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Abstract:



The unique architectural style of traditional “Yinzi” dwellings in Western Hunan, China, needs to be protected and their natural ventilation of patio space should also be promoted. Therefore, this study aimed at finding out the natural ventilation values and limitations of “Yinzi” dwellings as well as designing an optimum ventilation strategy for such dwellings. In this work, the thermal environment of a typical “Yinzi” dwelling was tested. The two patios and living room space of “Yinzi” dwellings was selected for a quantitative analysis, and CFD software was adopted to simulate the stack effect of different patio proportions under the same static wind environment conditions. In addition, an orthogonal experiment is combined with CFD simulation to explore the best proportion and position of patio of “Yinzi” dwellings. A final optimum ventilation strategy is provided for the “Yinzi” dwellings, which can significantly promote the natural stack effect of “Yinzi” dwellings in summer.
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1. Introduction


In recent years, a large number of Chinese traditional dwellings in the ethnic minority areas have been largely demolished and abandoned. The main reason for these difficulties is attributed to the poor indoor environment quality and inadequacy in organic upgrading. Over the past decades, the great ecological values of Chinese traditional dwellings have been discussed in some research [1,2]. However, the analysis and improvement for natural ventilation of traditional vernacular dwellings are often ignored by researchers, and relevant study is seldom reported as a research focus. Due to technological limits, previous research has only focused on qualitative analysis to accumulate experiences; however, quantitative analysis can be achieved due to progress in computational software. Computational Fluid Dynamics (CFD) is a widely accepted method of building’s wind environment investigation [3]. In recent years, in order to obtain comfortable indoor environment as well as avoid adverse effects of climate upon traditional dwellings, passive design technologies have been applied to some traditional dwellings. In addition, the ventilation performance of Chinese traditional dwellings have been gradually explored based on quantitative analysis and CFD simulation in some typical areas [4,5]. Nevertheless, the ecological values of many different vernacular dwellings in China need to be further explored and protected through using quantitative analysis.



Western Hunan is a mountainous and multi-ethnic area in eastern Yunnan-Guizhou Plateau, China. Its climate belongs to mountainous subtropics with the weather being hot in the summer and coldin the winter [6]. The annual average rainfall is from 1290 to 1600 mm and annual sunshine hours range from 1200 to 1500 h. Through 1000 years of development and evolution, traditional Western Hunan vernacular dwellings have become highly adaptable to the local environment. Especially, the typical “Yinzi” dwellings were built by the local merchants in the last century. They are climate-responsive and ecologically conscious, e.g., having two narrow patios at the front and back of the house and a thermal mass external envelope. These ecological values of such vernacular houses are repositories of ethnic culture that need to be respected, protected and explored.



In the distinct space of Western Hunan traditional dwellings, the two deep patios play an important role in the interior and exterior environmental connection, promoting the lighting and ventilation environment for indoor environment quality. The deep patios in such dwellings have a strong stack effect, providing the prime power of indoor natural ventilation, because of the solar radiation and temperature differences of the patio in summer [7]. As an example of passive ventilation building, the ventilation effect of “Yinzi” dwellings is influenced by many factors, such as building orientation, size of patio, indoor layout, etc. To find out the natural ventilation values and limitations of traditional “Yinzi” dwellings, the ventilation effect of quantitative sizes of patio and rooms is analyzed under the steady ambient conditions, based on the wind environment parameters of CFD simulation results of a typical traditional “Yinzi” dwelling in Qianzhou old city, Western Hunan, China, in summer.




2. Methodology


2.1. Description of the Measured “Yinzi” Building


Qianzhou old city is located at the upper reaches of Yuan River, Western Hunan, China. It is an important traffic hub linking the eastern and southwestern regions of China in the aspects of economy, technology and transportation [8]. This high-traffic location objectively resulted in the fusion and integration of different ethnic cultures and was profoundly reflected in all kinds of architectural activities in this area, playing a part in shaping the particulararchitectural culture [9]. “Yingzi” dwelling is the typical regional architecture which was jointly formed by local society, economy, history and natural environment. Typical “Yingzi” dwellings usually consist of four function areas: corridor, main living room, bedroom, patios. Those two narrow patios are usually located at the front and back of the house, connecting the main living room and promoting the indoor natural ventilation and lighting. Being an exterior envelope, the tall and heavy fire brick wall can be used as a wind and fire barrier and security wall.



The test object building, built in 1920s, is located in the Nanmen alley in Qianzhou old city, with the typical characteristics of “Yinzi” dwelling. It is surrounded by a 200 mm–480 mm gray brick fire wall and the inside wall is made of local fir-wood. The total area of the dwelling is 208 square meters, containing 66 square meters of back yard. Most of the rooms gather together in the middle and the west room of the ground floor is the living room (Length C: 10 m), which is directly connected with the patios. The eastern rooms of the ground floor are three bedrooms and the second floor is used as a store room to collect some debris and grains. Two deep patios are at the front (Length B: 2.5 m; Width: 3 m; Height: 6 m) and back (Length A: 3.5 m; Width: 3 m; Height: 6 m) of the building, those patios and the living room spaces form a complete stack effect ventilation system, shown in Figure 1 and Figure 2.


Figure 1. A-A section of “Yinzi” dwelling in Qianzhou, Western Hunan, China.
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Figure 2. Plan view of “Yinzi” dwelling in Qianzhou, Western Hunan, China.
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2.2. Thermal Measurement Campaign


In order to get the accurate thermal boundary and environment conditions of the measured dwelling, a typical thermal environment test in summer was conducted. The test day (10 July) was a typical day in summer as that day was mostly sunny. The living room, patio, bedrooms and outdoor area were selected for the measurement, as shown in Figure 1. The thermal environment tests included measurement of air temperature and humidity (every 10 min automatically record and 1.5 m above ground) in different spaces. The instruments for all corresponding parameters are shown in the Table 1.



Table 1. Test apparatus and parameters.







	
Measured Parameter

	
Test Apparatus

	
Type

	
Precision

	
Range






	
Indoor and outdoor temperature and humidity

	
Temperature and humidity recorder

	
Testo 175-H2

	
Temperature: ±0.5 °C; Humidity: ±3%

	
−20~80 °C











2.3. CFD Modeling and Simulation


By using the computational fluid dynamics (CFD) method and Fluent, version 6.3.26, quantitative models of the “Yinzi” dwelling were built up. The interior natural ventilation in typical climate of the summer season was simulated and analyzed. As the indoor air flow belongs to incompressible and steady turbulence, the k-ε model features cost effectiveness, small fluctuation and high precision and is consequently rather often employed in many low-speed turbulent numerical simulations [10]. In this paper, we selected the default k-ε turbulence model in Fluent. To simplify the model and influential parameters, only the two patios and the living rooms are selected as the simplified model in Fluent, and all their widths are set to 3 m (shown in Figure 3).


Figure 3. Physical model for stack effect simulation.
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The geographical location set in the simulations is 109°71′ E and 28°3′ N. The ambient thermal conditions are based on the thermal measurement results (air temperature: 33 °C, relative humidity: 75%) at 15:00 (10 July), and the temperature of the building envelope of this dwelling is based on Fluent solar radiation calculation at 15:00 (10 July). In order to evaluate the ventilation effect under static wind environment, only the thermal wind pressure ventilation is considered and airflow of outdoor environment is neglected in the simulation; the patio openings are set to static press (ambient); the middle section (width: 1.5 m) of the building is selected as the analysis interface, the interface used the non-uniform grid: the opening and vicinity of patios are set to a comparatively intensive grid.



According to principles of the stack effect [11,12], it is proportional to diffuser height and indoor-outdoor air density difference. For those dwellings, the diffuser height equals the height of the patio, and indoor-outdoor air density difference means the solar radiation of the patio. Therefore, it can be concluded that the height and size of patio and the length of living room are the decisive factors for the stack effect of those patio dwellings. According to the literature [13], “Yinzi” dwellings normally have 2~3 storeys and the height of patio is normally 1.5~4 times higher than the length. Under the same ambient conditions, this paper selected the original test building model (Length A: 3.5 m, Length B: 2.5 m, Patio height: 6 m, Length of living room: 10 m) as a comparison group, other models that set the different heights of patio (8 m, 10 m), lengths of patio (2.5 m, 4.5 m) and lengths of living room (6 m, 8 m) are compared by wind speed, mean age of air and thermal pressure.





3. Results and Discussion


3.1. Thermal Environment Test Results


Through analyzing the test data, it can be observed that the basic characteristics of thermal environment in “Yinzi” building have an average temperature of 29.1 °C outdoors. The highest temperature was up to 33.8 °C at 15:30 and 25.7 °C for the lowest. In contrast, fluctuation of indoor temperature was relatively small. The peak value of the bedroom and the bottom of the patio in the ground floor were 29.1 °C and 29.2 °C, respectively, about 4.7 °C lower than outdoor temperature, and the temperature range was about 3.1 °C, as shown in Figure 4. Since the “Yinzi” building has many transitional spaces such as eaves, patio, open-type hall, and the patio floor is made of the stone strips combining drainage and storage systems, which can provide a cooling effect and comfortable thermal space in daytime, the patio exerted a good cooling effect, especially after noon. During the night, due to the thermal pressure effect, the temperature of the bottom of patio dropped to 27 °C which is close to the temperature outdoors.


Figure 4. Comparison of temperatures.
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The whole recorded temperature data (shown in Figure 5) changed from 74% to 99% with an increased average value of 93.5% in the outdoor area, 94.1% in the bedroom, 96.7% in the second floor, 98.2% in the living room and 98.6% in the bottom of the patio. According to the humidity control conditions of ASHRAE55-2010 [14] and GB/T5701-2008 [15], when the calculated temperature is higher than 27 °C, the relative humidity should not be higher than 55%. Thus, the indoor humidity fluctuation was between 89% and 99% in this dwelling, which was in an extremely high humidity condition. Therefore, it is worthwhile to discuss the natural ventilation performance in this traditional dwelling.


Figure 5. Comparison of relative humidity.
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The above data indicates that the patio space and heavy building envelope have imposed a significant influence on insulation and cooling, showing a large outdoor temperature difference in summer. Specifically, the deep patio can provide a thermal buffer space which can greatly promote the natural ventilation of the surrounding rooms. However, the ventilation between the deep patio and surrounding rooms should be further strengthened and optimized.




3.2. Stack Effect Simulation Results


After running the thermal pressure ventilation simulation of three different patio heights (6 m, 8 m, 10 m), thermal pressure, wind speed and mean age of air distributing are compared in Figure 6. This indicates that the two patios and living room ventilation system have had an obvious stack effect, because the top and bottom of patio received asymmetrical solar radiation. The two patios directly connected the living room, pressurizing the thermal pressure ventilation from the living room to the top of the patio. This ventilation effect can promote the indoor ventilation and thermal environment of surrounding rooms in the daytime during summer.


Figure 6. Comparison of different height of patio. (a) Thermal pressure; (b) Wind speed (c) Mean age of air.
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With the growth of patio height, more patio floor and the interior wall can be shaded by its higher wall and the bottom of the patio received less solar radiation and became cooler. The temperature between the top and bottom of the patio was enlarged and then the mean thermal pressure difference increased from 2.91 Pa (6 m) to 4.89 Pa (10 m). Conversely, when the height of the patio increased to 8 m, the mean speed of wind became worse from 0.079 m/s to 0.076 m/s and mean age of air rose from 172 s to 184 s, respectively. This is because the solar radiation of the bottom of the patio decreased and the mean temperature in the patio also declined with the increase of height of the patio, resulting in the narrowed indoor-outdoor air density difference. In addition, the narrowed air density exerted a negative influence on stack effect. Eventually, when the height reached 10 m, the mean speed of wind significantly rose to 0.128 m/s and the mean age declined to 133 s. It is obvious that the increase of patio height imposed a significant influence on the stack effect when the height reaches beyond 8 m.



Figure 7 illustrates the comparison of stack effect under different lengths of living room (6 m, 8 m, 10 m). Obviously, the whole ventilation performance has made an improvement while the changes are not quite noticeable, as the length of living room decreases. When the length of living room was shortened to 8 m, the mean speed of wind was strengthened from 0.079 m/s to 0.086 m/s and mean age of air declined from 172 s to 149 s. When the length continues to drop to 6 m, the wind speed (0.084 m/s) and age of air (146 s) remained almost the same with ventilation performance throughout the 8 m length of living room. In most cases, the north and south patios have thermal pressure difference due to solar radiation asymmetry, which can induce a stronger slit effect in a longer living room. However, the larger space of a long room has an adverse influence on the indoor air flow, so it can be concluded that a shorter length of living room exerted a limited effect on the stack effect of such dwellings, when it reached beyond a certain value (6 m~8 m).


Figure 7. Comparison of different length of living room. (a) Wind speed; (b) Mean age of air.
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Figure 8 shows that the stack effect of “Yinzi” dwelling is considerably influenced by the change of patio length (Case1 A: 2.5 m B: 1.5 m, Case 2 A: 3.5 m B: 2.5 m, Case 3 A: 4.5 m B: 3.5 m). When the length of patio changed into 2.5 m (Length A) and 1.5 m (Length B), the mean of wind speed rose to 0.093 m/s and the mean age of air decreased to 134 s. Furthermore, when the length was enlarged to 4.5 m (Length A) and 3.5 m (Length B), the mean wind speed also increased to 0.093 m/s and the mean age of air decreased to 150 s. According to the results, length of patio transformation has an uncertain effect on the stack effects, which should be comprehensively considered with other factors, such as the solar radiation degree, solar azimuth and building orientation, etc. Compared with the change of patio height, the stack effect was less influenced by the length of the patio. Given that land saving in rural areas is important, the change of patio height should be given the priority so that the size of patio should keep deep and narrow, the optimization of length of the patio should be determined by the next orthogonal experiment.


Figure 8. Comparison of different length of patio. (a) Wind speed; (b) Mean age of air.
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3.3. An Orthogonal Experiment Optimization


The orthogonal experiment design is regarded as the widely used method to optimizing system performance through three or more influential parameters [16]. This method can be used to select representative factors from the full influential parameters in such a way that it reduces the number of experiments and can adequately represent the overall situation. The comprehensive stack effect of “Yinzi” dwellings is affected by some key factors, such as the height of patio, length of patio and length of living room, but their comprehensive influences are uncertain. In order to evaluate the comprehensive natural ventilation effect of a patio under the different factors, an orthogonal experiment is designed to find out an optimum strategy. Selecting the four key change options: Length A, Length B, patio height, Length of living room, the literature [17] shows that the L9(34) orthogonal table should be selected to arrange the different factors, without taking the interaction effect of each factor into account, as shown in Table 2. Nine controlled tests are presented in Table 3.



Table 2. Orthogonal factor standard table.







	
Level

	
Factor




	
A. Length A

	
B. Length B

	
C. Patio Height

	
D. Length of Living Room






	
1

	
2 m

	
2 m

	
7 m

	
6 m




	
2

	
3 m

	
3 m

	
8 m

	
8 m




	
3

	
4 m

	
4 m

	
9 m

	
10 m










Table 3. L9(34) Orthogonal experimental table.







	
Test Number

	
A. Length A

	
B. Length B

	
C. Patio Height

	
D. Length of Living Room






	
1

	
1

	
1

	
1

	
1




	
2

	
1

	
2

	
2

	
2




	
3

	
1

	
3

	
3

	
3




	
4

	
2

	
1

	
2

	
3




	
5

	
2

	
2

	
3

	
1




	
6

	
2

	
3

	
1

	
2




	
7

	
3

	
1

	
3

	
2




	
8

	
3

	
2

	
1

	
3




	
9

	
3

	
3

	
2

	
1










After calculating the tests’ case and comparing the mean age of air and mean speed of wind (as shown in Figure 9 and Figure 10) under thermal pressure effect, a sequence from high to low weighting factor is C > B > A > D, which means that the patio height imposed the greatest influence on the wind speed, while the influence of length of living room is comparatively small. Based on the results of indexes from each factor in each level, a comprehensive optimum ventilation strategy (Test 2), an assembly of A1 (Length A: 2 m), B2 (Length B: 3 m), C2 (Patio height: 8 m), D4 (Length of living room: 8 m), is concluded for the traditional “Yinzi” dwelling.


Figure 9. Comparison of age of air in nine tests.
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Figure 10. Comparison of wind speed in nine tests.



[image: Buildings 06 00025 g010]






According to the final optimum natural ventilation conditions, Test 2 simulation results show that the mean age of air decreased from 172 s to 108 s and the mean speed of wind significantly increased from 0.079 m/s to 0.113 m/s, which suggests that the natural ventilation performance will be significantly improved only with the optimization of the size of patios and living room.





4. Conclusions


Two deep patios and a narrow living room constitute the complete stack effect ventilation system and this unique climatic responding architectural space design plays an important role in the promotion of natural ventilation. The patio space and heavy envelope of such dwellings have exerted a great effect on insulation and cooling, which make large contributions to modern architectural design. The Western Hunan traditional dwellings are repositories of ethnic culture that need to be explored, respected, protected and updated. The ventilation performance improvement of those houses is a key factor for their organic renewal. The numerical simulation enables the architects to efficiently complete quantitative analysis and evaluation of the passive retrofitting strategies, and hence plays a key role for the optimization of ventilation performance. Furthermore, the analysis of natural ventilation in such buildings based on numerical simulation can not only evaluate values and limitations of their ventilation effects, but also provide a significant reference for retrofitting and design of such dwellings.



Based on the CFD calculation and simulation results, the growth of the height of patio has exerted the prime influence on the stack effect of the “Yinzi” dwellings. Comparatively, the increase of patio length and decrease of living room length have a limited effect on the ventilation performance. A comprehensive optimum ventilation strategy: length A of patio select 2 m, length B of patio select 3 m, patio height choose 8 m, length of living room change to 8 m, is concluded for “Yinzi” dwellings, with the improvement of significant stack effect. Given the low incremental costs, this passive strategy has the economic feasibility and broad applicability for the design and retrofitting of such similar dwellings. Meanwhile, the optimized sizes of patios and living room of “Yinzi” dwellings can provide guidance and reference for retrofitting of existing dwellings and modern dwellings’ design with climate adaptability. For the similar modern residences, architects can get a clear picture of some passive design factors, such as the size of the patio and the layout of rooms, that influence natural ventilation in a project, thus improving ventilation performance in designs of plane, elevation and section.
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