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Abstract:



Natural ventilation is an important consideration to minimize the usage of mechanical ventilation and air-conditioning systems in the design, use, and renovation of residential houses and buildings. In this study, a computational fluid dynamics (CFD) is used to evaluate the wind field around and inside the walled, detached family house after a series of house renovations, with the effect of window and door openings. The effect of the lot perimeter wall is investigated as to how it affects the wind field around and inside the house. The results show that the height of the lot perimeter wall affects the wind field around and inside the house. They show that the opening of the doors and windows significantly affects the wind field around and inside the house. The construction of the firewall at the back of the house affects the wind field. Based on the results, the design of the house with the consideration of wind direction, neighborhood, and how the occupant uses the house have a great impact on the optimum utilization of the prevailing wind for natural ventilation, as they affect the wind field around and inside the house.
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1. Introduction


The Philippine weather and climatic conditions are affected mainly by its surrounding bodies of water, as it is an island nation [1]. As the country is situated in the typhoon belt region of the Eastern Asia Pacific, the country has an average of 20 tropical cyclones per year, which result in loss of lives and destruction of property. The outdoor temperature of the country is hot and humid, typical of the tropical climate. The outdoor temperature and humidity are high, which results in a need for ventilation and air-conditioning, both natural and artificial, to maintain thermal comfort [2].



The residential building sector is one of the main consumers of electricity in the Philippines [1]. Space cooling and air-conditioning systems are the second largest consumers of household electricity after refrigeration [2]. In the Philippines, most of the houses of middle to upper class families are made of concrete with corrugated sheet steel roofing. Normally, houses in the Philippines are not insulated, as is typical in tropical houses; thus, the indoor thermal environment is affected by the changing outdoor weather conditions [2]. Most family houses of middle to upper class families utilize an air-conditioning system to maintain indoor thermal comfort. Natural ventilation is normally not taken into consideration in the design of the Philippine residential houses and buildings as there are no set standards for the use of natural ventilation.



Many studies show that the planning and design of residential buildings and houses are major factors when considering the application of natural ventilation [3,4,5,6,7,8,9,10]. In Singapore, the Building and Construction Authority recommended that the design of residential buildings take natural ventilation into consideration [11]. Other tropical countries of Southeast Asia are exploring the design of residential buildings and houses with the evaluation of the use of prevailing wind in their ventilation [6,7]. Hence, it is very important to design residential buildings and houses, taking into consideration the prevailing wind direction and the neighborhood [11,12]. In hot and humid tropical climates, some studies and regulations are considering the usage of natural ventilation to minimize energy consumption [12,13,14,15,16]. In the Philippines, the detailed design and analysis of residential buildings and houses, taking into consideration natural ventilation, is not currently considered due to shortcomings in regulations and understanding in the field [2,17].



In the hot and humid Philippine tropical climate with expensive electricity, utilization of natural ventilation is very important to minimize the use of mechanical ventilation and air-conditioning [1,18]. This paper presents the first application of the computational fluid dynamics (CFD) in the analysis and evaluation of the wind field around and inside the walled, detached family house in the Philippines, to visualize and understand the effect of the parameters affecting the wind field around and inside the house using the developed and validated model presented in our previous paper [17]. Our previous paper shows the developed CFD model that was validated based on the data from full scale and wind tunnel results. Many studies show the importance of using CFD analysis in the visualization of flow in houses and buildings. Figure 1 and Figure 2 show the diagram of the walled, detached family house in which the evaluation of the wind field is implemented. The objective of the study is to determine how the series of the house renovation, the window and door openings, and the house lot perimeter wall affect the wind field that results in the non-utilization of prevailing wind for natural ventilation. It is expected that with this study, motivation for the utilization of natural ventilation in the design and usage in residential houses and buildings will increase.


Figure 1. Walled, detached family house: (a) floor plan and lot perimeter; (b) vertical description inside the house not including living area; and (c) vertical description for the living area only.
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Figure 2. Detached family house and lot perimeter 3D external and internal views.
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2. Methodology


2.1. Computational Fluid Dynamics


The computational tool called computational fluid dynamics (CFD) is a powerful tool to solve and visualize the air flow around the buildings and houses using the visualizing software. The CFD is based on the Navier-Stokes equations. In this research, the compressible steady-state Reynolds-Averaged Navier Stokes (RANS) equations were solved using the finite volume method-based OpenFoam solver [19] incorporated in simFlow software [20]. The OpenFoam computational fluid dynamics solver has been used and validated by many researchers [17]. Based on several studies, the solver can replicate the results from different major computational fluid dynamic softwares [21]. The solver was also validated by different experimental results [22]. Hence, in this study, the above solver is utilized in solving the problem of the walled, detached family house.




2.2. Numerical Modelling


Figure 3 shows the computational model preparation utilized in this study. It shows the computational domain, boundary conditions, and computational grid generated using the very fine and unstructured mesh with five layers [17]. The modeling and configuration of the computational domain for the present study is shown in Figure 4. The domain configuration is based on the recommended dimensions in order to not affect the wind field around the neighborhood under consideration [23]. The H is based on the height of the tallest part of the neighborhood. In this case, the H is 8 m, which is the approximate height of the mango tree shown in the domain (Figure 4d). Previous studies show that it is very important to do parametric studies of the computational grid [24,25,26]. Hence, this study conducted several parametric studies before deciding to use the computational grid as we did in our previous studies [17]. Figure 4a shows the wind velocity at different heights. There are three cases of wind velocity based on 15 m height, which are 2 m/s, 5 m/s, and 8 m/s for representation purposes. The consideration of 15 m height of wind velocity is based on the Building and Construction Authority (BCA) of Singapore’s recommendation for wind velocity height, as there is no recommendation in the Philippines for computational fluid dynamic (CFD) evaluation [11]. The selection of 5 m/s is based on the average wind speed in Davao City, Philippines [27]. Based on the weather pattern in the area, a large portion of the wind speed is from the north and east (32%), particularly during the summer months when wind directions are at 57% (from the north and east). In the simulation cases, one direction of wind is selected, which is 20° north of east based on the observations gathered in the locality. The typical wind speed in the city is from 0 m/s to 5 m/s, with a maximum daily average value of 5 m/s. The maximum temperature is from the end of March to the beginning of May, the summer season, with an average high temperature of 33 °C. In the March to May period, the average low temperature is 25 °C. Figure 4b shows the walled, detached family house presented in this study. The modeled house with the neighborhood is in the computational domain, as shown in Figure 4c. Figure 4d shows the mesh of the modeled house with the neighborhood in the computational domain. The mesh for the computational grid is 200 × 200 × 100 in the x, y, and z directions for this study, with 9,872,158 cells and 10,938,893 nodes. The time step used in the simulation is 0.5 s, with a 55 s maximum simulation time, as is determined to be enough in the converging of the simulation. A very fine and unstructured mesh is used in the study, as presented in Figure 4d. The very fine and unstructured mesh with five layers around the walled, detached family house with the neighborhood was selected as well to make sure that in the wall with the opening, the opening is fully defined.


Figure 3. Computational model preparation: (a) computational domain and boundary conditions (B = H = 4 m); and (b) computational grid: (a) whole domain, and; (b) cube [17].
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Figure 4. Modeling and meshing of the detached family house together with the neighborhood: (a) wind velocity at different heights; (b) walled detached family house; (c) modeled house with neighborhood in computational domain, and; (d) mesh of modeled house with neighborhood.
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In this modeling and simulation, the value of the velocity profile constant (α) is 0.15. At the 0.15 value, the inlet velocity profile follows the velocity profile, as shown by Enteria [17] and Irtaza et al. [28], as presented using Equation (1). The result of Equation (1) is shown in Figure 4a. The value of the turbulence model constant (Cu) is 0.09. The von Karman constant (K) is 0.41. The presented turbulence model constant and von Karman constant are the typical values in modeling. The friction velocity ([image: ]) is calculated based on Equation (2). The aerodynamic roughness length ([image: ]) in Equation (2) is determined according to the relationship between roughness height ([image: ]), constant ([image: ]) and aerodynamic roughness length ([image: ]), shown by Abohela et al. [29] based on the study of Blocken et al. [30]. Roughness height ([image: ]) has a value of 0.12 based on our previous study [17].



Velocity profile:


[image: ]



(1)







Friction velocity:
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(2)







k-profile:
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(3)







ω-profile:
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(4)







The k-ω SST turbulence model is used in the simulation. Based on the previous study, the k-ω SST turbulence model is in good agreement with the results of the wind tunnel and field measurement [17].




2.3. Simulation Cases


Figure 5 shows the simulation cases used in the evaluation of the walled, detached family house before and after renovation; the door and window openings and the opening of the lot perimeter wall at the left are presented as a possible solution to increase the wind inside the house. There are seven cases in the evaluation of the walled, detached family house relating to the pre-renovation and post-renovation of the house, which increase the lot perimeter wall height from 1 m to 2.5 m, as shown in Case 1 to Case 2. Both cases have opened doors and windows as a normal case during daytime. Case 3 shows when there is firewall at the back of the house. The lot perimeter wall height is increased to 5 m from 3 m (up to the height of the house roof) to protect the possible fire coming from the neighborhood from spreading. In the case, the doors and windows are all opened, except the windows for the store and of the family room, as it is always closed. Case 4 shows the case when the main (front and back) doors are closed and both indoor doors (bedrooms) and windows are opened. This case is possible during nighttime (sleeping time). Case 5 is for the case in which all doors are closed, both main doors and bedrooms door. Normally, bedroom doors are closed but sometimes all can be opened to increase the wind flow. Case 6 for is when the lot perimeter wall at the left has an opening to increase the wind flow going inside the house. It also shows the case in which all doors and windows are open except for windows in the store and family room. Case 7 shows when all the doors are closed and windows open, as shown in Figure 5, Case 7. Table 1 shows the summary of the computational test cases, as shown in Figure 5.


Figure 5. Simulation cases for the detached family house: Case (1) low lot perimeter wall (all windows and doors opened); Case (2) high lot perimeter wall (all windows and doors opened); Case (3) high lot perimeter wall with firewall (all windows and doors opened); Case (4) high lot perimeter wall and firewall (all windows and all internal doors opened); Case (5) high lot perimeter wall and firewall (all windows opened and all doors closed); Case (6) high lot perimeter wall and firewall with left lot perimeter wall opened (all windows and doors opened), and; Case (7): high lot perimeter wall and firewall with left lot perimeter wall opened (all windows opened and all doors closed).
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Table 1. Simulation cases for the detached family house (See Figure 2 for walls location).







	

	
Front Wall

	
Left Wall

	
Fire Wall

	
Windows

	
Front Door & Back Door

	
Bedrooms Door

	
Left Wall Opening






	
Case 1

	
1.0 m & 1.0 m

	
3.0 m

	
1.0 m

	
Opened

	
Opened

	
Opened

	
No




	
Case 2

	
1.5 m & 3.0 m

	
3.5 m

	
3.0 m

	
Opened

	
Opened

	
Opened

	
No




	
Case 3

	
1.5 m & 3.0 m

	
3.5 m

	
5.0 m

	
Opened

	
Opened

	
Opened

	
No




	
Case 4

	
1.5 m & 3.0 m

	
3.5 m

	
5.0 m

	
Opened

	
Closed

	
Opened

	
No




	
Case 5

	
1.5 m & 3.0 m

	
3.5 m

	
5.0 m

	
Opened

	
Closed

	
Closed

	
No




	
Case 6

	
1.5 m & 3.0 m

	
3.5 m

	
5.0 m

	
Opened

	
Opened

	
Opened

	
Yes




	
Case 7

	
1.5 m & 3.0 m

	
3.5 m

	
5.0 m

	
Opened

	
Closed

	
Closed

	
Yes












3. Results and Discussion


3.1. Effect of House Perimeter Wall


Figure 6 shows the case when most of the lot perimeter wall of the house is at 1 m above the ground, which is the original lot perimeter wall height (pre-renovation). The wall was erected using hollow block with iron bar and cement. The 3 m height lot perimeter wall at the left is an old concrete wall as shown in the Figure (pre-renovation). As shown in the results of wind velocity around and inside the house, high wind velocity occurred in the narrow spaces outside of the house wall due to the venturi effect (passage contraction). Inside the house, high wind velocity occurred in the narrow opening and passages, such as doors and windows. It shows that the living area (LA) is well ventilated followed by the dining area (DA) and kitchen area (KA), as these are big spaces with more windows and no obstruction. It also shows that bedroom 4 has good ventilation compared to other bedrooms as it has more windows, which results in the wind coming from the left passing through these windows and entering the house. The results show that bedroom 5 has less ventilation even when the door and windows are opened due to its location, which is in a secluded area of the house. It shows that bedroom 2 has good ventilation when door and windows are opened as cross air flow passes between windows and to the bedroom door. The result shows that wind in the dining area (DA) and kitchen area (KA) comes from the bedrooms as the wind from the left side of the house, going inside the house through the windows.


Figure 6. Case 1—Low lot perimeter wall (all windows and doors opened); wind velocity around and inside the detached family house for three vertical heights (1.8 m, 1.2 m, and 0.6 m above the floor).
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Figure 7 shows the result for Case 2 in which the lot perimeter wall height is increased from 1 m to 3 m based from Case 1 after the renovation. As presented, the wind inside the house decreases upon the increase of the lot perimeter wall height. As shown in the results, the living area (LA), dining area (DA), and kitchen area (KA) are still the most ventilated areas of the house due to the large area with no wind obstruction compared to the bedrooms. In the case for bedrooms, it shows that bedrooms 1 and 2 have good ventilation, followed by bedroom 4. Due to the increase of the lot perimeter wall height, the wind from the left side of the house (road area) passing bedrooms 3 and 4 is reduced due to the lot perimeter wall height serving as a barrier. It also shows that the increase of the lot perimeter wall height at the left of the house near the kitchen (KA) and toilet (T) serves as a barrier for the air to exit in this location compared to the lower lot perimeter wall shown in Case 1 (Figure 6). Hence, the increase of the lot perimeter wall height reduces the wind inside the house and affects natural ventilation.


Figure 7. Case 2—High lot perimeter wall (all windows and doors opened) wind velocity around and inside the detached family house for three vertical heights (1.8 m, 1.2 m, and 0.6 m above the floor).
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3.2. Effect of Constructed Firewall, Window, and Door Openings


Figure 8 shows the results for the case in which the firewall is constructed with open doors and windows. Comparing the results of Case 2 with no firewall and with open doors and windows to Case 3, it is shown that the wind inside the house is reduced, particularly in bedrooms 1 and 2. The wind in bedrooms 3 and 4 increases, as shown in the results, as the wind from the left passes into bedrooms 3 and 4. The wind in bedroom 5 is almost the same. The wind in bedroom 6 has a minimal increase due to the wind coming from the family room (FR), which passes through its window. The wind in the living area (LA) is concentrated in a particular area when compared to no firewall, in which it is more evenly distributed. It also shows that the wind in the dining area (DA) and kitchen area (KA) is still present as the wind comes from the bedroom through the DA and KA areas. However, the wind is more concentrated in the area near the doors of bedrooms 3 and 4, as compared to no firewall, in which the wind is more evenly distributed as wind passes through the DA windows.


Figure 8. Case 3—High lot perimeter wall with firewall (all windows and doors opened) wind velocity around and inside the detached family house for three vertical heights (1.8 m, 1.2 m, and 0.6 m above the floor).
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Figure 9 shows the results for the case with the firewall with the main doors closed and with the windows and bedroom doors opened. It shows that closing the main doors will not significantly affect the wind inside the house as the air goes through the windows. On the other hand, opening the bedroom doors significantly affects the wind going to the bedrooms, since it creates cross flow ventilation, particularly for bedrooms with only one side window opening such as in bedrooms 3, 5, and 6. It shows that the living area, dining area, and kitchen area are well-ventilated parts of the house, as they have a bigger area with no major obstruction. It shows that bedrooms 1, 2, 3, and 4 are well-ventilated bedrooms. Bedrooms 5 and 6 have poor wind flow as they are located in a secluded part of the house. Figure 10 shows the result when all the doors (main doors and bedroom doors) are closed. It shows that closing the bedroom doors significantly affects the wind inside the bedrooms. Closing the main doors (front and back) did not significantly affect the wind in the living area, dining area, and kitchen area. Closing bedroom doors significantly affects the bedrooms with windows on one side only such as bedrooms 3, 5, and 6. With the closing of bedroom doors, the wind going to bedrooms 1, 2, and 4 is affected. Hence, closing the bedroom doors reduce the natural ventilation, as cross flow ventilation is affected particularly for bedrooms with windows on one side only.


Figure 9. Case 4—High lot perimeter wall and firewall (all windows and all internal doors opened) wind velocity around and inside the detached family house for three vertical heights (1.8 m, 1.2 m, and 0.6 m above the floor).
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Figure 10. Case 5—High lot perimeter wall and firewall (all windows opened and all doors closed) wind velocity around and inside the detached family house for three vertical heights (1.8 m, 1.2 m, and 0.6 m above the floor).
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3.3. Effect of Left Wall Opening


Figure 11 shows the results for the case of a lot perimeter wall opening at the left side to increase the passage of air inside the house for cross flow, as the lot perimeter wall is high with the construction of the firewall as well on the left side of the house. Opening the lot perimeter wall at the left increases the wind in the living area, dining area, and kitchen area when compared with no lot perimeter wall opening, as shown in Figure 8, as the wind inside the house increases due to the passing of wind coming from the left of the house. It shows that the lot perimeter wall opening at the left increases the wind in bedroom 2. There is a reduction in wind passing bedrooms 3 and 4 due to some wind passing through the wall opening rather than through the windows of bedrooms 3 and 4, and going on to the living and kitchen areas. The opening of the lot perimeter wall at the left still could not resolve the low wind in bedrooms 5 and 6, as these rooms are located in a secluded part of the house.


Figure 11. Case 6—High lot perimeter wall and firewall with left lot perimeter wall opened (all windows and doors opened) wind velocity around and inside the detached family house for three vertical heights (1.8 m, 1.2 m, and 0.6 m above the floor).
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Figure 12 shows the results when the lot perimeter wall at the left is opened to increase the wind passing through the house with all doors (main doors and bedroom doors) closed. The results show that the opening of the lot perimeter wall at the left contributes to the wind passing through the living area, dining area, and kitchen area compared with no lot perimeter wall opening, shown in Figure 10. With opened bedroom doors, the wind in the bedrooms is better than with closed bedroom doors (Figure 11).


Figure 12. Case 7—High lot perimeter wall and firewall with left lot perimeter wall opened (all windows opened and all doors closed, wind velocity around and inside the detached family house for three vertical heights (1.8 m, 1.2 m and 0.6 m above the floor).
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3.4. General Results


Figure 13 shows the summary of results for the wind speed measured at the center of the bedrooms at the height of 1.2 m for the different test cases presented in this study. The result shows that Case 1, with a very low lot wall perimeter, has better wind for natural ventilation in the house rooms when compared to Case 2. The construction of the firewall at the back affects the wind field as it lessens the wind passing into the house, as shown in Cases 1, 2, and 3. Bedroom 5 still has a low wind speed due to its location, which is considered an inner bedroom. The increase of the lot perimeter wall height affects the wind around the house bedrooms. Considering the doors, it shows that opening the bedroom doors increase the cross flow ventilation in the bedrooms, particularly for bedrooms with windows on one side only, as presented in Cases 3, 4, and 5. The opening of the left wall of the lot perimeter wall has an effect on the cross ventilation in the bedroom, as shown in Case 6. However, closing the bedroom doors affects the cross ventilation as well, as is the same for different cases for closed bedroom doors, as shown in Case 7.


Figure 13. Wind speed at the center of the different bedrooms (BR) at the height of 1.2 m for the different cases of house renovation, combining door and window openings and taking into consideration the left wall opening (see Table 1 for more information of the different cases): (a) Floor plan, and; (b) Wind speed.
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4. Conclusions


This paper presented the computational fluid dynamics (CFD) evaluation of the walled, detached family house which is typical in the Philippine tropical climate. It shows the wind field velocity before and after renovation, windows and wall openings, and the opening at the left of the lot perimeter wall that increases the wind passing through the house. With the CFD evaluation of the walled, detached family house, important conclusions are drawn.

	
The lot perimeter wall affects the wind field surrounding the house. The lot perimeter wall results in a decrease of fresh air coming inside the house and its surroundings. This will result in a reduction of natural ventilation and fresh air, and will increase discomfort and lower indoor air quality. Hence, this also results in the application of mechanical means such as air fans and air-conditioning systems that result in the increase of energy consumption of the house.



	
Opening the doors and windows is significant in the cross flow ventilation in the house, as shown in the different cases. As presented, it is very important to open the bedroom doors to increase the wind passing through the room for natural ventilation, particularly in the case of the rooms with windows on one side only.



	
To avoid air recirculation and stagnation, particularly in the detached house with a very high lot perimeter wall, it is important to consider opening some portion of the wall to increase the wind passing through the house to minimize air stagnation and recirculation that might result in poor ventilation and air quality. The opening at the left of the lot perimeter wall, as presented in the study, shows the increase in wind passing through the house.








The general results of the CFD simulation show the same observation presented by the house occupants. The house occupants discussed that bedrooms 5 and 6 have very low air ventilation, resulting in the use of air fans, particularly during summer time. The occupants also said that bedroom 1 has good ventilation, particularly when the door is opened during the nighttime. The occupants also stated that the construction of the firewall affected the house air flow and circulation. The researchers will conduct field measurement next summer upon getting support for the instrumentation and upon a discussion with the house owner relating to house improvement to increase air ventilation, as discussed in the paper.



The study shows that proper evaluation of the house design based on the evaluation of the lot perimeter wall, house windows and location of doors, and the house internal divisions is important in the utilization of natural ventilation based on the direction of the prevailing wind in the house surroundings. Based on other studies for natural ventilation in hot and humid climates, a wind speed above 1 m/s is needed to satisfy thermal comfort [6,16]. Hence, the present arrangement of the walled family detached house still needs mechanical ventilation or an air-conditioning system to satisfy the thermal comfort.



Thus, the application of a computational tool during the design phase, such as the CFD to visualize the effect of the different cases on the house, is important. It shows the application and usage of the CFD is very important in the house design based on the consideration of prevailing wind direction, neighborhood, lot location, house plan, and occupants’ expectations. Hence, this study is a pioneering step to improve house design in the tropical Philippines to increase the natural ventilation and air circulation and to minimize the usage of mechanical air-circulators and air-conditioning systems. With this, household energy consumption for mechanical air-circulators and air-conditioning systems will be reduced by using passive methods, as around 23% of household energy consumption is for space cooling and air-conditioning [1,2].
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