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ABSTRACT
The results obtained from RNG (Re-Normalization Group) version of k- turbulence
model are reported in this study. The model is adopted to elucidate the impact of different
building aspect ratios (i.e., ratio of building-height-to-street-canyon-width) and solar
heating on temperatures in street canyon. The validation of Navier-Stokes and energy
transport equations showed that the model prediction for air-temperature and ambient
wind provides reasonable accuracy. The model was applied on AR (Aspect Ratios) one to
eight and surface temperature difference (
s-a) of 2 -8. Notably, air-temperatures
were higher in high AR street canyons in particular on the leeward side of the street
canyon. Further investigation showed that the difference between the air-temperature
of high and low AR street canyons ( AR) was positive and high with higher s-a.
Conversely, the AR become negative and low gradually with lower values of s-a.
These results could be very beneficial for the city and regional planners, civil engineers
and HVAC experts who design street canyons and strive for human thermal comfort
with minimum possible energy requirements.
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INTRODUCTION

he inhabitants of modern cities are directly
exposed to the environmental conditions in a
street canyon. However, these conditions are
mostly dependent on the street canyon design and other
parameters and, therefore, vary considerably from area
to area [1-3]. Cities are normally densely populated with
higher number of people living within a small area; leading
to higher AR street canyons as compared to their
*
**
***

counterpart rural areas. It is reported that at times city
average temperatures could be as high as 12 oC as
compared to surrounding rural areas [4]. Such higher
temperatures in cities could increase energy consumption
and create many associated problems [5-7]. It could
particularly be important in Sindh, Pakistan where
reportedly efficient control over thermal comfort and airconditioning could reduce up-to 80% of building energy
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consumption [8]. This stresses the need for understanding
heating in high aspect ratio street canyons. Although there
has been significant number of numerical modelling studies
on determining higher heating in urban areas little work
was carried out with CFD (Computational Fluid Dynamics)
techniques [9-17]. Additionally, most of the studies that
have used CFD techniques were focused on pollution
dispersion and fluid flow [18-21]. Conversely, the studies
carried out an investigation of heating have only simulated
cases with lower aspect ratios [22-23]. However, relevant
CFD studies show that the k- turbulence model has been
quite successful in solving the fluid flow patterns and
heating within street canyons [22, 24-27]. Furthermore,
the RNG version of k- model appeared to be even better
in solving street canyon fluid flow and heating problems
[27-29]. Memon, R.A., et. al. [3] have successfully adopted
the RNG k- turbulence model to estimate the effects of
ambient wind speed (ua) and building aspect ratio on
heating within street canyon. However, the study was
limited to fewer simulations and did not include the effects
of surface and temperature difference (s-a). In this study
four aspect ratios i.e. 1, 2, 4 and 8 and four values for si.e. 2, 4, 8 and 16K were selected. This results in 100%
a
increase in aspect ratios and s-a to assure that relevant
change in temperature and other parameters could be
analyzed; however, only one value for ambient wind speed
is selected (2.5 m/s).

2.

NUMERICAL MODEL

The mathematical model for this study consists of following
equations for conservation of mass, momentum and energy.
The model governing equations are discretized using a
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mathematical model is also given in Memon, R.A., et. al. [3].
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Additional equations for turbulent kinetic energy (k)
and turbulent dissipation rate () were solved as given
by the RNG theory to address closure problem. The
empirical constants adopted to solve this model are
given in Table 1.
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second-order scheme with finite volume method and are
solved by CFD code Fluent 6.2.1 [30]. The detailed
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TABLE 1. EMPIRICAL MODEL CONSTANTS ADOPTED TO SOLVE GOVERNING MATHEMATICAL EQUATIONS
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1.42

1.68

tan  / u

0.0845

4.38

0.012

Analytical

Formula
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The above transport equations for the conservation of
mass (i.e. continuity Equation (1)), momentum (i.e. Equation
(2)) and energy (i.e. Equation (3)) have considered air as
an incompressible fluid [3, 22,26]. However, the effect of
temperature on air density variation is pondered by
employing Boussinesq approximation which treats density
variation as a function of temperature change in the
momentum equation as given:

  n
n

   (   n )

The enhanced wall treatment is adopted in this model.
The said scheme adopts a two layer model that works on
different ranges of Reynolds number in free stream and
near wall flow. In the case Reynolds number is high the
turbulence model is used, else a two layer model is used
to solve near wall flow [30].The said scheme resolves
near-wall temperature and velocity gradients efficiently
but a higher-resolution mesh is required, therefore, the
near-wall mesh was refined accordingly. No slip boundary
condition is employed at ground and building surfaces.
Symmetry boundary is defined at the top and ground
and other solid boundaries are defined with fixed
temperature.
The physical model consists of seven street canyons
and the depth for free stream flow was kept thrice as high
as the street canon building height (Fig. 1). The number
of canyons and the free stream depth were kept the
maximum to give enough space for turbulence

development. The mesh for the model is generated for
AR1 and scaled to AR2 to 8 in Fluent code with the same
number of elements for all ARs.

3.

MODEL VALIDATION

The validation of the model is carried out by comparing
the results of this model with those obtained from a wind
tunnel experiment and two other numerical studies [22, 26,
31]. The normalized potential temperature and horizontal
velocity of this model, the wind tunnel experiment and the
two referred studies were all based on AR1. The results of
this model were obtained at the centre line of the middle
street canyon. Conversely, the results from this study,
from referred wind tunnel experiment and the two numerical
models were all based on a s-a (surface and air temperature
difference) of 2K. Evidently, the temperature profiles
obtained from our model have agreed very well with the
wind tunnel data (Fig. 2). However, the comparison reflects
that the deviations in velocity profiles are comparatively
larger in particular above the canyon (Z/H>1.0). The
validation and respective deviations in the results are
illustrated in Fig. 2. The differences in the simulation results
and wind tunnel data might have been a consequence of
the differences in the simulation conditions and the
experimental set-up. The roughness elements were not
included in the simulation of our model while the referred
experiment was carried out with such elements.
Additionally, the modelled city blocks were arranged in a
three-dimensional fashion in the wind-tunnel experiment
while the model developed in this study was twodimensional. However, despite the noted minor differences,
overall results seem to have satisfactory followed the wind
tunnel data.

4.

RESULTS AND DISCUSSION

4.1

Results

The street canyon model was simulated with four different
aspect ratios (i.e. AR1, 2, 4 and 8) each with four values for
surface temperatures (i.e. 295, 297, 301 and 308 K) but only
one value for ambient air temperature (i.e. 293K) is
considered. However, different surfaces (i.e. ground,
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leeward and windward wall) were defined with the same

Subsequently, the ascending order of resultant average

temperature in each different simulation case.

temperature is AR1, 2, 4 and 8, respectively. This shows

Subsequently, all cases were simulated with the same ua

that the resultant temperature is directly proportional to

(i.e. 2.5m/s). The average air-temperature (area-weighted)

the building aspect ratio. Results show that the highest

within the target street canyon is normalized for different

AR was around 3.3K (i.e. 1.1%) between the target street

street-canyon heating situations as shown in Fig. 3.

canyons of AR8 and 1 while average (area-weighted)

Obviously, there has been an increase in air-temperature

temperatures in AR8, 4 and 2 were around 2.7, 2.3 and 0.1K

with an increase in AR when s-a was the highest (i.e.

higher than that in AR1 when s-a was 16K. Fig. 4 shows

16K). The highest temperatures were observed in AR8

the trend lines for the correlations between the resultant

street canyon in all the simulated cases (Fig. 3).

temperatures and building aspect ratios. Obviously, the

FIG. 1. SCHEMATIC DIAGRAM OF COMPUTATIONAL DOMAIN WITH BOUNDARY CONDITIONS

FIG. 2. NORMALIZED HORIZONTAL VELOCITY AND POTENTIAL TEMPERATURE COMPARISON OF THIS STUDY, WIND TUNNEL
EXPERIMENT AND TWO NUMERICAL STUDIES. THE RESULTS OF THIS STUDY WERE OBTAINED AT THE CENTRE LINE OF THE
MIDDLE STREET CANYON
108
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correlation between the resultant average temperatures

the day-time or after-noon. The similar findings have been

and building aspect ratios is very strong (i.e. R varies

reported by many other studies [4, 32-33]. An analogy

between 0.9 and 1.0). Consequently, the correlation was

between the higher and lower aspect ratio street canyons

the strongest when s-a was 2K (i.e. R =1.0) and less

and urban and rural areas could lead to important

strong in the remaining cases. These results are very

conclusions. Seemingly, the lower s-a would represent

important as they illustrate temperature trends in the higher

day-time situation with uniform solar heating of air and

and lower aspect ratios during different heating situations.

street canyon surfaces. Subsequently, the higher s-a

Memon, R.A., et. al. [3] showed that the temperature

would represent night-time situation as the temperature

difference between the urban and rural areas would be the

difference between air and street canyon surfaces would

highest during the night-time and low or negative during

be due to their physical properties.

2

2

FIG. 3. NORMALIZED AVERAGE AIR-TEMPERATURE WITHIN THE TARGET STREET CANYON OF
DIFFERENT BUILDING ASPECT RATIO

FIG. 4. A VIEW OF STRENGTH OF CORRELATION BETWEEN THE RESULTANT TEMPERATURES AND BUILDING ASPECT RATIOS
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4.2

Discussion

Spatial isotherms and normalized velocity contours for
different simulated cases are depicted in Fig. 5(a-b) for a
detail analysis of the results with higher s-a (i.e. 16K). It
is evident that air-temperatures are higher in particular in
the lower portion of the canyon in AR8. However,
temperature reduces in the upper portion of the canyon.
Seemingly, temperatures are comparatively higher on the
leeward side of the canyon. A comparison with the velocity
contours shows lower velocity throughout the canyon

except some of the above portion of the canyon. Although
possible impact of velocity magnitude on the temperature
is clear it is not easy to recognize, possibly due to lower
variation in velocity and temperature. However, it is clear
that with high aspect ratio buildings the people living in
the upper portion would be experiencing lower
temperatures in particular on the windward side. Although
one of the possible reasons of these higher temperatures
would be higher heat flux due to larger wall surface area,
the lower temperatures on one side of the walls shows
that wind speed had an impact on the situation.

FIG. 5(A). AR 8: TEMPERATURE CONTOURS

FIG. 5(B). AR 8: VELOCITY CONTOURS
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A view of temperature and velocity contours in AR4 (Fig.
5(c-d)) shows that there is a clear difference between the
temperature trends in AR8 and AR4. Evidently, only a little
portion of the canyon ground is at higher temperature in
AR4 as the rest of the canyon is comparatively cold.
Apparently, the flow wind that enters from windward side
looses the strength as it reaches the ground. It is also
clear that temperatures are comparatively higher on the
leeward side of the wall although the difference is
insignificant. Evidently, the temperature distribution along
the two walls is almost uniform within the canyon. A
comparison with the velocity magnitude contours show

that the impact of velocity magnitude is comparatively
clearer in the case of AR4. Clearly, the velocity magnitude
is lower on the higher temperature side (i.e. leeward side).
The temperature and velocity contours for AR2 are given
in Fig. 5(e-f). Fig. 5(e) shows almost similar trends as the
temperatures are comparatively higher on the leeward side.
Conversely, temperatures are higher with the ground and
lower above it. Also there is an un-noticeable portion for
the highest range of the temperature (0-1.0) which shows
that the temperatures in AR2 did not reach the upper limit
observed in AR4 or AR8 street canyon.

FIG. 5(C). AR4: TEMPERATURE CONTOURS

FIG. 5(D). AR4: VELOCITY CONTOURS
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The resultant temperature and velocity contours in AR1
street canyon are shown in Fig. 5(g-h). Clearly,
temperatures are lower on the windward side of the
canyon. However, larger portion of the corner adjacent to
the leeward side is at higher temperature. Conversely,
velocity contours show lower velocity in the middle and
with the corners of the canyon. However, the middle of
the canyon, that covered by the lower velocity, is
accompanied with a higher temperature (Fig. 5(g)).
Apparently, the lower temperature in the middle of the
canyon as compared to the corners is caused by an
uneven velocity distribution.

A common point observed in all the cases is that the lower
temperature contour enters into the canyon from the
windward side. Notably, the strong wind of higher speed
enters in the canyon from the windward side. This hints
that higher velocity has been the reason of lower
temperatures on the windward side. A comparison shows
that the temperature variation with respect to velocity is
clearer above street canyon. Clearly, three different ranges
of temperature contours above street canyon starts with
the higher temperature adjacent with the canyon and ends
with the lowest temperature. Conversely, four different

FIG. 5(E). AR2: TEMPERATURE CONTOURS

FIG. 5(F). AR2: VELOCITY CONTOURS
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ranges of velocity could easily be seen adjacent with the

in street canyon aspect ratio. Apparently, lower velocity

top of the canyon starting with the lowest velocity and

due to higher building aspect ratio was a main reason of

reaching the highest.

higher heating. Additionally, heating was comparatively

5.

higher on the leeward side of the canyon in higher AR

CONCLUSIONS

street canyons. Notably, the variation in air-temperatures

A two dimensional k- turbulence model with RNG closure

and velocity magnitude was rapid and clearer over the

scheme was adopted to assess the effects of street-canyon

street canyon. It was also concluded that the wind that

heating. It was found that the temperature difference in

enters from windward side reduces the temperature on

the higher and lower AR street canyon was increased with

that side but looses strength as the flow cross over the

an increase in the surface and air temperature difference.

ground. The results of this study could be helpful to civil

Additionally, air-temperature increases with an increase

engineers and city planners as the results show the

FIG. 5(G). AR1: TEMPERATURE CONOURS

FIG. 5(H). AR1: VELOCITY CONTOURS
FIG. 5. TEMPERATURE AND VELOCITY CONTOURS WITHIN AR8 (A-B), AR4 (C-D), AR2 (E-F) AND AR1 (G-H).
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difference in temperature with respect to aspect ratio and

Z/H

Spatial coordinate in Z direction nondimensionalized by street canyon height

ReH

Reynolds number (based on street canyon
height) = uaH/

wind speed. The city planners can design an optimum
aspect ratio that must assure minimum temperature rise
keeping in view the ambient wind speed and population
density of an area. It was also revealed that the people
living in the upper portion of high aspect ratio street
canyon would be experiencing lower temperatures in
particular on the windward side.

6.

NOMENCLATURE

AR

Aspect Ratio

H

Street canyon height (m)

W

Street canyon width (m)

Gb

Turbulence kinetic energy production due to
buoyancy (kgm-1s-3)

X/W

ui

Rb

gH ( a   g )
Bulk Richardson number
2
 a ua

k

Turbulent kinetic energy (m2 s-2)



Mean temperature

a

Ambient air-temperature (K)

s-a

Difference between the surface and ambient airtemperature (K)

ACKNOWLEDGEMENT
This work was carried out with the financial support

Spatial co-ordinate in horizontal direction divided

provided by the University Research Committee of the

with street canyon width

University of Hong Kong. The author is grateful to the

Mean stream-wise () and vertical () velocity
components (ms-1)

Department of Mechanical Engineering, Mehran University
of Engineering and Technology, Jamshoro, Pakistan, for
providing necessary facilities to write this paper.

ua

Horizontal inflow wind speed (ms )



Dissipation rate of turbulent kinetic energy

-1

(m2 s-3)
Sij

Mean rate of strain tensor (1/s)

g

Ground level temperature (K)

ARi

Average air-temperature difference between the
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