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Abstract

:

The purpose of this study was to investigate the natural ventilation potential in an apartment unit in a high-rise building. A corner unit of a two-bedroom apartment was selected for this study, where single-sided and cross ventilation occurred in the unit. This study employed a CFD simulation to model the indoor airflow of an apartment unit in West Jakarta. The units were modelled and simulated using CFD with a RANS k-ε turbulence model. The results were validated with the readings from the field measurements that had been conducted. Based on CFD results, the window position influences indoor airflow. In the case of cross ventilation, a windward opening is more beneficial, while in single-sided ventilation, a leeward opening creates more indoor airflow. Therefore, it is recommended that the characteristic of window design be considered in the early design stage not only to improve indoor air quality but also to maintain privacy and safety measures.
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1. Introduction


Heating and cooling account for a significant proportion of energy use in buildings (e.g., 50% in the USA [1,2]). These high energy costs could be reduced by using ventilation strategies that use naturally occurring wind and buoyancy forces to drive flows [3,4]. However, people have become accustomed to well-controlled indoor conditions, which are difficult to achieve when ventilation is strongly affected by outdoor conditions.



In hot and humid climates, such as Indonesia and other countries in Southeast Asia, natural ventilation plays an important role in controlling indoor air quality and temperature. It also prevents the risk of occupants overheating [5,6]. Natural ventilation in the built environment can improve thermal comfort in indoor and outdoor spaces, resulting in lower energy consumption and greenhouse gas emissions in the tropics [7]. Therefore, natural ventilation can save the energy consumed by the heating, mechanical ventilation, and air-conditioning systems in a building if it provides acceptable indoor air quality and thermal comfort levels. Enhanced indoor airflow can promote adequate thermal comfort, suggesting incorporating mechanical and natural ventilation to overcome the limitations of natural ventilation [8].



A facade is the part of a building that forms the primary thermal barrier with its environment. It represents the most crucial factor for determining thermal comfort, daylighting and ventilation level and the amount of energy required to heat and cool the environment [9,10,11]. In the case of high-rise buildings, the location of windows, elevation and opening area affected the natural ventilation performance [10,12], along with air temperature and wind speed [8]. The positions of window openings are important parameters for analysing the effectiveness of wind-driven cross-ventilation in buildings [13,14,15]. The impact of opening placement is not immediately apparent due to the complexity of position arrangement. For wind-driven single-sided ventilation (SSV), the vertical location of the opening substantially affects the ventilation rate, and the ventilation rate decreases as the opening increases, owing to the pressure reduction along the height [16]. In SSVs with many openings on one side, the relative horizontal position between openings, referred to as opening separation, will impact the SSV ventilation rate. It has been discovered that a big opening separation may increase the ventilation rate in small and medium-sized structures, particularly in windward or leeward ventilation [17,18].



The orientation of an opening in respect to the direction of the wind influences indoor ventilation. When a single-sided ventilated building is constructed, improved indoor ventilation performance can be attained by placing an opening on the windward side rather than the leeward side of the structure. Wind incident in the perpendicular direction (0°) or on the windward side performs better than the opening of an SSV room on the leeward side of the building [19]. However, this occurred at a certain wind speed. It was found that the lower level of the building at the leeward side had high wind speed due to the generated turbulence between the building and the vertical wall; therefore, opening the leeward window at the lower level will enhance ventilation. In another study, it is shown that single-sided ventilation performs better in cases with a lateral (90°) and a leeward opening (180°) than with a windward opening (0°) [20,21]. Operable windows or air outlets on the leeward side of the building are as important as those on the windward side [22].



Previously we have studied the natural ventilation condition of a few apartment units across Jakarta by conducting field test measurements [23]. Statistical analysis suggested that external weather conditions influence indoor temperature, relative humidity, and airflow velocity, ultimately affecting indoor thermal comfort. The ever-varying outdoor wind speed and direction resulted in different indoor airflow in another unit. Thus, the window position towards the wind is important to study. This research investigated the influence of window position to wind direction on indoor airflow. We described the simulation setup and discussed the validity of the setup in Section 2. Section 3 presents the results of the simulation results. We present our discussion in Section 4 and the study’s conclusion in Section 5.




2. Materials and Methods


This study employed Computational Fluid Dynamics (CFD) as a tool to simulate the outdoor and indoor air movement for the buildings due to its flexibility, cost-effectiveness, and ability to provide complex data. This section covers the case study and the simulation setup employed for the CFD simulation.



2.1. Description of the Case Study and the Climate Data


This study was performed in Jakarta, the capital city of Indonesia, where most high-rise buildings are situated. According to the Koppen climate classification [24,25], Jakarta is categorised as Af or tropical rainforest climate, with a minimum temperature of 18 °C. Over the last three years, the average minimum, maximum, and monthly temperatures were 25.8°, 32.3° and 28.6°, respectively. The outside relative humidity was high, ranging from 68% to almost 85%. The average daily wind speed was 1.4 m/s, with the mean maximum wind speed being 4.7 m/s. The data over the last three years had a low standard deviation, which means the data clustered around the mean. This suggested that over the year, the outside temperature in Jakarta was stagnant or did not fluctuate much (Figure 1). A similar trend also occurred in the outdoor wind speed (Figure 2). This suggested that the weather conditions of Jakarta does not differ much all year long. Therefore, conducting research at any time during the year can yield similar results.



The selected case in this study is a high-rise residential building in West Jakarta named Taman Anggrek Residence. It is located among high-rise buildings and surrounded by lower-rise settlements (Figure 3a). The apartment unit of Taman Anggrek Residence was on the 38th floor at 120 m high with a typical floor plan in a double-loaded corridor configuration (Figure 3b). The selected apartment was a two-bedroom apartment in the corner with one living dining kitchen (LDK) area, two bedrooms, one bathroom and a balcony. The corner location allowed more facade exposure to the outdoors. Figure 3c illustrates the room simulated in this research: the living room and the master bedroom. A sliding door to the balcony configures Opening A (Figure 4a) in the living room, and the opening area corresponds to the 14.2% of the gross living floor and 32.9% of the window-to-wall ratio. The master bedroom has two window openings, Opening B (Figure 4b) and Opening C (Figure 4c); both have similar opening sizes, 140 cm high and 70 cm wide, and the total of both openings corresponds to 21.5% of the gross living floor and 12.2% of the window-to-wall ratio. Opening A and B are both facing south, and Opening C is perpendicular to the other openings, facing west.



Previously, we measured the indoor airflow, temperature, and relative humidity at point 1 in the living room and Point 2 in the bedroom, which will be the reference point as the baseline or existing condition. We used the Extech SDL310 thermo-anemometer data logger and Extech 42270 temperature and humidity data logger in each point to record indoor airflow, temperature, and relative humidity. The instruments were set 150 m from the floor and the measurements were recorded for 3 days with 1 min intervals.




2.2. CFD Simulation Setup


In this paper, the Navier–Stokes equations are coupled with the standard k-turbulence (SKE) model in the case of incompressible steady-state fluid flow using the COMSOL Multiphysics software package. This research employed the CFD module COMSOL Multiphysics as a tool to simulate the airflow pattern inside the building. COMSOL Multiphysics used the Finite Element Method (FEM) to solve a partial differential equation. Moreover, CFD simulation using software that employed the Finite Volume Method (FVM) to solve the PDE was more popular in the literature.



A study by Molina-Aiz, F.D. et al. [26], compared CFD simulation using FEM software and FVM with similar governing equations using a greenhouse as an object to study natural ventilation. In terms of predicting temperature, FEM simulated more accurate temperature distribution than FVM, while in simulating airflow patterns, FEM provided better airflow descriptions than FVM. Although in some cases, FVM predicted better airflow patterns than the experimental results. Moreover, FEM allowed easier meshing than FVM for complex geometries. Although, the FEM must carefully formulate the mesh type, quality, and number of mesh elements, it is much more stable than the FVM approach [27]. The drawback of FEM is that, on average, it requires two to five times the computing time per cell and step and approximately two times larger memory storage than FVM [27,28].



We ran the CFD using stationary solver settings and utilized the parametric sweep function to save computational time, where the following simulation can use the solution of the previous parameter simulation results. Pseudo time-stepping, following the default settings, was used in transport problems to stabilize the convergence toward steady state.



2.2.1. Computational Domain


The geometry of Building Case 2 stems from the floor plan Figure 3c, with the external computational domain modelled using SketchUp. The Atmospheric Boundary Layer (ABL) setting was applied to the external computational domain. The modelled internal computational domain included the entire building, the living room, the bedroom, and the windows (Figure 5). The awning window was modelled as illustrated in Appendix A (Figure A3). After being exported to COMSOL, the geometry consisted of 6 domains and 62 boundaries. The air–fluid properties and material were applied to external and internal computational domains: the bedroom, the living room, and the awning windows. The building domain was ignored by applying an internal wall boundary setting to the boundaries of the building domain. The computational domain size selected in this study was selected based on the best practice guideline [29]. The upstream, downstream, lateral, and height of the internal computational domain or the building height (H) are 5H, 15H, 5H, 5H, and 5H, respectively. Figure 5 illustrates the computational domain of this study.



Furthermore, the direction blockage ratio was defined as the ratio of frontal/projected/cross-section area from the vertical and lateral view upon the cross-section area of the boundary section. The frontal blockage ratio   B  R  f r o n t   =    A  B u i l d i n g s      A  i n l e t b o u n d a r y       and lateral blockage ration   B  R  l a t e r a l   =    A  B u i l d i n g s      A  s i d e b o u n d a r y      , where A is the area of the projected view [30]. The frontal blockage ratio was 4.25% and the lateral blockage ratio was 1.83%.




2.2.2. Boundary Conditions


Since the simulation employed the RANS numerical method with the standard k-ε (turbulence model), the inlet’s setting (dissipation rate and kinetic energy) followed the default setting. For the k-ε model, the inlet profile was defined by the mean wind speed U, turbulent kinetic energy k and turbulence dissipation rate ε in the ABL. Since the height of the building case computational domain is significantly lower than the ABL height, these profiles are generally simplified by assuming a constant shear stress with height [31]:


   U Z  =  U  r e f   ·      Z   Z  r e f        α   



(1)






   k Z  =    u *    2       C μ       



(2)






   ε Z  =    u *    3    κ · Z    



(3)




where Uz (m/s): The wind speed at height Z (m), Uref (m/s): is the wind speed recorded at the weather station height (Zref),  α : The exponent that represents the terrain roughness exponent and the city of Jakarta is categorized as urban terrain the value of  α  adjusted to 0.20 [32], u* the ABL friction velocity,  κ  the von Karman constant (adjusted to 0.40) and Cμ is the model constant of the standard k-ε model (0.09).



Standard wall functions are used as the most popular method for near-wall velocity processing with regard to k-ε models. In areas close to the wall, the flow is modelled using empirical formulas [33] and the boundary layer was applied. According to COMSOL Multiphysics default wall functions, the standard logarithmic relation for velocity near the wall is given by (4).


   u +  =  1   κ v    log    δ w +    + B  



(4)




where in turn, κv, is the von Kárman constant (default value 0.41) and B is a dimensionless constant set to 5.2. The wall lift-off in viscous unit (   δ w +   ) is defined as


   δ w +  = max    h 2    ρ  C μ  1 / 4    k   μ  , 11.06    



(5)







Cμ is a model constant. The first argument is based on the law of the wall. The second argument is the distance from the wall, in viscous units, between the logarithmic layer and the viscous sublayer. This lower limit ensures the wall functions remain non-singular for all Reynolds numbers. δw is defined as h/2 when    δ w +  > 11.06  , but it can become larger when the lower limit for    δ w +   , 11.06, goes into effect. The wall lift-off, δw, is defined as


   δ w  =    δ w +  · μ   ρ  μ τ     



(6)




where the friction velocity (uτ) is defined by:


   μ τ  = max    C μ  1 / 4    k  ,   ‖ u ‖    u +       



(7)







Furthermore, to reduce the computational time, we assigned a symmetry wall to the side boundary, and a no-slip wall function was assigned to the ground boundary. The boundary of the modelled building wall and surrounding buildings were assigned as an internal wall of the external computational domain. Table 1 summarizes the current simulation’s turbulence model, domain, boundary, and mesh settings.



The results of ABL simulation are presented in Figure 6. The building cases were surrounded by similarly high buildings. Furthermore, the surroundings affect the wind contour and direction around the building case as shown in Figure 7.




2.2.3. Validation of CFD Simulation


CFD requires validation processes to deliver a reliable prediction model. This study validated the CFD model against field measurements conducted on the premises on 30 November 2021, 16.00 to 3 December 2021, 16.15. The inlet velocity profile was defined based on the average outdoor wind during the measurement period. The Kemayoran weather station, the closest weather station to the building, was the most prevalent wind direction from the west and southwest. The average wind speed of these recorded data is Uz. Although the weather station height was 4 m, the Uref provided in this paper was the wind speed at 10 m high. Five different inlet velocity profiles were selected to simulate the building: 1 m/s with southwest wind direction, 2 m/s with west wind direction, 3 m/s with southwest wind direction, 3.6 m/s with west wind direction, and 4 m/s with west wind direction. The defined velocity profile was set as the inlet velocity, and the findings were compared with the measurement results.






3. Results


The results of mesh sensitivity analysis, validation simulation and simulation with different wind directions are presented in this section, supplemented by data in Appendix A.



3.1. Mesh Sensitivity Study


As previously mentioned in Section 2, this step is completed by comparing the results of calculations with grids of different sizes. The procedure concludes when any improvement in meshing does not alter the findings (or does not show significant changes depending on the accuracy required). The sizes of grid cells should also vary based on their placements, with a refined grid positioned in crucial places such as those with a high gradient or significant variations. Therefore, the geometry was modelled and simulated with different mesh size settings. The geometry selected for this study was the Building Case, and different mesh sizes: coarse, normal, and fine, were tested. To produce proper meshing, the mesh sequence used in the software was essential. The sequence began with the part of the geometry (the domain or boundary) requiring a smaller mesh size. Uniform mesh size cannot be applied to all parts of the geometry because it requires a higher computational cost. Therefore, the mesh sequence began from the smallest to the biggest mesh size. The total cells for coarse, normal, and fine mesh settings were 1,816,098, 2,226,920 and 2,826,952 cell counts, respectively.



Furthermore, Figure 8 and Table 2 illustrate the results of the mesh sensitivity study. The results between coarse and normal mesh sizes have deviated after running three different simulations with three different mesh sizes. In the case of the bedroom, there was little difference in results between simulations with normal and fine mesh sizes. The simulation results deviated but not as much as when coarse mesh settings were applied. In the case of living room, normal mesh settings suggested closer results to the actual measurement results. Figure 9a showed that the airflow pattern was different with coarse mesh compared to the simulation results with normal (Figure 9b) and fine mesh settings (Figure 9c). Therefore, the results from the coarse mesh setting can be eliminated since it also overestimated the results compared to the measurement results. All mesh settings produced comparable patterns in terms of airflow. Therefore, this study employed a normal mesh setting with adjusted mesh size in the smaller domain region for the meshing options in the simulation because it required less computational cost than applying a finer mesh size. The mesh shape selected was tetrahedral, and the final mesh generated comprised a total of 2,226,920 cells. The average mesh quality in skewness was 0.6623, with the minimum mesh quality being 0.1083. The mesh quality was still acceptable within the good quality mesh to reduce errors and uncertainties. The general mesh sequence followed Table A1, Figure A1, Figure A2 and Figure A3 illustrate the meshing of the domains (please refer to Appendix A).




3.2. Validated Simulation Results


The next step was to compare the airflow velocity magnitude of the simulated building and the results of the measurement under similar outdoor wind speeds and directions. For these purposes, a total of four sampled combinations of outdoor wind speed and direction were tested. The outdoor wind speeds and wind directions were selected for the CFD simulation based on the percentage frequency of their occurrence derived from the meteorological data for the area close to the building under study, as explained in the previous section. The simulation converged to 10−3 residual targets upon stimulation with a segregated solver.



Table 2 compares the CFD simulation results of the various scenarios applied to the building and the average of the measured velocity magnitude. The accuracy of the instruments limited this study because the instrument recorded the indoor wind speed in rounded numbers. However, the simulation results were nearly identical to the instruments’ readings. Therefore, we can validate the simulation results of the building’s current CFD setup because the results closely confirmed the measurement results. When the outdoor wind was lower at 1–2 m/s, the simulation yielded similar results to the indoor air velocity. In the case of the bedroom with an outdoor wind speed of 2 m/s, the simulation predicted a slightly lower speed than the measured one. However, this could be due to the rounded number of the instrument readings.



Furthermore, when the outdoor wind speed was higher, the simulation over-predicted the indoor wind speed. The results, however, were still in an acceptable range. Since the maximum outdoor wind speed recorded was around 4 m/s and rarely occurred, it was not necessary to simulate with higher outdoor wind speed. Therefore, the simulation setup with RANS k-ε turbulence model, ABL profile and current mesh setup are validated with the measurement results.



In order to determine the environmental conditions during the measurement period, weather data from respective weather stations was gathered one week prior to, and one week after the measurement time. During the measurement, the wind speed and direction were relatively constant and did not fluctuate significantly. The measurement averages taken in different wind directions were used to provide a more accurate representation of the actual airflow performance. As a result, for the CFD simulation, the average wind speed would be the wind reference for the velocity inlet.



We tested with the two most prevalent wind directions that occurred during the measurement period, from west and southwest. There was one opening in the living room (Opening A) and two in the bedroom: Opening B on the south side and Opening C on the west side. When the wind came from the southwest, it occurred at 45° incident to the openings. The modelling result as shown in Figure 10 revealed a very low velocity magnitude, and the airflow within the living room was quite modest. The arrow represents the velocity field, and the size suggested the magnitude of the indoor air velocity. Cross ventilation occurred in the bedroom where the outdoor wind entered from Opening B and exited from Opening C. Single-sided ventilation occurred in the living room where air entered and exited from the same Opening A. The air movement occurrence was more apparent in Figure 11 due to the higher velocity magnitude occurring when the outside wind speed was higher, which rarely occurred. Nevertheless, the facade openings still provided airflow circulation inside the rooms.



Furthermore, when the wind came from the west, Opening C (windward) became the inlet of the bedroom cross ventilation and Opening B, perpendicular to the wind direction, became the outlet. There was also turbulence that occurred outside Opening B. In terms of numerical value, perpendicular wind direction resulted in better airflow compared to 45° wind incident to the opening. The same conclusion occurred in the living room, wind incident in the perpendicular direction (0°) performs better than the wind incident 45° on the windward side of the building (Figure 12). The results of the simulation suggested that natural ventilation contributed, also unnoticeable, to the airflow inside the apartment unit. The optimum window configurations, however, need to be tested further to determine the effect on the indoor airflow.



However, the mesh independence study suggested employing the normal mesh size setup instead of the finer settings because the results were not significantly different, and the normal mesh size required less computational cost. However, the mesh in smaller regions of the domains needed to be refined. The k-ε turbulence settings were selected because the simulation did not reach convergence when we tested with realisable k-ε (RLZ) turbulence. Furthermore, Table 2 suggested that the simulation results did not deviate significantly from the measurement results. Therefore, the CFD simulation was validated, and the current setup is appropriate for testing different window designs in the apartment units. The following section presents the indoor airflow resulting from different window positions by simulating the unit against different wind directions.




3.3. Wind Direction Effect on Indoor Air Flow


The simulation results of the window position on the leeward and windward sides showed that there was little airflow in the living room when the opening was windward. When the wind is perpendicular to the opening, there is more indoor airflow in the bedroom, which corroborates the findings of previous studies [20,21,34]. Furthermore, the openings in the bedroom created cross ventilation (specifically corner ventilation). Figure 13 suggested that the separation between the two openings was quite a distance and created better airflow in the bedroom, which was also proven by previous studies [17,18].



Not all units in an apartment building have windward windows. The window orientation with respect to the wind’s direction affected the indoor ventilation performance. To investigate the ventilation performance with windward and leeward windows, we simulated different wind directions with similar wind speeds at 1 m/s. Mostly leeward, windward, perpendicular. As previously mentioned, the living room has only one opening (Opening A), and the bedroom has two openings (Opening B and C). The bedroom openings were perpendicular to each other, with one facing the same direction as the opening in the living room (Opening B).



Figure 13a,b illustrated the ventilation performance of the apartment unit with windows on the windward side, where the direction was perpendicular to Opening C, and Opening A and B, respectively. Figure 13c,d illustrated the ventilation performance of the apartment unit with windows on the leeward side, where the direction was perpendicular to Opening C, and Opening A and B, respectively. According to Figure 13, the direction of the outdoor wind effects the indoor airflow pattern and the role of inlet and outlet, as seen in the cross-ventilation room. As every figure showed the original wind direction, the wind contour (illustrated by the arrow) near the building is different to the original wind direction because of the surrounding buildings affecting the outdoor wind flow around the building case (as shown in the ABL simulation results in Figure 6).





4. Discussion


Depending on the location on the building facade (windward and leeward position), the wind speed, wind direction, and temperature may vary, which is why investigating the located opening of the building is vital to find whether the building should be orientated at an oblique angle or perpendicular to the prevailing wind direction. Results in Table 3 show that when the windows were on the windward side, the bedroom air velocity was higher (0.40 and 0.26 m/s) compared to the windows on the leeward side (0.37 and 0.60 m/s). On the contrary, the indoor air velocity in the living room was higher when the opening was parallel to the wind direction (Position 1 at 0.05 m/s and Position 2 at 0.1 m/s) compared to when the window was on the windward side (0.03 m/s) or leeward side (0.04 m/s). Cross ventilation occurred in the bedroom, while the living room relied upon single-sided ventilation. This suggested that when the room has cross ventilation, a window perpendicular to the prevailing wind (either windward or leeward) is preferred to provide increased air circulation. When the inlet was on the windward side, the air velocity was higher than the outlet on the windward side. Furthermore, for a room with single-sided ventilation, an opening parallel to the prevailing wind yielded higher indoor air velocity than when the opening was either windward or leeward.



In high-rise living, where higher levels experience higher outdoor wind velocity magnitudes, natural ventilation is often limited by the building height and the size of available operable facade openings due to safety issues. With a deeper floor plan, it can be more difficult to benefit from natural ventilation, as seen in the visual results of the CFD simulation, where still air was evident in the furthest area of the unit from the opening. Still air leads to higher humidity in the deeper part of the unit. Therefore, most residents often have additional mechanical ventilation to maintain indoor thermal comfort.



Extreme outdoor conditions will lead to higher airflow velocity magnitudes. Although in the case of tropical countries, such phenomenon will be beneficial to reduce the indoor temperature, the drawbacks of higher indoor velocity can cause discomfort when doing sedentary activities for the residents and objects. In the case of extreme weather, the opening in the living room can be adjusted due to the form of the sliding door. Since the bedroom has the advantage of cross ventilation, opening and closing any window can be a solution during extreme weather. Therefore, besides allowing a better airflow pattern, as suggested by the simulation results, having more openings provides flexibility to adjust the intake air.




5. Conclusions


A CFD simulation was employed to study the existing opening design and different window orientations corresponding to the external wind direction. This was based on the simulation of the implementation of four various positions of external wind direction. The changes and distributions of wind airflow and velocity magnitude were discussed.



The mesh sensitivity analysis suggested that the results of the model with too coarse mesh would deviate too far from the experimental (field measurement) results, and too fine mesh would yield higher computational costs and more difficulty in reaching convergence, leading to an undesired outcome.



This research showed that the wind direction, and the subsequent opening orientation, influences the airflow pattern around the exterior air of the building and the indoor air and determines the inlet and outlet for rooms with cross ventilation. Thus, it also influenced the indoor air velocity magnitude. The windward opening is beneficial for cross ventilation, and a leeward opening or wind perpendicular to the opening creates better indoor airflow for single-sided ventilation.



Although the simulation approach has limitations, it was primarily due to assumptions in defining the boundary conditions. The study and findings can be updated with more precise measurements of the input boundary conditions and combined with a thermal study. This study has provided a modelled simulation with validation data. A more accurate experimental setup and apparatus are recommended for future research. Despite potential limitations, the general approach is applicable to various window design studies and is a promising approach for green building planning.



Furthermore, this paper discussed the indoor airflow resulting from different window positions by simulating the unit against different wind directions on the 38th floor at 120 m high. Results on different floors need further assessments, especially when the height of high-rise buildings affects the turbulence profile. The presented simulation results also suggest that the natural ventilation effect on the airflow inside the apartment unit is unnoticeable. Therefore, further research on the optimum window configurations, number of windows, distance between is needed.
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Appendix A


This appendix consists of the mesh setup applied to the building on CFD simulation.
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Figure A1. External computational domain. 






Figure A1. External computational domain.
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Figure A2. The case study and surrounding buildings mesh. 






Figure A2. The case study and surrounding buildings mesh.
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Figure A3. Smaller mesh size applied on smaller regions in the internal computational domains. 






Figure A3. Smaller mesh size applied on smaller regions in the internal computational domains.
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Table A1. Mesh settings of the building simulation.






Table A1. Mesh settings of the building simulation.









	Mesh Settings
	Value





	Size 1 applied to domain with the smaller region: window
	



	Maximum:
	955 cm



	Minimum:
	4 cm



	Maximum element growth rate:
	1.05



	Curvature factor:
	0.2



	Resolution narrow regions:
	1



	Size 2 applied to the interior rooms’ domain
	



	Maximum:
	2720 cm



	Minimum:
	294 cm



	Maximum element growth rate:
	1.1



	Curvature factor:
	0.4



	Resolution narrow regions:
	0.9



	Size 3 applied to the building
	



	Maximum:
	3890 cm



	Minimum:
	735 cm



	Maximum element growth rate:
	1.13



	Curvature factor:
	0.5



	Resolution narrow regions:
	0.8



	Size 4 applied to the external domain
	



	Maximum:
	4920 cm



	Minimum:
	1470 cm



	Maximum element growth rate:
	1.15



	Curvature factor:
	0.6



	Resolution narrow regions:
	0.7
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Figure 1. Chart of temperature measurements from the Kemayoran weather station. 
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Figure 2. Chart of average wind speed measured at the Kemayoran Weather Station. 
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Figure 3. The case study building (a) 3D view of the building and the surroundings (b) Typical floor plan (c) Apartment unit plan. 
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Figure 4. The window opening of the apartment unit (a) Opening A is a sliding door in the living room, (b) Opening B is an awning window in the master bedroom, and (c) Opening C is another awning window in the master bedroom. 
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Figure 5. Computational domain with building models for CFD simulation with ABL flow. 
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Figure 6. The results of ABL simulation. 
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Figure 7. The wind contour and vector around the building case. 






Figure 7. The wind contour and vector around the building case.



[image: Buildings 13 01141 g007]







[image: Buildings 13 01141 g008 550] 





Figure 8. The results of mesh sensitivity analysis. 
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Figure 9. The airflow pattern in the building with different mesh sizes: (a) coarse mesh; (b) normal mesh; and (c) fine mesh. The mesh setting is presented in Appendix A. 
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Figure 10. Top view of the simulation results with outdoor wind speed (Uref) 1 m/s from the southwest. 
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Figure 11. Top view of the simulation results with Uref 3 m/s from southwest. 
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Figure 12. Top view of the simulation results with Uref 2 m/s from west. 
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Figure 13. The simulation results of different window positions towards the wind direction with Uref 1 m/s (a) Position 1 is west windward while Opening C is windward, (b) Position 2 is south windward while Openings A and B are windward, (c) Position 3 is east leeward while Opening C is leeward, and (d) Position 4 is north leeward while Openings A and B are leeward. 
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Table 1. Summary of CFD simulation setup.
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	Settings
	Value





	Turbulence model
	R.A.N.S. with: k-ε turbulence model



	Domain fluid properties
	Air, incompressible fluid



	Inlet
	Velocity profile (UZ), kinetic energy (k) and dissipation rate (ε)



	Outlet
	Pressure = 0



	Boundary
	Side boundary: symmetry, slip

Ground surface: no slip



	Interior wall
	Building and interior



	Verification
	
	
Comparing with literature



	
Mesh independence study








	Validation
	Results of field measurements
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Table 2. Numerical simulation results of Taman Anggrek Residence on various wind speeds and angle.
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Outdoor Wind Condition

	
Simulated Results of Velocity Magnitude at the Reference Point (m/s)

	
Measured Indoor Air Velocity at the Reference Point (m/s)




	
Bedroom

	
Living Room

	
Bedroom

	
Living Room






	
Wind speed: 1 m/s

Wind angle: SW

	
0.044151

(Re: 32.881)

	
0.0093505

(Re: 7.9174)

	
0

	
0




	
Wind speed: 2 m/s

Wind angle: W

	
0.39971

(Re: 386.21)

	
0.052069

(Re: 49.116)

	
0.4

	
0




	
Wind speed: 3 m/s

Wind angle: SW

	
0.14312

(Re: 109.50)

	
0.028541

(Re: 25.351)

	
0.1

	
0




	
Wind speed: 3.6 m/s

Wind angle: W

	
0.7234

(Re: 697.19)

	
0.086335

(Re: 90.526)

	
0.6

	
0




	
Wind speed: 4 m/s

Wind angle: W

	
0.80553

(Re: 775.03)

	
0.096096

(Re: 100.96)

	
0.6

	
0.1








The wind speed mentioned in the table refers to the Uref, the measured wind speed by the Kemayoran weather station at a height of 10 m. The simulation results presented, include the calculated indoor velocity magnitude and Reynold numbers at the reference point.
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Table 3. Indoor velocity magnitude from different window positions.
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Wind Direction

	
Velocity Magnitude at the Reference Point (m/s)




	
Bedroom

	
Living Room






	
Outdoor wind speed 1 m/s

	

	




	
Position 1: Opening C on the windward side

	
0.1987

	
0.0259




	
Position 2: Opening A and B on the windward side

	
0.1298

	
0.0159




	
Position 3: Opening C on the leeward side

	
0.0182

	
0.0499




	
Position 4: Opening A and B on the leeward side

	
0.0294

	
0.0245




	
Outdoor wind speed 2 m/s

	

	




	
Position 1: Opening C on the windward side *

	
0.4007 *

	
0.0520 *




	
Position 2: Opening A and B on the windward side

	
0.2549

	
0.0343




	
Position 3: Opening C on the leeward side

	
0.0369

	
0.1027




	
Position 4: Opening A and B on the leeward side

	
0.0597

	
0.0465








* Reference model.
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