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Abstract:



Enhancing natural ventilation performance in multi-storey housing is very important for the living environment in terms of health and thermal comfort purposes. One of the most important design strategies to enhance natural ventilation in multi-storey housing is through the provision of voids. A void is a passive architectural feature, which is located in the middle of deep plan buildings. It is very crucial to consider the configurations of voids in the buildings for enhancing natural ventilation, especially for multi-storey housing. In this study, Malaysian Medium Cost Multi-Storey Housing (MMCMSH), which is an example of multi-storey housing located in a suburban area, has been selected in this study. This study aims to investigate the potential of void for enhancing natural ventilation performance in multi-storey housing by the comparison of two different void configurations. Field measurement of MMCMSH has been conducted to validate Computational Fluid Dynamic (CFD) model and Atmospheric Boundary Layer (ABL) is an important parameter for setting up the CFD Model’s domain. Ventilation rate (Q), which is necessary for comfort and health reasons, is an important parameter for the comparison of the different void configurations. This study revealed that the provision of void can enhance natural ventilation performance in multi-storey housing with an increase in the value of Q, from 3.44% to 40.07%, by enlarging the void’s width by 50% compared to the existing void.
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1. Introduction


In the housing industry, natural ventilation has been of increasing concern, in terms of energy savings, economic considerations and sustainability in the built environment [1,2,3,4]. Numerous studies revealed that natural ventilation plays an important role in providing better indoor air quality (IAQ), thermal comfort and energy consumption in buildings [5,6,7,8,9]. Natural ventilation has proven to be the most effective low cost passive cooling strategy used in multi-storey buildings [10]. In this study, multi-storey housing is the building type chosen for investigating natural ventilation performance inside a building. Previous studies stated that achieving comfortable and healthy living environments with minimal energy consumption, especially when dealing with natural ventilation performance in buildings, is a challenge in designing multi-storey housing [9,11]. Thus, most multi-storey housing does not really have a good control over natural ventilation performance to achieve a healthy and comfortable living environment [7,12]. This arises due to the difficulty of predicting natural ventilation in the building because of the complexity and unsteadiness of wind [13,14]. This represents a challenging task for architects, engineers, contractors and building designers to provide a good control over natural ventilation in buildings, especially for multi-storey buildings. There are a few design strategies to enhance natural ventilation for deep plan buildings such as wind towers [15], wind catchers [16], venture-shaped roofs [17], saw tooth-roofs [18], and voids (atria) [19,20,21]. This study focuses on the provision of voids.



‘Void’ means air well or atria, which is normally in the center of a building and it is a passive architectural feature which is adopted for natural lighting and ventilation [19,22,23]. According to Shuzo Murakami et al. [24], voids in the buildings bring advantages to the architectural, environmental and structural aspects, which can be summarized as follows: (1) indoor environmental control with a low environmental load using the potential of the outdoor environment will be possible. The voids will facilitate natural ventilation and enable the IAQ to be controlled; (2) solar shading performance will be improved by introducing voids in the buildings. The voids will act as ventilation spaces and this enable passive maintenance of a good indoor comfort; (3) Proper isolation or connection for each room will also be possible. The voids will become adequate buffers (buffer spaces between private and public living spaces) in living spaces making it possible to limit the invasion of private living and to achieve less stressful high-density neighborhood units; and (4) Variegated living spaces can be created by combining rooms with voids.



Previous studies suggested that introducing voids in buildings can improve natural ventilation indoors. Tomoko Hirano et al. [25] revealed that the building model with a void ratio of 50% is more effective than the building model with a void ratio of 0% in terms of air change rate (about four times larger) and average wind velocity at the openings (around 30% faster). Also, previous studies revealed that the void creates positive pressure differences, which allows the windward façade of the rear block to receive the wind that flows through the void [23]. Nasibeh Safadi et al. [26] revealed that voids do improve the indoor comfort of their adjacent areas. Based on these previous studies, it can be concluded that by provision of voids, the natural ventilation in the buildings can be enhanced. Thus, in this study, the effects of voids in different configurations for multi-storey buildings were further investigated.



A Computational Fluid Dynamic CFD model has been adopted in this study, which has become one of the main tools in an extensive number of studies concerning natural ventilation performance. CFD has been used to solve Navier-Stokes equations for many geometrically complicated buildings, such as by Tatsuo Nagai and Takashi Kurabuchi [27] who used CFD to measure the coefficients in the nodal model for a high-apartment building in Japan with central void space throughout the height of the building. Pimolsiri Prajongsan and Steve Sharples [3] used CFD to analyse the potential of ventilation shafts in multi-storey housing in Bangkok. Shafqat Hussain et al. [28,29,30] evaluated various turbulence models for the prediction of the airflow and temperature distributions in atria, which concerns buoyancy-driven natural ventilation. Compared to these previous studies of CFD, there are fewer studies on wind-driven ventilation to evaluate natural ventilation performance in multi-storey housing by the provision of voids in the building. Thus, the objective of this study is to investigate the effects of voids in multi-storey housing, focusing on wind-driven ventilation only. The ventilation rate Q (m3·s−1) between two different configurations of voids is compared.




2. Method and Procedure


The methodology chosen for this study was a CFD simulation of Malaysian medium cost multi-storey housing (MMCMSH), which is validated with field measurement data. It is important to note that this study only focused on wind-driven ventilation, thus, the effects of buoyancy-driven ventilation are excluded.



2.1. Field Measurement


Field measurement was conducted in MMCMSH, which is a Malaysian medium rise multi-storey housing, which consists of seven storeys located in a suburban area. The MMCMSH is geographically located at latitude (2.93974°) 2°56′23″ north of the equator and a longitude (101.7755579°) 101°46′32″ east of the prime meridian on the map of Kuala Lumpur (Figure 1). It consists of three different blocks of buildings, namely Block A, Block B and Block C. Each block has seven storeys. In this study, only Block C is chosen and measured to achieve the objective of this study, which is to investigate the potential of voids in enhancing natural ventilation in buildings. Besides, only this block is perpendicular to the most prevailing wind (Figure 1). This building’s block was 44.46 m (length) × 19.75 m (width) × 30 m (height) with four existing voids in the middle of the building’s block, which were each 8.2 m (length) × 2.9 m (width).


Figure 1. The selected multi-storey housing for field measurement [31].
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The selected unit for measurement is located at two thirds (2/3) of the total building’s height and orientated perpendicular to North-East (NE) [31]. This unit is also selected because the main openings (sliding door) of this unit were not blocked by any other buildings, thus, this unit received most prevailing wind from the North-East (NE) with uninterrupted views, overlooking a clear field and landed housing (Figure 1).



Two-thirds of the building’s height is a point where the wind starts to diverge and this point is known as ‘stagnation point or zone’ (Figure 2). Previous studies revealed that this point is the best point or zone for measurement in natural ventilation studies [32,33] because, in the case of atmospheric boundary layer (ABL) wind profile regions, the stagnation is proportional to the square of the velocity, thus the centre of the wind profile gives the average velocity, which located at 2/3 of the building’s height. The selected time of measurement is based on wind rose data from the Malaysian Meteorological Station located in Petaling Jaya (1995–2014) (Figure 3) [34].


Figure 2. The selected unit for measurement is located at 2/3 of the total building’s height.
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Figure 3. Wind rose summary (1995–2014) [34].
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The common directions of prevailing wind are from the North-East (NE) and East (E) (Figure 3) [34]. The total wind speeds from these directions are 9.8 m/s and 9.9 m/s, and the highest speed is in March [35]. Thus, March was selected for the field measurement because of the high wind speed and less received rainfall. This also determined the factor of selecting best living unit for measurement, which is orientated perpendicular to the North-East (NE). Data from the Meteorological Weather Station (Met.WS) is taken to determine inlet wind speed, Vin (m/s) towards the measured building. The station is geographically located at latitude (2.992001°) 2°59′31.2036″ north of the Equator and a longitude (101.710477°) 101°42′37.7176″ east of the Prime Meridian, which is situated 12 km from the measurement site. Thus, it achieved an acceptable distance to the measured building because the data is valid at a radius of 15 km [35]. The height of the Met.WS is about 10 meters above ground level (Figure 4).


Figure 4. Meteorological Weather Station (Met.WS) is located at a clear site inside the Agriculture Institute of Serdang (IPS) (Pusat Pertanian Serdang).



[image: Buildings 06 00035 g004]






The measurements were conducted on 10 March 2015 until 31 March 2015, which started at 7 am and ended at 7 pm. The data is sorted and only data for 0° wind angle are effectively used for this study. This had been done by referring to the localized weather station (WS) that located at the roof top of measured building (Figure 5) with a height of 30 meters above ground level. This weather station measured the localized wind characteristic on site, which are localized wind speed (m/s) and wind direction. The daytime was selected because it is the most preferable time for the occupants to leave the openings open compare to night time. Figure 5 illustrates the location of all the equipment in the measured building, which are labelled as P1, P2, P3, P4 and P5. Table 1 gives a detailed description of the equipment.


Figure 5. Location of measuring equipment in the selected building.
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Table 1. Details of the measuring equipment installed in the building.







	
No.

	
Label

	
Equipment

	
Location

	
Parameter

	
Accuracy






	
1.

	
P1

	
Air Velocity Meter (Velocicalc® Model 9565)

	
Inlet OP (opening—at sliding door)

	
Air Velocity

	
±0.02 m/s




	
2.

	
P2

	
Thermal Comfort Meter (DeltaOhm PMV AP3203)

	
Living (in living room)

	
Air Velocity

	
±0.01 m/s




	
3.

	
P3

	
Thermal Comfort Meter (DeltaOhm PMV AP3203)

	
Outlet OP (opening—at entrance door)

	
Air Velocity

	
±0.01 m/s




	
4.

	
P4

	
Air Velocity Meter (Velocicalc® Model 9565)

	
Void L4 (in void at level 4)

	
Air Velocity

	
±0.02 m/s




	
5.

	
P5

	
Weather Station (WS) RainWise Inc. BioClear

	
Roof top (at roof top)

	
Wind Speed

	
±0.10 m/s










The equipment had been set for five minute intervals, thus the data was recorded every five minutes. During the measurement, all the doors were closed except for the sliding door (at P1) and entrance door (at P3) (Figure 6). Sliding door (at P1) functions as an inlet opening of the living unit and entrance door (at P3) functions as an outlet opening of the living unit. All the data taken by the equipment are recorded and compiled for CFD Model set up.


Figure 6. Set up of measuring equipments at the selected building.
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2.2. CFD Model: Geometry, Grid, Boundary Conditions and Solver Setup


Important to note that this study only focused on wind-driven ventilation, thus, the effects of thermal-driven ventilation are excluded. The simulation model has been set up similar to the measured building, which is 44.46 m (length) × 19.75 m (width) × 30 m (height) with four existing voids in the middle of the building, which are each 8.2 m (length) × 2.9 m (width) (Figure 7).


Figure 7. The simulation model has been set up similar to the measured building.
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As illustrated in Figure 8, the simulation model has been set up similarly to the measured building whereby only the living unit and corridor on level 4, where the measurements were taken, are hollowed. For mesh study, another six tapping points were added to the windward façade of the building for every level parallel to the measured living unit (Figure 8).


Figure 8. Tapping points at the CFD model.
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To investigate the effects of different configurations of voids on the natural ventilation performance in the building, models for two different configurations of void are given; Model A and Model B, set up similarly to the validation model set up, in which all the living units and corridors for all levels that are vertically parallel to the measured living unit are hollowed (Figure 9). The wall thickness of the living unit is set at 0.15 m to represent the real case scenario.


Figure 9. All the living units and corridors for all levels that are vertically parallel to the measured living unit are hollowed.
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The void’s width in Model B has been enlarged by 50% compared to the existing void’s width in Model A, which sized 8.2 m (length) × 4.3 m (width) (Figure 10). Thus, the ratio of the void’s width to the building’s width turns from 1:3 into 1:2. Both models were simulated at perpendicular and oblique wind angles, 0° and 45°, and the ventilation rates for the living units that are hollowed were compared.


Figure 10. Model A (existing MMCMSH) and Model B (with enlarged 50% of existing void).
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Figure 11 and Figure 12 illustrate the meshing for the validation model and suggestion model. The decision of final mesh for this study will be discussed in Section 3.1.


Figure 11. Meshing set up for validation model.
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Figure 12. Meshing set up for suggestion models.
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For domain set up, the blockage ratio for the CFD model is set at 1.67% to avoid blockage effect as recommended by previous studies [10,32,36]. The type of analysis chosen is steady state. The inlet is set to have an ABL wind profile (Figure 13) with an exponent, α = 0.28 to represent a suburban area [37,38,39] by using power law:
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(1)




where Vz is the wind speed at height Zz, m/s. Wind speed, Vg is set to 1 m/s at height Zg, 10 m [35]. This governing equation is solved using ANSYS CFX 14.5. This software is well-accepted software that has been used by many researchers on multi-storey buildings [32,39,40,41].


Figure 13. Inlet set up to create atmospheric boundary layer (ABL) wind profile.
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In this study, turbulence intensity for inlet of domain is set to medium intensity 5% as suggested by previous study [42]. The windward distance and leeward distance were set to 5H and 10H, respectively, where H is the height of MMCMSH building. This is an accepted set up for CFD models of multi-storey buildings [10]. The wind angles were set up for two wind angles; (i) perpendicular wind; 0° wind angle (represent NE wind direction) and (ii) oblique wind; 45° wind angle (represent E wind direction), due to the most prevailing wind received from these two directions. Both wind used the same boundary conditions’ set up (Table 2). Basic settings were chosen for solver control (Table 3).



Table 2. The boundary conditions set up for CFD model.







	
Boundary

	
Type

	
Details






	
Surface facing to NE

	
Inlet

	
Mass and momentum

	
Turbulence




	
Normal speed, [image: there is no content]

	
Medium (Intensity = 5%)




	
Surface facing to SW

	
Outlet

	
Average Static Pressure,

Prelative = 0 (Pa)

Pres. Profile Blend = 0.05

Average over whole outlet




	
Surface facing to SE

	
Wall

	
No slip wall




	
Surface facing to NW

	
Wall

	
No slip wall




	
Building surfaces

	
Wall

	
No slip wall




	
Ground surface

	
Wall

	
No slip wall










Table 3. Basic settings of solver control.







	
Settings

	
Details






	
Advection Scheme

	
Specified Blend Factor = 0.75




	
Turbulence Numerics

	
High Resolution




	
Convergence Control

	
Min. Iteration = 1




	
Max. Iteration = 1000




	
Physical Timescale Control = 500 (s)




	
Convergence Criteria

	
Residual Type = RMS




	
Residual Target = 0.0001










The standard k-epsilon model is adopted because it is consistent and stable to predict airflow for multi-storey buildings [3,41]. Table 2 and Table 3 present the boundary conditions and solver control set up, respectively.



In addition, this study investigates ventilation rates (m3/s), Q, for comfort, health and energy reasons [6,7,42,43]. The common requirement for a minimum fresh air flow rate is about 10 L/s per person (equal to 0.01 m3/s per person) to be 10 m2 based on the removal of body odours and this is usually sufficient to cope with other contaminants generated within occupied building [19]. Ventilation rate should be much larger in poorly insulated buildings [42]. Ventilation rate should meet the local requirements for the sake of occupants’ health and comfort [4]. In Malaysia, as stated in Uniform Building By-Laws 1984 [44], the minimum scale of fresh air ventilation for residential building is 0.14 m3 per minute per person (equal to 0.002 m3/s per person) to be 1 m2. Thus, 0.02 m3/s air change is required for 10 m2. In this study, size of each living unit in the studied multi-storey housing ranged from 700 ft2 (65.03213 m2) to 800 ft2 (74.32243 m2). Thus, 0.13 m3/s air change is required for minimum unit’s size. In this study, the equation of ventilation rate, Q is solved by using ANSYS CFX 14.5 [45], which is:


Q = mass flow rate (kg/s)/density of air (kg/m3)



(2)









3. Results and Findings


3.1. Mesh Independence Study


Grid independence study was performed to verify the CFD model solution. Three different meshes were created using tetrahedron meshes, successfully refined with element sizes; course, medium and fine meshes were 0.7 m, 0.3 m and 0.2 m, respectively for face sizing at the measured building. For building’s edge sizing, the elements sizes were 0.5 m, 0.2 m and 0.1 m, respectively. The refinement ratio (r) for a 3D mesh is defined as the ratio between the number of grid elements in the fine (∆fine) and course (∆course) meshes [46]:
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(3)







The grid refinement ratio must be greater than 1.3 to allow the discretization error to be separated from the other sources of error [40,46]. The number of elements (∆) and the refinement ratio (r) for each mesh are presented in Table 4.



Table 4. Grid parameters for three different mesh sizes.







	
∆3

	
∆2

	
∆1

	
r32

	
r21






	
71 727

	
2 723 337

	
6 581 327

	
1.56

	
1.34










Figure 14 demonstrates the qualitative grid verification. Vertical air velocities (m/s) at every level along the windward façade of the studied building are plotted for the three meshes (∆3, ∆2 and ∆1). Presented profiles indicate a very close prediction between the medium (∆2) and fine (∆1) meshes.


Figure 14. Air velocity (m/s) at the simulated model for three different meshes.
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Grid convergence index (GCI) method been used for quantitative grid verification to determine the error band with 95% confidence [47]. Thus, for three successfully refined meshes, the convergence ratio (R) is determined from [40,47]:
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(4)







0 < R < 1 → monotonic convergence; –1 < R < 0 → oscillatory convergence; R > 1 → monotonic divergence; R < –1 → oscillatory divergence; ffine, fmedium and fcourse are solutions of the fine, medium and course meshes respectively, and GCI method only can be applied for monotonic convergence and the calculation of grid convergence error, E [46,47] that is:
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(5)







However, for the location, whereby monotonic convergence is not observed, E is:
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(6)







Fs is safety factor, ε is a relative error between the course and fine grid solutions and p is the order of convergence:
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(7)







Note that q (p) = 0 for r = constant, ε32 = f3 − f2 and ε21 = f2 − f1 [46]. In this study, the quantitative grid verification could have been performed using GCI method (Equation (5)) only for P1, where a monotonic convergence was observed. For P2 where an oscillatory convergence was observed, the grid convergence error was estimated using (Equation (6)). For the remaining three locations (P3–P5), where there was clear divergence, no grid verification error could be calculated and only qualitative grid verification was carried out. The calculated values of grid convergence error were compared to the measurement accuracy at the same location. This was done to justify the choice of the grid independent solution with reasonable computational cost (Table 5), due to the closed prediction between the medium (∆2) and fine (∆1) meshes (Figure 14). Besides, low values of the grid convergence error, E21, in comparison with the measurement accuracy proved a good accuracy of the ∆2 mesh results, at a reasonable computational cost.



Table 5. Grid convergence error for air velocity (m/s) taken at different measured locations.







	
Sensor Location

	
CFD

	
R

	
Convergence Type

	
E32

	
E21

	
Measure

	
Measurement Accuracy (±)




	
∆3

	
∆2

	
∆1






	
P1

	
0.92

	
1.05

	
1.11

	
0.44

	
Monotonic conv.

	
0.12

	
0.05

	
1.00

	
0.05




	
P2

	
0.56

	
0.24

	
0.24

	
−0.01

	
Oscillatory conv.

	
0.97

	
0.01

	
0.26

	
0.02




	
P3

	
0.73

	
0.70

	
0.73

	
−1.28

	
Oscillatory diverg.

	
n/a

	
n/a

	
0.72

	
0.02




	
P4

	
0.22

	
0.23

	
0.16

	
−6.68

	
Oscillatory diverg.

	
n/a

	
n/a

	
0.27

	
0.04




	
P5

	
1.47

	
1.47

	
1.46

	
−3.66

	
Oscillatory diverg.

	
n/a

	
n/a

	
1.60

	
0.13










A 45° wind angle is applied the same mesh setting as 0° wind angle, thus, the number of elements revealed is approximately 2.73 million, close to that of the medium (∆2) mesh at 0° wind angle, which is 2.72 million.




3.2. Validation of CFD Model with Field Measurement Data


In validation, the simulation model can be validated with experimental measurements of either wind tunnels or field measurements, and this received considerable coverage and led to the modification of the models for further design suggestions [16]. Thus, in this study, validation was done by comparing the CFD models with the field measurement data. Figure 15 illustrates the percentage of deviation for air velocity (m/s) between the CFD models and field measurement data for six different locations at 0° wind angle. The percentage (%) of deviation for air velocity (m/s) between CFD models and field measurements at 0° wind angle ranges from 0.14% to 13.86% (Table 6).


Figure 15. The percentage (%) of deviation for air velocity (m/s) taken at different locations between the CFD models and field measurements at 0° wind angle.
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Table 6. Results of air velocity (m/s) taken at different locations for the CFD models and field measurements at 0° wind angle.







	
No.

	
Location

	
CFD

	
Field Measurement

	
Deviation (%)






	
1

	
Met. WS

	
0.99

	
1.00

	
0.14




	
2

	
P1

	
1.05

	
1.00

	
4.83




	
3

	
P2

	
0.24

	
0.26

	
9.06




	
4

	
P3

	
0.70

	
0.72

	
2.75




	
5

	
P4

	
0.23

	
0.27

	
13.86




	
6

	
P5

	
1.47

	
1.60

	
8.00




	

	

	

	
Average:

	
6.44










Figure 16 illustrates the percentage of deviation for air velocity (m/s) between the CFD models and field measurement data for six different locations at 45° wind angle. The percentage (%) of deviation for air velocity (m/s) between the CFD models and field measurements at 45° wind angle ranges from 1.05% to 19.94% (Table 7).


Figure 16. The percentage (%) of deviation for air velocity (m/s) taken at different locations between CFD models and field measurements at 45° wind angle.
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Table 7. Results of air velocity (m/s) taken at different locations for the CFD models and field measurements at 45° wind angle.







	
No.

	
Location

	
CFD

	
Field Measurement

	
Deviation (%)






	
1

	
Met. WS

	
1.00

	
1.20

	
19.94




	
2

	
P1

	
0.95

	
0.79

	
16.67




	
3

	
P2

	
0.11

	
0.13

	
17.73




	
4

	
P3

	
0.70

	
0.71

	
1.05




	
5

	
P4

	
0.66

	
0.65

	
1.12




	
6

	
P5

	
1.62

	
1.83

	
13.07




	

	

	

	
Average:

	
11.60










This result indicates a good agreement between simulation modelling and field measurements, which stated the deviation (%) for air velocity is less than 20%. Similarly, previous studies revealed that air velocity’s deviation (%) less than 20% is accepted for CFD validation with field measurement [40,48,49]. The air velocity (m/s) at P4 is lower than P3 at 0° wind angle compare to the one at 45° wind angle. The pressure difference between both locations is 0.28 Nm−2 at 0° wind angle and 0.47 Nm−2 at 45° wind angle. This study suggests that this difference is due to the different wind angles and also the effects of corridors in the building, which are hollowed and allow much more wind at the 45° wind angle compared to the 0° wind angle.




3.3. Natural Ventilation Performance between Two Different Configurations of Voids


The models were studied to investigate the effects of different void configurations. Ventilation rate, Q, in the living units at all levels is an important parameter in the investigation. Figure 17 illustrates the comparison of ventilation rate, Q (m3·s−1) for the living units at all levels between Model A (existing MMCMSH) and Model B (void’s width has been enlarged by 50% compared to the existing void’s width) at 0° wind angle.


Figure 17. Comparison of ventilation rate, Q (m3·s−1), between Model A and Model B at 0° wind angle.
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The ventilation rate values for living units at all levels in MMCMSH are improved by enlarging the void’s width by 50% compared to the existing void (Figure 16). The most significant increase in value of ventilation rate (%) is at level 7, which is 36.53%. The lowest is at level 4, which is 16.29%. On average, the increasing value of ventilation rate (%) for all levels at 0° wind angle is 40.07%. Figure 18 illustrates the comparison of ventilation rate, Q (m3·s−1) for living units at all levels between Model A (existing MMCMSH) and Model B (void’s width is 50% larger than the existing void’s width) at 45° wind angle. The increase in value of ventilation rate (%) goes from only 1.38% (at level 7) to 4.81% (at level 2). On average, the increase in value of ventilation rate (%) for all levels at 45° wind angle is only 3.44%.


Figure 18. Comparison of ventilation rate, Q (m3·s−1), between Model A and Model B at 45° wind angle.



[image: Buildings 06 00035 g018]






Figure 19 illustrates the contours of air velocity distributions between Model A (existing MMCMSH) and Model B (void’s width has been enlarged 50% larger than the existing void’s width) at both 0° and 45° wind angles. The contours of air velocity distributions in Model B are made up of more light blue contours (higher air velocity area) compared to Model A, which supports the statistical results (Figure 17 and Figure 18).


Figure 19. Comparison of air velocity distributions: (a) at 0° wind angle; and (b) at 45° wind angle.
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4. Discussion


In this study, the impact of standard k-epsilon (k-ԑ) model is examined to investigate the effects of void on natural ventilation performance in multi-storey housing. However, this study suggests that the impact of other turbulence models such as RNG and SST K-ω can be further investigated as both presented good performance in previous studies [50,51,52,53,54,55,56]. Besides, boundary layer (BL), turbulent kinetic energy (TKE) [51,52,53] and turbulent intensity (TI) also influence the results of the CFD simulations [54,55,56]. Thus, it is recommended to evaluate the impact of these parameters in further studies.



It is important to note that this study is limited to the adjustment of the void’s width only. Thus, this study suggests that the other configurations of voids such as changing the height or position of voids in the building can be further investigated. Besides, this study is limited to a 50% enlargement of the void’s width and tested at 0° and 45° wind angles only. Therefore, it is highly recommended that other configurations of voids in terms of different percentages of void enlargements and ratios be further investigated. Different wind angles performances are also recommended to be further tested.




5. Conclusions


This paper has elaborated the field measurement and validation procedure for CFD model simulation of selected multi-storey housing. It revealed that the CFD model is in a good agreement with the field measurements’ results. Then, the potential of voids to enhance natural ventilation performance in multi-storey housing is investigated and ventilation rate, Q (m3·s−1), is an important parameter. The effectiveness of voids is investigated by increasing the existing void’s width, making it 50% larger than the existing one. In a cross section of the building at axis-x, the width’s ratio of the existing void to the building’s block is 1:3. By enlarging the existing void’s width by 50%, it turns into 1:2 (void’s width to block’s width).



This study revealed that enlarging the existing void’s width by 50% has a significant effect in enhancing natural ventilation performance in the multi-storey building at a 0° wind angle, which increased the ventilation rate values in all living units at all levels from 16.29% (at level 4), 23.48% (at level 3), 24.12% (at level 5), 29.44% (at level 1), 33.6% (at level 6), 35.9% (at level 2) to 36.53% (at level 7) with total average of 40.07%. However, a less significant effect at a 45° wind angle was found with the highest increasing value of ventilation rate (%) being only 4.81% (at level 2), followed by 4.64% (at level 3), 4.6% (at level 4), 3.97% (at level 1), 2.23% (at level 6), 2.18% (at level 5) and 1.38% (at level 7) with a total average of 3.44%. Therefore, it is highly recommended that other configurations of voids and wind angles be investigated in future studies to identify the best configuration of voids for enhancing natural ventilation performance in multi-storey buildings.
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