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ABSTRACT

The aim of this research is to evaluate the hygrothermal performances of traditional timber-framed houses’ exterior walls in Turkey to create a base case scenario of hygrothermal behavior as a datum for conservation and restoration projects. There is a unique range of traditional timber-framed houses in Turkey varied according to geographical, social, economic, and cultural characteristics. They are hybrid constructions whereby an infilled timber-framed system is erected on the masonry walls. They are compositions of rectangular studs of wood and infill materials such as adobe, stone, and brick. Most constructed examples may be classified in groups of four depending on infill materials as follows: (1) timber-framed adobe infill, (2) timber-framed brick infill, (3) timber-framed stone infill, and (4) unfilled timber-framed. Within the scope of the research, one example from each type is selected for hygrothermal performance assessments by applying the simulation program DELPHIN 6.1.1. This research is concentrated on the evaluation of hygrothermal performances of the selected types over 4 years (January 01, 2010–January 01, 2014) by investigating the temperature, relative humidity, U-value, and moisture mass model graphics of the cross-section of the wall samples. 2010 was one of the rainiest years and 2013 was one of the less rainy years in the selected locations for the last 10 years. The findings of this paper indicate that when factors such as construction details, materials, and climatic conditions are varied, there may be humidity-based problems in the selected examples. In that case, intersection points of materials, layers, and their relationships should be re-evaluated to improve the hygrothermal performances of the selected walls for conservation and restoration projects. 

 Keywords: DELPHIN 6.1.1, hygrothermal performance, infill materials, traditional timber-framed wall. 

1  INTRODUCTION

Moisture-based problems have been one of the critical issues as long-term effects on walls in terms of energy efficiency, indoor environmental quality, and durability. Hygrothermal performance has had direct impacts on the users, material durability, and energy efficiency of a building [1]. A well-performing building façade is based on two critical issues: thermal resistance and vapor permeability [2]. These two issues are also the basic criteria for assessing the hygrothermal performance of an exterior wall. Accordingly, for a well-designed building envelope of nearly zero energy buildings, the hygrothermal design criteria, depending on different material characteristics, should be considered [3]. 

Nearly, 10% and 40% of the building stock consists of historic and traditional buildings; both have a huge potential to reduce energy consumption regarding their physical characteristics [4]. To consider the unique characteristics and conservation principles of traditional houses, the hygrothermal performance is included as a fundamental factor in criteria on building fabric for improvements in energy efficiency [4]. The hygrothermal performance examines construction materials and/or construction elements considering assessments of energy, air balances, and moisture. The assessment of hygrothermal performance requires the evaluation of three flows: (1) heat flowing by conduction, convection, and radiation; (2) moisture flowing by vapor diffusion, convection, and liquid transport; and (3) airflows caused by natural, external, or mechanical forces [5]. Thus, hygrothermal performance assessments 
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 S. N. Alkan & F. Yazicioğlu, Int. J. of Energy Prod. & Mgmt., Vol. 6, No. 2 (2021) play a significant role in creating documentation on the effects of temperature and moisture on building components. Due to the physical characteristics of wooden materials, they are affected directly by temperature and moisture. Hygrothermal performance is crucial for traditional timber houses while conserving their energy efficiency and historical value [6]. 

Turkey has a unique range of traditional architecture that consists of significant examples of wooden material and methods of construction varied according to geographical, social, economic, and cultural characteristics. Traditional Turkish House may be defined as a construction type that responds to the needs of local people with its design decisions while representing traditional Turkish families’ lifestyle and culture [7]. In the 17th century, the Ottoman Empire created its unique wooden construction house type known also as the Ottoman House, which was spread over the Anatolia starting from İstanbul [8]. Depending on local characteristics such as geographical, social, cultural features, construction types and infill materials are varied as adobe, brick, and stone [9]. The remarkable examples of traditional timber-framed houses in Turkey are a composition of rectangular studs of wood and infill material such as adobe, stone, brick, or unfilled. Most constructed traditional timber-framed houses in Turkey may be grouped into four types according to infill material as follows: (1) timber-framed adobe infill, (2) timber-framed brick infill, (3) timber-framed stone infill, and (4) unfilled timber-framed. 

Traditional timber-framed houses examples representing different infill materials are shown in Fig. 1. The construction is composed of rectangular studs of pinewood/beech tree/oak/ash tree, and infill material of adobe, brick, and stone. Wooden diagonals are constructed to cope with the dynamic loads particularly earthquake and wind for stability and durability in the long term. On the other hand, the examples in İstanbul are constructed as unfilled timber-framed. In addition, the example selected from Rize has a unique construction type named as “göz dolma”. This construction type is seen in the Eastern part of Turkey’s Black Sea Region and is designed as approximately 20 × 20 cm squares with timber-framed stone infill. 

1.1  Previous Studies

Many of the previous studies are focused on the reliability and validity of hygrothermal simulation tools, which are generally tested by comparing their findings with experimental studies. Accordingly, many of these simulation programs are accepted as useful tools for hygrothermal performance analysis of building components. The hygrothermal performances Figure 1:  Traditional timber-framed houses examples representing different infill materials. 

(a) A picture of traditional timber-framed brick infill in Eskişehir.  (Source: sivrihisar.web.tr.); (b) A picture of traditional unfilled timber-framed in İstanbul. 

 (Source:  Çobancaoğlu , Güler, and Okyay, 2015.); (c) A picture of traditional timber-framed adobe infill in Karabük.  (Source: Küçükerman and Güner, 1995.); (d) A picture of traditional timber-framed stone infill in Rize.  (Source: Alkan, 2018.)
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of 12 timber-framed wall specimens were examined by both hot box method and MOIST, a hygrothermal simulation tool; the output indicated that the two methods give approximately the same results [10]. The hygrothermal performances of three different timber-framed walls were evaluated considering different thermal insulations and vapor barriers by three different hygrothermal performance simulation tools (1D-HAM, MATCH, and WUFI 2D) and comparison of their output with laboratory test results [11]. The heat transfer coefficient of 12 

different timber-framed wall systems was analyzed by comparing the calculation method and hot box–heat flow meter test method results. It was found that the results were nearly the same; they indicated the effects of the insulation materials, moisture content of wooden materials, spacing, and thickness of studs on the heat transfer coefficient of the walls [12]. 

In the literature, the studies are mainly focused on the hygrothermal performance analysis of insulated timber-framed walls [13–16]. Most of them are conducted with a combination of both experimental and numerical methods and comparison of the results. DELPHIN is one of the most preferred hygrothermal simulation tools. The potential hygrothermal problems of highly insulated timber-framed exterior walls were examined under cold climate conditions by DELPHIN [2]. DELPHIN may be applied as hygrothermal simulation tool for hygrothermal performance analysis of traditional buildings [17]. The simulation tools are applied for heat and air flow analysis, moisture storage, damage risk to specify current conditions, and their effects on conservation and restoration processes. 

There appears to be very limited research and published data about hygrothermal performances of walls in Turkey. Most of the existing work is limited to contemporary materials and constructions. Hygrothermal performances of reinforced concrete building envelopes considering different insulation materials, thicknesses, and positions in walls were evaluated by numerical and experimental studies under the climatic conditions of Turkey [18]. The hygrothermal performance simulation tools were explained, and a wall example was analyzed by WUFI 2D regarding important points about effective usage of hygrothermal simulation tools [19]. The hygrothermal performance of a traditional masonry wall was evaluated by WUFI 2D-3 under the climatic conditions of Edirne, Turkey, in terms of temperature, relative humidity and moisture, and water content values [20]. The hygrothermal performances of existing buildings in Çapa, Istanbul were analyzed after applying thermal insulation on the exterior sides of these walls to investigate energy efficiency improvements by WUFI 2D 3.3 [21]. The potential hygrothermal risks of wooden walls, such as cross laminated timber (CLT) and ventilated timber walls in Riva, Istanbul, were examined by WUFI-2D 

depending on climatic conditions and material properties [22]. 

Considering the energy consumption of existing buildings, improvements in traditional houses’ performances have played a crucial role. However, as Turkey being a seismically active area, the seismic performances of the traditional houses have been mainly researched. 

There are many studies about traditional houses’ seismic performances [23–25]. Especially, after the earthquake of 1999, why and how the traditional houses perform seismically well under lateral loads for many years have been the main research questions in such studies [26]. 

1.2  Knowledge gap

An overview of the previous studies shows that even if there are comprehensive ones on the assessment of the hygrothermal performance of timber-framed buildings and proposals about improvements in hygrothermal performance, there is still a research gap in hygrothermal performance analysis of traditional timber-framed houses in Turkey accounting for their 
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 S. N. Alkan & F. Yazicioğlu, Int. J. of Energy Prod. & Mgmt., Vol. 6, No. 2 (2021) unique characteristics regarding material compositions, construction details, and weather conditions. To the authors’ knowledge, no previous studies have analyzed the temperature, relative humidity, U-value, and moisture mass model graphics of traditional timber-framed houses in Turkey. 

1.3  Objective 

In the first part of this research, which has already been presented [27], traditional timber-framed house adobe infill was selected as a case study to investigate hygrothermal performance by DELPHIN 6.0.20. This earlier paper generated initial data for a subsequent comprehensive ongoing research that aims to examine the hygrothermal performance of traditional timber-framed houses in Turkey. The present part of the research comprises the results of DELPHIN 6.1.1 simulation analysis to investigate primarily potential hygrothermal risks of the selected traditional timber-framed walls in Turkey. The major interest lies in analyzing the hygrothermal performances of traditional timber-framed houses’ walls considering varied infill materials in different climatic conditions. These aspects are examined by the adopted simulation tool to comply with TS 825: Thermal insulation requirements for buildings, which is one of the current energy performance requirements in Turkey, and investigate potential hygrothermal risks. Within the scope of this study, the cross-section of each wall specimen is evaluated considering their original layers and local climatic conditions to investigate the current situation for each case. 

2  RESEARCH METHODOLOGY 

To investigate the hygrothermal performance of the selected traditional timber-frame walls, a commercial simulation tool, DELPHIN 6.1.1, was used. This method gives the possibility to analyze heat and moisture impacts on building materials and components under real climate conditions by creating 1-D or 2-D models of wall layers. The simulation program is appro-priate for the analysis of hygrothermal problems, calculation of thermal bridges and examining insulation proposals. It is capable to account for different types of indoor and outdoor climate conditions. Usually, the hygrothermal performance simulation programs are not concerned with the multilayered conditions of the interior spaces, while taking account of the exterior climatic conditions. In contrast, DELPHIN is capable to analyze the temperature and relative humidity in building components through processes considering the probable variety of parameters for hygrothermal analysis [28]. 

2.1  Description of wall specimens

The hygrothermal performance assessments is conducted on four different walls from the districts of four cities in Turkey where significant examples have been identified: Fındıklı, Rize; Safranbolu, Karabük; Sivrihisar, Eskişehir; and Zeyrek, İstanbul. These types are classified as follows: (1) timber-framed stone infill in Fındıklı, Rize; (2) timber-framed adobe infill in Safranbolu, Karabük; (3) timber-framed brick infill in Sivrihisar, Eskişehir; and (4) unfilled timber-framed in Zeyrek, İstanbul. 

To make the types more recognizable, the wall specimens are named after their districts as Fındıklı, Safranbolu, Sivrihisar, and Zeyrek. For the evaluation of hygrothermal performance, each type is modified as a 150 × 150 cm wall specimen. The timber-frames of these wall specimens are shown in Fig. 2. 

[image: Image 2]
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Figure 2: Elevation drawings of the timber-framed of wall specimens. 

The walls of traditional timber-framed houses are varied depending on the wood material, size, configuration/layout, infill material, and covering material. Within the scope of this paper, the most commonly constructed wall types are selected as wall specimens. To investigate the effects of layer variations on the hygrothermal performances of the walls, cross-section A-A is taken into consideration as shown in Fig. 2. The section drawings of the wall specimens indicating layers and materials are presented in Fig. 3. Detailed information about materials is given in Table 1. 

2.2  Assigning material properties and sizing layers The output from the hygrothermal performance simulations is based on the inputs of (1) geometry of enclosure, (2) boundary conditions (interior, exterior, indoor, and outdoor surface transfer), and (3) material properties (bulk density, porosity, specific heat capacity, thermal conductivity, water vapor permeability, water absorption coefficient, moisture stor-Figure 3: Cross-section drawings of the wall specimens. 
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age functions, and reference values) [5]. After modeling the sections, the wall specimens are defined by sizing layers and assigning material properties as given in the Table 1 (two decimal places for values are shown and values are not rounded up or down). Due to the exactly the same materials not being included in the simulation program database, their properties are selected by comparing the main hygrothermal properties of materials used in DELPHIN 

6.1.1 with the corresponding values in TS 825. In some cases, the materials are not included in TS 825, then their properties are assigned based on the program data. As it is seen in the table, the materials have different hygrothermal properties. Thus, these properties may affect the hygrothermal performance of wall specimens depending on construction details. 

2.3  Boundary conditions

Modeling started with the definition of weather data for the location. The weather data for outdoors are provided by DELPHIN 6.1.1 in TRY format for some cities in European coun-tries. However, the program does not include weather data for Rize, Karabük, Eskişehir, and İstanbul. Therefore, weather data for these cities are imported to the files to reflect realistic weather conditions during the simulation processes. Marmara, Aegean, Mediterranean, Central Anatolia, Southeastern Anatolia, Eastern Anatolia, and Black Sea are the seven different geographical regions in Turkey that have their own social, cultural, geographical, economic, and architectural features. Rize is placed in the east part of the Black Sea Region. It has rainy and humid climate throughout a year and, therefore, the region is covered with dense forest areas. 

Although Karabük is located in the west part of the Black Sea Region, its weather is not same with that of Rize. The climate of Karabük is affected by the weather of the Central Anatolia Region; it has a climate between humid and continental due to its geographical location. 

Eskişehir is in the northwest part of Central Anatolia Region. It has a continental climate char-acterized by significant temperature difference between day and night. İstanbul is placed in the north part of Marmara Region where Bosphorus is located. The city has Mediterranean climate. 

The boundary conditions need to be specified for simulation purposes. For the outdoor conditions, the imported weather files are assigned. Those of the indoor spaces are assigned according to TS 825 criteria: indoor temperature of 20 ⁰C and relative humidity of 65% for all the simulation processes. The initial temperature is set at 20 ⁰C and the relative humidity at 80% as the default initial conditions of the simulation program. Due to the north façade’s weather being affected much more than the other orientations, it is assumed that the walls are facing northwards. Heat conduction, vapor diffusion, short-wave solar radiation, long-wave radiation exchange, and wind-driven rain (DIN EN ISO 15927-3) are taken into consideration during the simulation processes. 

The simulation covered 4 years starting from January 01, 2010 and finishing on January 01, 2014. 

2010 was one of the rainiest years, while 2013 was one of the less rainy years in these regions over the last 10 years. Therefore, U-values are evaluated considering these years in Table 2. Fur-thermore, the temperature, relative humidity, and moisture mass model graphics are analyzed as outputs of the simulations. Within the scope of this study, these values are shown as averages over the whole section A-A of each wall, they are not obtained for specific points on inside and outside surfaces separately. This issue may be considered in future, more extensive studies. 

2.4  Hygrothermal analysis: results and discussion Temperature and relative humidity, by affecting each other, are two primary factors of mould growth risk in buildings. The effectiveness of moisture control is directly related with temperature and relative humidity values in construction materials and building components. The 
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temperature profile has a critical impact on moisture behavior throughout the wall system components. Because of temperature dominating relative humidity, the moisture accumula-tion in components of wall systems is an issue depending on widely varied temperature profiles. There are many reasons of mould growth risk in buildings, but it is underlined that mould growth risk mostly occurs when the relative humidity gets over 80% [29]. Mould growth in buildings is a major risk factor of both physiological and visual deterioration of buildings. It has damaging effects on materials and components of buildings as well as occu-pants’ health by changing the air quality of buildings [30]. 

Figure 4 shows the temperature and relative humidity values relationships of section A-A of each wall. The red lines represent temperature values, and the blue ones indicate relative humidity starting from January 01, 2010 until January 01, 2014; that is, over 1460 days. 

Throughout the simulation processes, the relative humidity values are over 80%, which may cause critical mould growth risks within the wall systems as described in what follows. The temperature and relative humidity graphs for the Fındıklı section A-A indicate that the relative humidity varies between 70% and 80%, while the temperature range is 20–0 ºC during the fall and winter seasons. The temperature and relative humidity graphs for the Safranbolu Figure 4:  Temperature and relative humidity relationships of the section A-A of each wall specimen. 
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 S. N. Alkan & F. Yazicioğlu, Int. J. of Energy Prod. & Mgmt., Vol. 6, No. 2 (2021) section A-A indicate that the relative humidity gets over 80%, while the temperature range is approximately 20–0 ºC during the fall and winter seasons. Also, in winter periods, the relative humidity gets closer to 90% while the temperature range is 10–0 ºC. As seen in the results for the Sivrihisar section A-A, the relative humidity is mostly above 80% and the temperature range is approximately 20–below 0 ºC in the fall and winter seasons. In fall and winter periods, for the Zeyrek section A-A, the relative humidity gets closer to 80% and the temperature range is approximately 20–0 ºC. A common feature for all sections is that relative humidity and temperature do not reach stability and their range increases or decreases in short time periods. 

The U-value is calculated according to the equation given by TS 825: 1
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sponding thermal conductivities. The thermal resistances due to convection and conduction at the internal and external wall surfaces  R  and  R  were taken as 0.13 and 0.04 m2K/W, si

 se

respectively. Rize and İstanbul are placed in the 2nd zone and the expected U-values should not exceed 0.57 W/m2K; Karabük and Eskişehir are placed in the 3rd zone and the expected U-values should not exceed 0.48 W/m2K [31]. In this work, the U-values were evaluated by entering the given values of the various parameters into Eqn (1), and they are presented in Table 2 (two decimal places for values are shown and values are not rounded up or down). 

The program calculates hourly data in every 1.5 days. Therefore, the dates shown in the table were selected considering astronomical seasons and days of measurement. As explained previously, the years were chosen according to rainfall. It is seen that the temperature and relative humidity have some impact on the average thermal conductivity. As seen in Table 2, the U-values of the wall specimens are not close to recommended values in TS825. Considering these results, the U-values of the studied wall types need to be improved considering the historical, architectural, cultural, and social values of these buildings. For this to be a comprehensive study, it needs to be pursued as a multidisciplinary topic in the long term. 

Figure 5 displays the plots of moisture mass for sections A-A of the wall specimens indicating the total mass density of liquid water, water vapor, and ice at the end of the simulation processes. The plots are obtained directly from DELPHIN 6.1.1. As seen, in order to exhibit more clearly the moisture mass through the wall models, the plots are automatically expanded along the x-axis. The x-axis and the y-axis are parallel, respectively, to the depth and the length of the walls. For the Fındıklı A-A section, the moisture mass is approximately 20 kg/

m3 through the infill parts. The moisture mass is over 60 kg/m3 in wooden studs, and it is closed to 120 kg/m3 in some parts of wood siding. In the Safranbolu A-A section, the moisture mass is over 30 kg/m3 through the infill and mud plaster parts. The moisture mass is approximately 70 kg/m3 in wooden studs and lathing. For the lime plaster on the outside, the moisture mass is around 10 kg/m3, and for the lime plaster on the inside, the moisture mass range is 10–40 kg/m3. The moisture mass is approximately 50 kg/m3 in infill parts and it is over 50 kg/m3 in wooden studs of the Sivrihisar A-A section. In some intersection points of 
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Figure 5:  Moisture mass models of the section A-A of each wall specimens; the plots show the cross-section/plan view of the wall specimens. 

wooden studs with lime plaster, the moisture mass is over 300 kg/m3. For the lime plaster, the moisture mass range is 50–250 kg/m3. In Zeyrek Section A-A, the moisture mass is over 60 

kg/m3 in wooden studs and lathing. In some parts of wooden siding, the moisture mass is close to 70 kg/m3. For the lime plaster, the moisture mass is around 10 kg/m3. As is indicated in all plots, moisture commonly accumulates (mostly over 60 kg/m3) in wooden parts of the walls systems, that is, the wooden studs. Consequently, the intersection points of wooden studs, infill materials, and covering layers are critical in terms of addressing humidity-based problems, which depend on their different moisture mass values. 

3  CONCLUSION AND FUTURE RESEARCH

This part of an ongoing study presents the evaluation of hygrothermal performances of traditional timber-framed houses’ walls in Turkey by the simulation program DELPHIN 6.1.1. 

The results show that there may be humidity-based problems in the four selected examples. 

In this respect, it is crucial to pay attention to intersection points of different materials and their relationships to improve hygrothermal performances. The results need to be checked by experimental methods to confirm their reliability, validity, and applicability. Therefore, this study is planned to be continued with experimental research and comparison of measure-ments with simulation results. One of the expected outcomes of this paper is to open a discussion on the hygrothermal performances of traditional timber-framed houses considering them as architectural heritage. 
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HYGROTHERMAL PERFORMANCE ASSESSMENTS OF
TRADITIONAL TIMBER-FRAMED HOUSES IN TURKEY
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ABSTRACT

The aim of this research is to evaluate the hygrothermal performances of traditional timber-framed
houses” exterior walls in Turkey to create a base case scenario of hygrothermal behavior as a datum
for conservation and restoration projects. There is a unique range of traditional timber-framed houses
in Turkey varied according to geographical, social, economic, and cultural characteristics. They are
hybrid constructions whereby an infilled timber-framed system is erected on the masonry walls. They
are compositions of rectangular studs of wood and infill materials such as adobe, stone, and brick. Most
constructed examples may be classified in groups of four depending on infill materials as follows: (1)
timber-framed adobe infill, (2) timber-framed brick infill, (3) timber-framed stone infill, and (4) unfilled
timber-framed. Within the scope of the research, one example from each type is selected for hygro-
thermal performance assessments by applying the simulation program DELPHIN 6.1.1. This research
is concentrated on the evaluation of hygrothermal performances of the selected types over 4 years
(January 01, 2010-January 01, 2014) by investigating the temperature, relative humidity, U-value,
and moisture mass model graphics of the cross-section of the wall samples. 2010 was one of the raini-
est years and 2013 was one of the less rainy years in the selected locations for the last 10 years. The
findings of this paper indicate that when factors such as construction details, materials, and climatic
conditions are varied, there may be humidity-based problems in the selected examples. In that case,
intersection points of materials, layers, and their relationships should be re-evaluated to improve the
hygrothermal performances of the selected walls for conservation and restoration projects.

Keywords: DELPHIN 6.1.1, hygrothermal performance, infill materials, traditional timber-framed wall.

1 INTRODUCTION

Moisture-based problems have been one of the critical issues as long-term effects on walls in
terms of energy efficiency, indoor environmental quality, and durability. Hygrothermal per-
formance has had direct impacts on the users, material durability, and energy efficiency of a
building [1]. A well-performing building fagade is based on two critical issues: thermal resist-
ance and vapor permeability [2]. These two issues are also the basic criteria for assessing the
hygrothermal performance of an exterior wall. Accordingly, for a well-designed building
envelope of nearly zero energy buildings, the hygrothermal design criteria, depending on
different material characteristics, should be considered [3].

Nearly, 10% and 40% of the building stock consists of historic and traditional buildings;
both have a huge potential to reduce energy consumption regarding their physical character-
istics [4]. To consider the unique characteristics and conservation principles of traditional
houses, the hygrothermal performance is included as a fundamental factor in criteria on
building fabric for improvements in energy efficiency [4]. The hygrothermal performance
examines construction materials and/or construction elements considering assessments of
energy, air balances, and moisture. The assessment of hygrothermal performance requires the
evaluation of three flows: (1) heat flowing by conduction, convection, and radiation; (2) mois-
ture flowing by vapor diffusion, convection, and liquid transport; and (3) airflows caused by
natural, external, or mechanical forces [5]. Thus, hygrothermal performance assessments
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