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Abstract
In the recent decade, investigation on the total building performance has become increasingly important for the environmental
modelling community. With the advance of integrated design and modelling tool and Building Information Modelling (BIM)
development, it is now possible to simulate and predict the building energy efﬁciency, air quality & health assessment, risk analysis
& mitigation scenario for our urban planning analysis; all seamlessly in a single urban digital platform. In order to achieve the
national goal of at least 80% of the buildings in Singapore to be green by 2030, Singapore Government has introduced the new BCA
Green Mark 2015 scheme for accelerating the green building agenda. During the recent third Green Building Masterplan announced
in 2015, it was decided to engage building tenants and occupants more actively to drive energy consumption behavioural change
and to address the well-being of the people. Following up from this Masterplan, it is important for both the stakeholders and agency
to jointly develop Performance Driven and Scientiﬁc Based Simulation Methodology and Evaluation Parameters as a frame work to
evaluate the building design based on Singapore’s hot and humid climate and densely-built-up urban areas for the Green Mark 2015
Scheme. In this paper, we will present the methodology and perform a baseline case study for the natural ventilation performance
with the typical Non-Residential Building (NRB) industrial building. This can be resulted in the comprehensive CFD Quality Check
List for the Environmental Sustainable Design (ESD) consultant in order to maintain modelling result accuracy. Demonstration on
Indoor Air Quality (IAQ) using Air Exchange Effectiveness (AEE) as performance indicator will also be illustrated.
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1. Introduction
It has become the deﬁnitive tendency of building an artistic type of high-rising buildings in almost all metropolitan
cities due to commercial demands and rapid growth of population. These recently built modern artistic building
shapes and ever-increasing heights pose their problems related to the wind effects on the building itself and also
on its surroundings. Designing a high-rise green building in a densely built-up urban area in a tropical region like
Singapore is a unique challenge. This motivated the Building and Construction Authority (BCA) of Singapore to
launch the Green Mark (GM) scheme in 2005. This scheme provides an assessment methodology to drive the building
designs to be more environment-friendly and sustainable. In order to more accurately assess the efﬁciency of natural
ventilation, the Green Mark scheme began to include the Computational Fluid Dynamics (CFD) simulations in 2008.
By incorporating CFD simulations, it is easier to investigate all the functional units of interest, and providing guidance
for improving the efﬁciency of natural ventilation. However, airﬂow over high-rise buildings can be extremely difﬁcult
to predict. In an urban environment, wind is a phenomenon of great complexity due to its interaction with the building
structures, vegetation, waterbody and highly heterogeneous mixed land usage. Multi-scaled and rotational eddies
carried along the wind stream near ground surfaces and building structures can always result in gusts and/or have a
highly turbulent structure. As a result, an accurate modelling of wind ﬂow around buildings must take into account
the turbulence modelling in order to have better prediction of the natural ventilation system. In recent years, the rapid
development of computing power and ever-improving accuracy and efﬁciency of numerical methods have enabled
large-scale simulations of the ﬂowﬁeld around a building with complex geometry and has been particularly useful in
understanding the ﬂowﬁeld and its resulting dynamic loading on some common shapes of buildings. The emerging
use of CFD tools, which are popular especially at the conceptual design stage for high-rising buildings, motivates
the present study to improve the CFD methodology for Non-Residential Building (NRB) for the BCA Green Mark
scheme 2015.
This paper is organized as follows. Firstly we have this introduction section, followed by section 2 to describe
the governing equations and turbulence model. It is following by brieﬂy describing the Numerical methods as well
as boundary conditions for the commercially available ﬁnite-volume package ANSYS FLUENT V16.2. We also
present the results in setction 3 for justifying the horizontal homogeneity of atmospheric boundary layer (ABL). This
is followed by the discussion of results on natural ventilation design and the newly proposed Indoor Air Quality performance indicators for natural ventilation space, namely Air Exchange Effectiveness (AEE). Lastly, some concluding
remarks will be made in section 4
2. Governing Equations and Numerical Model
To date, it is still too expensive to resolve all the turbulent details numerically for large-scale ﬂow simulations.
Therefore, the common practice is to solve the Reynolds-Averaged Navier-Stokes (RANS) equations together with
the turbulence models to compute the averaged turbulent stresses. Within the incompressible ﬂow context, appropriate
conservation equations for modelling the viscous airﬂow around a group of buildings of complex shapes can be
expressed as follows:
∇ · (ρV ) = 0
∇ · (ρV × V ) = −∇p + ∇ · (μe f f (∇V + (∇V )T ))

(1)
(2)

where ρ, t, V , p and μe f f represent the ﬂuid density, time, ﬂuid velocity vector, static pressure and ﬂuid viscosity.
Note that the above effective viscosity can be decomposed as the sum of the laminar viscosity μL and the turbulent
viscosity μT , implying that μe f f = μL + μT .
Among the numerous models proposed in the past few decades for modelling the turbulent viscosity μT , both large
eddy and two-equation models have been widely adopted to simulate the industrial and wind aerodynamics ﬂows over
bluff bodies. Since k − ε two-equation model has been considered as the most reliable one with a reasonable accuracy
and computational cost in predicting wind ﬂows [1], we employ it in the present study to calculate μT by means of the
2
Boussinesq eddy viscosity assumption given by μT = Cμ ρ kε , where k and ε represent the turbulent kinetic viscosity
and the turbulent dissipation, respectively. The constant Cμ is set, as usual, to be 0.09. [2]. Within the context of k − ε
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turbulence models, take standard k − ε as an example, the transports of k and ε in the ﬂowﬁeld with a velocity vector
V are governed by the following two respective differential equations, which are coupled to each other:
μT
∇ · (ρV k) = ∇((μL + )∇k) + Gk + Gb − ρε
σk
μT
ε

∇ · (ρV ε) = ∇((μL + )∇ε) + (Cε1 Pk +Cε2 Pε )
σε
k

(3)
(4)

The constants in the above two coupled equations are speciﬁed with the values given by Cε1 = 1.44, Cε2 = 1.44, σk = 1
and σε = 1.3 [2]. The turbulent production term shown in the source term of equation (3) is due to shear stress and is
deﬁned as Pk = μT ∇V (∇V + (∇V )T ) − 23 ∇ · V (3μT ∇ · V + ρk).
While standard k − ε turbulent model has the property of offering robustness, economy and reasonable accuracy,
it doesn’t perform well when applied to the problems involving non-equilibrium boundary layers. It tends to underpredict the onset of separation and inﬂuence the prediction performance, at least, for the ﬂow over an obstacle of
various shapes. To resolve this problem, the realizable k − ε turbulent model [3], implemented in Ansys Fluen, is
chosen in this study.
In this study, we aim to explore the ﬂowﬁeld inside the functional unit of buildings due to the approaching wind,
to evaluate the performance of natural ventilations as well as AEE.
To predict the physically and geometrically complex ﬂowﬁeld, we employ the commercially available tools and
link them to render a likely numerical simulation wind tunnel (NSWT). The pre-processor in the currently employed
NSWT platform is Fluent Gambit. By virtue of the embedded transformation Gambit IGES ﬁle in Fluent, we can
generate the required surface meshes, followed by the interior mesh. The mesh that we obtain is hexahedral, which
aids in accurately resolving the boundary layer as well as in predicting ﬂow separation and reattachment. The mesh is
then exported to ANSYS Fluent V16.2 ﬂow solver to solve for the primitive ﬂow variables V and p, in addition to the
two turbulent quantities k and ε.
Ansys Fluent solves within the control volumes for each working ﬁeld variable in collocated grids distributed in the
physical domain under investigation. The equations are discretized in a way to preserve the momentum and turbulent
quantities k, ε in each of control volume. To fulﬁl the continuity of mass, the well-known segregated SIMPLEC (Semi
Implicit Methodology for Pressure Linked Equations-Consistent) solution algorithm of Van Doormal and Raithby[4]
is used for calculating the unknown pressure. With the updated pressure solution computed from the PDE equation,
one can replace its value to improve the initially assumed or previously calculated pressure in the momentum equation
to calculate the new velocity components. The iterative procedures described above will be terminated when the
computed maximum difference for solutions V , p, k and ε between the two sets of consecutive solutions, cast in
L2 − norms, falls below the speciﬁed tolerance (10−4 ). In Ansys Fluent, the input modulus enable us to preserve mesh
arrangement for storing the ﬁeld variables and convergence criteria. The boundary module is also provided for us to
specify the boundary conditions for V , k and ε. Nonlinear terms in the momentum equations will be linearized so as
to render them into algebraic equations. To accelerate the solution processes, the algebraic multigrid scheme modulus
will be chosen to solve the pressure from the Poisson equation. As for the solution solver for the derived algebraic
equations for V from the momentum equation and the transport equations for k and ε, the AMG iterative solver is
chosen to reduce the storage demand as well as to calculate the respective solutions V and (k,ε) efﬁciently.
The inlet boundary condition for the vertical wind proﬁle is assumed to be given by the Logarithmic Law with reference height h to represent the atmospheric boundary layer (ABL), and determined by using the following equations:
u∗ABL
z + z0
ln(
)
κ
z0
u∗2
ABL
k(z) = 
Cμ

U(z) =

ε(z) =
u∗ABL =

u∗3
ABL
κ(z + z0 )
Ure f κ
0
ln( h+z
z0 )

(5)
(6)
(7)
(8)
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where u∗ABL is the ABL friction velocity, κ(= 0.42) is the von Karman constant, Cμ (= 0.09) is a constant, z0 is
aerodynamic roughness length, Ure f is the speciﬁed velocity at reference height h. In this study, the aerodynamic
roughness length is set as 1m and reference height is chosen as 15.0m, together with table 1, to show the prevailing
wind direction and speed. Note that velocity for the north wind case is used in this study.
Table 1. Tabulation of prevailing wind direction and speed obtained from National Eenvironment Agency of Singapore over a period of 18 years at
reference height of 15m.
Wind direction

Mean speed (Ure f ) (m/s)

Occurring period

North
North-East
South
South-East

2.0
2.9
2.8
3.2

December
March
June
September

In order to maintain the horizontal homogeneity of ABL, it is very important to deﬁne the ground boundary condition. For Ansys Fluent, The equation for the equivalent sand-grain roughness height ks and corresponding roughness
constant Cs can be expressed by [5]
ks =

9.793z0
Cs

(9)

In this study, ks is set as 0.24m, which implies Cs = 40.178.
3. Numercial results
In this study, Singapores typical Non-Residential Building (NRB) industrial building has been investigated with
the newly proposed CFD Check list for the natural ventilation simulation. The objective of this check list is to:
1) To maintain CFD quality control for GM submission
2) To keep track of NRB Natural Ventilation Design Progress
3) To assist BCA GM administrative process (e.g. submission, revision, iterations)
The main items for the ventilation simulation check list including the following:
•
•
•
•

Submission details: provide the project details for the submission.
Building type: describe building functionality.
Problem statement: objective and work scope.
Site information: describe the site information and illustrate how the geometrical info is incorporated into the
simulation model. The computational domain should be properly chosen so that the numerical error due to
boundary effect can be minimized. In this study, we follow the guidelines as mentioned in [6], the directional
blockage ratio for the target building and the computational domain have been set as 17%.
• CFD approach: what CFD solver is used. Describe the model assumption, limitations and geometrical simpliﬁcation. As showed in section 2, steady three-dimensional incompressible Navier-Stokes ﬂuid ﬂow equations
with realizable k-e turbulence model and standard wall function is used for this study.
• CFD meshing: describe what the mesh size is used for the CFD simulation. The mesh is set at 0.1 to 0.5m within
the functional space of interest, 0.5 to 1.0m for building of interest and 1.0-5.0m for surrounding buildings. In
the vertical direction, the mesh is set at 0.5-1.0m from ground surface to 10m height; followed by 1.0-5.0m to
building height Hmax . The total meshes are 7.79M.
• CFD boundary conditions: describe what the boundary condition is used and show the homogeneity of ABL.
The inlet and ground boundary is set the same as described in section 2. For outlet boundary, pressure-outlet
boundary condition is used (p = 0), while the side and top boundary is set as symmetric. All building walls are
assumed as smooth walls.
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Inlet
target building

symmetric

symmetric

Outlet

(a)

(b)

(c)

(d)

Fig. 1. Schematic for present investigating buildings. (a) investigated buildings; (b) the target building; (c) top view to show inside the functional
units; (d) the functional units inside the target buildings.

• CFD numerical method: describe the numerical scheme and the convergence criteria that are used. Second
order scheme is used for the momentum equations as well as the equations for turbulence kinetic energy and
turbulence dissipation rate. For the details for the numerical settings, we summarize in table 2.
Table 2. numerical setting for the present study
variable

numerical scheme

relaxation factor

pressure

standard

0.1

tolerance for AMG
0.01

velocity
turbulence kinetic energy
turbulence dissipation rate

second order
second order
second order

0.5
0.6
0.6

0.1
0.1
0.01

• Documentation: full documentation of parameters.
• Design iteration: it should be have baseline case, followed by modified case and optimal case to show that
CFD did indeed improve the design.
For the typical industrial buildings as the baseline case, shown in figure 1, we investigate the performance of natural
ventilation on the functional spaces located at level 1 of the target buildings.
Before we analysis the simulated results, we investigate the horizontal homogeneity of ABL. As shown in figure 2, it
indicate that the horizontal homogeneity of ABL is well established. Figure 3 shows the velocity contour for the
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Y=500m

Y=400m

Y=300m

Y=200m

Inlet
Y = 0m

Y=100m

Fig. 2. Schematic to show the velocity vector at different cutting line.

Velocity Magnitude

Velocity Magnitude

1
0.875
0.75
0.625
0.5
0.375
0.25
0.125
0

Corridor

1
0.875
0.75
0.625
0.5
0.375
0.25
0.125
0

Corridor

Unit of interest

Unit of interest

(a)

(b)

Fig. 3. Schematic to show the velocity contour for the functional spaces. (a) surface contour; (b)contour at 1.2m height.

building functional spaces. It can be seen that only the corridor has good natural ventilation; whereas in the other
functional units, the wind speed and natural ventilation is rather poor. In this study, the Air Exchange Effectiveness
(AEE) as performance indicator for Indoor Air Quality is also proposed and investigated for building natural ventilation system. AEE represents the ratio between shortest possible time needed for replacing the air in the room (τn ) and
the average of local values of age of air (< τ >) as [7,8]
AEE =

τn
Cout VolCs
Cout
=
=
< τ > CH=1.2VolCs CH=1.2

(10)

where Cout is area-averaged CO2 concentration at outlets, CH=1.2 is area-averaged CO2 concentration at 1.2m height,
Vol is volume of investigated unit and Cs is the pollution source. The value typically varies between 1 and 2; the
higher value means the ability for air exchange is better in the functional unit of interest. In this analysis, we uniformly
distributed the CO2 inside the functional unit of interest, which has been shown in ﬁgure 3, as volumetric source term
and solve mass and momentum equations together with the species equation. After converged results for the species
are obtained, we can estimated the AEE based on the simulated results. From the simulated results shown in ﬁgure 4,
the present industrial building, AEE is only 1.1. It is not surprising due to the fact that the velocity is very low inside
the functional unit. By the assessment of natural ventilation and AEE, it can be easily seen from present baseline case,
the design for the functional units needs to be improved.
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Molar Concentration of co2

Molar Concentration of co2

0.0007
0.00065
0.0006
0.00055
0.0005
0.00045
0.0004
0.00035
0.0003
0.00025
0.0002
0.00015
0.0001
5E-05
0

(a)

0.0007
0.00065
0.0006
0.00055
0.0005
0.00045
0.0004
0.00035
0.0003
0.00025
0.0002
0.00015
0.0001
5E-05
0

(b)

Fig. 4. Simulated results for the functional unit of interest. (a) contour for molar concentration of co2; (b) the same as (a) with velocity vector.

4. Conclusion
In this paper, we propose a new CFD Methodology for assessment of Green Mark ventilation simulation. By
using the CFD checklist, all the important parameters like statements about the site information, the details about
the mesh size as well as the numerical scheme and setting can be included, thus the quality and the accuracy for the
CFD modelling can be achieved by following the present guideline. From investigating the practical baseline case
of the typical Non-Residential Building (NRB) industrial building, we can analyse the simulated results and collect
useful information such as wind velocity proﬁle as well as turbulence intensity, to drive the natural ventilated building
designs to be improved. The AEE is also been used as an indicator to know the effectiveness of air exchanging.
Ultimately, it has been shown that through properly methodology development framework, CFD modelling can be
used as scientiﬁc modelling tool to assess natural ventilation and IAQ performance for Green Building.
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