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Abstract 

In this paper, we made an effort to evaluate the natural ventilation performance in 

design phase of one new public residential housing project in Singapore. This 

project comprises ten blocks (totaling 1,057 units) with the height between six to 

seventeen stories. In this case study, an advanced iterative CFD approach was 

conducted to examine and optimize the air flow conditions of the design alternatives, 

whereby a number of parameters were considered in both outdoor and indoor 

environments. Such parameters include pressure, wind speed/air flow, wind flow 

patterns, regional weather data, adjacent building (diameter: 1,670 m). In the 

iterative CFD process, firstly outdoor CFD simulations were carried out to examine 

the pressure values on all the openings. Then the pressure differences in all the units 

were analyzed in order to select the typical units, followed by the indoor CFD 

simulations. Finally the ventilation performance within units were analyzed and 

analogized to the whole project. This study contributes to the optimization and 

validation of natural ventilation performance of design alternatives in design phase 

of residential buildings. The results will be expected to serve as a solid basis of CFD 

applications to shorten the validation process in large scale of residential building 

design. In the future, comparison of various methodologies of CFD simulations in 

residential building design will be further studied. 

Keywords - natural ventilation; computational fluid dynamics; residential 

buildings; tropical climate 

1. Introduction  

Natural ventilation, as a key passive design strategy, plays a central role 
in energy efficiency and thermal comfort in hot-humid tropical conditions 
such as that of Singapore, especially in residential buildings. As of 2014, 



80.4% of Singapore’s resident population lives in public housing that 
typically takes the form of mid to high-rise apartment buildings. Improving 
natural ventilation in such buildings will not only save energy and household 
spending but also get residents closer to nature and enhance their thermal 
comfort and wellbeing. 

The urgency of increasing energy efficiency in new building design and 
the demand to demonstrate the effectiveness of natural ventilation efficiency 
measures for code compliance and sustainable building ratings, has moved 
Computational Fluid Dynamics (CFD) simulation into a central role, in terms 
of sustainable ventilation design in buildings.  

Several studies [1, 2 &3] have examined the correlations between the 
natural ventilation and energy consumption in various climatic conditions 
with various façade designs. Also, some studies have been done to evaluate 
the correlations between natural ventilation and thermal/visual comfort [4]. 
The design optimization was studied in China by coupling natural ventilation 
with daylight analysis [5]. However, these studies do not focus on the 
process of CFD simulation for natural ventilation from a macro (site) to a 
micro (individual units) scale in the important early design phase. 

This paper therefore examines the natural ventilation performance from 
a macro to a micro scale using CFD simulation so as to adopt passive design 
measures during the initial design process for new public residential housing 
project, Punggol East C39B, comprising ten blocks (totaling 1,057 units), 6-
17 stores high in Singapore. Thereby, a set of outdoor and indoor 
environmental parameters were considered, namely pressure, wind speed/air 
flow, wind flow patterns, regional weather data, and adjacent buildings 
(diameter: 1,670 m). This study contributes to the optimization of natural 
ventilation performance and acceleration of the evaluation process in design 
phase of large scale residential building cluster in Tropics. 

2. Methodology 

In this paper, the detached models are used which  mean that the outdoor 
and indoor simulations are carried out separated without combining the 
internal unit (rooms) into the building block. However, in the future, the 
combined model will be explored and compare with between these two 
methodologies. 

In this detached model, as listed in Fig 1, all the simulations are carried 
out into two parts: macro level and micro level CFD simulations. The macro 
level simulation is to find out the wind flows around the target buildings 
without including the geometries of internal units; the micro simulations 
meanwhile is to analyze the ventilations within the units by using the results 
and outputs from macro level simulations. 



 
Fig 1 Flow chart of methodology 

 

A. Part I: Macro Level CFD Simulation 

In this study, all simulations are subjected to isothermal condition, i.e., 
the air temperature is assumed to be 33°C. This temperature represents the 
average air temperature in Singapore. The realizable k-ε two-equation 
turbulence model has been chosen to simulate the turbulence effect. The 
first-order discretization schemes have been adopted to approximate the 
partial derivatives and resultant algebraic equations. The in-bound wind 
profiles are assumed to follow the log-law, Eq (1), where the surface 
roughness Z0 equals 0.5m, the reference height Zref equals 15m, reference 
velocity Uref takes the wind speed values as appeared in the Table 1 below. 

U= Uref In ( Z/Z0 ) /In ( Zref/Z0 )    (1) 

In this study, both models are repeatedly simulated and subjected to the 
four prevailing wind conditions obtained from the National Environment 
Agency (NEA) in Singapore over a period of 18 years [6]. This information 
is also cited from Building and Construction Authority (BCA) in Singapore 
[7]. 

Table 1. Singapore’s Prevailing Wind Conditions 

Wind Directions Wind Speed (m/s) 

North 2.0 

Northeast 2.9 

South 2.8 

Southeast 3.2 



The computational domains of all simulations are extended 
approximately three times in radius the length of the longest distance 
measured across the boundary of the development as indicated in Fig 2a. The 
domain height is also extended approximately three times the height of the 
highest building of the development as shown in Fig 2b. Such arrangements 
are consistent with the requirement for CFD modeling outlined in Annex C 
of BCA’s Code for Environmental Sustainability of Buildings. The number 
of cells for the meshing is about 29,161,383. In these two models, all 
opening i.e. doors and windows remained closed before the simulation 
around the development and surroundings buildings were simulated. The 
boundary conditions applied for the simulation are as tabulated in Table 2 
below. 

a)  b)  

Fig 2 Site plan map in reality and the computational domain in outdoor simulations. a) Site 

plan map in reality [8], b) Computational domain for macro level simulations 

 

Table 2. Modeling boundary conditions setting 

Label North Northeast South Southeast 

① Velocity Inlet Velocity Inlet Pressure 

Outlet 

Pressure 

Outlet 

② Pressure Outlet Velocity Inlet Pressure 

Outlet 

Pressure 

Outlet 

③ Pressure Outlet Pressure 

Outlet 

Velocity Inlet Velocity Inlet 

④ Velocity Inlet Pressure 

Outlet 

Velocity Inlet Pressure 

Outlet 

⑤ Wall 

⑥ Symmetry 



B. Part II: Micro Level CFD Simulations 

Since there are one thousand plus units in total, it will take a lot of time 
to simulate all the units and not possible in the industry. Therefore, select of 
some typical units for further micro level simulations become necessary and 
more realistic in industry. In this paper, the methodology to choose the 
typical units refers to the BCA’s Green Mark Version 4.1 Certification 
Standard [9].  

In this project, there are 1,057 units in total and categorized into 3 main 
room designs in terms of room sizes, 3 Room (3RM), 4 Room (4RM) and 5 
Room (5RM). In each room design, there are 53-unit design layouts in total, 
as summarized in Table 3. From these five typical unit design layouts are 
determined as shown in Table 4, which are applied to the major numbers of 
units in the simulations. 

 

Table 3. Breakdown of unit design layouts in Punggol East C39B 

 3RM 4RM 5RM 

No. of Units 190 526 341 

No. of Layouts 7 28 18 

 

Table 4. The list of 5 typical unit design layouts and their percentage weightage 

Layout Design No. of Units Percentage (%) 

3RM Type-1 62 5.87 

4RM Type-1 64 6.05 

4RM Type-2(H) 62 5.87 

5RM Type-4 54 5.11 

5RM Type-4(H) 61 5.77 

Total 303 28.67 

However, in order to determine which unit design layout to be selected 
for further indoor natural ventilation simulation, the percentage of the unit 
design layout in all the layouts is not the only factor but also the pressure 
difference of the layout. 

Firstly, the pressure values near all the opening of each unit should be 
measured from the results of macro level simulation. From the macro level 
simulation results, the wind pressure value should be taken at 0.5 m from 
every opening of all the units at mid height level of each block (capped at 20 



story height). One example of pressure values measured from macro 
simulations is shown in Table 5. 

Table 5. Example of measured pressure values in all the openings of one unit 

Unit Location of 

Openings 

Measured Pressure Values (Pa) 

N NE S SE 

643 

Window in 

Living Room 
-1.37 -1.74 -2.66 -1.23 

Window in 

Main Bedroom 
-2.44 -1.65 -2.77 -1.51 

Window in 

Bedroom 
-2.44 -2.92 -2.42 -1.28 

Window in 

Kitchen 
-2.50 -2.84 -2.48 -1.28 

Then, the average pressure differences of all units at mid-height or 
selected level should be calculated. In order to calculate the pressure 
difference in a unit, there are many ways, for example, the difference 
between the maximum and minimum pressure. In this project, since all the 
openings are layout in two opposite sites, the difference between the average 
pressure values of both side is represented the pressure difference in a unit. 
The pressure differences of all the typical units in 4 wind scenarios are 
shown in Table 6. The average pressure difference of all typical units is 2.34 
Pa. 

Finally, the unit in which the pressure difference is closest to the average 
pressure difference (acceptable difference ±10%) will be selected for further 
indoor ventilation simulation. From Table 5, it is clearly shown that only 
Units 671, 623, 637 and 723 have the acceptable difference from the average 
pressure difference. However, units 623 and 637 have the same design 
layouts. Therefore, only unit 623 is selected because it has less difference 
from the average pressure difference. Though the unit 723 has a slightly 
larger difference from the average pressure difference, about 11.81%, it is 
still selected because there is no other unit could represent 5R Type-4(H) 
layout. 

3. Results & Discussion 

As indicated in the methodology, the macro level CFD simulations are 
carried out to check the air flows around the target buildings. Here the results 
from one of the four wind direction scenarios, in this case southeast is shown 
in Table 7 below. From the results of all four wind scenarios of macro level 
simulations, the design team updated the design as indicated in Fig 3, e.g. 
removing or combing the blocks and relocating the blocks to open more 
space within the blocks. 



Table 6. List of Pressure values of all the units with the 5 typical unit design layouts 

    ∆P (Pa)   

Unit Type 
N NE S SE 

N+NE+

S+SE 

Difference 

(%) 

755 3R  

Type-1 

1.42 2.45 0.46 1.48 1.45 37.94 

705 7.88 11.20 0.00 0.91 5.00 113.50 

713 0.54 7.91 0.36 4.23 3.26 39.35 

643 0.07 1.15 0.33 0.21 0.44 81.26 

743 4R  

Type-1 

7.64 11.91 0.45 1.24 5.31 127.00 

739 0.43 0.73 0.07 0.87 0.53 77.52 

729 0.49 1.41 0.91 0.01 0.70 69.97 

631 0.82 2.44 0.94 0.44 1.16 50.42 

745 4R  

Type-

2(H) 

3.09 15.29 0.30 1.84 5.13 119.16 

687 8.73 1.28 0.50 0.40 2.73 16.60 

633 0.11 3.01 2.57 1.27 1.74 25.70 

671 7.58 0.77 1.15 0.45 2.49 6.29 

749 5R  

Type-4 

0.16 1.20 15.66 2.86 4.97 112.33 

721 1.01 2.87 1.22 0.04 1.29 45.04 

681 0.54 1.24 1.16 0.04 0.75 68.02 

689 2.97 0.71 3.11 1.02 1.95 16.58 

623 1.91 0.70 5.61 0.99 2.30 1.66 

627 0.08 0.17 3.81 0.20 1.07 54.32 

637 0.07 3.28 3.22 2.49 2.27 3.20 

661 0.94 0.59 8.76 0.51 2.70 15.36 

751 5R  

Type-

4(H) 

1.48 1.53 15.53 2.04 5.15 119.97 

737 1.71 0.04 0.19 0.69 0.66 71.86 

723 1.76 7.62 0.58 0.50 2.62 11.81 

691 1.46 1.23 0.92 0.54 1.04 55.67 

625 2.83 0.16 2.08 0.04 1.28 45.37 

629 0.72 1.70 3.08 0.80 1.57 32.84 

639 0.09 8.80 1.71 2.37 3.24 38.59 

651 1.41 4.30 9.93 0.29 3.98 70.23 

663 0.16 0.72 3.30 0.53 1.18 49.65 

AVERAGE 

∆P (Pa) 

2.00 3.32 3.03 1.01 2.34  



The micro level CFD simulations are carried out in order to further 
understand the ventilation situation within the units, where the air speed and 
path lines within the selected units are studied as shown in Fig 4. 

In order to judge whether the design has good natural ventilation or not, 
in Singapore, the area-weighted average wind velocity within the units is 
used as the indication factor by comparing with 0.6 m/s [9]. Normally when 
the area-weighted average wind velocity is larger than or equal to 0.6 m/s, 
the unit has good natural ventilation and vice versa. The overall percentage 
of units achieving good natural ventilation is given by the Eq. (2) show 
below. 

∑(𝑁𝑜.𝑜𝑓 𝑆𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑈𝑛𝑖𝑡𝑠 𝑓𝑜𝑟 𝐸𝑎𝑐ℎ 𝐿𝑎𝑦𝑜𝑢𝑡×𝐴𝑟𝑒𝑎 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑊𝑖𝑛𝑑 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦)

𝑇𝑜𝑡𝑎𝑙 𝑁𝑜.𝑜𝑓 𝑆𝑒𝑙𝑒𝑡𝑒𝑑 𝑈𝑛𝑖𝑡𝑠×0.6 𝑚/𝑠
× 100% (2) 

In this project, three units are selected as indicated in Table 5 for micro 
level CFD simulations. The number of units and area-weighted average wind 
velocities of selected units are shown in Table 8. Therefore, the overall 
percentage of units achieving good natural ventilation was calculated based 
on Eq. (2).  

Table 7 Velocity contours on 4 different plane heights in both initial and final designs from 

macro level CFD simulations 

Wind Direction : Southeast 

1.5m 19.1m 30.3m 47.1m 

Initial Design 

    

Final Design 

 
   

 



a)  b)  

Fig 3 Layouts of initial and final designs. a) Layout of initial design, b) layout of final design 

with design changes circulated 

a)  b)  

Fig 4 Result of southeast wind scenario within the unit. a) Contour of velocity in the 1.2m 

plane above the floor level in one selected unit, b) Path line of wind in one selected unit. 

 

Table 8 Inputs for calculation of overall percentage of units achieving good natural ventilation 

 Unit 671 Unit 623 Unit 723 

Design Layout 4RM Type-

2(H) 

5RM Type-4 5RM 

Type-4(H) 

Area-Weighted 

Average Wind Velocity 

0.39 0.57 0.42 

No. of Units 62 54 61 

4. Conclusion 

From this real project study, two main findings were established as 
follows. 1. The detached model is faster and easier in the micro level CFD 
simulations due to the simple and structured geometries and this enable the 
potential of studying more units in the micro level simulations. 2. Meshing is 
the biggest challenging part in such large scale studies, but there are several 
ways to reduce the meshing quantity, e.g. using structured mesh instead of 
unstructured, increasing the meshing size where near the boundary, etc. as 
long as the results is proved independent from mesh. In the future, more 
methodologies will be studied and compared by using the same set of data, 



e.g. combined model in the micro level simulation part, increase the number 
of selected units and etc. When the buildings are completed, the author 
would like to compare simulation results using various methodologies with 
real data. 
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