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Abstract  
The outdoor air ventilation impact of a taller building at a downwind location in a layout of two 
adjacent buildings in different step-up configurations is presented in this paper. The criteria for 
ventilation assessment adopted are dimensionless parameters called velocity ratio (VR) and air 
ventilation rate (AER), and the parameters examined are the separation distance (WV) between the 
buildings and the ratio of height of downwind building to that of upwind building, herein referred to 
as building height ratio (HR). A three-dimensional (3-D) numerical simulation employing the 
Computational Fluid Dynamics (CFD) technique based on Reynolds-Averaged Navier-Stokes (RANS) 
equation and Realizable k-ε turbulence model was used to study the turbulent flow field around 
various full-scale size configurations of the adjacent buildings. Results show that while VR generally 
increases with height ratio, it increases with separation distance until a certain maximum distance 
which depends on the height ratio. AER on the other hand generally increases with height ratio, but 
decreases with separation distance. The results indicate that greater air motion is induced at the 
pedestrian level as the height of the downwind building increases, and greater rate of air flow is 
exchanged between the buildings cavity and the surroundings. Based on the VR results obtained for 
the building configurations examined, a separation distance of between 18 m and 30 m is proposed for 
configurations 2.0 ≤HR≤ 3.0, and between 18 m and 24 m for configurations HR = 1.0 and 1.5, to 
maximally invigorate the pedestrian-level air flow.  
 
Keywords: Separation distance, Building height ratio, Adjacent buildings, Computational Fluid 
Dynamics, Outdoor air ventilation 
 
Introduction 
Ventilation of the outdoor environment 
around buildings is necessary for the 
thermal comfort and environmental health 
of the inhabitants in and around the 
buildings. Literatures (Buccolieri et al., 
2010; Hang et al., 2011; Yuan et al., 2014; 
Ayo et al., 2015) have shown that the 
spacing distance between adjacent 
buildings can significantly influence the 
outdoor ventilation around the buildings. 
Ventilation has also been found to 
generally increase as the spacing distance 
between buildings increases. However, 
because of limitations to land availability 
there is the need to explore intermediate 
spacing distances which may engender 
acceptable ventilation around the buildings. 

Most of existing research studies on wind 
flow characteristics around building groups 
focused on configurations in which the 
buildings are aligned and have uniform 
heights. The few studies on configurations 
with uneven canyons mainly adopted 
highly simplified models, such as two-
dimensional (2-D) configurations and 
reduced scales, and are not with reference 
to actual wind data of an urban area. Such 
2-D analysis does not capture the lateral 
turbulent flow features such as the finite-
length canyon effects which cause 
intermittent vortices shedding at building 
corners. These effects are known to be 
responsible for the lateral advection from 
building corners to the mid-block region 
around which it creates a convergent zone 
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(Santamouris et al., 1999). Besides, in 
actual street canyons exchange of canyon 
air occurs both vertically through the 
canyon roof and laterally across the street 
opening, but in 2-D studies the exchange is 
only across the canyon roof. Thus, 2-D and 
3-D results often differ from each other 
(Liu et al., 2004; Riain et al., 1998; Ahmad 
et al., 2005; Li et al., 2006).The limitations 
of 2-D study have also been mentioned by 
Chan et al. (2001) and Baik and Kim 
(1999). 
 
The present study is aimed at assessing the 
effects of the variation of buildings height 
ratio and separation distance on the wind 
flow and air ventilation around different 
configurations of a typical two-building 
layout of the step-up configuration with a 
taller downwind building. It forms a part of 
the preliminary studies of a broad 
investigation being conducted into the 
blockage effects of tall buildings to wind 
flow and ventilation on arrays of low-rise 
buildings, aimed at formulating appropriate 
climatically oriented guidelines for building 
layout in an urban area. 
 
Physical Model and Mathematical 
Formulation and Analysis 
Computational Methods  
Ventilation enhancement is most desirable 
for low-wind, hot and humid climates 
where people are more likely to suffer from 
thermal discomfort and problems related to 
low air quality. A typical low-wind 
suburban area of Kuala Lumpur the capital 
City of Malaysia was therefore considered 
for the study. From the ten-year climatic 
data of Subang Meteorological Station 
collected from Malaysia Meteorological 
Department, the City has a mean surface 
wind speed of about 1.52 m/s at a height of 
10 m above the ground surface, a mean 

temperature of about 27.8oC, and a 
maximum and minimum relative humidity 
of 98% and 38%, respectively. The wind 
data, after adjustment from the value at the 
open terrain of the Meteorological Station 
where it was monitored to the sub-urban 
terrain in which it is to be utilized, is used 
to develop a wind profile for the sub-urban 
area. 
 
The study uses two building blocks, a low-
rise building (A) and a high-rise building 
(B), to represent the two adjacent buildings. 
The buildings are of the single loaded long 
corridor type in which access to the rooms 
is located along one of the building walls. 
The dimensions of the buildings are in 
accordance with Bye-Law 42 of Malaysian 
Uniform Building Bye-Law (UBBL) 1984, 
2006 edition. In order to ensure that the 
building wind blocking effects are not 
completely cancelled out at the mid-length 
of the street canyon by advection from the 
building corners, the length-to-height ratio 
of the uniform configuration, i.e. L/H> 3, 
and therefore above the short canyon 
classification according to Ahmad et al. 
(2005). The geometries of the individual 
blocks are shown in Fig. 1. 
 
Building Configurations Examined 
The outdoor ventilation effect of building 
‘B’ located adjacent to building ‘A’ is 
examined by placing building B at a 
downwind location of building A in an 
atmospheric boundary layer. The layout of 
the two adjacent buildings is as shown in 
Fig. 2. Building A represents the low-rise 
building, while building B represents the 
high-rise building. However, the height of 
building B is increased from the height H 
of the low-rise building until it is in the 
high-rise configuration which has been 
defined as a building for which the height 
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H of building and building depth D are 
related as follows: H > 3D (ASHRAE, 
1997) or 2H/D > 1 (Cook, 1990). The 
height H corresponds to the approximate 
height of common low-rise buildings for 
the low income earners found around 
Malaysia. 
 
To examine the impact of the height of the 
downwind building at the pedestrian level 
around the upwind building, the height of 
building B (Hv) is varied while that of the 
building A is kept constant. The height of 
the downwind building B is varied from H 
= 12 m (equivalent to 4 storeys), the 
constant height of the low-rise building, to 
a maximum height Hmax= 3H = 36 m 
(equivalent to 12 storeys), with a step-
increase of ½H. The separation distance 
(Wv) between the two buildings is also 
varied from a minimum of ½H to 3H with a 
step-increase of 2H, to examine the impact 
of the distance between the buildings on the 
outdoor air ventilation. The configuration 
in which no high-rise building is present at 
the downwind location of the low-rise 

building, i.e. Hv = 0H, is used as reference. 
The different heights of building ‘B’ 
examined are therefore 0H (reference case), 
H, 1.5H, 2H, 2.5H, and 3H, while the 
separation distances between the buildings 
are 0.5H, H, 1.5H, 2H, 2.5H, and 3H. The 
constant increment of 0.5H on the 
separation distance between the buildings 
represent the combined 6 m minimum 
setback from the buildings stipulated by 
Malaysian Planning Guideline for Gated 
Community and Guarded Neighbourhood 
(GP022), 2010 edition, while the increment 
on the building height is to ensure the 
regime of flow varies from skimming flow 
for the smallest separation to wake 
interference flow for the largest. 
Ventilation is most important for this range 
of flow regimes. The different 
arrangements of the buildings yield a total 
of 31 configurations that were examined. 
The geometries of the individual building 
are shown in Fig. 3, while Fig. 4 shows the 
schematic diagrams of the different 
configurations examined. 

 

 
Method of Solution 
The present study examines the sensitivities 
of downwind building height and 
separation distance between the adjacent 

buildings to study the outdoor pedestrian-
level flow and ventilation characteristics, 
employing a total of 31 configurations of 
the buildings layout. As a result, the most 

Fig. 1 Geometries of the individual building block;  
(a) Low-rise building, (b) High-rise building 
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appropriate solution method, in terms of 
cost and effort, which is by computational 
fluid dynamics (CFD) was considered. The 
applicable governing equations are 

therefore prescribed and solved for the 
relevant flow parameters for analysing the 
flow phenomenon. 

 
Fig. 3 Geometry of the two adjacent buildings showing (a) side view; (b) top view 

 

 
 

Fig. 4 Schematic diagrams of various configurations of the two 
adjacent buildings. Flow direction is from left to right 
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CFD Modelling 
Wind flow in an urban area has been 
identified to occur in the turbulent flow 
regime (Raupach et al., 1991; Mills et al., 
2010). For the building configurations 
employed in the current research, 𝑅𝑒𝐻 =
695924.92 (where 𝑅𝑒𝐻 is the Reynolds 
number based on the height of the low-rise 
building), which is well above the critical 
limits of between 3400 and 7500 observed 
for boundary layer developing over an 
urban surface (Mochida et al., 1994; 
Uehara et al., 2003).The isothermal flow is 
therefore described by the continuity and 
Navier-Stokes momentum equations. The 
full-scale sizes of the buildings are 
employed in the study, which is the realistic 
scenario for CFD simulations of physical 

processes. The implication, however, is the 
large computational domain, which was 
about 800 m in the stream wise direction 
for the larger domains, and the large 
number of meshes, which ranges between 3 
million and 5 million that are required in 
the solution process. The solution 
procedure adopted, therefore, is based on 
the Reynolds Averaged Navier-Stokes 
(RANS) approach, with closure for the 
model equations obtained by the Realizable 
k-ε (RKE) turbulence model. The resulting 
equations are the mean form of continuity 
equation and momentum equation, and the 
transport equations of turbulent kinetic 
energy k and the dissipation rate of 
turbulent kinetic energy ε, expressed 
respectively as follows: 
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Cartesian coordinates, 𝑈�𝑖 is the components of the mean velocity, 𝑢𝑖′′ is the components of 
the fluctuating velocity, in the x-, y- and z-directions for i = 1, 2, 3 respectively; and 𝐶1𝜀 , 𝐶2,
𝜎𝑘, and 𝜎𝜀 are model constants which have values as follows: 𝐶1𝜀 = 1.44,   𝐶2 = 1.9,   
𝜎𝑘 = 1.0,   𝜎𝜀 = 1.2. The model equations are computed using the commercial CFD codes 
ANSYS Fluent 14.0 (Ansys, 2011). 
 
 
Configuration of the Computational 
Domain 
The computational domains were designed 
based on the recommendations of major 
CFD guidelines and past studies (Franke et 
al., 2004; Franke, 2006; Franke et al., 
2008; Tominaga et al., 2008). In the 

guidelines, it is recommended that in the 
case of a single building the inflow 
boundary, the lateral and top boundaries are 
set 5H away from the windward face, the 
lateral and the top surfaces of the building, 
where H is the height of the building, while 
the outflow boundary is set at a distance ≥ 
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10H from the leeward face of building in 
order to allow for the flow to have become 
fully redeveloped. For two or more 
buildings the reference height H is the 
height of the taller/tallest building and the 
distance of the inflow boundary should be 
from the windward face of the first building 
at the upwind location, while that of the 
outflow boundary should be from the 
leeward surface of the last building at the 
downwind location. Following from the 
recommendations, the reference height 
used in the current study is Hv, where Hv is 
the variable height of the taller upwind 
building. The outflow boundary is set 15Hv 
from the leeward surface of the downwind 
building as observed for most studies to 
ensure flow redevelopment. The 
computational domain is shown in Fig. 5. 

Boundary Conditions 
The mean surface wind speed monitored at 
the meteorological station, after adjustment 
to the terrain of the sub-urban area where 
the study is referenced, yields a reference 
mean wind speed of 0.92 m/s at a height of 
10 m. The reference wind speed was used 
to develop a profile for velocity at the 
inflow of the computational domain. The 
inflow profiles for velocity, turbulent 
kinetic energy and dissipation rate of 
turbulent kinetic energy were specified 
employing the relations suggested by 
Richards and Hoxey (1993) following the 
recommendations of European Cooperative 
in the Field of Scientific and Technical 
Research (COST). The profiles are 
expressed, respectively, as follows: 
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where 𝜅 (≈0.4−0.42) is the von Karman 
constant, 𝐶𝜇(= 0.09) is a model constant of 
the Standard k-ε model, y0 is the roughness 
parameter and 𝑢𝐴𝐵𝐿∗ is the atmospheric 
boundary layer friction factor. The 
roughness parameter is specified as𝑦0= 
0.02 m, which corresponds to a terrain of 
grassland according to the classification by 
Wieringer (1992), in order to locate the 
pedestrian-level evaluation height at the 
third or higher grid from the ground surface 
(Franke et al., 2007). The friction factor 
𝑢𝐴𝐵𝐿∗ is calculated as: 
 𝑢𝐴𝐵𝐿∗ = 𝜅𝑈ℎ

𝑙𝑛�ℎ+𝑦0𝑦0
�
                                       (6)  

𝑈ℎ being the reference velocity and h the 
height at which the reference velocity is 
specified. 
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The downstream boundary conditions are 
specified by the outflow boundary 
conditions, setting the normal gradients of 
all variables to zero at the boundary, while 
the lateral and upper surfaces are assigned 
the inviscid wall conditions which set the 
normal velocity components and the 
normal gradients of tangential velocity 
components to zero at the surfaces. 
 
The solid boundaries are treated by the 
wall-function based on the physical 
roughness height Ks of the surface for the 
wall-adjacent cell values of the flow 
parameters. For building surfaces normally 
considered as being aerodynamically 
smooth, the conditions are specified by the 
smooth wall condition. The wall-function 
for velocity, turbulent kinetic energy and 
dissipation rate of turbulent kinetic energy 
are therefore expressed respectively as 
follows: 
 

𝑈𝑝
𝑢∗

= 1
𝜅
𝑙𝑛 �𝑢

∗𝑦𝑝
𝜈
� + 𝐵;  𝑘𝑝 = 𝑢∗2

�𝐶𝜇
;  𝜀𝑝 = 𝑢∗3

𝜅𝑦𝑝
     (7) 

where 𝑈𝑝, 𝑘𝑝, 𝜀𝑝 are the wall-adjacent cell 
values of velocity, turbulent kinetic energy 
and dissipation rate of turbulent kinetic 
energy, respectively. 𝑦𝑝  is the distance 
between the centre-point P of the near-wall 
cell and the surface, 𝑢∗ is the friction 
factor, and B (≈ 5 – 5.5) is a universal 
constant. 

With buildings as the main roughness 
elements of an urban surface, the ground 
surface is considered as a fully-rough 
surface. For the fully rough surface, the 
wall-function for mean velocity of the wall-
adjacent cells can be expressed as (Fluent, 
2005; Blocken et al., 2007) 
 
𝑈𝑝
𝑢∗

= 1
𝜅
𝑙𝑛 � 𝑢∗𝑦𝑝

𝜈𝐶𝑆𝐾𝑆
+� + 5.43                     (8)  

 
where 𝐶𝑆 with value in the interval [0; 1] is 
the roughness constant which accounts for 
the type of roughness and 𝐾𝑆+ is the 
dimensionless physical roughness height. 
The wall-function for turbulent kinetic 
energy and dissipation rate of turbulent 
kinetic energy are defined as for the 
building wall surface. 
 
Numerical Simulation 
The computation of the governing 
equations (1) - (4) using the outlined 
boundary conditions was implemented by 
the commercial software ANSYS Fluent 
14.0. The computational domain was 
discretized into unstructured tetrahedral 
grid elements by using ANSYS Meshing 
14.0. The grid sizes were further refined 
around the building corners in order to 
capture the fine details of the flow 
parameters.The growth rate of the cells was 
maintained at below 1.2, while the aspect 
ratio was kept at between 0.5 and 20 
(Ansys, 2011; Tominaga et al., 2008). 
 
Grid sensitivity test was conducted in order 
to ensure mesh independence of the 
solution. The number of grid cells assigned 
to each domain depends on the size of the 
domain. The test was conducted by 
repeatedly refining the mesh sizes until the 
difference of the pedestrian-level area-
average velocity values obtained for the last 
two consecutive mesh sizes was less than 
5%, after which the lower grid number was 
selected for the domain. Because of the 
large number of configurations examined, 
for a particular separation distance, the test 
was conducted for the smallest and largest 
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Fig. 5 Configuration of the computational  
domain for the layout of the two adjacent  
buildings (a) side view, (b) Plan 
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domain sizes. The intermediate domain 
sizes not tested were then assigned grid cell 
numbers proportional to their sizes. The 
number of mesh elements range from 1.5 m 
for the single low-rise building to 3.5 m for 
the largest domain which was for the 
largest configuration with the tallest high-
rise building. 
 
The boundary conditions which set the 
normal velocity components and the 
normal gradients of tangential velocity 
components to zero at the lateral and top 
surfaces of the domain are implemented by 
specifying the zero shear condition at the 
surfaces. At the downstream boundary the 
flow condition is assumed to be fully 
developed, indicating that the longitudinal 
gradients of all variables are zero. This is 
implemented by specifying the outflow 
boundary condition in the solver. On the 
ground surface the wall function for fully 
rough surface for the mean velocity at the 
wall-adjacent cells expressed by equation 
(8) is implemented, while the wall-adjacent 
values for turbulent kinetic energy and the 
dissipation rate are implemented by 
equation (7). This is accomplished by 
specifying the terrain roughness height 
𝑦0 = 0.02 𝑚 and the surface roughness 
constant, 𝐶𝑆 = 1.0. The wall-functions for 
smooth surface expressed by equation (7) 
are implemented for the building surfaces 
to calculate the wall adjacent values for 
velocity, turbulent kinetic energy and the 
dissipation rate of energy for the surfaces. 
In the solver this is by specifying the 
roughness height as zero. 
 
The computation of the mathematical 
models was by the pressure-based solver, 
while the solution method for the pressure-
velocity coupling was the Semi-Implicit 
Method for Pressure-Linked Equations 
(SIMPLE) algorithm. The method 
calculates the pressure by a guess-and-
correct procedure on a staggered grid 
arrangement in which the three components 
of velocity are solved on different grids, 
while pressure, turbulent kinetic energy and 

dissipation rate of energy scalar variables 
are solved on the same grid. The second-
order discretization scheme was adopted 
for pressure, while for momentum, 
turbulent kinetic energy and the dissipation 
rate, the quadratic interpolation for 
convection kinetics (QUICK) scheme 
(Leonard, 1979) was used. The profiles for 
the flow variables: velocity, turbulent 
kinetic energy and dissipation rate of 
turbulent kinetic energy at the inflow 
boundary, as represented by equations (5) 
and (6), were coded by user-defined 
functions (udf) in the solver. In order to 
control convergence of the iterations, a 
uniform scaled-residual set at 1 x 10-5 was 
employed for all variables. The 
computation was implemented on a 
network of interconnected 8 CPU × 6 
Nodes Quad-Core AMD OpteronTM 
processor SunFire Systems of the 
UniversitiTeknologi Malaysia (UTM) 
Centre for Information and Communication 
Technology (CICT) Unit. 
 
Air Ventilation Performance Criteria 
Adopted 
The air ventilation performance of the 
various configurations of the buildings 
layout was assessed by two air ventilation 
indicators called velocity ratio (VR) and air 
exchange rate (AER). The wind velocity 
ratio is a dimensionless quantity that 
compares the velocity, VP, at the pedestrian 
level (2 m above ground surface) with 
some reference velocity. It is defined 
according to according to Ng et al.. (2008) 
and Yim et al. (2009) as 
 
𝑉𝑅 = 𝑉𝑝 𝑉∞⁄                                                (9) 
 

For the present study the reference 
velocity, 𝑉∞, is taken as the wind velocity at 
the gradient height (atmospheric boundary 
layer height).The air exchange rate denotes 
the volumetric air exchange per unit time 
(Xie et al., 2006) in the cavity between the 
buildings bounded at the top by the 
horizontal plane at a height of 12 m. 
Following Xie et al. (2006), for the 3-D 
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system, the mean positive AER (𝐴𝐸𝑅������+) for 
air entering into the canyon across the 

boundaries can be expressed as 

 
𝐴𝐸𝑅������+ = ∑ ∫ 𝑊�+𝑑ΓΓ �

𝑠𝑖𝑑𝑒 𝑖
2
𝑖=1 + ∫ 𝑉�+𝑑ΓΓ �

𝑇𝑜𝑝
+    ∑ 1

√6
∫ √𝑘Γ 𝑑Γ�

𝑝𝑙𝑎𝑛𝑒 𝑖
3
𝑖=1  (10) 

 
where, 𝑊�+ and 𝑉�+ are the mean positive 
transverse and vertical velocity 
components, 𝑤+

′′ and 𝑣+′′ are the mean 
positive transverse velocity and vertical 
velocity fluctuations, and k the turbulent 
kinetic energy on the ventilation boundaries 
𝛤. The breathing capacity, as determined 
by the AER, of the different configurations 
studied is made dimensionless by the 
volume of the canyon cavity between the 
buildings, and a time scale based on the 
height of the downwind building. The non-
dimensionlizing volume parameter is 
therefore not a constant but changes as the 
separation distance between the buildings 
changes. 
 
 
 
 
 

Validation of the CFD Model 
The performance of the CFD model has 
been assessed in a previous study (Ayo et 
al., 2015) by comparing the simulation 
results of the model equations with 
experimental data from the wind tunnel 
experiment conducted by a working group 
of the Architectural Institute of Japan (AIJ) 
on the flow field around the model of a 
single high-rise building. The details are, 
however, highlighted here for ease of 
access to the information.  The AIJ 
experiment was one of the series aimed at 
formulating guidelines for the CFD 
prediction of the pedestrian wind 
environment around buildings (Tominaga 
et al., 2008). The geometry of the building 
model has scale ratio 4: 4: 1 (height: width: 
depth), with a depth, a = 0.05 m. The 
geometry of the building model is as shown 
in Fig. 6. 

 
Fig. 6: Building model with the approach wind speed profile (a) Side view; (b) Top view 

 
 
The wind tunnel used for the experiment 
has dimensions of the test section 1.65 m x 
1.6 m x 1.65 m (width x height x length). 
Measurements of x-, y- and z-components 
of mean and instantaneous velocities were 

conducted using split-fibre anemometer. 
The wind velocities were taken around the 
building model at 109 points along the 
vertical plane of symmetry of the model 
and at 115 points on a horizontal plane at a 
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height of 12.5 mm from the base floor. At 
the inflow boundary, along the vertical line 
on the plane of symmetry the wind velocity 
measurements were conducted at 12 points. 
Fig. 7 shows the locations of the axes along 
which the wind velocity measurements 
were made. The velocity measurements 

were then used to determine the three 
components of velocity fluctuations and the 
turbulent kinetic energy at the various 
points. However, no graphical details of 
flow features such as streamlines and 
velocity vectors around the model were 
plotted. 

 

 
Fig. 7: Locations of measurement of wind profiles (a) on the vertical plane along the 
centreline of the building; (b) on the horizontal plane at y=0.0125m ( 1

16
ℎ). Direction of flow 

is from left to right 
 
As for the main simulation, the 
computational domain for the CFD 
validation was also designed following 
recommendations of major CFD 
guidelines, with the inflow boundary, the 
lateral and top boundaries set 5h away from 
the building, while the outflow boundary 
was located 15h behind the building. At the 
inflow boundary of the computational 
domain, the profile of the wind determined 
in the wind tunnel experiment was 
replicated, while the data for turbulent 
kinetic energy and the rate of dissipation 
were represented with closely 
approximating functions. For the turbulent 
kinetic energy, 𝑘, at the inflow boundary, 
the profile data from the experiment was 
interpolated by a combination of closely 
approximating polynomial and exponential 
functions to obtain the function 𝑘(𝑦). 
Following recommendations from both the 
experiment and AIJ guidelines, the vertical 
profile for the dissipation rate of turbulent 

kinetic energy, 𝜀(𝑦),  was approximated by 
assuming local equilibrium between the 
production and dissipation rate of k, to 
yield an expression for the 𝜀 profile as 
follows (Tominaga et al., 2008; 2004): 
 

𝜀(𝑦) = 𝐶𝜇
1
2𝑘(𝑦) 𝑈𝑟𝑒𝑓

𝑦𝑟𝑒𝑓
𝛼 � 𝑦

𝑦𝑟𝑒𝑓
�

(𝛼−1)
     (11) 

 
where 𝑘 (𝑦) is the profile for 𝑘 as 
approximated by the combination of the 
polynomial and exponential functions. 
 
As for the main simulation also, the 
downstream boundary conditions were 
specified by zero normal gradients of all 
variables, while the lateral and upper 
surfaces were assigned the inviscid wall 
conditions. The boundary conditions for the 
ground surface was specified by the wall-
function based on the logarithmic law for 
rough surface with roughness length 
determined in the experiment as 𝑦0= 
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9.6x10-5 m, while the building surfaces 
were specified by the smooth wall 
condition. In a similar manner to the main 
simulation, the mathematical models and 
the boundary conditions were implemented 
by ANSYS Fluent 14.0 following the same 
algorithm. The profiles for the flow 
variables: velocity, turbulent kinetic energy 
and dissipation rate of turbulent kinetic 
energy at the inflow boundary were coded 
by user-defined functions (udf) in the 
solver. 
 
Results and Discussions 
Results of the CFD Validation 
The results of the validation of the CFD 
turbulence model are presented in Figs 8–

10. Fig. 8 compares the simulation results 
of the mean stream wise wind velocity 
component at four locations on a vertical 
plane along the centreline of the building 
with the wind tunnel experimental data, 
while Fig. 9 compares the same velocity 
component at similar locations on a 
horizontal plane at y = 0.0125m (near the 
ground surface), for half domain. Fig. 10 
shows the flow patterns around the building 
on the horizontal and vertical planes. While 
Fig. 10a depicts the ground-level vortex at 
the wind ward side of the building and the 
lee-eddy vertical recirculation behind the 
building, Fig. 10b shows the transverse 
ground-level double-eddy recirculation 
behind the building. 

 
 
Fig. 8 Profiles of wind tunnel data (dotted points) and simulation results (solid lines) of mean 
streamwise wind velocity component,𝑈�, on a vertical plane along building centreline 

 

 
Fig. 9 Profiles of wind tunnel data (dotted points) and simulation results (solid lines) of mean 
streamwise wind velocity component, 𝑈�, on a horizontal plane at y = 0.0125m ( 1

16
ℎ) 

 
It is observed from Fig. 8 that the 
simulation results for the mean streamwise 
wind velocity agree very well with the 
experimental data at the measuring points 
in front of and behind the building. The 

ground-level vortex at the wind ward side 
of the building and the lee-eddy vertical 
recirculations behind the building are also 
very well reproduced (Fig. 10a). However, 
it is noted from the figure that in the region 
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close to the building surface, the point of 
transition of the mean streamwise velocity 
from negative to positive values was 
calculated a little higher on the vertical 
axis. This may be due to the widely 
documented weakness of RANS models in 
slightly overestimation the size of the lee 
recirculation behind buildings, which 
causes the centre of the recirculation vortex 
to be shifted downwind and upwards.  
 
From Fig. 9 it is shown that on the 
horizontal plane at y = 0.0125 m the model 
also satisfactorily reproduced the mean 
streamwise velocity. The transverse 
ground-level double-eddy recirculation 
behind the building is also very well 
represented (Fig. 10b). The same 
overestimation problem is also observed by 

the transition point of the calculated mean 
velocities being a little bit larger on the 
horizontal axis than the experimental data. 
The moderate deviation may also be due to 
the size of the recirculation eddy being 
larger than in the experiment, probably for 
the same reason mentioned before. It is 
observed, however, that in the far regions 
both on the vertical and horizontal planes, 
probably outside the recirculation zones, 
results are predicted more closely. It is 
believed therefore that the current CFD 
model has performed quite satisfactorily in 
predicting the flow field around the high-
rise building model and as such is quite 
adequate for calculating the air ventilation 
performance of the two adjacent building 
configurations under investigation. 

  

 
Fig. 10 Recirculating eddies of the building model used for validation; (a) Recirculations on 
the vertical plane along the centreline of the building; (b) Transverse ground-level double-
eddy recirculations behind the building. Direction of flow is from left to right. 
 
It was also considered necessary to quantify 
the accuracy of the turbulence model and 
the numerical procedure adopted in 
studying the outdoor air ventilation around 
the adjacent buildings. Consequently, the 

experimental and calculated scalar wind 
velocities on the horizontal plane at y = 
0.0125 m near the ground surface were 
compared quantitatively. Fig. 11 shows the 
graphical result of the comparison. 

(a) (b) 
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Fig. 11 Comparison of experimental scalar wind velocity data on a horizontal plane at y = 
0.0125m with calculated results 
 
From Fig. 11 it would be noted that 
majority of the results at the stronger wind 
regions (wind velocity > 2 - 2.5 m/s) 
outside the recirculation zones (From Figs 
8 & 9, these generally corresponds to the 
region in the vertical direction defined by y 
> 0.2 m, and those regions in the transverse 
direction at z < –0.1 m and z > 0.1 m) 
predicted within 15% margin of error or 
85% accuracy, while at the weak wind 
regions within the recirculation zones 
where the wind velocity is less than 2 m/s 
majority of the results are predicted to an 
accuracy of near 80%. The 15% error 
margin is normally considered highly 
accurate for the region where the wind 
speed is accelerated (Janssen et al., 2013). 
 
The preceding analysis demonstrates that 
the current CFDk–ε turbulence model has 
performed quite well in predicting the flow 
field around the model of a single high-rise 
building. In engineering applications the 
15% margin of error calculated for the 
scalar wind velocity relative to the 
experimental data is considered adequate 
(Cheung and Liu, 2011). The errors 
incurred by the calculations could be due to 
the assumption of isotropic turbulence 
stresses in the near-wall region made in the 

formulation of model. Errors might have 
also arisen as a result of the exact 
conditions of the measurement procedures 
which cannot be completely replicated by 
the CFD calculations. Some errors might 
have also been introduced due to 
interpolation inaccuracies for the flow and 
turbulence parameters at the inflow 
boundary. Some of these errors can be 
eliminated or reduced for better results by 
paying greater attention to how the 
simulation conditions are handled. 
Considering the overall performance, it was 
believed that the model is robust enough 
for predicting the air ventilation 
performance around the layout of two 
adjacent buildings. 
 
Results of the Numerical Simulation 
The results of the air ventilation 
characteristics of the various configurations 
of the layout of the two adjacent buildings 
are as presented in Figs. 12 and 13. Fig. 12 
shows the variation of velocity ratio with 
the separation distance between the 
buildings, while Fig. 13 is the variation of 
dimensionless air exchange rate with the 
separation. The HR = 0 configuration 
indicated in the figures is for the reference 
case when there is no building adjacent to 
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the low-rise building at the downwind 
location. 
 
From Fig. 12 it would be observed that 
velocity ratio generally increases with 
height ratio from HR=1.0 to HR=2.5. 
However, there is a sharp jump of VR from 
HR=1.5 to HR=2.0. It would also be 
observed that velocity ratio increases with 
separation distance up to a certain 
maximum for each height ratio before 
falling off to lower values with further 
increase in separating distance. This 
indicates that more air motion is induced at 
the pedestrian level as the height of the 
downwind building increases. This is in 
contrast to such building arrangement in 
which the upwind building has a greater 
height. In this step-up configuration, this 
may be due to the increased windward 
surface area of the downwind building 
channelling greater quantity of air down to 
the pedestrian level from the stagnation 
zone on the surface. For each of the height 

ratios, there is a separation distance at 
which the velocity ratio is highest. For 
HR=1.0 and HR=1.5 configurations, this 
maximum occurs at 18 m separation 
distance, while for HR=2.0 to HR=3.0 the 
maximum values occur at separation 
distance Wv=24 m. From the figure, it 
would also be seen that the maximum 
velocity ratio does not necessarily occur at 
HR=0; rather it occurs at HR>1.5 for each 
of the separation distances. This implies 
that air motion greater than obtainable for 
an isolated low-rise building could be 
induced when the low-rise building is 
adjacent to a downwind building with 
greater heights. This result is consistent 
with those reported in previous studies (Xie 
et al., 2005; Wang and Huang, 2006; Wang 
et al., 2006) even though the current 
research took into consideration the lateral 
flow phenomena such as street canyon axial 
advections and air exchanges across street 
openings associated with actual flows. 

 

 

 
Fig. 13 shows that the dimensionless air 
exchange rate generally increases with 
height ratio but decreases with separation 
distance except for HR=1.0 and HR=1.5 
configurations. The first part of this result 
indicates that greater quantity of air from 
within the cavity between the buildings is 

exchanged with air from outside the cavity, 
which should result in better air quality. 
The result is consistent with that obtained 
for velocity ratio in Fig. 12. For HR=0 the 
exchange rate increases with separation 
distance, while for HR=1.5 it initially 
decreases with separation distance before 
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increasing mildly with the distance. From 
Fig. 13 it would be observed that the 
exchange rate for the reference case HR=0 
is the greatest for each of the separation 
distances. 
 
Based on the findings from the research, it 
is suggested that for the building layout and 
the configurations examined, at HR=1.0 a 
separation distance of 18 m could be 
adopted for air ventilation based on 
optimum air movement between the 
buildings at the pedestrian level. At HR=1.5 
separation distances between 18 m and 24 
could be used as the two distances offer the 
same ventilation performance.  The choice 
can now be determined by other factors 
such as parking space and space for 
landscaping. However, between HR=1.0 
and HR=1.5, Wv=18 m is to be maintained 
until very close to HR=1.5 when the choice 
between Wv=18 m and Wv=24 m can be 
made. At HR=2.0 a separation distance of 
24 m is suggested, but can as well be 18 m 
or 30 m as these distances have very close 
ventilation performance to the maximum 
offered by the 24 m separation distance. 
Between HR=2.0 and the midway between 
HR=1.5 and HR=2.0, the separation 
distance can be 18 m or 24 m, but a 
separation distance of 30 m offers much 
lower ventilation performance. At HR=2.5 
and between HR=2.0 and HR=2.5, a 
separation distance of 24 m is suggested 
though Wv=30 m may also be used for 
some other considerations. For the 
separation distances examined, between HR 
= 3.0 and the midway between HR=2.5 and 
HR=3.0, separation distances 24 m or 30 m 
may be used. It is be noted that where it 
was suggested that either of two separation 
distances may be used, it was implied that 
separation distances between the two 
choices are equally applicable. 
 
Conclusion 
The air ventilation characteristics of 
various step-up configurations of a layout 
of two adjacent buildings have been 
examined in this research work. Three-

dimensional simulation of the flow by 
which effects of lateral turbulent flow 
features could be captured, and which 
utilize representative building geometry 
and actual wind data was conducted. The 
critical parameters studied are the 
separation distance between the buildings 
and buildings height ratio, and the air 
ventilation performance criteria adopted are 
wind velocity ratio and air exchange rate. It 
was shown that velocity ratio and 
dimensionless air exchange rate generally 
increase with height ratio. This indicates 
that more air motion is induced at the 
pedestrian level as the height of the 
downwind building increases, and greater 
quantity of air from within the cavity 
between the buildings is exchanged with air 
from outside the cavity, which could result 
in better air quality. For each of the height 
ratios, there is a separation distance at 
which the velocity ratio is highest. For 
HR=1.0 and HR=1.5, this maximum occurs 
at 18 m separation distance, while for 
HR=2.0 to HR=3.0 the maximum values 
occur at separation distance Wv=24 m. The 
results of the research demonstrate that an 
appropriate step-up configuration of two 
adjacent buildings can be used to enhance 
air motion at the pedestrian level of the 
buildings to enhance thermal comfort in a 
low-wind, hot and humid urban 
environment. The findings of the study 
further demonstrate the importance of 
giving consideration to relevant climatic 
elements in formulating guidelines for 
building layouts in an urban area. The 
findings can be of great benefits to urban 
planners and professionals in the building 
industry, particularly in urban 
environments similar to the one examined. 
The results may also find application in the 
area of heat transfer where the strategy may 
be applied to enhance the performance of a 
device like the extended surface employing 
annular fins by increasing the heights of 
successive fins serially in the downstream 
direction. 
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