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Abstract

:

An external wall panel (EWP) as a novel alternative to provide spatial flexibility and improve the performance of external walls was developed. The purpose of this study was to analyze the thermal performance of this EWP. A simulation analysis was carried out to scrutinize whether it was vulnerable to condensation, considering South Korea’s weather conditions, and find countermeasures to prevent this. Results indicated that the indoor surface temperature with the measures of added insulation materials and an inserted thermal-breaker was over 16.5 °C and that these methods could prevent condensation. In addition, this study assessed unsteady-state thermal characteristics, linear thermal transmittance, and the effective thermal transmittance of EWP. Effective thermal transmittance was estimated in consideration of the heat transmittance of EWP and the linear thermal transmittance of its slabs and its connection parts. The thermal characteristics of the building envelope are needed to analyze effective thermal transmittance and linear thermal transmittance-associated thermal bridges.
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1. Introduction


According to statistical data in 2017, South Korea had 17.12 million housing units, and 10.37 million (approximately 61%) of them were apartment units [1]. Due to the mass supply of apartment complexes in a relatively short period of time, only a limited number of fixed and standardized planar designs have been used in South Korea [2]. Because 95% of these apartments have a bearing wall system, residents are not allowed to change their residential space. Thus, they cannot experience spatial diversity. In reality, there is a limit to accommodating the diverse lifestyles and needs of residents. In addition, it is not easy to maintain and repair facilities. Apartments built 30 years ago or less are being demolished for rebuilding due to the degradation of facilities and external walls. Bearing wall systems rather than column-beam systems are often used to construct apartments due to their economic advantages with respect to materials and construction [3,4,5,6], although column-beam systems are also considered for spatial flexibility. In recent years, South Korea has witnessed an increase in apartments built with column-beam systems, enabling long-term usage through a structure with spatial flexibility, easy maintenance, and easy repair [7,8]. External walls of apartments built with a column-beam system or a bearing wall system do not function as structural materials to support the load of a building.



For an effective design of flexible space and easy repair for future building improvement, it is essential to systemize building components and develop mutually compatible systems [9]. It is possible to use buildings over the long term and in an efficient way by developing an external wall with easy reparability and improved performance. With this background, this study developed an EWP that could be detached and attached as a novel alternative to provide spatial flexibility and improve the performance of external walls. This EWP was developed for external insulation to minimize thermal bridging effects, and its module systems could provide easy constructability.



External wall design and selection of its materials are important elements of the building envelope. The external wall is a non-structural material, a protective covering that is fixed on the outdoor surface of a building and used to protect against moisture and thermal variations while providing aesthetic purposes [10]. The envelope of a building is a factor that has the greatest influence on the environment inside the building [11]. The building envelope separates the indoor environment that is air-conditioned by heating and cooling systems from the external environment that is not air-conditioned [12]. It protects indoor space from weather conditions and large fluctuations in temperature. A proper building envelope provides thermal comfort for occupants and conserves building energy at the same time [13,14].



Several studies have investigated the thermal performance of external walls or claddings. Bojic et al. reported the thermal behaviors of residential buildings by varying the thickness and positions of thermal insulation to walls. They found out that the largest reduction of the cooling demand was observed when thermal insulation was located either at the outer or indoor side of the wall [15]. In addition, Bojic and Loveday have investigated the thermal effect of layer distribution and the relative thickness of building insulation on building envelopes. In their study, the location of insulation in the wall can significantly influence thermal behaviors in buildings [16]. A similar study regarding thermal performance by differentiating the location of insulation materials in building envelopes was also reported [17,18]. Another important parameter that can have an impact on the thermal response of building envelopes is thermal mass. Kontoleon and Bikas showed that solar absorptivity throughout building envelopes influences the time delay of peak temperatures in buildings [19,20]. Other studies performed simulations to investigate the impact of the thermal characteristics of the external walls to reduce thermal bridges in building envelopes. Various insulation materials were applied to the walls for the evaluation of the energy performance [21,22]. Moreover, the condensation effect on the thermal behaviors in the external walls was investigated. Morgan, McGowan, and Flick explored the condensation of the external wall on manufacturing facility and decided to create an inner space to achieve anti-condensation effects [23]. Gorrell also observed the water problems of precast concrete panels as a cladding due to the inadequate separation and insulation between panels and adjacent cladding components [24].



Therefore, the purpose of the present study was to evaluate thermal performance of the EWP developed in this study and determine whether it was vulnerable to condensation, considering South Korea’s weather conditions [25,26]. A simulation analysis was carried out to examine the possibility of condensation and find countermeasures to prevent it. In addition, this study assessed the linear thermal transmittance, effective thermal transmittance, and unsteady-state thermal characteristics of the EWP.




2. Development of External Wall Panel (EWP)


2.1. Introduction of the Developed EWP


As an envelope applicable to multi-unit housings, this study developed a detachable EWP with flexibility and easy maintenance. It can be prefabricated at a workshop and installed on site. This panel was developed to ensure long-term usage by making EWPs attachable and detachable to improve the performance of external walls. The EWP was made of floor units and units as shown in Figure 1. Upper slabs and lower slabs were connected by the floor units of EWP. Units of EWP were installed in a vertical direction from each floor. Floor units and units were fabricated with the same materials. From the outside to the inside, the EWP consisted of 30 mm of extruded cement panel, a 25 mm insulation board, and an aluminum frame for the exterior side, followed by 2 sheets of 85 mm glass wool, another 10 mm insulation board, and a 9 mm cellulose fiber-reinforced cement board for the interior side as shown in Table 1.



As shown in Figure 2, floor units were installed by fixing them to each slab, and units could be assembled with a tilt-in method from the interior side. Depending on the size and weight of the EPW, it could be transported and installed using small-scale equipment. The use of modularized units makes it easy to install them on site. In South Korea, the external wall is constructed by concrete and is installed inside insulation, as with most apartments. The advantage of this method is that it can shorten the construction period. On the other hand, in general, installing outside insulation requires the installation of scaffolding or gondola and so on.




2.2. Basic Performance Experiment of EWP (Methods and Results)


After fabricating the EWP, an actual-size mock-up experiment was carried out to evaluate its environmental and structural performance as a basic building envelope. Performance evaluation items included a thermal cycling test, air leakage test, static and dynamic water penetration test, structural performance test, story displacement test, and residual strain test. For the thermal cycling test, heating was maintained in the chamber at 24 °C for one hour, according to the temperature condition of AAMA (American Architectural Manufacturers Association) 501.5. After the temperature was kept at 82 °C for two hours, it was slowly lowered to −18 °C for 2 h, which was then maintained for 2 h. After that, the temperature was increased to 24 °C for one hour. This 8-h cycle was repeated three times in 24 h. The air leakage test was conducted by keeping the pressure at +7.6 kgf/m2 (the standard test pressure) and measuring the air leakage from the specimen. The water penetration test was conducted by keeping 30.4 kgf/m2 of positive pressure and spraying 204 L/m2 for 15 min, and measuring water penetration. The story displacement test was conducted by imposing the displacement of 9.4 mm (L/300) both left and right horizontally and examining if the functions and appearances of all parts have problems. The residual strain test was conducted by keeping the positive pressure (75%) and negative pressure (150%) of the designed wind load of the specimen for 10 s and then removing the pressure, and measuring the residual strain of each part.



Figure 3 shows flowchart of the experiment to evaluate each performance item. The experimental methods and criteria are shown in Table 2. The performance of the building envelope that connected EWP with windows was evaluated in accordance with the standard test method for the structural performance of external windows, curtain walls, and doors. Figure 4 shows the installation of the experimental subject and its performance testing.



As shown in Table 2, the mock-up test results confirmed that the EWP met the basic environmental and structural performance requirements as a building envelope. Therefore, its thermal performance was evaluated next.





3. Thermal Properties of the Developed EWP


3.1. Model and Method


Figure 5 shows the floor plan of a household where the developed EWP is going to be installed. The floor plan had a size of 59 m2. The house had three bedrooms, one kitchen, and two bathrooms. The EWP was planned to be installed at the north and south of the plan. Figure 5 shows a partial cross-section drawing of the EWP. The image on the right of Figure 5 shows a simulation model to evaluate its thermal properties. It shows that the ceiling part is joined with the developed EWP and the insulated-concrete wall of an adjacent household. The insulated-concrete wall had 140 mm concrete, 110 mm insulation materials with a thermal conductivity of 0.03 W/(mK), and 9.5 mm gypsum board.



The surface temperature of the interior side of the EWP and the possibility of the occurrence of condensation were assessed through this analysis model. The PHYSIBEL TRISCO program was used for the steady-state 3-dimensional heat transfer analysis [27].




3.2. Conditions for Heat Transfer Simulation


Table 3 shows the boundary conditions for simulation. The outdoor temperature and indoor temperature were set at −20 °C and 25 °C, respectively, in accordance with the Korean Design Standard for Preventing Condensation in Apartments [28].



The analysis model was made using the PHYSIBEL program. Table 4 shows the thermal properties of each material.




3.3. Results


Figure 6 shows the results of the thermal performance analysis. The whole indoor surface temperature was estimated at a relatively high temperature of approximately 22 °C due to the use of insulation materials on the interior side. However, the indoor surface temperature at the connection parts of the EWP was much lower. Because connection parts were installed with only three layers of weather strip silicone gaskets without any insulation, these joints showed the lowest indoor surface temperature of −3.2 °C, −2.3 °C, and 1.0 °C, respectively. Because boundary conditions were set at an indoor temperature of 25 °C, an indoor humidity of 50%, and a dew point temperature of 13.9 °C, condensation was expected to occur during winter, indicating the need for the improvement of insulation performance.



According to the analysis model, heat loss of the EWP was measured at 68 W. Its effective thermal transmission was estimated to be 0.72 W/(m2K) by considering linear thermal transmission rates at the connection parts. The heat loss of the insulated-concrete wall was estimated at 40 W. The effective thermal transmittance of the insulated concrete wall in consideration of the linear thermal transmittance at the ceiling part was estimated to be 0.42 W/(m2K). Given these results, the EWP had a lower thermal performance by approximately 70% than that of the insulated concrete wall.




3.4. Measures for Improvement of Thermal Performance and Results


As shown in Table 5, three countermeasures were taken to improve the thermal performance of the connection parts. The first improvement method was to install insulation materials at the connection parts. The second method was to insert a thermal breaker in the middle of the aluminum frame. The third method was to use both the first and second methods. According to the analysis results of the above three improvement methods, for the indoor surface temperature of the first and third methods with added insulation materials, the lowest temperature was measured at 16.5 °C. The temperature was higher than the dew point temperature of 13.9 °C, indicating that these two methods could prevent condensation. However, the second improvement measure with an inserted thermal breaker showed the lowest indoor surface temperature of 5.7 °C, lower than the dew point temperature. Thus, it is desirable to install insulation materials at connection parts on the interior side to improve insulation performance and prevent condensation.



Table 6 shows the heat losses and linear thermal transmittance at the slabs and connection parts of the EWP and three improvement measures. The linear thermal transmittance is the heat flow rate divided by length and by temperature that is lost through the region of a thermal bridge in the steady state [25]. The thermal bridges are situated at the junction of walls, floors, roofs and building elements are characterized by a linear thermal transmittance as the ψ-value in W/(mK) [30].



Linear transmittance can be expressed as Equation (1):


ψ=L2d−∑1jUjlj



(1)




where

	
ψ—linear thermal transmittance [W/(mK)],



	
L2d—heat conduction coefficient calculated by two-dimensional computation [W/(mK)],



	
Uj—thermal transmittance of computation [W/(m2K)],



	
lj—length to thermal bridge [m].








According to the heat losses shown in Table 6, the EWP had a heat loss of 68 W, the first measure (Alt-1) had a loss of 49.2 W, and the second measure (Alt-2) had a loss of 51.9 W. For the external walls (Alt-3) with additionally installed insulation materials and thermal breakers into the aluminum frame, the heat loss was 42.1 W, indicating a heat performance improvement of approximately 62%. Because there were no other improvement measures for slabs where heat bridges occurred, the linear thermal transmittances of the slabs were equally at 0.58 W/(mK). Depending on the improvement measures, the linear thermal transmittance at the horizontal and vertical connection parts ranged from 0.03 W/(mK) to 0.57 W/(mK). Heat losses of the EPW, three measures and the insulated concrete wall were calculated by using effective thermal transmittance considering linear thermal transmittance. The heat loss of the insulated concrete wall was lower than that of EPW because insulated concrete wall has no connection parts with thermal bridges, as presented in Table 6.





4. Unsteady State Thermal Characteristics of the EWP


To evaluate the thermal performance of the EPW, an unsteady state 3-dimensional heat transfer analysis was also carried out for models with the improvement measures. For the simulation, the time step was 10 min, the calculation duration was 3 days, and there were five iteration cycles. Figure 7 shows the 24-h temperature distribution on the coldest winter day in South Korea. The temperature distribution had a lowest level of −20 °C and a highest level of −10 °C.



Figure 8 shows the heat loss of each model based on 24-h temperature distribution. The EWP had a maximum heat loss of 89.8 W and a minimum heat loss of 79.2 W. In the case of Alt-1, which had added insulation at the connection parts, the maximum heat loss was 59 W, while the minimum heat loss was 51.8 W. In the case of Alt-3, which had added insulation at the connection parts and inserted thermal breakers to the aluminum frame, the maximum heat loss was estimated at 50.8 W, (which was higher by approximately 4 W than that of the existing insulated concrete wall), whereas the minimum heat was estimated at 44.9 W (which was higher by approximately 1.7 W than that of the existing insulated concrete wall). These results confirm that if connection parts have more insulation, the disparity between the maximum heat loss and the minimum heat loss can be narrowed.



As seen in Figure 8, the existing insulated concrete walls had the lowest heat loss at 12:00, while the developed EWP had the lowest heat loss at 08:00. Because the existing insulated-concrete walls had a heavy-weight structure compared to the EWP, there was a difference of 4 h in terms of time lags [31]. Due to the light weight of the EWP, it had a shorter time lag. Thus, it was subjected to greater influence by outside temperatures than the existing insulated-concrete walls.




5. Discussion and Conclusions


Unsteady state thermal heat transfer characteristics such as the time lag and heat loss of the EWP were evaluated in this study. Although the light weight of EWP provides better constructability, it is necessary to consider energy and indoor thermal comfort at the same time [32].



Existing heat transmittance can be estimated by conducting a one-dimensional computation of insulation performance on mixed materials. The present study adopted a three-dimensional computation concept to estimate the effective thermal transmittance of the EPW by measuring the linear thermal transmittance induced by a heat bridge at slabs as well as the linear thermal transmittance at vertical and horizontal connection parts. Effective thermal transmittance is the heat transfer unit area and temperature that is lost through the thermal bridge [33]. Effective thermal transmittance was estimated in consideration of heat transmittance of the EWP, the linear thermal transmittance of its slabs, and the linear thermal transmittance of the connection parts. It was also estimated in consideration of the size of the EWP, the area size for construction, and thermal bridge effects [34,35]. The difference between the effective thermal transmittance with multi-dimensional calculation-considered linear thermal transmittance and thermal transmittance with one-dimensional calculation is very high [36,37]. In the building sector, the thermal characteristics of the building envelope are needed to analyze the effective thermal transmittance and linear thermal transmittance concerning thermal bridges [21,33].



The effective thermal transmittance was calculated using the Equation (2).


Ueff=(U1d×A+∑1jψ×lj)A



(2)




where

	
Ueff—effective thermal transmittance [W/(m2K)],



	
U1d—thermal transmittance calculated by one-dimensional computation [W/(m2K)],



	
A—area [m2],



	
ψ—linear thermal transmittance [W/mK],



	
lj—length to thermal bridge [m].








Table 7 shows the estimation results of the effective thermal transmittance of the EWP with improvement measures. It is judged that when calculating heating and cooling loads in the future, it will be necessary to estimate energy consumption more accurately through the computation of effective thermal transmittance.



This research introduced the newly developed EWP. To assess the possibility of its application to real apartments, this study carried out a simulation to analyze the thermal properties of the EWP and measures to prevent condensation. This study evaluated the linear thermal transmittance of EWP through a three-dimensional computation, analyzed the effective thermal transmittance of the envelope in reflection of these results, and identified its unsteady state thermal characteristics.
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Figure 1. Floor unit and unit of the EWP. 
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Figure 2. Transportation and installation of the developed EWP using small-scale equipment. 
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Figure 3. Mock-up test. 
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Figure 4. Mock-up test. 
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Figure 5. Floor plan, cross-section, and analysis model of the EWP. 
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Figure 6. Interior surface temperature distribution of the EWP. 
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Figure 7. Outside temperature for the analysis of unsteady state thermal characteristics. 
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Figure 8. Distribution of heat losses by unsteady state models. 
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Table 1. Material layers of the developed external wall panel (EWP).






Table 1. Material layers of the developed external wall panel (EWP).





	Type
	Layers





	Floor Unit/Unit
	ECP 1 (35 mm) + PIR Board 2 (25 mm) + Glass Wool (85 mm + 85 mm) + PIR Board 2 (10 mm) + CRC Board 3 (9 mm)







1 ECP: extruded cement panel. 2 PIR Board: polyisocyanurate board. 3 CRC Board: cellulose fiber-reinforced cement board.
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