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ABSTRACT

The effects of a building’s density on urban flows are investigated using a CFD model with the RNG
k − ε turbulence closure scheme. Twenty-seven cases with different building’s density parameters (e.g.,
building and street-canyon aspect ratios) are numerically simulated. As the building’s density parameters
vary, different flow regimes appear. When the street canyon is relatively narrow and high, two counter-
rotating vortices in the vertical direction are generated. The wind speed along streets is mainly affected by
the building’s length. However, it is very difficult to find or generalize the characteristics of the street-canyon
flows in terms of a single building’s density parameter. This is because the complicated flow patterns appear
due to the variation of the vortex structure and vortex number. Volume-averaged vorticity magnitude
is a very good indicator to reflect the flow characteristics despite the strong dependency of flows on the
variation of the building’s density parameters. Multi-linear regression shows that the volume-averaged
vorticity magnitude is a strong function of the building’s length and the street-canyon width. The increase
in the building’s length decreases the vorticity of the street-canyon flow, while, the increase in the street-
canyon width increases the vorticity.

Key words: urban flow characteristics, building’s density parameter, volume-averaged vorticity, CFD model

Citation: Kim, J.-J., and D.-Y. Kim, 2009: Effects of a building’s density on flow in urban areas. Adv.
Atmos. Sci., 26(1), 45–56, doi: 10.1007/s00376-009-0045-9.

1. Introduction

Serious air quality problems in urban areas as well
as fluid dynamical interests have motivated studies
on the urban flow and dispersion for the last three
decades. Most of the studies have investigated the ef-
fects of a single building or obstacle and street canyon
on the flow and dispersion. These studies contributed
much to understanding the effects of buildings and
street canyons that are basic units composing urban
areas (Rotach, 1995; Meroney et al., 1996; Liu and
Barth, 2002; Liu et al., 2003; Cheng and Hu, 2005).
Most of all, some of the previous studies mainly fo-
cused on finding factors affecting the urban flow and
dispersion in the street canyons. The important fac-
tors can be categorized into three. The first is the
geometric factors that include the street aspect ratio
generally defined as the ratio of the street height to
the width. As the aspect ratio varies, different types
of flow regime appear (Oke, 1988; Hunter et al., 1992;

Sini et al., 1996) and one- or two-vortex regimes appear
(Lee and Park, 1994; Baik and Kim, 1999). The sec-
ond is the meteorological factors including the ambient
wind speed, wind direction, and turbulence intensity
(DePaul and Sheih, 1986; Kim and Baik, 2003, 2004).
The last is related to the thermal properties of the
building and street surfaces (e.g., radiative heating or
cooling, albedo, etc.) (Nakamura and Oke, 1988; Sini
et al., 1996; Kim and Baik, 1999; Uehara et al., 2000).

Due to persistent urbanization, the population and
traffic volume in urban areas increase year after year.
Accordingly, urban areas become manhanttanized and
compact through new construction and/or reconstruc-
tion. Resultantly, flow and pollutant dispersion in ur-
ban areas become much more complicated and quite
dependent on the surrounding building environments
(Kim and Baik, 2005). Recently, computational fluid
dynamics models tried to be coupled with regional
scale meteorological models for a more realistic simu-
lation of the urban flow (Park, 2007). To take account
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of buildings in detail in simulating the urban flow and
dispersion, a high-resolution grid system and a state-
of-the-art computing system are required. At present,
it is difficult to predict urban flow and dispersion using
the coupled models in real time. Instead, studies on
the urban flow and dispersion can be applied to the
assessments against atmospheric impacts owing to the
large-scale construction of apartment complexes and
against the environmental impacts owing to ordinar-
ily emitted pollutants from vehicles and/or poisonous
gases from unexpected conflagration or intentional ter-
ror. Moreover, these studies have the potential to pro-
vide a good set of guidelines in establishing policies
on city planning and development. For this, flow and
dispersion characteristics should be generalized or pa-
rameterized by the main building’s parameters (e.g.,
building length, width, height, and street width) in
order to build in congested areas. However, it is very
difficult to generalize the flow and dispersion charac-
teristics due to very complicated urban and building
morphology. This study focuses on the investigation
of the effects of the arrays of buildings with different
scales on the flow in an urban area.

2. Numerical model and experimental setup

2.1 Model description

In this study, a three-dimensional computational
fluid dynamic (CFD) model with the renormalization
group (RNG) k − ε turbulence scheme, developed by
Kim and Baik (2004), is used. The RNG k − ε turbu-
lence scheme complements the disadvantage of a stan-
dard k − ε turbulence scheme of overestimating tur-
bulent kinetic energy near the building’s or obstacles’
edges where the ambient flows impinge and separate.
In a three-dimensional, nonhydrostatic, nonrotating,
and incompressible airflow system, the momentum and
mass continuity equations can be written as

∂Ui
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+ Uj

∂Ui

∂xj
= − 1
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∂xi
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Here, Ui is the ith mean velocity component (i =
1, 2, 3), p∗ is the deviation of pressure from its refer-
ence value, and ui is the fluctuation from Ui.

The Reynolds stress in Eq. (1) is parameterized in
terms of grid-resolvable variables as
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where Km(= Cµk2/ε1/2) is the turbulent viscosity, δij

is the Kronecker delta, and k is the turbulent kinetic
energy.

The prognostic equations of turbulent kinetic en-
ergy (k) and its dissipation rate (ε) can be given by
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Here, Cε1, Cε2, and σε are the empirical constants.
The RNG k − ε turbulence scheme differs from the
standard k − ε turbulence scheme in that it includes
an additional sink term (R) and employs different em-
pirical model constants (Tutar and Oguz, 2002). The
last term on the right-hand side of Eq. (5) is a strain-
dependent correction term given by

R =
Cµη3(1 − η/η0)ε2

(1 + β0η3)k
, (6)
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. (7)

The empirical constants used in the RNG k− ε turbu-
lence scheme are specified as (Yakhot et al., 1992)

(Cµ, σk, σε, Cε1, Cε2, β0, η0) =(0.0845, 0.7179, 0.7179,

1.42, 1.68, 0.012, 4.377) .
(8)

Using a finite volume method and the semi-implicit
method for a pressure-linked equation (SIMPLE) algo-
rithm, the governing equations are numerically solved
on a staggered grid system.

2.2 Model validation

The three-dimensional CFD model used in this
study is validated against the wind tunnel data of
Brown et al. (2000). The model’s building configu-
ration for the validation follows their two dimensional
array of buildings, and the ambient wind is assumed
to blow perpendicularly to the building array. Fig-
ure 1a shows the field of wind vectors normalized by
the upstream horizontal velocity (Ur) at the reference
height (H). For comparison, the simulated data is in-
terpolated at the same grid points in the wind tunnel
experiment. Figure 1b shows the vertical profiles of
the normalized horizontal velocity and vertical veloc-
ity at selected locations of the second street canyon.
In spite of underestimating the horizontal and vertical
wind velocities to some extent, the CFD model simula-
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(a) 

(b) 

Fig. 1. The field of (a) wind vectors normalized by the
upstream horizontal velocity (Ur) at the reference height
(H) [wind vectors in gray are by Brown et al. (2000) and
those in black by Kim and Baik (2004)] and (b) vertical
profiles of normalized horizontal velocity at x = 0.5H
and vertical velocity at x = 0.1H and 0.9H .

 

(b) 

(a) 

Fig. 2. (a) Top view and (b) side view of the computa-
tional domain and grid system. The rectangles in black
indicate the buildings in the case of Expt. 11.

 

 

 

Fig. 3. The field of wind vectors at (a) z/Hs=0.05, and
(b) y/Hs=3 in the case of Expt. 11. A part of the domain
is taken for clarity.

tes the main features of the mean flow (roll-type vor-
tices in front of the first building and in the street
canyons and the recirculation above the first building’s
roof) very well. The CFD model is expected to suc-
cessfully simulate flow and dispersion in urban areas
based on reasonably good agreement.

2.3 Experimental setup

Figure 2 shows the model’s domain configuration.
The computational domain sizes (cell numbers) are
300 m×180 m×163 m (150×90×60) in the x-, y-, and
z-directions, respectively. The grid intervals in the x-
and y- directions are 2 m. In the z-direction, the grid
interval is 2 m for 0 � z � 40 m and increases with
the expansion ratio of 1.05 until it becomes about 3.3
m (z ≈ 65 m). From the height to the top of the
model, the grid interval is 3.3 m. Table 1 indicates the
detailed experimental descriptions about the building
and street-canyon sizes for the twenty-seven cases. For
the systematic variation of the building density pa-
rameter in a definite computational domain, building
width (Lx = 20, 32, 44 m), length (Ly = 20, 32, 44 m),
and height (H = 20, 30, 40 m) vary and their combi-
nations give 27 numerical experiments with different
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Table 1. Summary of the building and street-canyon dimensions and resultant flow regimes. WIF, SF, and SF (TV)
denote wake interference flow, skimming flow and skimming flow with two counter-rotating vortices, respectively.

Building Building Building Street Street Flow regime
height (H) width (Lx) length (Ly) width (Wx) length (Wy)

(m) (m) (m) (m) (m)

Expt. 11 20 20 20 40 40 WIF
Expt. 12 20 20 32 40 28 WIF
Expt. 13 20 20 44 40 16 WIF
Expt. 14 20 32 20 28 40 SF
Expt. 15 20 32 32 28 28 SF
Expt. 16 20 32 44 28 16 SF
Expt. 17 20 44 20 16 40 SF
Expt. 18 20 44 32 16 28 SF
Expt. 19 20 44 44 16 16 SF
Expt. 21 30 20 20 40 40 WIF
Expt. 22 30 20 32 40 28 SF
Expt. 23 30 20 44 40 16 SF
Expt. 24 30 32 20 28 40 SF
Expt. 25 30 32 32 28 28 SF
Expt. 26 30 32 44 28 16 SF
Expt. 27 30 44 20 16 40 SF(TV)
Expt. 28 30 44 32 16 28 SF(TV)
Expt. 29 30 44 44 16 16 SF(TV)
Expt. 31 40 20 20 40 40 WIF
Expt. 32 40 20 32 40 28 SF
Expt. 33 40 20 44 40 16 SF
Expt. 34 40 32 20 28 40 SF
Expt. 35 40 32 32 28 28 SF(TV)
Expt. 36 40 32 44 28 16 SF(TV)
Expt. 37 40 44 20 16 40 SF(TV)
Expt. 38 40 44 32 16 28 SF(TV)
Expt. 39 40 44 44 16 16 SF(TV)

building densities. The smallest building sizes are
20 m in width, 20 m in length, and 20 m in height.
In this case, the width between the buildings is widest
(40 m). The largest building sizes are 44 m in width,
44 m in length, and 40 m in height and the width
between the buildings is 16 m.

The initial conditions for the numerical simulations
are as follows:
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κ
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z

z0

)
, (9)

V0(z) = 0 , (10)

W0(z) = 0 , (11)
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1

C
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µ

U2
∗

(
1 − z

d

)2

, (12)

ε0(z) =
C

3/4
µ k

3/2
0

κz
. (13)

where U∗ is the friction velocity, z0 is the rough-
ness length (=0.05 m), d is the boundary layer depth

(=1000 m), and κ is the von Karman constant (=0.4).
The numerical integration is performed up to 1800 s.
Periodic boundary conditions are applied to the hori-
zontal boundaries, which means that the building ar-
rays are aligned repetitively. In other words, the target
area considered in this study is the inner city not the
boundary region between urban and rural areas. At
the upper boundary, a zero-gradient condition is ap-
plied and, at the solid surface, wall boundary condi-
tions are applied, following Versteeg and Malalasekera
(1995).

3. Results and discussion

Figure 3 shows the field of wind vectors taken at
z/Hs = 0.05 and y/Hs = 3 in the case of Expt. 11.
Note that the scales are normalized by the smallest
building height, Hs(=20 m). The spaces between the
buildings perpendicular (parallel) to the inflow direc-
tion are, hereafter, called street canyons (streets). It
is shown that the double-eddy circulations are gener-
ated in the street canyons (Fig. 3a). The key factors
determining the flow regime in street canyons are the
building length and the street width. Wake interfer-
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Fig. 4. Comparison of flow regimes with (a) Hunter et al. (1992) and (b) Oke (1988).

Fig. 5. The field of wind vectors at z/Hs=0.05 and y/Hs=2.75 (left and right) in the cases of Expt. 11 (a and
b), Expt. 21 (c and d), and Expt. 31 (e and f).
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Fig. 6. The field of wind vectors at z/Hs=0.05 and y/Hs=2.75 (left and right) in the cases of Expt. 15 (a and
b), Expt. 25 (c and d), and Expt. 35 (e and f).

ence flow (WIF) occurs in the case of Expt. 11 with
the street-canyon aspect ratio (Wx/H , here, Wx is the
street width and H is the building’s height) of 2 and
the building aspect ratio (Ly/H , here, Ly is the build-
ing’s length) of 1 (Fig. 3a). According to the previous
studies about the flow regime (Oke, 1988; Sini et al.,
1996), wake interference flow (WIF) appears when the
street-canyon aspect ratio is 2 and the building aspect
ratio is 1. Table 1 also lists the results on the simu-
lated flow regimes. In this study, the isolated rough-
ness flow (IRF) does not appear because the street-
canyon aspect ratios considered are relatively small
(Wx/Hmax = 2). When the building’s width (Lx) and
length (Ly) are smallest, WIF appears irrespective of
the building’s height (Expts. 11, 21, 31). WIF also

appears irrespective of the building’s length when the
building’s width and height are smallest (Expts. 12,
13). Except for five cases, skimming flow (SF) appears
in all the cases. Especially, when the street width is
relatively small compared with the building’s height,
two counter-rotating vortices in the vertical direction
are generated (Expts. 27, 28, 29, 36, 37, 38, 39). The
results are compared with those of the previous stud-
ies (Hunter et al., 1992; Oke, 1988). The results are
not in good agreement with those of Hunter et al.
(1992) (Fig. 4a). Hunter et al. (1992) determined
the transition between IRF and WIF from the differ-
ence in the wind direction between the ambient flow
and the street-canyon flow at the middle level of the
street canyon. They also assumed that street-canyon
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Fig. 7. The field of wind vectors at z/Hs=0.05 and y/Hs=2.75 (left and right) in the cases of Expt. 19
(a and b), Expt. 29 (c and d), and Expt. 39 (e and f).

flows transitioned from WIF to SF when the distance
from the upward building to the center of the double
eddy circulation exceeded half the width of the street
canyon. However, all of the street-canyons and build-
ing aspect ratios where WIF and SF appear in this
study coincide with those in Oke (1988), except for
Expt. 14 [(Wx/H, Ly/H) = (1.4, 1.0)] (Fig. 4b).

In the cases where WIF occurs, the double eddy cir-
culations near the bottom, behind the upward build-
ing, become narrow and their centers move toward
the outside as the building’s height increases (Figs.
5a, 5c, and 5e). The vertical cross sections taken at
y/Hs = 2.75 show that a clockwise rotating vortex
forms, a stagnation point is generated near the roof
level of the downwind building, and the wind speed in
the street-canyon decreases as the building’s height in-
creases. Airflow descends under the stagnation point
along the downwind building and diverges near the

bottom. It is seen that a part of the diverging airflow
forms a reverse flow and part of it goes toward the
outside of the street canyon.

Figure 6 shows the field of wind vectors in the
cases of Expts. 15, 25, and Expt. 35 where SF oc-
curs. Compared with the cases of Expt. 11, Expt.
21, and Expt. 31 (Fig. 5), the wind direction beside
the street canyons becomes parallel to the streets. In
the cases with relatively large Wx/H (Expt. 15 and
Expt. 25), the double eddy circulations near the bot-
tom, behind the upwind building, become very weak
or disappear and resultantly, the reverse flows become
dominant (Figs. 6a and 6c). It is seen that one vor-
tex is generated in the vertical cross sections (Figs.
6b and 6d). In the case of Expt. 15 with the small-
est street-canyon height, the airflow near the bottom
strongly goes toward ±135◦ based on the centerline
of the street canyon (Fig. 6a). The wind direction
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near both the edges of the street canyon becomes per-
pendicular to the streets in the case of Expt. 25. In
the case of Expt. 35, the airflow in the streamwise
direction is dominant and the reverse flow does not
appear near the bottom. In the short street canyon,
the vortex generated by the ambient flow, above the
roof level, is strong enough to not be affected by the
adjacent ambient airflow near the bottom at both the
edges of the street canyon. On the other hand, in the
tall street canyon, the airflow near the bottom is so
weak as to be affected by the adjacent ambient flow at
both the edges. Both the reverse flow at the middle
level and streamwise flow near the bottom, affected by
the ambient flow along the streets, are considered to be
responsible for the generation of two counter-rotating
vortices (Fig. 6f).

In the cases of Expt. 19, Expt. 29, and Expt. 39
with the largest building width (Lx) and length (Ly),
airflow outside the street canyons is nearly parallel to
the street (Fig. 7). In the case with the relatively
short buildings, one clockwise rotating vortex is gen-
erated in the vertical direction and the reverse flow
appears near the bottom (Figs. 7a and 7b). In the
cases with the relatively tall buildings, two counter-
rotating vortices are generated. The lower vortex is
rotating counterclockwise.

From the above results, it is seen that different flow
patterns appear near the street bottom as the build-
ing’s density varies. The flow patterns near the street
bottom depend on the vortex intensity, the rotating di-
rection of the vortex in the vertical cross section, and
the intensity of the airflow beside the street canyons.
To investigate the effects of the building’s density on
the wind environment, the vertical profiles of the hori-
zontal wind, averaged in the streets and street canyons,
are analyzed. Figure 8 shows the averaged vertical
profiles at the streets. As the building’s length (Ly)
increases (the street length, Wy decreases), the wind
speed decreases. However, it is seen that the building’s
width (Lx) has little effects on the along-street air-
flow. The wind speed at the roof of the street canyon
shows no dependency on the building’s length but it
decreases as the building’s width increases (Fig. 9).
In the street canyon, the wind speed is largely affected
by the building’s length when the building’s width is
smallest (Figs. 9a, 9d, and 9g). This effect of the
building’s length in the street canyon decreases as the
building’s width increases, and there is little difference
in the wind speed when the building’s width is largest
(Figs. 9c, 9f, and 9i). In the lower layer, it is diffi-
cult to generalize the flow characteristics in terms of
the building’s density parameters because of the com-
plicated flow patterns (e.g., different flow regimes and
vortices numbers in the vertical cross sections).

As seen in the above the results, airflow in the
street canyons is composed of very complicated vor-
tices rotating in the horizontal and vertical directions,
so called, portal vortices noted in Becker et al. (2002)
and Kim and Baik (2004). Moreover, the position of
the portal vortices is not fixed, which makes the com-
parison of the point-based wind profiles and general-
ization of the flow characteristics, in terms of a sin-
gle building density parameter, not easy. The vortex
circulations in the street-canyons are the main fea-
tures of the street-canyon flows and can be charac-
terized by vorticity, a measure of rotation in a fluid.
For generalizing and representing the characteristics
of complicated flows in terms of a single parameter,
the vorticity is calculated at each grid point and the
volume-averaged vorticity magnitude (hereafter VM)
is defined as

VM=
1
N

nSC∑
n=1

kSC∑
k=1

jSC∑
j=1

iSC∑
i=1

|�|i,j,k,n

(N = iSC × jSC × kSC × nSC) , (14)

|�| = (
2
x + 
2

y + 
2
z)

0.5 , (15)


 = ∇× u = 
xî + 
xĵ + 
zk̂ . (16)

Here, iSC, jSC, and kSC are the number of grid points
in a single street canyon in the x-, y-, and z-directions,
respectively and nSC is the number of street canyons
in a computational domain. Figure 10a shows the VM
in the street canyons. It is seen that the VM decreases
as the building’s length increases and other parame-
ters are fixed. Nevertheless, it is still difficult to find
regularities between the VM and the building’s param-
eters. For finding the relationship between the VM and
the building’s parameters, a multi-linear regression is
performed. The VM analyzed by the multi-linear re-
gression (χ) is represented in terms of the building
parameters as follows:

χ =c0 + c1
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Here, Ly/H is the building’s length normalized by the
building’s height, Wx/H is the normalized width of the
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Fig. 8. The vertical profiles of the horizontal velocity (U) averaged in the streets.
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Fig. 9. The vertical profiles of the horizontal velocity (U) averaged in the street canyons.
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Fig. 10. (a) The volume-averaged vorticity magnitude in
the street canyons and (b) the scatter diagram between
the volume-averaged vorticity magnitudes simulated by
the CFD model and estimated by the multi-linear regres-
sion model.

street canyon, LxLy/H2 is the normalized horizon-
tal building’s area, and LyWx/H2 is the normalized
horizontal street-canyon area. The following are the
weighting coefficients for each parameter.

(c0, c1, c2, c3, c4, c5, c6, c7, c8) =(0.370,−0.297, 0.133,

0.058, 0.068, 0.032,

− 0.053,−0.004,

− 0.003) . (18)

The scatter diagram between χ and the calculated VM
is shown in Fig. 10b. The coefficient of determina-
tion (R2) is 0.93 and the standard error of estimate
is 0.014. This means that the VM estimated by the
multi-linear regression model (χ) explains the VM cal-
culated in the street canyons very well. From the re-
sults, it is known that the building’s density parame-
ters that are important in determining the VM in the

street canyons are the ratios of the building’s length
to the height (Ly/H) and the street-canyon width to
the height (Wx/H). The normalized building’s length
decreases the VM (c1 = −0.297) and the normalized
street width increases the VM (c2 = 0.133).

4. Summary and conclusion

The effects of the building’s density on the flow
characteristics are investigated. For the constant gross
area, the building’s density is systematically varied by
increasing or decreasing the building’s size. As the
building’s density varies, complicated flows are gener-
ated in the street canyons. There occurs the a double-
eddy circulation in the street canyons in all the cases.
One vortex appears in the vertical cross section when
the street canyons are relatively short and two vor-
tices are generated when the street canyons are rela-
tively tall. In the five cases (Expts. 11, 12, 13, 21, and
31), wake interference flow occurs. In the other cases,
skimming flow appears. This result is in relatively
good agreement with that in the previous study based
on the field and physical experiments. The wind speed
in the street, parallel to the inflow, is mainly affected
by the building’s length. In urban areas, channeling
flow is often observed where the street width becomes
narrow. However, the channeling flow does not appear
in this study because buildings with the same size are
assumed to be regularly aligned. Because the com-
plicated flow patterns appear, due to the variation of
the vortex structure and vortex number, it is difficult
to generalize the characteristics of flow in the street
canyons in terms of the building’s density parameters.
The volume-averaged vorticity magnitude is a very
good indicator to reflect the flow characteristics de-
spite the strong dependency of flows on the variation of
the building’s density parameters. From a multi-linear
regression, it is concluded that the volume-averaged
vorticity magnitude is a strong function of the build-
ing’s length and the street-canyon width normalized
by the height. The increase in the building’s length
decreases the vorticity while the increase in the street-
canyon width increases the vorticity.
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