was prepared for the experimental validation, and the production process is illustrated in Figure 9. A 3-D printer was used to produce the test specimen (specifications of the 3-D printer are provided in Figure 10) and a low-emissivity film covered the frame surface, then the assembled components were coating by a transparent gas barrier envelope. To improve the degradation resistance, calcium oxide getter was sealed together with the frame. For the evacuated products, being airtight is critical. The components indicate a good airtight to the gas barrier film are depicted in Figure 11. To ensure the affordability of retrofitting the insulation of existing buildings, a product must have good cost-performance; Figure 12 compares the industrial manufacturing cost of these three insulation products. The developed frame-structure VIP is compared with two other transparent evacuated insulation products: a vacuum glazing and a silica aerogel core material VIP. Usually, silica aerogel fills a double plate unit as a double layer of glass and is removed to create an evacuated insulation product. In this study, the silica aerogel core material VIP was used as the experimental batch and was not a commercial product. Silica aerogel is very expensive. The cost of vacuum glazing can be obtained from the website provided in Figure 12.


Figure 9. Trial production of the VIP specimens.
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Figure 10. 3-D printer specifications.
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Figure 11. Structures of the gas barrier film.
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Figure 12. Industrial manufacture cost of transparent evacuated insulation products.
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4.2. Guarded Hot Plate Apparatus Framework


The guarded hot plate apparatus (GHP) is the main method used to measure the thermal conductivity of homogeneous thermal insulation. The apparatus can measure a wide variety of specimens, from flat-slab to porous, and a wide range of environmental conditions including different temperatures and pressures. The VIP specimens are placed between the heating and cooling plates and guarded in an airtight chamber. The cold plates are heated such that a well-defined, user-selectable temperature difference [image: ] (°C) is established between the hot and the cold plates (over the sample thickness). The power input Q (W) in the hot plate with area A (m2) is then measured as soon as thermal equilibrium is reached. Using the measured sample thicknesses, temperatures and power inputs, the thermal conductivity can be determined from the steady-state heat transfer equation. Furthermore, this apparatus can provide an evacuated space which is very efficient in evaluating the insulation performance in a stable vacuum environment. Until the stable heat flow and vacuum degree is reached, the thermal conductivity of the specimen (λ) is derived by the following equation:


[image: ]



(14)







Figure 13 shows the schematic diagram of the GHP apparatus. The temperature sensor Pt-100 was used to measure the thermal conductivity with an accuracy of ±|0.15 + 0.002(t)|. The hot plate has 10 temperature sensors in the hot plate and five in the cold plate which are set in different directions.


Figure 13. Schematic of the guarded hot plate apparatus.
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4.3. VIP Specimen Using GHP Method, Calculation Conditions, and Results


Figure 14 shows the conceptual diagram of the test specimen and also a model for case study. From Section 3.1, we realize that when the pressure is decreased below 1 Pa, good insulation performance can be achieved because convection can be ignored in a free molecular state. Therefore, the pressure inside the chamber of the GHP apparatus can be set to 0.1 Pa and 1 Pa, which is good and typical to evaluate the evacuated insulation techniques. Figure 15 compares the thermal conductivities obtained from the calculation and the experimental result based on the pressure.


Figure 14. Concept diagram of the VIP specimen and model for the case study.
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Figure 15. Comparison of the simulation and experimental results.
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The calculation conditions and designable factors of the VIP are also depicted in Figure 14. In the case studies, the thermal conductivity of the polycarbonate frame was 0.2 W/(m·K), and the thermal emissivities of the polycarbonate frame, gas barrier envelope and low-e film were 0.9, 0.9 and 0.3, respectively. In the calculation, the temperature difference was 25 °C.



In this experimental apparatus, gaps exist in the evacuated chamber and these are pointed out in Figure 13. Hence, the experimental result can be optimized using Equation (15) to eliminate the influence of the gaps:


[image: ]



(15)




where [image: ] and [image: ] can be calculated with Equation (12). The equation indicates that the thermal resistance in evacuated space is not related to the thickness, hence, the thermal resistance of the gaps is the same in the value. [image: ] is calculated using Equations (15) and (16), and the given thermal emissivity is 0.9. The experimental results and their optimized results by Equation (18) are shown in Table 1. The calculation and experimental results are compared and illustrated in Figure 15:
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(16)







Table 1. Guarded hot plate (GHP) experimental results.







	
Pressure (Pa)

	
Experimental Thermal Conductivity

λm (mW/(m·K))

	
Experimental Thermal Resistance

Rm ((m2·K)/W)

	
Thermal Resistance of Gaps

Rva ((m2·K)/W)

	
Thermal Resistance of VIP (Optimized)

RVIP ((m2·K)/W)

	
Thermal Conductivity of VIP (Optimized)

λVIP (mW/(m·K))






	
0.1

	
2.7

	
2.10

	
0.21

	
1.27

	
4.2




	
1

	
3.4

	
1.57

	
0.17

	
0.88

	
6.2










In Figure 15, the calculation results of the numerical model are in agreement with the experimental results. Predicting the insulation performance in this model is valuable. The frame-structure VIP has very good insulation performance for retrofitting the insulation in existing buildings. In addition, the thermal conductivity of the vacuum layer without a frame demonstrated the excellent performance of the evacuated space. Then, the design should be improved by reducing the thermal bridge of the frame structure.





5. Case Studies for Vacuum Layer Type Translucent VIP


5.1. Calculation Conditions


Here, the frame-structure VIP is discussed further and its insulation performance is evaluated through different design proposals. With considering the stability of the frame, we determined the VIP specifications, so that the thermal conductivity of the frame was 0.2 W/(m·K), and the width and span of the frame were controlled. The other conditions are presented in Table 2.



Table 2. Calculation conditions.







	
Conditions

	
Lv (m)

	
P (Pa)

	
Frame Width (mm)

	
Span (mm)

	
ε1

	
ε2

	
Thickness (mm)






	
Case 1

	
1.0 × 10–3

	
0.1

	
0.5

	
5

	
0.3

	
0.9

	
2




	
Case 2

	
1

	
0.5

	
5

	
0.9

	
0.9

	
2




	
Case 3

	
0.1

	
0.9

	
10

	
0.3

	
0.9

	
2.8




	
Case 4

	
1

	
0.9

	
10

	
0.3

	
0.9

	
2.8




	
Case 5

	
0.1

	
1.2

	
15

	
0.9

	
0.9

	
3.4




	
Case 6

	
1

	
1.2

	
15

	
0.3

	
0.9

	
3.4











5.2. Results and Discussion


A comparison results from the case studies is provided in Figure 16. The calculation result of thermal conductivity in Cases 2, 4, and 6 were higher than those for Cases 1, 3, and 5 due to the higher thermal emissivity. Case 1 and Case 2, due to the higher conduction caused by the high area ratio, and a dense frame, are not suitable in terms of transparency. Case 5 and Case 6 reduce the frame area; however, perfectly maintaining a vacuum layer was difficult. Case 3 appears to be the most appropriate design in terms of structural safety, insulation performance, and transparency. The low emissivity is only applied to one side to improve the insulation performance while maintain affordability. The small width of the frame is also possible if required.


Figure 16. Comparison of the calculated results for the case studies.
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Figure 16 indicates that Case 3 and Case 5 should be suitable designs as the lower heat transfer coefficient would contribute to retrofitting the windows of existing buildings. However, the thickness of the vacuum layer is only 1 mm; a wider frame web span cannot sufficiently achieve a vacuum layer due to the excessive compression of the gas barrier envelope. To summarize, Case 3 is the most appropriate for producing a vacuum layer to achieve good insulation performance, and to reduce the material area in the vacuum space to resist degradation.





6. Conclusions


We have proposed a frame-structure, thin, and translucent VIP with a low industrial manufacturing cost that is easy to apply. A structural calculation model was used to evaluate whether the frame could structurally maintain an evacuated space. The results indicated that the evacuated layer could be maintained under the design value of the span was 10 mm and width of frame was 1 mm. Heat transfer models were used to predict the insulation performance of the VIPs by analyzing the heat transfer in the frame element. The thermal conductivities of the VIPs were calculated by varying the calculation conditions of the different design conditions. The insulation performance was evaluated for future applications because the “U” value was less than 2.0 W/(m·K). The calculation results were in agreement with the experimental results. Furthermore, to obtain better insulation performance, using trusses may strengthen the frame structure, and expanding the frame web may reduce the heat conduction.
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