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Abstract: The study examines the wind environment at the pedestrian level between two building
arrays to determine the effect of the longitudinal separation distance (W) between the arrays of
buildings for different height ratios (HR) of the arrays, on the outdoor air flow and ventilation, and
provide a passive strategy of engendering higher wind motion and ventilation necessary for thermal
comfort and human health. The study predicts the mean wind field around the arrays of buildings
using the technique of numerical simulation. Results show that the ventilation performance strongly
depends on the separation distance through the frontal and corner-stream inflows. The corner-stream
flow was found to be able to account for about 50% of the total inflow. The optimum separation
distances obtained for building configurations with HR =1, HR = 1.5 and HR = 2, were respectively,
W=12 m, W=30 m, and W=36 m. The increase in velocity ratio for these configurations ranges
between 14% and 50%. The findings demonstrate that the separation distance between adjacent
building arrays can be used to substantially increase the air motion and ventilation around building
clusters and that corner-stream flow plays a very significant role in achieving the flow invigoration.

Keywords: air ventilation, air flow, building arrays, numerical simulation, separation distance

focus of several research studies. Zaki et al.? studied

The increasing urbanization in many developing and
developed cities and the attendant need for more
economic land utilization has caused buildings to be
erected in clusters and in many cases with high-rise
buildings located within the neighbourhood. This has
precipitated the issue of inadequate air flow and
ventilation in street canyons", and the associated adverse
effects on human health and thermal comfort both at the
outdoor and indoor environments, since the quality of the
air at the indoor space and the level of air motion are
directly linked to those at the outdoor space?®. Air motion
is one of the direct factors of human thermal comfort*>. It
affects the rate of heat transfer by both convection and
evaporation from the surface of human skin to the
surroundings. On the other hand, air ventilation results in
the exchange of heat and pollutant emissions arising from
domestic anthropogenic sources such as urban
environment vehicular and domestic activities with the
cleaner upper atmosphere, mainly by advection and
turbulence, to improve the air quality and enhance human
health and thermal comfort*Y.

Developing strategies aimed at improving air flow and
ventilation within and around buildings has been a major

cross-ventilation driven by wind in urban buildings using
cubical building blocks for the effect of the position of
window opening on the ventilation rate using numerical
simulation employing the re-normalization group
turbulence kinetic energy and the dissipation rate of the
turbulence kinetic energy (RNG £-¢) turbulence model of
the Reynolds-Averaged Navier—Stokes (RANS) model
and reported best performance for the window position at
the centre of the windward side and at the top of the
leeward facade. In an earlier related study, Zaki et al.”
used wind tunnel experiment to examine the effect of
urban air flow and dispersion on urban buildings wall
pressure drag for different packing densities and ground
surface roughness using different arrangements of arrays
of rectangular blocks and established a relation between
the bulk pressure coefficient and packing density as a
rough measure for estimating wind-induced ventilation in
urban buildings. Tan et al.¥ used numerical simulation
employing the RNG k- € turbulence model and a
Lagrangian model to examine the impact of air curtain
mounted on ceiling on air flow and distribution of
particles in a surgical zone and reported adverse effects of
the use of the air curtain.
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Methodologies for addressing urban air flow and
ventilation problems can be broadly classified into two
categories as passive and active. The more common,
however, is the active strategy which essentially utilizes
the mechanical air-conditioning system, mostly applicable
for the indoor environment. The system relies heavily on
the use of fossil deposits. But due to the increasing global
demand for energy to support various aspect of human
existence, the exhaustive nature and the hazardous impact
of fossil fuels, efforts have continued to be made to device
more efficient systems. Such research efforts include the
study by Byrne et al.” in which the authors designed a
solar system employing a phase change material storage
system for powering a vapour-compression refrigeration
air-conditioning system; the work by Kim et al.'®
optimizing the active indirect-type solar hot water systems
at three different national locations; and a more recent
study by Abirham et al.'” in which they developed an
ideal thermodynamic cycle for analyzing the performance
of the adiabatic expansion-type solar thermal pumping
system. These studies are, however, more suitable for
addressing problems associated with indoor thermal
comfort. Many studies dating back in time have therefore
been directed at analyzing air flow and ventilation
problems at the outside environment, particularly in street
canyons!'?- 19,

Air flow and ventilation in street canyons around
building arrays are strongly influenced by factors which
include building packing density'>'®,  building
arrangement'4'>, and direction of ambient wind'® = 19,
You et al.'> used computational fluid dynamics (CFD) to
simulate the correlation between various designs of
residential building arrays and ventilation efficiency for
different directions of wind flow and reported that wind
direction was the most significant factor enhancing the
wind environment around the building array, irrespective
of the building arrangement design as determined by the
geometric factors. Chen et al.'¥ performed both CFD
simulations and wind tunnel experiment to examine how
the packing density of buildings affects the air flow and
breathability of a city evaluated in terms of exchange
velocity and velocity within the canopy for models of
urban building arrays and reported that the normalized
velocity within the canopy decreases significantly as the
building packing density increases, unlike the normalized
exchange velocity which changes only slightly. Buccolieri
etal.'® in their study to examine how the direction of wind
flow affects the breathability of dense building arrays of
different packing densities, reported that low wind angles
result in minimal vertical and mean transversal pollutant
transfers, with pollutant removal being due to longitudinal
fluxes, while larger wind angles yield better ventilation
arising from the increased vertical exchange and
transversal fluxes. Yang et al.'"¥ examined, by numerical
analysis, the impact of cross-ventilation across the
upstream windows of a building on the flow field and
pollutant distribution in street canyons and reported a

decrease in pollutant concentration for window-opening-
percentage ranging up to 10%, as a result of the in-canyon
primary vortex being destroyed. However, the study was
for isolated street canyon of uniform building heights.

Apart from the thermal comfort and health benefit of
enhanced flow and ventilation for people outdoors, the
need for the indoor occupants has also been highlighted®?.
The studies have therefore not been limited to only the
outdoor environment but the influence on the indoor
environment has also been examined. Mohammed et al.>)
performed wind tunnel experiment using cubical block
arrays to study the impact of outdoor urban canopy flow
on indoor air flow for different positions of the array
openings and reported that the indoor and outdoor
airflows are correlated. They further reported that the
inflow is due primarily to the turbulence induced by the
surrounding buildings at the outdoor and that the positions
of the array openings significantly affect the indoor space
mean wind speed. It is, thus, evident that there has been
active interest in the study of air flow and ventilation in
the urban environment to address the adverse impact of
urbanization on the thermal comfort parameters.
Wulandari et al.?" used computer simulation to examine
how layout arrangement could be used to improve the
cooling of an Information technology (IT) rack of a data
centre room and reported that there was improvement in
the cooling when the rack was arranged in accordance
with the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE)
recommendations. Yinn et al.?? also demonstrated the
importance of enhanced air motion for an indoor
environment in their study in which they examined the
influence of turning motion of medical personnel on the
air flow distribution in a surgical room.

From the foregoing, it would be observed that in most
of the previous studies, particularly those on the outdoor
environment, attention has mostly been focused on
determining and comparing values of air flow and
ventilation  parameters  for  different  climatic
characteristics and building configurations. No significant
attempt has been made to examine the mechanism of flow
of some of the features and taking advantage of it in
deploying it to enhance air ventilation. In the present work,
it is thought that if proper understanding of the mechanism
of flow around building arrays in adjacent locations is
taken advantage of, especially as it concerns corner-
stream flow?), it becomes much easier for interactive
adjacent building clusters to be laid out in such a way that
enhances air flow and breathability. The main focus of this
study is, thus, to examine the mechanism of air flow and
ventilation around arrays of buildings in adjacent
locations, in which one of the arrays has a significant
adverse influence on the air flow and ventilation around
the other array. The objective is to utilize the knowledge
of the mechanism of flow to determine the influence of the
separation distance of the building arrays on the air flow
and ventilation at the pedestrian level of the streets, for
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various ratios of heights between buildings and identify
the configurations that would ensure optimum values of
relevant ventilation parameters necessary for human
thermal comfort. The outcome is expected to be of benefit
to developers in the building industry and government
urban renewal agencies in the proper layout of buildings
in complex clusters and partly address natural airflow and
ventilation problems that are often associated with high-
rise buildings erected at the upstream location, within the
neighbourhood of buildings of lower height, especially in
low-wind and humid climates.

2. Methodology of the research

2.1 Physical modelling and configuration of the
building layout

The study is set in a sub-urban neighbourhood of Kuala
Lumpur, Malaysia. Malaysia has generally been identified
as a low-wind, hot and humid country, with available data
describing the mean wind speed as below the level
recommended for thermal comfort, unsuitable for driving
natural ventilation at the indoor space?. For example,
Hanipa et al.?> put the mean wind speed around the capital
city of Kuala Lumpur to range from 1.63 m/s to 1.7 m/s;
Wen et al.?® stated the mean velocity in Malaysia to be
between 2 m/s and 3 m/s; and Ayo et al.?” reported the
mean wind speed around Kuala Lumpur as 1.52 m/s.
Observed that these wind speeds are normally measured
around open terrains far from the built-up areas and at 10
m meteorological height above the ground level*® which
would be much lower at the pedestrian-level height of
between 1.5 m and 2 m, the mean wind speed in Malaysia,
particularly around the Capital City of Kuala Lumpur, is
below that necessary for thermal comfort at the indoor
space suggested to range between 0.1 m/s and 1.5 m/s?®.
Given the draw-backs of mechanical air-conditioning
system application earlier outlined, it is necessary to
explore the passive strategy of using appropriate layout of
buildings to improve air flow and ventilation around
clusters of buildings around many of the cities, including
the Capital City.

By By-Law 42 of the Malaysia Uniform By-Laws
(UBBL) 1984, which stipulated the minimum area for a
habitable room to be 6.5 — 11 m?, with a minimum width
of 2 m for a residential building?® and taking into
consideration the interference effect which increases with
the lateral dimension of a building, a building plan with
depth 10 and width 40 m was adopted for the study. In the
study by Yim et al., it was shown that a single column of
high-rise upwind buildings creates an interference effect
to a three column lower-rise buildings at the downwind
location. Also, by Malaysia Planning Guideline (GP022)3,
low-rise building classification is designated for a
building of a maximum of four storeys, which the authors
of the present research have observed to be quite prevalent
in most cities of the Country, including Subang and Johor.
In this study therefore, the meteorological conditions of

the Capital City and a cluster of four-storey buildings
subjected to the interference effects of a taller building
array at the upwind location are referenced. The study,
thus, employs actual meteorological data collected from
the nearby Subang Meteorological Station which were
processed into their mean values and the associated
turbulence quantities and utilized as input. A 1 x 3 array
of buildings at the upwind location and a 3 x 3 array
downwind, all in in-line arrangement, were used to
represent the adjacent building arrays. Each of the
downwind buildings has the building envelop dimensions
as 40 m width (#), 12 m height (H), and 10 m depth (D).
The upwind buildings have similar dimensions of the
width and depth, but the heights vary from 12 m to 30 m
by 6 m step. As mentioned previously, the room units are
dimensioned following the Bye-Law 42 of Malaysia.

The impact of the separation distance on the air flow
and ventilation around the downwind building array is
examined by considering thirty configurations of the
arrays produced by increasing the separation distance ()
between the 1 x 3 frontal array and the downwind 3 x 3
array, in the longitudinal direction from 12 m, which is the
height (H) of the downwind building array, to 36 m = 3H,
by 6 m = "2H. The upwind building height is varied from
12 m to 36 m also by the same step increase of 6 m. The
longitudinal separation distance (W,) of the 3 x 3 array
was fixed at 18 m based on a survey by the present authors
which revealed the prevalence of the value of the
separation distance around arrays of low-rise buildings
around the reference study area. The lateral passage
between the buildings has a constant width w = 6 m,
following Guidelines (GP022) of Malaysia. The
geometries and layouts of the two arrays of buildings are
as depicted in Figs. 1 and 2, respectively.

2.2 The study approach and numerical simulation

In this study, the flow around the building arrays is
assumed to be turbulent. A numerical solution procedure
which utilizes the computational fluid dynamics (CFD)
technique is, thus, employed in solving the governing
conservation equations for the flow fields. The technique
uses the Realizable turbulence kinetic energy (RKE)
turbulence model*" to predict the fields of flow around the
full-scale size of the building arrays. The model has been
used extensively in previous research studies to examine
boundary layer flows and wind flow around buildings and
reported to perform quite well**¥), The model has also
been observed to outperform other RANs models like
Standard turbulence kinetic energy (SKE) and Re-
Normalized Group turbulence kinetic energy (RNG KE)
for flow situation that includes separated flows as
characterise the recirculation flows that are expected to
prominently feature in the present study case. In
comparison, Large Eddy Simulation (LES), because it
explicitly calculates many scales of turbulence and models
small portions of Reynolds stress and scalar fluxes that are
much smaller than those in RANS models, entails higher
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simulation complexity and, thus, demands large
computational resource®. As a result, there appears to be
a preference for Realizable turbulence kinetic energy
model when simulation turbulent flow problems,
particularly, atmospheric boundary layer flows and flows
around buildings32-3?.

Wind
flow

Fig. 1: Layout of the adjacent building arrays

(@) Not to scale

W

»>| |e—>] o |« 10 m
10 m W.=18 m

B Not to scale
(b)
40 m

w=6m

[] IRIRIL

Fig. 2: Geometries and layout of the arrays, (a) Side
view, (b) Top view

In an urban boundary layer, the flow can be modelled
by the conservation laws of fluid flow. Following
Hoydysh®), the regime of flow is turbulent if the
Reynold’s number Rey = 3400, where Rey(= UH/9)
indicates that the Reynold’s number is based on the
building height H; U being the wind speed at H and ¥ the
kinematic viscosity of the air. In the present study, Rey
was evaluated as Rey = 690000, using the height of the
downwind low-rise building cluster as reference. This
confirms the turbulent flow regime assumption made
earlier.

The computational domain for the flow field calculation
was designed following the recommendations of past
studies and major guidelines’®3”. The conditions at the
boundaries for the velocity vector V, the turbulence
kinetic energy k, and the rate of dissipation of the kinetic
energy &, the gradients of the variables and that of
pressure were specified appropriately. At the inflow

boundary, the vertical profile of velocity was based on the
ten-year (2003 — 2012) wind data obtained from Subang
Meteorological Station. The mean wind speed of 1.52 m/s
at the meteorological height of 10 m was adjusted
appropriately for the urban location of the study area to
yield 0.92 m/s as the applicable mean wind speed at the
study site. The profiles at the inflow for the horizontal
velocity U, the k and ¢ were specified in accordance with
the guidelines of the European Cooperative in the Field of
Scientific and Technical Research (COST) employing the
relations suggested by Richards and Hoxey*®. Conditions
at the two lateral and top boundaries were prescribed by
the inviscid wall boundary condition. At the outflow
boundary, the variables were specified by the exit
boundary conditions. The boundary condition assumes
that at the exit the flow has become fully developed, as
such the gradients of all flow parameters are zero. At the
solid boundaries of the building walls surfaces, conditions
were specified by wall-functions following Tominaga et
al.3? to prescribe the U, k and ¢ conditions at the cells
adjacent to the walls as follows:

Up 1 uyp

?—;ln(T)-i—B (la)
u*2

ky = 7= (1b)
*3

&= (10)

where U,, kj,, €, are the tangential component of the
horizontal wind velocity U, the k and ¢, respectively, at
point P which is the mid-point of the wall-adjacent cells,
and y, is the distance from point P to the wall. u* =
Cl} / 4k;/ %_ B is a universal constant, C, is a Standard k-¢
model constant and £ is the von Karman constant. B, C,,
and k have values as follows: B~ 5-5.5, ¢, = 0.09, and k
~0.4-0.42. The constants are as prescribed in the relations
suggested by Richards and Hoxey® for computing the
values of U, k and ¢ at the wall-adjacent cells.

The mean velocity condition for the rough ground surface
at the wall-adjacent cells was specified by the wall-
function expressed as*?,

L (“—y’;) +543  (2)

u K VvCsKg

where K is the dimensionless surface roughness height,
Ks is the dimensional roughness height, and Cs is
surface roughness constant and has value in the interval 0,
1.

The computational domain was discretized using the
unstructured tetrahedral mesh elements. Compared to
hexahedral mesh, tetrahedral mesh has been observed to
be more closely adaptive to a flow domain having a
complicated boundary*” such as characterizes the
irregular ground surface in the present research, and

-405-



Numerical Simulation of the Interference Effects to Outdoor Air Flow and Ventilation around Adjacent Building Arrays

adequately capture the details of the flow situation in the
regions close to the surface. Finer mesh elements were
concentrated around the ground and building surfaces, and
building corners. At the regions far from the solid surfaces,
larger mesh elements were used, having gradually
increased from their fine sizes at the solid surfaces by
expansion ratios not more than 1.2. The elements have
aspect ratios ranging between 0.5 and 20>?. The roughness
parameter Yy, for a sub-urban residential area is 0.5 mP.
However, due to the need to locate the pedestrian-level
evaluation height at the third or higher grid from the
ground surface*'® a smaller value, y, = 0.02 m, was
selected.

Grid sensitivity test was performed to ensure the
simulation results were had become independent of the
number of meshes. The test was conducted for each of the
configurations simulated by initially employing a default
no of meshes and then continually refining the meshes and
comparing results of the current simulation to that of the
preceding one, until the difference in results of the average
wind velocities at the pedestrian level height for the last
two consecutive grids is less than 5%, following
Buccolieri et al.!?. The meshing with the lower number of
grids was then chosen for the simulation. The number of
the grids eventually used in the simulations ranged from
2.5 million for the configuration with the smallest domain
size, with HR = 1, W =12 m, to 5.5 million for the one
with the largest domain size, with HR = 3.0, W =36 m.

The model equations were then computed using the
pressure-based solver. The algorithm based on the Semi-
Implicit Method for Pressure-Linked Equations
(SIMPLE) was adopted for solving the pressure-velocity
coupled equations. Compared to other algorithms such as
the revised form of SIMPLE, called the Semi-Implicit
Method  for  Pressure-Linked  Equations-Revised
(SIMPLER) which tends to have better performance in
many flow cases owing largely to the lower number of
under-relaxation factors required, on per iteration basis
the SIMPLE algorithm is known to be cheaper. As a result,
for turbulent flows, as is the case in the present study,
when optimal combination of under-relaxation factors is
utilized, the SIMPLE algorithm has been found to perform
better*?. The algorithm has been used extensively in
previous studies?’#).

The inflow boundary conditions were implemented in
the solver by coding the profiles for the mean wind speed,
k and ¢ in user-defined functions (udf). To implement the
lateral and top boundary conditions of the computational
domain, the zero shear conditions at the surface were
specified in the solver, while the outflow boundary
condition were specified to implement conditions at the
exit boundary. For the wall-adjacent cells of the surface of
the ground, the mean velocity was calculated by
implementing equation (2). The values for £ and ¢ at the
cells are specified by implementing equation (1). To
achieve this, the ground terrain roughness height was
specified as y, = 0.02 m, corresponding to a grass land

terrain having grass cover in the range between short and
long grass*?, while the roughness constant, Cg = 1.0. For
the building surfaces, the wall-functions for a smooth
surface as expressed by equations (1) are implemented,
with the roughness height specified as zero in the solver.

The iteration process of the computation was controlled
for convergence by specifying a scaled residual of 1x107°
that was uniform for all the variables. The computation of
governing model equations was carried out at the Centre
for Information and Communication Technology (CICT)
Unit of Universiti Teknologi Malaysia (UTM), Malaysia
using the Centre’s high-performance computer (HPC)
system.

The simulation yields the mean velocity flow field,
consisting of the x-, y-, and z-mean velocity components.
Together, they form the data for evaluating the air flow
and ventilation performance characteristics of the
different configurations. There was a total of 30
configurations, ranging from the smallest with W=12 m,
HR=1 to the largest with W=36 m, HR=3. Several runs of
the simulations that were at least two and a half times the
number of configurations were carried out, both trial and
final runs. The run-time for the smallest configuration
with about 2.5 million cells was between 45 minutes and
1 hour. The larger configurations took between 3 and 5
hours.

2.3 Air ventilation performance indicators

The magnitude of air flow around the building arrays
was assessed by a criterion called air velocity ratio (VR),
while the level of air ventilation of the arrays was
measured in terms of air flow rate (4FR). The air velocity
ratio is a dimensionless quantity defined as the ratio of the
mean wind speed at the pedestrian level, usually at a
height 2 m above the ground level, to the wind speed at
the boundary layer height*>). The air flow rate is a measure
of the ability of the building array at the downwind
location to exchange the domain air with that of the
surrounding environment'?. The air flow rate is non-
dimensionalised with the air flow rate at an upwind
location at which the presence of the buildings does not
have an effect, and can be expressed as

AFR = L = _Jy Vrida

dref fA Uref.ﬁdA

3)

where ¢ and g, are the rates of air flow through the
openings of the objective domain and that across an
equivalent area at a reference location far upwind,
respectively; V and 7 are the velocity vector and the
unit vector orienting the openings, respectively; and 4 is
the area of the opening. l7re s 1s the velocity vector in the
streamwise direction, at a location far upwind of the array
of buildings, through an opening with area equivalent to
that of the frontal opening. Equation 3 was used to
calculate the rate of air flow across the external openings
of the array of buildings.

In determining the AFR for a target region, mass flow
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balance was applied across the external openings of the
volume in order to estimate the total amount of air flow
rate across all boundaries of the control volume. For the
adjacent building arrays configurations employed in this
study, the measurement planes used to determine the VR
are shown in Fig.3, while the domain of the downstream
array of buildings used as the control volume to determine
AFR, and the openings of the domain are as shown in Fig.
4.

evaluation

VR
/ lanes
£ K
/ 7 757

A4 -

Fig. 3: Planes for evaluation of V'R for the building arrays

Control  volume

for air exchange

4 3{4

e e | A

M\ /1 A
4/y
YV W ,‘L.X

zZ

Fig. 4: Geometries for evaluating AFR
for the objective building array

Is

2.4 Validation of the turbulence model

The validation was conducted to ascertain the capability
of the model to predict satisfactorily the field of flow
around the arrays of buildings. The validation compares
the RKE turbulence model prediction of the flow of air
around scaled models of city blocks with data from wind
tunnel experiment performed on the city blocks at the
(Japanese) National Institute for Environmental Studies
These data have been used extensively for similar
validation purposes in previous studies*”. The layout of
the model city blocks and the measurement geometries are
shown in Fig. 5*9, with Fig.5(a) being the side view, while
Fig.5(b) is the plan.

The computational domain for the validation process
was designed following similar procedure as was to be
employed for the actual array of buildings under study, the
details of which are shown in section 2.2. The boundary
conditions for the computational domain were specified
from the data obtained from the experiment. The data for

46)

the inflow profile which were provided in graphical form
were carefully extracted and fitted with appropriate curves
to yield the mean wind speed profile at the inflow
boundary. The wvelocity variances and the inflow
turbulence kinetic energy were determined using the
roughness length, the roughness Reynolds number, the
friction velocity and the scaled velocity variances
provided from the experiment. The profile of the
dissipation rate of turbulence kinetic energy of the
approach flow was calculated using the expression by
Richards and Hoxey>®. Other boundary conditions, such
as the wall-function for U, k, and ¢ at the wall-adjacent
cells of the solid building boundary surface and floor of
wind tunnel were implemented as done for the actual
building arrays, the details of which are shown in section
2.2. The results of the validation of the CFD turbulence
model are presented in section 3.

(@ Measuring

Wind points

flow

—

H=100

H

(b) Measuring
section

R

Wind
flow

11
50
IIOO

f—>] ke 100
100

Fig. 5: Experimental models setting and the
points of measurement (in mm)

3. Results

3.1 The CFD simulation validation results

In order to validate the CFD model, it was first ensured
that the input profile of the approach flow wind velocity
at the inflow boundary is appropriately specified for the
simulation. This was done by comparing the actual profile
of the wind tunnel experimental data with the approximate
function of the data profile employed for the validation of
the CFD simulation. The result of the comparison is
shown in Fig. 6. The result demonstrates that the
approximating function follows closely the profile of the
data of the measured wind speed, giving the authors the
confidence that values of the experimental data were
correctly specified. The result of the CFD validation is
shown in Fig. 7.
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0.80 - CFD
0.60 - ¢ Measurement
§ 0.40 -
0.20 -
0.00 T . )

00 04 08 12 1.6
U [m/s]

Fig. 6: Comparison of profile of measured
vertical wind velocity of approach flow with that
of the CFD approximation

8.0 1 CFD
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y/H
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Fig. 7: Comparison of profile of measured
normalized streamwise velocity with the calculated
profile at centre of target street

The figure compares the profile of the measured
streamwise velocities at the centre of the target street with
the profile of the calculated velocities at corresponding
points of the street location in the simulation. The profile
of the velocity in the streamwise direction U was
normalized with the free stream velocity U700 at a height
700 mm from the ground floor. It is shown in the figure
that at the street centre, the pattern of the results of the
simulation is similar to that of the experimental data. It
could also be seen from the figure that the simulation
result closely follows that of the experimental data,

particularly in the region y/H > 1.0, the higher wind region.

It is further indicated in Fig. 6 that the turbulence model
is able to reproduce the the re-circulation vortex located
within the street canyon as present in the experiment.
However, in the weak wind region, particularly for y/H <
1.0, the mean wind speed was calculated a little lower than
the experimentally measured values. The centre of the
recirculation vortex is also slightly calculated lower than
that produced in the wind tunnel experiment. These results

are consistent with those of Yoshie et al.*® and Yim et al.".

The visual agreements observed from the measured and
calculated normalized streamwise velocities in Fig. 7 are
quantified to further establish the strength of the
turbulence model in predicting the field of flow around the
arrays of buildings following the procedure by Ayo et

al.2? and Jenssen et al.® and presented as shown in Fig.
8.

On the graph in Fig. 8, the experimental values of the
scalar normalized streamwise velocities at each of the
measurement points and their corresponding calculated
values are plotted with equal scales on the horizontal and
vertical axes, with the data series formatted using a marker
shape. A second plot of a line representing zero deviation
or 100% agreement (indicated 0% on the graph) between
the measured and calculated values is plotted, which
would appear as a diagonal of the graph. Two other lines,
one on each side of the diagonal, which would capture the
majority of the actual data series of the measured and
calculated velocity values are plotted and the degree of
deviation of the lines on both sides of the diagonal, which
represent the accuracy of the calculated velocity values,
are determined. Two sets of such lines, indicated as +10%
and £15%, are plotted in Fig. 8.

x  Measurement/CFD /-

0.8 -

0.6 -

0.2

0 02 04 06 08 1
Calculated scalar velocity U/U700

Experimental scalar velocity U/U700

Fig. 8: Quantification of the accuracy of the
calculated profile of normalized streamwise
velocities at centre of target street

From Fig. 8, it would be seen that the majority of the
calculated data series of the numerical simulation lie
within the 15% deviation from the measured data series,
particularly at higher altitudes at which the wind velocities
are higher. At the lower wind regions close to the ground
floor, the wind velocities are predicted a little bit lower,
with very few outliers observed. Following Cheung and
Liu*), the 15% error margin obtained from this analysis is
considered acceptable in engineering tolerance.

When compared to the results of previous validation*”
conducted for when the condition of the atmosphere is
unstable, the results obtained in the present study shows a
better performance of the numerical simulation. This may
be attributed to the configuration adopted for the present
validation which was 3-D, a more realistic configuration,
compared to the assumed 2-D configuration employed in
these previous studies. It may also be due to the isolated
street canyon configuration employed in the studies
instead of a street canyon within an array of buildings.
Besides, the closely approximating inflow horizontal
approach flow velocity profile employed at the inlet
boundary of the computational domain instead of the
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uniform vertical profile prescribed in the previous studies
might have also accounted for the better performance
achieved in the present study. Considering the overall
satisfactory performance of the turbulence model, it was
believed that the model is sufficiently robust in predicting
a realistic wind field around the adjacent building arrays
under investigation. The investigation of the different
configurations of the arrays of buildings for the air
ventilation performance was, thus, proceeded with to be
carried out by the turbulence model.

3.2 Air ventilation performance results of the
adjacent building arrays

Results of performance of the adjacent arrays of
buildings for the air ventilation characteristics measured
in terms of VR and AFR are presented., The results are
given for the different sections of the streets. For reference
purpose, the street sections are designated as shown in Fig.
9. Due to symmetry of flow around the arrays of buildings,
the half-domain configuration of the building arrays was
employed. The lateral street separating the frontal
building array from the one at the rear is termed
“Separation Street or SS”. The section of the street
towards the middle of the arrays is designated “Separation
Street Middle or SSM”, while that towards the side is
“Separation Street Edge or SSE”. Each of the lateral
streets of the rear building array is designated ‘“Main
Street or MS”, with the one at the upwind location termed
“Main Street 1 or MS1”, while that downwind is “Main
Street 2 or MS2”. The main streets (MS1 and MS2) are
each segmented into “Main Street 1 Middle or MS1M”
and “Main Street 1 Edge or MS1E” for MS1 and “Main
Street 2 Middle or MS2M” and “Main Street 2 Edge or
MS2E” for MS2 to indicate, respectively, those street
sections towards the middle of the building arrays and
those towards the edge. The narrow street that runs along
the longitudinal axis (streamwise direction) of the
building arrays is termed “Secondary Street”.

Objective
N domain
= m
?
Z -
w ©n
] %]
°
e
a SECONDARY STREET
=7 B
Wind flow jﬁ @
LINE OF SYMMETRY

Fig. 9: Streets designations for half-domain of the
building arrays in top view

Figs. 10(a) — (f) show the velocity ratio profiles for all
the street sections: SSE (Fig.10(a)), SSM (Fig.10(b)),
MSIE (Fig.10(c)), MS1M (Fig.10(d)), MS2E (Fig.10(e)),

and MS2M (Fig.10(f)) of the downwind building array at
the pedestrian level height, while Fig.11 shows the
characteristics of the air flow rate around the array, as the
AFR is dependent on the separation distance between the
building arrays, for various height ratios. From Figs. 10(a)
— (), it would be seen that the velocity ratios vary with
height ratios as well as the separation distances except for
HR = 0, the case of the low-height building standing in
isolation, without any other building array present at the
upwind location.

From the figures, it could be observed that the presence
of the upwind buildings represented by HR = 1.0 to HR =
3.0 causes a reduction in the air velocity ratio in the streets
of the downwind building array, in comparison to the case
when there is no building upstream. At MSIE, the
reduction may be as much as from VR = 0.2054 to VR =
0.0389, representing about 81%, at MS2E from VR =
0.1635 to VR =0.0509, representing about 69%, at MSIM
from VR=10.1602 to V'R =0.0629, representing about 61%,
and at MS2M from VR = 0.1036 to VR = 0.0626,
representing about 40%. A careful inspection of Fig.10(c)
to Fig.10(f) would indicate an interplay of flow entering
the building arrays through the frontal openings, and the
corner-stream’>" inflow through the lateral openings. It
would mean that at small height ratios the quantity of flow
of the incoming approach flow to the windward building
face which is deflected as corner-stream and the length of
throw of the stream at the leeward side is small, and at
higher height ratio, the quantity of the flow and the length
of throw is greater.

At low height ratios and small separation distances, e.g.,
1.0<HR<2.0, 12 m £ W <24 m observed in Figs. 10(c)
and (e) therefore, the tendency is for the street flow at
MSIE (Fig. 10(c)) to be equally minimally influenced by
the frontal and corner-stream inflows, producing a VR of
between 0.08 and 0.1275, but at MS2E (Fig. 10(e)) the
flow appears to be influenced more by the corner-stream
as more of the flow is intercepted into the street and the
reach of the frontal inflow is reduced. The higher quantity
of corner stream inflow may therefore account for the
higher V'R of between 0.1354 and 0.2325 observed in Fig.
10(e). As the separation distance increases, i.e., W> 24 m,
there is a decrease in the influence of the frontal inflow,
while that of the corner-streams increases both at MS1E
and MS2E, yielding V'R of between 0.0903 and 0.1948 at
MSIE and between 0.1189 and 0.2642 at MS2E. These
values represent an increase of between 34% and 50% at
MSI1E and between 14% and 44% at MS2E. It would, thus,
mean that the corner-stream has profound influence on the
total inflow for this range of height ratio and separation
distance, and that the relative influence of the frontal and
the corner-stream inflows also depends on the dimension
of the frontal opening, which in the current study is much
smaller than that of lateral opening.
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Fig. 10: VR profiles at various sections of the streets: (a)
SSE, (b) SSM, (c) MSIE, (d) MS1M, (¢) MS2E, (f) MS2M

As the height ratio increases, i.e., HR > 2, the reach of
the frontal inflow and the length of throw of the corner-
stream increase. For small separation distances therefore,
the frontal inflow reaches fully into MS2E, but the corner-
stream overshoots the side openings both at MS1E and
MS2E. This yields VR of between 0.0608 and 0.2468 at
MSIE, Fig.10(c), and between 0.0491 and 0.0924 at
MS2E, Fig.10(e). When the separation distance increases,
the fringes of the corner-stream inflow are just reaching
MSI1E, while the reach and impact of the frontal inflow at
the street decreases. At MS2E, the frontal inflow is almost
completely withdrawn but the corner-stream inflow is
now being intercepted substantially into the street. For this
range of HR and W, the VR is between 0.0389 and 0.0705
at MS1E and between 0.0509 and 0.1312 at MS2E. It
would, therefore, mean that for buildings HR>2.0, VR
around the downwind building array decreases with
separation distance.

At the mid-street sections (Figs. 10(d) and (f)), the VR
values are generally low at between 0.0478 and 0.1144 at
MS1M, Fig.10(d), and between 0.0480 and 0.1063 at
MS2M, Fig.10(f) for all HR and W, as the frontal inflows
appear to be drawn more towards the sides and the corner-

stream inflows do not extend to the streets. This may be
due to size of the frontal opening which is small compared
to that of the side openings.

HR
—0
—a— 1.0
—4a— 1.5
—x—2.0
—x—2.5
—o—3.0

Air flow rate, g*

0+ T T T T T )
12 18 24 30 36 42 48

Separation distance (m)

Fig. 11: Air flow rate characteristics for the objective domain

From Fig.11, it would be observed that around the
downwind building array, the air flow rate AFR generally
tends to decrease as the separation distance between the
arrays increases, except for configurations HR =1, 1.5 and
2 for which AFR begins to increase as from #>30 m. The
AFR decreases from a maximum in the range 1.1024 <
AFR < 1.4704 to some minimum values in the range
0.3674 < AFR <£0.4341. This general trend is
consistent with results indicated in Buccolieri et al.!?, and
could indicate that less air flowrate at higher wind speed,
indicated by the increasing velocity ratio for some
configurations of the adjacent building arrays, may
actually be occurring inside the street. However, the air
flow rate does not appear to have a well-defined pattern of
variation with height ratio. This may be due to the
opposing influence the frontal and the corner-stream
inflows have on the flow and ventilation around the
downwind buildings.

Fig. 12 shows the characteristics of the air flow rate
through the front (Fig.12(a)), rear Fig.12(b), sides
(Fig.12(c), and top (Fig.12(d) openings of the objective
domain. The figures are used to examine the level of
contribution of each of the openings to the total air
exchanges of the domain. It would be observed from the
figure that compared to HR > 0 configuration, the
reference configuration HR = 0 has the highest inflow
through the frontal opening, except for configuration HR
= 1.5, W < 18 m. Similarly, the outflow through the top
opening is highest for the reference configuration. The air
flow rate into the domain is least through the rear opening.
No significant back flow is observed through any of the
openings.

For HR > 0, it is indicated that the rate of air flow into
the neighbourhood array through the frontal opening
decreases as the separation distance increases, for all
height ratios. However, the air flow rate increases as the
height ratio increases. It may also be observed that the
proportion of flow entering into the array is highest
through the frontal opening (Fig.12(a)), while that through
the rear opening is least, and which is through reverse flow
for HR > 1 configuration (Fig.12(b)). For HR = 1
configuration, the outflow from the domain is through the
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rear opening. The top opening serves as outflow for all the
configurations, and for most of the configurations, has the
highest rate of outflow (Fig.12(d)). The side openings
admit about 50% of the total inflow into the array,
particularly for HR < 1.5. However, for configuration HR
> 2, the side opening also serves as the exit channel. For
some configurations, the openings serve as the major exit
channel, with the top openings providing only a fraction
of the outflow, e.g., for HR=2.5and HR=3 at W=12m,
the side opening serves as the major exit channel, while
the top opening provides only a fraction of the outflow
(Figs. 12(c) and (d). It would also be observed from the
figures that for all the configurations, the net inflow
through the top opening is zero.
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Fig. 12: Contributions of each boundary opening to
overall air flow rate of the objective domain. (a) Front, (b)
Rear, (¢) Sides, (d) Top

To further investigate into the mechanism of flow that
may be responsible for the characteristics of flow just
observed, some typical flow patterns around the arrays of
buildings were carefully examined. Fig. 13 shows such
typical flow patterns at the pedestrian height for the half-
domain of some configurations of the adjacent building
arrays: HR =0 (Fig.13(a)), HR=1, W=12 m (Fig.13(b)), HR
=1, W=36m (Fig.13(c)), HR = 2, W= 12 m (Fig.13(d)), HR =
2, W=36 m (Fig.13(e)), HR = 3, W= 12 m (Fig.13(f)), and HR
=3, W =36 m (Fig.13(g)). From the figure, it would be
observed that there is a high-speed flow (indicated by the
horizontal arrow in red colouration in Fig. 13(b)) that
enters through the frontal opening into the domain of the
adjacent buildings. It may also be seen that at W =12 m,
the high-speed inflow extends even into the objective
domain. The extension of the frontal inflow increases with
increase in height ratio. It can also be observed that at HR

=1, W= 12 m, the frontal inflow barely extends to MS1
(Fig.13(b)); at HR = 2, W = 12 m, it is fully into MS1
(Fig.13(d)), and at HR = 3, W = 12 m, the inflow reaches
into MS2 (Fig.13(f)).

It may also be observed that the inflow tends to spread
into the lateral streets to invigorate the flow in the streets,
with SS being more affected at HR = 1 (Fig.13(b)),
followed by MS1 that is only moderately affected at HR =
2 (Fig.13(d)), and then the same MSI1 being more
intensively affected at HR = 3 (Fig.13(f)). This could be
as a result of the higher quantity of the approach flow that
impinges on the windward face of the frontal rows of
buildings as the height ratio increases. This gives rise to
more flows being deflected down the face of the buildings
and channeled through the frontal opening with increase
in HR, extending further and further into the objective
domain with the increase in HR.

It may also be observed from Fig.13 that with increase
in the separation distance, there is a decrease in the reach
of the frontal inflow, such that at /= 36 m the extension
is almost limited to the SS, with the intensity of flow in
the street increasing from when HR = 1 to HR = 3. This
can be explained from the perspective that even though
greater quantity of flow impinges on the faces of the
frontal building as the height ratio increases, the increase
in the separation distance has created room for expansion
of the high-speed frontal inflow into SS, which is the
easier path to take compared to having to force itself
through the narrow frontal opening of the objective
domain.

From Fig.13, it may be observed that there is a high-
speed corner-stream flow that emerges from the far edge
of the frontal buildings as indicated by the two curved
arrows in red colouration. At HR = 1, a portion of the
corner-stream tends to be flow into the side openings of
the target domain, influencing the flow in MS1 and MS2,
particularly at the edge sections, i.e., MS1E and MS2E. A
greater proportion tends to overshoot the side openings.
As the separation distance increases, more of the corner-
stream flows into MS1 and MS2, with some portion even
entering into SSE. This may be responsible for the
increased velocity ratio that is observed in Fig.10 for these
streets. Together with the influence of the frontal inflow at
SS, the V'R in the streets at HR=1 therefore tends to be high
for all the streets.

As the height ratio increases and more quantity of the
approach flow impinges on the wind ward faces of the
frontal buildings, the quantity and intensity of the corner-
stream increases. As a result, the quantity of the stream
flowing into the lateral streets decreases, with the greater
proportion overshooting the side openings. This behavior
may be observed from Figs.13(b) — (g). The capability of
the corner-stream to invigorate the flow in the lateral
streets, thus, decreases with height ratio. This may be
observed from VR characteristic behavior, (Fig.10).

From the foregoing, it would mean that there are two
predominant sources through which the flow around the
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adjacent building arrays is invigorated; they are the frontal
inflow and the corner-stream flow. The frontal inflow
tends to invigorate the flow within the separation street
more that it does the other streets, while the corner-stream
inflow tends to influence the flow around MS1 and MS2
more than it does the separation street. The influences of
these flow sources tend not to be concurrent, particularly
for the streets of the objective domain, i.e., they don’t
occur at the same time, except for HR=1. This means that
at the time the frontal inflow is influencing the flow in the
separation street, the corner-stream inflow is overshooting
the side openings.

Fig. 13: Typical flow patterns at the pedestrian height for
half-domain of the adjacent building arrays. (a) HR = 0, (b) HR
=1,W=12m,(c) HR=1, W=36m, (d) HR=2, W=12m, (¢)
HR=2,W=36m, () HR=3, W=12m, (g) HR=3, W=36m

Small separation distances and small height ratios tend
to make the influence of the frontal inflow more dominant
than that of the corner-stream inflow, while larger
separation distances increased the influence of the corner-
stream inflow, as against that of the frontal inflow. Large
height ratios also tend decrease the influence of the
corner-stream, while increasing that of frontal inflow. It
would thus, mean that for a particular configuration of the
adjacent buildings, the separation distance that would

enable optimum air flow and ventilation within the streets
can be determined by carefully analyzing the flow for
when the influences of these two flow sources best
compliment themselves.

4. Conclusion

The effects of the interference to outdoor air flow and
ventilation by a taller building array in an upwind location
of another array of buildings of lower height have been
examined by numerical simulation after initially
validating the applicable turbulence model and ensuring
that the model and settings for calculating the field of flow
and, thus, predicting the ventilation performance around
the building arrays were robust enough. The results
demonstrated the mechanism of air flow and ventilation
around the arrays of buildings and the effects on
interference of locating a taller building array upwind of
one with lower height. The effects of separation distance
between the building arrays on two key thermal comfort
indicators, i.e., air velocity ratio and air flow rate for
different height ratios between the building arrays were
also determined.

It is demonstrated in the study that two building arrays
of dissimilar heights located in close proximity, with the
taller array at the upwind location, can reduce the air
velocity ratio and, thus, the speed of the wind at the
pedestrian level height around the downwind array by as
much as 80% at some of the street sections compared to
when there is no interference effect at all. Separation
distance can, however, be used to invigorate the flow by
as much as 50% at some street sections of the downwind
building array. The channel of flow of air into the
downwind building array is predominantly through the
frontal openings and the side openings; the flow speeds,
indicated by air velocity ratio, through the openings,
however, tend to be in inverse proportion to themselves.
The frontal opening appears to be of little influence on the
total inflow into the streets probably due to the size of the
opening that is small compared to that of the lateral or side
openings.

The air velocity ratio around the downwind buildings
with and without a building array located at the upwind
location are poorer at the interior streets. The presence of
the upwind array of buildings reduces the VR around the
streets of the downwind building array by as much as 61%.
The VR does not appear to be influenced by separation
distance. The air flow rate AFR generally tends to decrease
as the separation distance. The trend is consistent with
results of the study by Buccolieri et al.'?, and could
indicate that less air flow rate at higher wind speed as
obtainable in constricted flow may actually be occurring
inside the street. The air flow rate does not appear to have
a well-defined pattern of variation with height ratio.

The size of the frontal opening employed in this study
is small in comparison to the size of the lateral opening
and may be responsible for low inflow through the
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opening. The next target of the study would, thus, be to
examine the impact of size of the frontal opening on the
air velocity ratio and the air flow rate. Also, the study has
been limited to a maximum separation distance of 36 m
and may be responsible for why the VR and AFR trend
with separation distance has not been properly captured
for HR > 2.0. It would therefore be necessary to
investigate the flow around the adjacent building arrays
for greater separation distances and large height ratios.
The findings of this study could be applied in the
building industry by building professionals and relevant
government agencies for appropriately laying out
residential building arrays for enhanced performance of
the flow and air ventilation around the buildings,
particularly in low-wind climatic environments.
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Nomenclature

AFR Air flow rate (-)
B Universal constant (-)
COST  European Cooperative in the Field of

Scientific and Technical Research

Cs Surface roughness constant (-)

Cy, Model constant of the Standard k-¢ model (-)

D Building depth (m)

H Building height (m)

HR Height ratio (-)

k Turbulence kinetic energy per unit mass
(m?/s?)

kyp Turbulence kinetic energy at centre-point of
near wall cell (m?/s?)

K Dimensional roughness height (-)

K Dimensionless surface roughness height (-)

MS Main street

MS1 Main street 1

MSIE  Main street 1 edge

Main street 1 middle
MS2 Main street 2

MS2E  Main street 2 edge

MS2M  Main street 2 middle

n Unit vector normal to the surface of an
opening (-)

q Flow rate (m?/s)

q* Normalized flow rate (-)

RKE Realizable turbulence kinetic energy

SS Separation street

SSE Separation street edge

SSM Separation street middle

U Horizontal velocity, characteristic velocity of
mean flow, mean velocity (m/s)

Uy Horizontal component of wind velocity at
center-point of near wall cell (m/s)

u* Friction velocity for constant flux boundary
layer (m/s)

udf User defined function

14 Velocity, mean velocity component in the y-
direction (m/s)

4 Velocity vector (m/s)

VR Air velocity ratio (-)

w Lateral passage between buildings (m)

w Width of building, longitudinal separation

distance between frontal building column and
objective domain (m)

W. Constant longitudinal passage width between
buildings of objective domain (m)

X Longitudinal Cartesian coordinate (m)
Vertical Cartesian coordinate (m)

Yo Aerodynamic roughness height (m)

Vo Distance between centre-point P and wall (m)

z Lateral Cartesian coordinate (m)

Greek symbols

€ Dissipation rate of turbulence kinetic energy
(m?/s%)

& ¢ at the center-point of near wall cell (m?%/s?)

K von Karman constant (-)

v Kinematic molecular viscosity of fluid (m%/s)

Subscripts

c Constant

0 Acerostatic reference, reference state

p Center-point of near wall cell

s Surface

U Dynamic molecular viscosity of fluid
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