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ABSTRACT

Large-eddy simulation (LES) equipped with the one-equation subgrid-scale (SGS) model
is employed to investigate the mean flows and turbulence over idealized two-dimensional
(2D) street canyons in various unstable thermal stratifications. The building-height-to-
street-width (aspect) ratio is equalto unity so the flows inside a street canyon are in the
skimming flow regime. Periodic boundaries are assigned to the domain inlet and outlet,
and the spanwise extent, simulating the infinite horizontally homogenous urban roughness.
The buoyancy forceis modeled by Boussinesq approximation.

In isothermal conditions, the flow exhibits a logarithmic mean velocity profile (law of the
wall) in the region above theurban roughness elements. On the other hand, in thermal
stratification with the presence of buoyancy force, the mean velocity profile deviates from
its isothermal counterpart. The current LES results show that the deviation depends on the
Richardson number, which is a measure of the relative contributions from natural
convection and forced convection. In unstable stratification, the conventional law of the
wall is modified by multiplying an empirical constant Ato the logarithmic term to account for
the contributions from thermal stratification. It is found that, with increasing buoyancy force,
the empirical constant 4 and the aerodynamic roughness length scale z, decrease while
the displacement height dincreases. We therefore hypothesize that the aerodynamic
roughness length zpand the displacement height darefunctions of thermal stratification in
addition to physical roughness geometry.

1.INTRODUCTION
Air pollution caused by road traffic has long been a serious problem to the residents of

large cities, especially of those surrounded by dense high-rise buildings. Severe air
pollution can lead to health problems, such as cardiovascular and respiratory diseases,

3060



damages to residential properties due to acid rain, and visibility impairment. With the rapid
increases of world population, industrialization, and urbanization, air pollution problem has
attracted overwhelming public concern. Hence, it is necessary to enrich our fundamental
understanding of the problem so as toformulateefficient rectification in urban planning and
building construction, as well as more accurate prediction ofmicro-scale meteorology.

In moderncities, buildingscollectively constructan array of obstacles that modifies the flow
and turbulent transport behaviorsin contrast to those in rural areas, which in turn affects
the mechanism of pollutant removal from ground level. To gain a
fundamentalunderstanding, it is necessary to study the wind fields comprehensively,
including mean wind velocity and fluctuations, above and within the street canyons of a
hypothetical urban area withsimplifiedconfigurations, such as the two-dimensional (2D)
flows over idealized homogenous rectangular building structures (or urban roughness)to
be reported in this paper.With the advantage of controlled environment, both computer
simulation on a numerical model and experiment on a reduced-scale physical model can
be utilized to investigate the problem.Thanksto the ever-increasing computingpower,
numerical simulation, based on computational fluid dynamics (CFD), is now able to provide
a fast and rather complete numerical solution to flow problem under idealized conditions.
On the other hand, physical modeling (e.g. wind tunnel or water channel experiments) is
often taken as a conventional and standard research tool to validate a numerical model.

Many researchers have studied the factors governing the wind flow behaviors within and
above street canyons, which include building dimensions and geometry, street width, free-
stream wind speed and direction, thermal stratification induced by solar radiation and
anthropogenic heating, etc.For example, in2Disothermal turbulent flows, Oke (1988) has
classified the street canyon flow into three regimes depending on the building-height-to-
street-width (aspect) ratio A/b:isolated roughness flow (/< 0.3), wake interference flow
(0.3 <h/b< 0.7) and skimming flow (4/b> 0.7), in which the mean flow pattern and turbulent
intensity fields of each regime are totally different from the others.Just above the street
canyons is the roughness sub-layer, where the mean wind profile is spatially
inhomogeneousand the turbulence intensity is strong because of the shear of street
canyon flows and free-stream flows (Raupach et al., 1980). Above the roughness sub-
layer right over the building roof level is the inertial sub-layer where the mean wind Uprofile
can be described by the semi-logarithmic profile equation (log-law of the wall):

U 1 z—d
= =—In (1)
u, K z,
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whereu, is the friction velocity, x(~0.4) the von Karmanconstant, dthe displacement height,
zo the aerodynamic roughness length, and z the wall-normalcoordinate (Tennekes and
Lumley, 1972). The aerodynamic roughness lengthz, has long been regarded as a function
of urban roughness dimensions and geometry. The research about the effect of roughness
dimensions and geometry on the mean flow profile above roughness elements is plentiful
in the literature (e.g., Macdonald, 2000; Coceal, et al., 2007).

However, when the thermal stratification is strong enough, the buoyancy force modifies the
flowswithin and above street canyons. As a result,the conventional log-law Eqg.(1)cannot
be applied directly as in the isothermal condition.Thermal stratification arises when the
surface of buildings (or urban roughness) is in different temperatures with the free-stream
wind, which is noticeable as the solar radiation intensity is changingthroughout the diurnal
cycle. Unfortunately, the papersof turbulent flowswithin and over street canyons under
thermal stratificationarescarce in the literature. Uehara et al. (2000) conducted wind tunnel
experiments with discrete rectangular blocks representing the urban roughness in different
stratification levels. It was found that therecirculationand turbulenceintensity in a street
canyonare weakened when the stratification is stable (street canyon ground is cooler than
ambient flows) and strong when unstable (ground is hotter). Similar to Uehara et al. (2000),
Cheng and Liu(2011)utilized large-eddy simulation (LES) with infinitely long and
homogenous 2D idealized street canyons and arrived asimilar conclusion.

In this paper, the mean flows over idealized 2D urban roughness in unstable thermal
stratification arestudied by LES and validated using the wind tunnel measurements from
Uehara et al. (2000). The mean velocity is examined using vertical profile in the wall-
normal directionthat isdescribed ina modified form of logarithmic equationEg. (1).

2. Methodology
The LES used in the current study is performed by the open-source CFD code,
OpenFOAM, version 2.1.0.In the LES, the flow variables are decomposed into resolved-

scale components andsubgrid-scale (SGS) components by filtering operation. The one-
equation SGS turbulence model is employed to calculate the unresolved SGS stress.
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2.1. Governing Equations

The filtered momentum equation for incompressible flows

ou, 0 p o’u,
—+— =-APJ, - P vty +ag0sd,
ot ax i, o, ( SGS) ja , g 2)
and the filtered continuity equation
ou,
=i
ox (3)

are solved numerically, where over-bar denotes resolved-scale variables. Tensor notation
and summation convention on repeated indices are used (i = 1, 2,and3 denote streamwise,
spanwise, and vertical directions, respectively). u; are the resolved-scale velocity vectors,
; the resolved-scale kinematic pressure,vthe kinematic viscosity,AP(= 0.0005) the
background kinematic pressure gradient (driving force for the flows in the free-stream
domain which is switched off inside street canyons),a the thermal expansion coefficient,
ggravitational acceleration, ¢ the temperature,and o; the Kronecker delta.Boussinesq
approximation for the buoyancy force induced by vertical temperature gradient is adopted
in Eqg. (2). The eddy viscosity is calculated by
Usgs = Ckksl“/GZSA 4)

whereC, (= 0.07) is a modeling constant and A(=A;AA3)"” the filter width. The SGS
turbulent kinetic energy (TKE), ksgs, is calculated by its transport equation

Oss

Ot

0 _ - K %k agVe., 00
+6_Xi(kSGSui) = 25655;8; = C, SAGS +(V+Vss) Oxigfcj + PI_SGS o

05, (5

_ o
where S :l(al —+), Pr (=0.72) is the Prandtl number (air is assumed to be the

working fluid) and C. (=1.05) is another modeling constant. The resolved-scale
temperature @ is calculated by the energy transport equation

@Jrﬂgl—,:"”scs 0’6
or  ox, Pr  ox,0x,

(6)
2.2. Computational Domain and Boundary Conditions
The prevailing wind,which is driven by a background pressure gradient above building

roughness, flows over twelve 2D idealized street canyons in the direction perpendicular to
the street axis. This configurationrepresents the worst scenario of street canyon ventilation.
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The domain dimensions and boundary conditions are shown in Fig.1.The aspect ratio 4/b
is kept unity so that the flows fall into the skimming flow regime.The discretization of the
free-stream region (domain above building rooflevel) and each street canyon is
summarized in Table lin which 4,546,560 brick elements are used in the computational
domain. The grid is refinednear all solid walls at the domain bottom so as to capture the
rapidly changing flow variables.The smallest elementsize in free-stream region is AxAyAz =
0.0431x0.0625x0.02744°, located at the building block corners, while the smallest
elementsize in street canyons isAxAyAz = 0.0431x0.0625x0.04314°, located at each corner
of the cavity. No-slip boundary is prescribed at the building roughness surface and
symmetry boundary is prescribed at the domain top where the flows are free-slip. Periodic
boundaries are assigned to the domain inlet and outlet, and also the spanwiseextent, such
that the infinitely long and wide homogeneous urban roughness is simulated. The
temperatures at the top #yand the bottom solid walls 6,,are set to -1 and 1,respectively,to
model the unstable thermal stratification (upward buoyancy force). The magnitude of the
gravitational acceleration is varied to control the buoyancy force. The data arecollected at
steady-state with a periodof time of ten channel flows (~10L/Uy), where Uy is the free-
stream mean wind velocity (streamwisemean wind velocity at domain top). The data
arethen averaged in time and spanwise direction.

| L=24 |
— ~C N

[ Top boundary: symmetry & constant temperature J

Free-stream wind
=7 (driven by background pressure gradient)

Inlet: Periodic I—‘/ [ Outlet: Periodic ]

Domain width W =3,
Periodic in spanwise direction J

L |mw

12=05 b=l =1 [ Bottom boundary: no-slip & constant temperature ] [ Street Canyon Cavity ]

Free-
stream
Region

Fig. 1 Computational Domain and Boundary Conditions

Table 1 Domain discretization

Dimensions No. of grid points
Street canyon cavity bxWxh = 1x5x1 16x80x%16
Free-stream region LxWxH = 24x5x7 384x80x140
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3.3. Simulation Parameters

In this study, the flows are characterized by different dimensionless numberswhichare

summarized in Table 2. Based on the free-stream region height A (=7h) and free-stream

mean wind velocityUy , the channel flow Reynolds numbers
U,H

= Z (7)

are between 48,000 and 86,000.Based on the building height # (=1) and mean wind

velocity at canyon top center U, the building scale Reynolds numbers of the channel flows

Re,

U,h
Re, =—2% (8)
1%
are about 1,900. Based on friction velocityu, (=(7:W/p)l/2), the Reynolds numbers
Re, = %7 ©
1y

is about 4,100 for all flows, where z,, is the wall shear stress thatis calculated by the force
balance with background pressure gradient. The effect of unstable thermal stratification is
characterized by the bulk Richardson number
agH (6, -6
Rb,, =__§__£_%___ﬂl (10)
UH

ranging from -1.17 to 0. While the building-scale Richardson numbers
agh(0, — 0

g ( h2 w) (11)

h

are between -0.26 and 0, where 8yis the temperature at the street canyon top center.

Rb, =

Table 2 Summary of dimensionless numbers

Gravitational Channel flow Building-scale Bulk Building scale
acceleration Reynolds No. Reynolds No. Richardson No.  RichardsonNo.
g Rey Rey, Rby Rb,

0 86,444 1,926 0 0
0.01 74,240 1,970 -0.124 -0.041
0.02 62,719 1,927 -0.349 -0.097
0.03 58,469 1,939 -0.602 -0.143
0.04 48,430 1,846 -1.170 -0.260

3065



4. Model Validation

The streamwise mean wind velocity along the vertical centerline of street canyon of the
current LES study is compared with the wind tunnel data from Uehara et al. (2000) as
shown in Fig. 2.
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Fig. 2Comparison of profiles of streamwisemean wind velocity along the centerline of
street canyon
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In the wind tunnel experiment, the test section was 2m high and 3m wide, and the wind
speed was ranged from 0.2 to 10m/s. An array of cubical building blocks with dimensions
100mmx100mmx100mm was used and each was separated by 100mm in streamwise
direction and 50mm in spanwise direction. The wind tunnel flooror inflow air was heated at
different temperatures so that unstable or stable stratification wasdeveloped. The range of
Richardson numbers was varied from -0.21 (unstable) to 0.79 (stable), where building-
scale Richardson number Re, was used, and only isothermal and unstable cases are
considered here.The measurementswereconducted in the street between the fifth and the
sixth building rows. The centerline streamwise mean wind velocity profile was measured in
both below and above the roof level of building blocks and was normalized by mean wind
speed Uyyat height 700mm.For the LES model, vertical profiles are obtained by averaging
the centerline streamwiseresolved-scale mean velocity in time, spanwise direction and
twelve canyon sections. Theyarethen normalized by the free-stream mean velocity Uy.

In Fig. 2, it shows that the streamwise mean wind velocity profiles are similar in the free-
stream region (z/h> 1) for wind tunnel experiments and LES models at different unstable
stratifications. However, the profiles do not match very well near the ground floor (0 <z/A<
0.2). It is because only the ground was heated in the wind tunnel experiments while all the
solid walls (building roofs, street canyon floors, leeward and windward building walls) are
heated in the LES models. The discrepancycouldalso be caused by the different building
configurations, where discrete cubical blocks were used in the wind tunnel experiments
while infinitely long rectangular bars are used in the current LES models. Nevertheless, the
trends of the changes in profiles against different unstable stratifications are similar in both
studies, in which the mean winds are stronger above and within street canyons inmore
unstable stratification.

5. Results and Discussion
5.1. Vertical Profile of Mean Flow in Linear Plot

For different unstable stratifications, the resolved-scale streamwise mean wind velocitiesU
in free-stream region (x/4> 1) are averaged in time, spanwise and streamwise directions
and are normalized by their respective free-stream wind speedsUgto obtain a set of
vertical mean wind profiles (Fig. 3). It isshownthat the profile tends to shift outwards with
increasingbulk Richardson numbersRby,. This means that the mean flow field is more
vertically uniform in the free-stream regionand the gradient is steeper near the building
roughnesswith the enhancement of unstable stratification. This finding is caused by the
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enhanced turbulentmomentum transport as a result of the enhanced buoyancy force. The
vertical profiles of the turbulence quantities, including the resolved-scale streamwise,
spanwise and vertical velocity fluctuations <u'u’>Y?, <yv'>2&<ww>? and vertical
momentum flux -<u'w’>, which are normalizedby the free-stream wind speed Uy, are
shown in Fig. 4. The plots collectively suggest that the turbulence is enhanced in the free-
stream region when the stratification is more unstable.

Fig. 3Vertical profiles of streamwise mean wind velocity in free-stream region (z/A> 1)
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Fig. 4 Vertical profiles of streamwise, spanwise and vertical velocity fluctuations and
vertical momentum flux in free-stream region (z/A> 1)
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5.2. Vertical Profile of Mean Flow in Semi-Logarithmic Plot Using Viscous Length and
Velocity Scales

The resolved-scale streamwisemeanvelocities at different unstable stratifications
areplottedin semi-logarithmic scale (Fig. 5). In this semi-logarithmic plot, «", the mean wind
velocity normalized by the viscous velocity scale (friction velocity uin shear flows) is used
on the y-axis in linear scale. On the other hand, (z-d)", the vertical coordinate relative to the
building roof level (z = & = 1) normalized by viscous length scale/, (= v/u,), is used on the x-
axis in logarithmic scale. The superscript + denotes thatthe variables are normalized by
their respective viscous scalesthat care commonly used in turbulent shear flow analysis.
From the literature (e.g. Pope, 2000), the turbulent flow over smooth surface (i.e. # = 0) in
isothermal condition can be basically divided into severalcharacteristic layers, (1) the
viscous sub-layer in the region z'< 5, in which the profile can be described by
u' =y’ (12),

(2) thelog-law region in the region z™> 30 and far enough from the boundary layer top (the
domain top surface in this study), in which the profile can be described by the logarithmic
law of the wall

u+:llnz++B (13),
K

where x(~0.4) is the von Karman constant and B (~5) is another empirical modeling
constant, (3) the buffer layer in the region in-between the viscous sub-layer and log-law
region (5 <z'< 30), in which the profile is in transition from Eq. 12 to Eq. 13. The profiles in
viscous sub-layer and log-law region are also compared in Fig. 5. It shows that the profile
for the isothermal turbulent flow (Rby = 0) over urban roughness in our case is
approximately linear in the semi-log plot for region far enough from the domain top surface,
implying that there exists a semi-log profile. It is also shownthat this linear section of the
curve is approximately at the same slope with and below the log-law of the wall for smooth
surface. For different unstable stratifications, the curves deviate from linearity and
curvature increases with bulk Richardson number (Rby)for the same range of (z-h)"as in
isothermal case.
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Fig. SVertical profiles of streamwise mean wind velocityin Semi-logarithmic scale (in the

form of wall variables)

5.3. Modified Semi-logarithmic Profile Equation

Next, the semi-logarithmic profile Eq. 1, that is commonly used to describe the mean flow
profile in atmospheric boundary layer in isothermal condition, is modified to account for the
effect of unstable thermal stratification. Similar to Eq. 1, the modified semi-lagarithmic

profile equation
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U A4 (Z—d}
Z =L (14)
uT

K Z,

expressesthe mean flow in which a semi-logarithmic profile exists by the von Karman
constant «, displacement height d and aerodynamic roughness lengthz,. The difference
from Eq. 1 is that the logarithmic term in Eq. 14 is multiplied by an empirical constant 4,
which is used to characterize the effect of unstable stratification, and thus 4 is expected to
be a function of bulk Richardson number Rby. In our study, the three empiricalmodeliing
constants d, zp and A for each unstably stratified flow are obtained by data regression in
the range of vertical coordinate z in which the semi-logarithmic region exists in the
isothermal case, while the von Karman constant x~ 0.417 is obtained by setting 4 = 1 for
the isothermal case. The variations of d, zy and 4 with bulk Richardson number Rby are
shown in Fig. 6. It is found that d increases with the magnitude of Rby and is slightly larger
than 1 (the building roof level) for the unstable cases, and z, and A4 decrease with the
magnitude of Rby. These results show that d and z,depend on the strength of unstable
stratification, in addition to the roughness geometry and dimensions,the decrease of z,
with the magnitude of Rby indicates that the bottom wall with roughness seems to be
“smoother” with the enhancement of unstable stratification. Finally, Fig. 7 shows the plot of
U/u, against (z-d)/zy, indicating that the slope decreases withthe magnitude of Rby for the
straight line sections. This is consistent with thedecrease of 4 with the magnitude of Rby,.
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Fig. 6 Variations of displacement height d, aerodynamic roughness length z, and empirical
constant4 with bulk Richardson number Rby
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Fig. 7 Plot of U/u, against (z-d)/zy in semi-logarithmic scale at different unstable
stratifications

6. Conclusion

In this study, five sets of mean flow data generated by LES with one in isothermal
condition and four in unstable thermal stratifications are analyzed and validated by the
wind tunnel data of Uehara et al. (2000). It is found that the mean wind velocity profile
tends to shift outwards (more vertically uniform) with the enhancement of unstable
stratifications. It is also found that the variation ofu" with (z-d)'in semi-logarithmic scale plot
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is linear in isothermal condition, but it deviates from linearity with the enhancement of
stratification. With the use of modified semi-logarithmic profile equation, different sets of
empirical constants d, zp and 4 are obtained for different unstable stratifications, whered
increases while z, and 4 decrease with the enhancement of stratification. It reveals that d
and z, depends on thermal stratification, in addition to roughness geometry and dimension.
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