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Abstract

Climate change is having various kinds of adverse effects on the society and the
environment. The frequency of summer-time heat waves is increasing and Urban Heat
Island Effect can significantly affect the local microclimate which consequently
escalates human mortality and mortality. Most of the studies performed in this area are
employing field measurements and observational methods which is inadequate to
predict the urban temperatures, deterministic approach is required in order to
completely forecast the thermal environment. In this study, a computational fluid
dynamics simulation of an urban micro-climate during a period of heatwave is
performed. 3D unsteady Reynolds-averaged Navier Stokes (URANS) simulations with
the realizable k-¢ turbulence model are performed on high-resolution computational
grid.Various climate variables such as surface temperature, wind velocity and air
temperature have been calculated. The CFD surface temperature data is compared with
the Satellite Data from the MODIS product of the June-2015 heatwave period in
Karachi in the year 2015. A reasonable agreement of the simulated data with the satellite
recorded data has been obtained. It is therefore concluded that CFD has the prospect to
precisely determine the urban surface temperature with deviation of around 10% from
the satellite data. Moreover, as a climate adaptation measure, the effect of albedo or
decreased surface absorptivity on the outdoor environment is simulated. It has been
observed that high albedo can decrease the temperature up to 2°C, thus decreasing the

heat stress.

Keywords: CFD, climate change adaptation, urban heat island, urban microclimate
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1. Introduction

1.1 Micro-climate and Heat Waves

In recent years, there are two major terms that we have been listening are global warming and
climate change. The causes for such drastic changes are many such as industrial activities and
automobiles. Temperature anomaly is on the rise as human activity is being increased in this
era as shown in Figure 1. There is a growing concern for the people, infrastructure, and ecology
of microclimates that are at extreme risk from the harmful effects of climate change. It is proved
that the developed areas exert negative influence over their microclimate and thermal

discomfort for pedestrians is increased [1].

0.0

Temperature Anomaly (C)

0.5
1880 1900 1920 1940 1960 1980 2000 2020

Figure 1: Temperature Anomaly globally from 1880 to 2020

According to the World Meteorological department, the heatwave is defined as “when the
maximum day temperature in a week exceeds 5 °C for more than five consecutive days
compared to the normal temperature conditions in an area”. Heatwaves are major climatic
events that are difficult to forecast and harm the environment and human beings. It is generally
considered as the ‘prolonged period of excessive heat’ [2]. Heatwaves have number of
consequences which affect buildings and infrastructure, health, cost, society and power
consumption due to high energy demand as shown in Figure 2. Robinson figured out that:

“there are two aspects of the heat which are either physiological and sociological. The



physiological aspect depends on the general thermoregulation of the human body and the

sociological aspect highly relates to local adaptations to the climate [3].
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Figure 2: Effects and Mechanisms for heatwaves [2]

As urbanization has increased over time, human influence has almost doubled the risk of
heatwave due to industrial activities [4]. In the Figure 3 below, heatwaves of Europe are
analyzed over time. An unusually large number of deaths were reported in France, Germany,
and Italy. Not only Europe, the temperature of the earth is rising globally and heat waves are
seen all over the world at different times and conditions. Most of the UHI effect is observed in

the recent decades has been caused by the atmospheric concentrations of greenhouse gases.
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Figure 3: June-August Temperature Anomalies (relative to 1961-1990 mean) over the shown region. European Map and
effect of heatwaves is represented on the left top corner

1.2 Urban Heat Islands

The air and surface temperatures of the densely populated urban areas is usually higher than
the surrounding environment [5]. During the summers, temperatures in urban centers are 1-6°C
are higher than the surrounding rural areas [6]. In the metropolitan cities, the temperature at
the center of the cities is often higher than in the suburbs. This is what called as Urban Heat
Island Effect. Rural settings tend to shift towards better environments as compared to urban
settings where urban canyons, anthropogenic causes, minimal shades of trees, minimal
vegetation and plantation, less number of water bodies, and low albedo materials pavements
are common. [7]. In 1973, Tim Oke showed that temperature is somehow related to the density
of the urban center, and also the temperature increases as the size of the city increases, which
creates a severe UHI effect [8]. In 1982, Oke summarized the causes of Urban Heat Island
effect which are shown in Table 1. Urban Heat Island effect is due to less turbulent transport
in the narrow streets which eventually affects pedestrian’s comfort. It is advised to plant trees

and do vegetation on the pavements for the thermal comfort of the pedestrians [9].



Table 1: Suggested causes of Urban Heat island [10]

Energy Balance Term responsible for

thermal anomaly

Negative Effects due to energy balance

changes

Increased absorption of short-wave radiation

Multiple Reflection & increased surface area

Increased long wave radiation from the sky

Greater absorption and re-emission

Decreased long wave radiation loss

Reduction of sky view factor

Anthropogenic Heat Source

Building and Traffic losses

Increased sensible Heat Storage

Increased thermal admittance

Decreased evapotranspiration

Increased Water Proofing

Decreased Turbulent Transport

Reduction of Wind Speed

1.3 Heat Waves in Pakistan

In Pakistan, heat waves frequency has increased as a result of climate change [11] . Pakistan

observes variety and diversity in its geographical and climatic patterns. From high mountains

to the Indus plains in the country, there are wide variations in the conditions of the country.

The heatwave event of 17-24 June, 2015 had caused a significant impact on the people with a

death toll of 1200. Temperature recorded was highest since 1979. In the Figure 4, anomalies in

temperature and humidity for the period of 1961-2007 are presented. It shows that 6.2%

increase in relative humidity is observed whereas temperature increased is 0.25 °C in 46 years.
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Figure 4: a) Heat Index Anomalies in Pakistan b) Maximum Temperature and Relative humidity Anomalies for the Period
1961-2007 [12]
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Karachi was the most affected city with the greatest number of causalities and highest
temperature of 49 °C was recorded in Larakana, Sibi and Turbat. This city was affected the
most due to number of reasons which are rapid urbanization, population growth, industrial
activities and anthropogenic heat dissipation. The city hosts more than 20 million
population with a density of 4115 persons per square kilometer. UHI effect is very
significant in the major portions of cities like I I Chundrigar Road, Gulistan-e-Johar and
commercial areas in Defense Housing Authority Schemes. UHI is a major health risk in
Karachi, creating thermal discomfort with people walking around. Tall buildings, slow
process of evapotranspiration, waste heat from automobiles and urban canyon effect all
contribute to the micro-climate change of the area. Mean maximum temperature (MMXT),
mean minimum temperature(MMIiT) and mean annual temperature (MAT) from 1976 to
2005 (31 years) is observed to be 2.7 °C, 1.2 °C and 1.95 °C respectively [13]. Karachi Heat
Index is shown in the figure below for the heatwave period.

Karachi Heat Index

= —
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Figure 5: Karachi Heat Index from 17 to 24th June,2015 [14]

1.4 Description of Microclimate

There are number of Urban microclimates in Karachi but the one with significant UHI
effect is | | Chundrigar Road with number of tall buildings, offices and residential
complexes. The average surface temperature of the region within the city is from 45° to 50°

5



C during the high heatwave events. High surface temperatures result in the thermal
discomfort caused by the convective heat transfer. So, to evade the harmful consequences,
some mitigation measures like using high-albedo materials for pavements, reflective
coatings and change in the building material are proposed to be implemented.

The objective of this study is to simulate the urban microclimate of the city during a
heatwave period in specific part of the Karachi utilizing computational simulation. The
situation of 17" to 22" June is simulated by applying same wind velocity, temperature and

solar load to the area by longitude and latitude. Wind Velocities and temperature by hour

are obtained from the Pakistan Meteorological department.

Figure 6:Urban Microclimate, Karachi Aerial View [15]

The simulations include wind flow and heat transfer by conduction, convection and
radiation. The resulting surface temperatures are validated using experimental data from
weather station during the heat wave of Karachi which resulted in number of deaths,
increasing human morbidity and mortality.



1.5 Research Methodology

The objectives of this study on the urban microclimate simulation is to develop a 3D Model
of the study area and simulate it. In order to perform this, there are some prerequisites which
is to apply wind flow and solar conditions on the region and extract surface temperatures
and to investigate the heat-wave scenario of urban microclimate, Karachi. Finally,
simulation of the effect of albedo on the thermal conditions in the microclimate is

conducted.

In order to meet these aims and objectives, the study constitutes of three main sections with
further portions. The process is to do literature study on UHI Effect, mitigation measures
and CFD rules and guidelines. After getting acquainted with the literature, CFD simulation
is performed with all required data and conclusion is made.

The initial phase involves the literature study from which input and target variables are
evaluated. All the data to be required in this simulation will be gathered and assembled for
modelling and theory. Study area is analyzed with all the conditions affecting it such as
solar and wind flow conditions. Mitigation measures of changing albedo values and its

applications are studied.

Satellite Data is used to compare the surface temperature contours obtained from the CFD
study. In the CFD Study, computational domain, wind flow and solar load are modelled.
To validate the results we obtained, there are two validation studies conducted to validate
the surface temperature and wind flow. After the simulation of more than 20 cases of the
microclimate, the worst-case scenario is selected and mitigation measure of increased
Albedo is applied at different surfaces such as concrete, pavements, buildings etc. Improved

case and the normal case are compared and results are discussed.

Finally, in the conclusion phase, the data from normal case and the mitigated case is used
for comparison. This comparison is based on the surface temperature obtained on the 15
points of the study area. Comparison is made among normal case, reflective building,

reflective concrete and coatings. Future recommendations are made for future researchers.



2. Literature Review

Nowadays urban microclimate is studied in two different approaches 1) Observational
Approach 2) Numerical Approach. Observational Approaches refer to field measurements
and thermal remote sensing. Second one uses computational power and reduces man hours.
Experimental results validate the results produced by CFD simulation. It can solve complex
and intricate shapes and designs. It varies from building to global scale and can provide a
complete picture of urban microclimate. Such techniques will play an essential role not
only in applied studies but also in guiding the improvement of simpler models. Literature
provides an insight about urban microclimate as this is the field which requires former
results to validate CFD results and simulation. Information is also used from Best Practice
Guidelines for CFD [16].

There are numerous kinds of CFD models being used for the simulating urban
microclimate. Microscale meteorological models are generally known as CFD models.
Input and boundary conditions can be sued from the mesoscale. Turbulence model
parameterized and it depends on the CFD model: LES, hybrid URANS/LES, URANS or
steady RANS. [17] A review research was conducted in which CFD analysis was made on
urban climate. The authors mentioned that urban microclimate can affect the natural
parameters i.e. heat transfer, wind flow and solar energy etc [18].

As technology is emerging, countable problems in the climate change have been noticed.
It was also observed that urban climate change has severe effects and causes. On the other
hand, there are measures as well for curbing this cause. Nurruzman reported few measures
to mitigate the causes of UHI effect [7]. He observed and researched that albedo pavement,
greenhouse effect and shade trees with proper vegetation can be useful measures to mitigate
this effect. Plantation has good efficacy and is an effective method for changing and
decreasing the UHI effect.

It has been observed from the past researches that urban climate can change the wind flow
as well. There are number of studies conducted on the pedestrian level around building of
two meters height. Now a days, the construction of building is not only limited to the indoor
environment but the level of pedestrian as well for the outdoor environment. After having
a deep analysis of the past researches, it was noted that there is dire need of predicting and

homogenizing the wind flow. Lots of numerical simulation was taken place and after so



many trials it was concluded that RANS is cost effective and does not need much

computing efficiency [19].

A research conducted on the pedestrian wind comfort around the high rise building with
the usage of CFD simulation. It was stated in the research that high rise building is the key
issue of wind discomfort. Therefore, 3D RANS model with k-¢ turbulence was used to
overcome this fact. For the remedial purposes, different canopies were made installed near
the south-southwest and east-southwest of the building. The simulations are then compared

with the on-site measurements for gaining the best results purposes [20].

Toparlar et. al published a case study on Bergpolder, Rotterdem Zuid Region in which a
real urban area is considered and enclosed in circular domain of 1200 m which is further
surrounded by hexagonal domain of 2400 m (maximum distance). Boundary conditions are
applied on the faces of hexagon and appropriate roughness functions are applied. This study
provides a detailed methodology for conducting a CFD simulation on an area of radius less
than 10 km (microscale). 3D unsteady Reynolds-averaged Navier-Stokes simulations with
the k-¢ turbulence model are performed on a computational grid. In this research, realizable
k-& model has been employed to simulate the urban microclimate. CFD simulation can be
performed reasonably well for prediction the heat wave and the urban temperature. On a
high-resolution grid, 3D URANS model was chosen to increase the climate resilience.
From the experimental data, it was observed that prediction has 7.9 percent deviation from
the CFD simulation. It was noted that CFD has huge potential to predict the urban micro
climate [21].

Sen et. al studied the Power Ranch Community of Glibert, Arizona in the Phoenix
Metropolitan Area, an area which experiences severe summers. With the mobile field data
measurer, warmest hour was recorded with temperature of 42 °C and a very low wind speed
of 0.45 m/s which is a cause of low turbulent transport and increased thermal discomfort.
In this study, five scenarios were considered with different albedo values and computational
fluid simulation was conducted to check the effect of each case. The materials used were
new asphalt concrete, normal concrete, reflective concrete and a reflective coating. Same
approach is used in this study and simulation is run. Due to these modifications in the

structures around or over the buildings, temperature decreased upto 0.8-1.0 °C. [22].

Based on the orthophotos and LiDAR, a shading algorithm is used in the study of Rose &

Levinson [23] in which it was examined how tree shading alters the value of albedo



throughout the year. In another publication [24], thermal conditions were improved using
the 4500 m? of reflective pavements in an urban park of Athens. Using the high albedo
pavements have been the most effective method in minimizing the UHI effect. It was
estimated that peak temperature was decreased by about 2.0 K in a typical summer day.

Janssen et. al studied the wind comfort around the high-rise complex of buildings. The
computational grid is modeled explicitly ignoring the minute details on the buildings. The
CFD simulation data and the on-field measurement at three positions in the urban canyon
are compared and results are deduced [20]. Firdaus et. al adopted the Heroit-Watt
Univeristy Dubai Campus as a study area. The study of this particular urban microclimate
uses CFD to simulate temperature and wind flow parameters at different pinned locations.
As in the previous studies, field measurements were taken to compare with the results of
simulation which showed temperature increase of 2.7 °C in the zone 1 and 3 [25]. Setiah et
al. used ANSYS FLUENT as a CFD tool, taking Madinah as a study area to analyze the

thermal comfort, wind velocity and air temperature [26].

A CFD study in the city of Tianjin city used the input conditions from the meteorological
station to simulate the effect of wind distribution. Full 3D model of city was developed in
this and RANS equations were solved to simulate the urban wind flows and effect of air
and surface temperature was recorded. Full-scale model was compared with the micro-scale

local model and results produced were similar [27].

Vegetation and plantation play an important role in minimization of UHI effect in urban
canopies. Not only this, air and water purification can take place due to green spaces [28].
Urban greening is being increased in number of countries to implement sustainability [23].
Trees and Plantation increases the solar reflectance and alters the insolation (solar
radiation) at the ground level. During the development of the urban greening policies, trees
and plantation must be considered because of the importance of the albedo of trees and

plants.

After studying several models in number of studies for simulating and mitigating the UHI
effect, it was observed that validation is very critical for the simulation which is not
performed in all studies. RANS and LES were highly used and approached models for
balancing the climate resilience analysis. RANS was cost effective and LES was accurate
among all models but it is very expensive computationally. All studies are summarized in
the Table 2.
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Table 2: Previous Studies Review

Importance, scales,
Possibilities,

limitations and ten

(RANS) and
Large Eddy
Simulation (LES)

Title Location Model Limitation Reference

A review on the Generic Generic Few parameters | [18]

CFD analysis of are bit defined i.e.

Urban Climate. pedestrian  wind
comfort and
thermal comfort.

A review on the Generic Reynolds Average None [19]

study of urban Navier Strokes

wind at the (RANS)

pedestrian  level

around the globe.

Urban Heat Island: Generic Generic Albedo pavements | [7]

Causes, effects and should be the last

mitigation option.

measures-A review

CFD  simulation | Bergpolder Zuid | Unsteady None [19]

and validation of | Regionin Reynolds Average

urban Rotterdam, Navier Strokes

microclimate: A | Netherlands (URANS)

case study for

Bergpolder Zuid,

Rotterderm.

CFD Modeling asa | Madina, Saudi Average Navier None [26]

tool for assessing | Arabia. Strokes (RANS)

outdoor  thermal

comfort conditions

in urban settings in

Hot arid climates

CFD for urban Generic Reynolds Average | Adverse Climate [17]

physics: Navier Strokes Change

11




tips and tricks

towards accurate

and reliable

simulations.

Steady state CFD Dubai, UAE. Reynolds Average | Intermittency of [25]
modeling and Navier Strokes wind flow and
experimental (RANS) surface

analysis of the temperature.

local microclimate

in Dubai (UAE).

CFD simulation of Generic RANS Limitations of [29]
outdoor ventilation RANS

of generic urban

configurations

with different

urban densities and

equal and unequal

street widths.

Numerical study of Generic RANS using k-¢ Limited effect of | [30]
urban canyon model buoyancy

microclimate

related to

geometrical

parameters.

Fluid dynamic and Generic (two RANS using k-¢ Non-stationary [31]
heat transfer building blocks). | turbulence model | behavior of solar
parameters in an radiance and

urban canyon. irradiance.

Use of CFD Dutch City, 3D Steady Wind nuisance [20]
simulations to Eindhoven. Reynolds Average | problem.

improve the
pedestrian wind
comfort around a
high rise building
in complex urban

area

Navier Strokes
(RANS)
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Numerical Generic (Urban | RANS, RSM and | Intermittent and | [32]
simulation of Street) LES unsteady nature of
atmospheric filed flow.

pollutant

dispersion in an

urban street

canyon:

Comparison

between RANS

and LES.

CFD simulations Tianjin City, Reynolds Average | Intermittent nature | [27]
of wind China Navier Strokes of wind.

distribution in an (RANS)

urban community

with full-scale

geometrical model

Cool Pavement Suburban RANS / Field Only for particular | [22]
Strategies for Phoenix, Arizona | Measurements land cover type

Urban Heat Island

Mitigation

Using Cool Paving | Flisvos Parkin | RANS / Field Boundary [24]
Materials to Athens Area Measurements Conditions differ
improve considerably in
microclimate of two monitoring

urban areas campaigns

Analysis of the Suburban GIS Shaded areas may | [23]

effect of
vegetation on
albedo in

residential areas

Sacramento and
Los Angeles, CA

be slightly

underestimted
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3. Numerical Methods

In this part of the study, the CFD simulation settings and parameters are described. There
are two simulations performed, one is main simulation of the 3D urban model and other is

for generic two building model for the validation of the computational setup.

3.1 Methodology

This section describes the computational setup. First, target variables to be researched in this
study are chosen and then the governing methods are specified.

3.1.1 Target Variables

The main target variable is temperature which is used in the heat wave. There are two main
temperature values used for the computational analysis. First, is the surface temperature of
the canyons within the circular domain and secondly the air temperature at pedestrian height
(2.0 m). The other parameters affecting the results are building locations, building heights,
shadowing due to sun direction vector, courtyards, material specifications such as brick and
earth. Absorptivity study is performed in which the absorptivity of the area under
consideration is decreased to a certain value in order to account for the effect of light-
coloring of roads, roofs and facades. After the implementation, a comparison of air
temperature at pedestrian height and surface temperature can be made based on the normal

situation and the situation with the absorptivity reduction.

3.1.2 Models for Computation

The 3D URANS model is solved with the realizable k- model is used for microclimate [21].
P-1 Radiation model is used [33] for the solar radiation. In this study the realizable k-¢
turbulence model is used as it is very efficient in terms of time and computational cost.
Computation is performed according to the best practice guidelines published by [34], [35],
and [36]. This computation is based on the ground level temperature which eliminates the

effect of transverse mixing which is overestimated by k-¢ turbulence model.

3.2 Geometry

In this section, the geometry of the real microclimate of an area in Karachi, Pakistan with
hexagonal domain is described along with the geometry of generic urban buildings for the

validation of wind flow. Apart from the Wind flow, ground surface temperature is validated
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using Satellite MODIS Product. After the modelling of the 3D real urban area, model in
IGES format is exported to the Pointwise where mesh is created using the guidelines

discussed above.

3.2.1 Domain of Generic Urban Area

This validation model for the wind velocity considers the flow around a single building of
which geometric model is shown in Figure 7. This model has a passage made in the center
of the building at the pedestrian level. This configuration was selected as real-time wind
tunnel measurements for this model [37]. Similar study was performed with different
approach by [38], in this study velocity and turbulent kinetic energy (TKE) profiles are
compared.

/
/N

Figure 7: Single Building Model with a Passage

The model of our simulation has a height of 108m and a width of 480m, which indicates
a blocking ratio of 2.8% according to the [39]. The shape of the section of the simulation
volume is equivalent to the building facade exposed to the wind. The depth of our
simulation volume measure 480m, of which 180m are located before the building. The
mesh show in the Figure 8 and Figure 9, has 12,645,371 cells and 2,359,109 points. It
contains 12,339,865 tetrahedral and 305,506 pyramids.
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Figure 9: Computational Grid of Passage in a Single Building

3.2.2 Domain of Real Urban Area

In this study, the domain’s highest building has a height of 50 m. The computational domain
is shown in Figure 10. The aerial view of the real domain with the surroundings is shown in
Figure 11. The height of the domain is 400 m as it is recommended in all the guidelines referred.
8H is the distance from the ground to the pressure-far field in the domain which is greater than



the threshold 5H. This also meets the condition of the blockage ratio and lateral distance.
Longer distances from the circular domain to the inlets and outlets is highly recommended

which means fully developed flow when it enters the urban island.

The computational domain in this study is hexagonal and contains a circular sub domain with
urban part as discussed that includes all the buildings of the region. Each edge of the hexagon
measures 692 m yielding maximum distance of 1200 m inside the domain. Circular domain
has diameter of 600 m. The buildings inside the subdomain are modeled with general details
of volume, intricate details like windows, doors, extensions or designs are ignored as they do
not have major effect on the heat transfer analysis. Considering the positioning and
dimensioning of the region, the blockage ratio of maximum 3% is satisfied.

=
f— |
p— |
o~ |
—

692.82m

Figure 11: Satellite Image of the Urban Area Domain
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3.2.2 Computational Grid

For the CFD simulation, meshing is very important aspect to produce reasonable results.
Ground plane model of the computational grid is shown in Figure 12. Computational Grid as
shown in Figure 13 of the model is created in PointWise [40] using T-Rex command. A
SpaceClaim (ANSYS v17.2) model is converted into an IGES format which is suitable for
PointWise. The file format is called Initial Graphics Exchange Specification (IGES) ad this
format allows PointWise to load the drawing successfully. The 3D Model after getting exported
to PointWise is in the form of database which will be converted into the connectors. Connectors
will be dimensioned according to the guidelines provided. Mesh will be finer near the ground,
area of the interest but as the distance from the target area increases, the mesh becomes coarser.
Total number of cells are 52, 312, 459 including 50,798,172 tets and 1,514,287 pyramids as
seen in Table 3. Spacing between the cells in the circular subdomain is kept 0.3 m, spacing in
the boundary of the circular domain is 2 m, as the distance from the center increases, cell

spacing increases with 7 m at the boundary of the hexagonal domain.

Figure 12: Ground Plane Model of Urban Microclimate, Karachi
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Figure 13: Circular Sub domain in Computational Grid

Table 3: Cells count of Computational Grid

Cells
Type Count
Tets 50,798,172
Pyramids 1,514,287
Prisms 0
Hexes 0
All 52,312,459

After completing the domains of buildings walls, circular domain ground, hexagonal domain
ground, sky and inlets/outlets, all domains are converted into one block. Block is initialized to
form a volumetric domain. Boundary Types are selected in the PointWise and further settings
will be done in ANSYS Fluent v17.2. In the Figure 16, urban microclimate is depicted with a
real Google Earth Image which is modeled for the CFD study.
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200 m 300 m 600 m ’

Figure 14: Real Urban Domain under study

3.3 Initial and Boundary Conditions

In this part of the study, the initial and boundary conditions of the CFD simulation are
presented. This includes wind velocity, aerodynamic roughness, solar radiation, energy

equation, Viscosity model and many other settings.

3.3.1 Boundary Conditions

First is the velocity inlet conditions for each case described. The velocity inlet is the boundary
from where the windflow enters the computational domain. Velocity is given constant [41] ,
input wind velocity is provided by the meteorological department of the Karachi. Velocity
vector is always normal to the boundary. Apart from the velocity magnitude, turbulence
intensity of 10% is prescribed [31]. Moreover, the temperature of the velocity inlet (wind flow)
will be specified in the “Thermal” portion of the velocity inlet boundary condition.

Temperature of the inlet is provided by the data provided by Meteorological Department.
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The circular ground, hexagonal ground plane and the building walls are defined as the wall
boundaries. Wall boundaries can be defined with the roughness height, roughness constant,
thermal conditions and radiation conditions. For the building walls, the roughness height is
assumed zero and roughness constant of 0.5. For circular ground plane in which there are
streets, courtyards and other obstacles, roughness is calculated from the following relation [35]:

ZO
ks =9.7937"

N

‘Zo” can be selected on the basis of surroundings which is further explained in the next section.

In the geometrical model, each region in the hexagonal domain and circular subdomain is given
a sand grain roughness. According to the first cell of the height, roughness height is adjusted
to validate the formula. The thermal settings for the ground walls in the circular subdomain

and hexagonal domain are same.

3.3.2 Aerodynamic Roughness Length

For this simulation, velocity profile is constant which is developed once enters the real urban
area to be simulated is approached. The inlet profiles of wind velocity, turbulent kinetic energy
and the turbulent dissipation rate are linked to the aerodynamic roughness length (z,) of the
terrain, upstream of the computational domain. These values are obtained from Davenport
classification by [42] . In the Figure 17 shown below, there are suggested values of (zo) for our
real urban area. The roughness values are assigned for each 22.5° intervals. For each of the

inlet or outlet is assigned a (zo) value.
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Figure 15: Estimated Aerodynamic Roughness Length. Red line Circle is the subdomain and white hexagon is the complete

computational domain. Aerodynamic Roughness Length are given according to Davenport Classification

3.4 Solution Methods and Controls

Solution Parameters are used to indicate the methods to be used for solving the differential
equations. Numerical approximations and iterative convergence criteria set in this computation

are described.

3.4.1 Numerical Approximations

A second order numerical scheme and SIMPLEC algorithm is used for the simulation.

3.5 Thermal Model

In order to consider the effect of solar load and radiation on the real urban area, a solar radiation
effect should be modelled. A model with radiation and convection must be considered to take
in account this effect. Gravitational Acceleration is defined for y-axis as -9.81 m/s2. For solar
model, P1 radiation model is selected [33]. In the Solar Load settings, solar calculator is
configured according to the mesh orientation and real urban area coordinates for sun direction
vector. The necessary inputs for longitude and latitude are 67 and 24.85 respectively which
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defines the center of our study area. The time zone of the area is +5 Greenwich Mean Time.
After these settings, mesh orientation is defined in the Solar Calculator. Sun direction vector is
calculated automatically by the solar calculator when specific date and time is entered
according to the time of heat wave, 2015. After all these settings, direct normal solar irradiation
affecting the surface temperatures of the region is calculated. The model is now ready for the

surface temperature calculations. All the CFD settings are presented in Table 4.

3.6 Settings Table for Computation

Table 4: CFD Settings

Fluid Wall Functions
Air (Incompressible, Viscous) Standard Wall Functions
Density 1.22516_93 Von Karman 0.4
m Constant
Viscosity 17894 » 10-5 kg | Gravitational -9.81 m/s"2
m=*S | Acceleration
Geometry Inlet Boundary Conditions
Edge 692.8 m Type Velocity Inlet
Length
Width 1200 m Velocity Profile Constant
Length 1200 m k (Turbulent KE) 10%
Height 400 m e (Dissipation 1
Rate)

Urban Area Diameter | 600 m Outlet Boundary Conditions
Solver RANS Type Pressure Outlet
Momentum Second Order Radiation Model

Upwind
Energy Second Order Type Pl

Upwind
k-& model Second Order Solar Load Solar Ray Tracing

Upwind
Turbulence Model Interpolation Scheme
Realizable k-& Model Pressure Standard
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Mesh

Coupling SIMPLEC

Type

Unstructured

Location (Longitude and Latitude)

Cells

52,312,459

67.00 and 24.85
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4. Results: CFD Simulation of Microclimate

CFD analysis is performed using specific set of guidelines [33], the boundary conditions which
are applied at the inlets are the real boundary conditions obtained from the data provided by
Meteorological Department of Pakistan, Weather station which is around 15 km from the our
study area. Thus, we have assumed the wind velocity and the air temperature at the
meteorological station is not varied that much as wind currents travel to the study area.
However, although the outputs are intended to be similar as well, so the data needs to be
validated. The surface temperature which are calculated from the CFD simulation are validated
from surface temperatures, based on satellite measurements. These measurements are obtained
from the MODIS product. Heat wave measurements are reported in a technical report published
by Ministry of Climate Change. [14]. The other validation study performed is for the wind

velocity profile along the street canyon. [43]

4.1 Validation of Surface Temperatures

The first validation study is related to the surface temperatures of the region under study and
the effect of wind flow and solar radiation on surface temperature. The aim of this validation
is to compare the real time measurements of surface temperatures in the city of Karachi to the
measurements, and the temperatures obtained from a CFD simulation with meteorological

inputs.

4.1.1 Satellite Measurements of Surface Temperature

In order to measure the Satellite surface temperatures for specific location (Coordinate
Location). HDF file from the online MODIS data base is used and temperature measurements
are extracted using Qgis 2.18. Table 5 presents the time, date and product used for the average
surface temperature of the region.

25



Table 5: Table of Data acquisition of Satellite Temperatures

Products Modllcl Mydllcl
Time Night Day Night Day
18 | 17.79999924 6.800000191 22 -
19 | 18.39999962 5.800000191 9
9.80000019073486,
20 | 17.60000038 6.599999905 21.79999924 9.60000038146972
21 = = = 8.800000191
22 | 17.20000076 6.400000095 21.60000038 -
23 8.600000381
Products Mod11bl Myd11bl
Time Night Day Night Day
18 | 22.20000076 11.19999981 2.400000095 =
19 10.19999981 - 13.39999962
20 22 11 13.19999981
21 - - - -
22 | 21.79999924 10.80000019 2 -
23 - - - 13
Products Mod1lal Myd1lal
Time Night Day Night Day
18 | 22.10000038 11.10000038 2.400000095
19 10.19955981 13.39999962
20 [ 21.89999962 10.89999962
21 13.19999981
22 | 2170000076 10.69995981
23 13

According to the measurements of Heat Wave of June, 2015, the average surface temperature
of the region under study from 18" June to 23" June is 308.33 K. The considered validation
within this study is the observation of June, 2015 surface temperature values using MODIS
products. Based on the times selected for data collection, surface temperature values of the

urban microclimate are provided in the plot in Figure 18 generated from Table A2.
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Figure 16: Average Surface Temperature from MODIS Product from 18th June 2015 to 22" June 2015

26



The surface temperatures are averaged over the region which means data does not consider any

maximum or minimum values.

4.1.2 Validation Study

In order to compare the 3D urban model with the average surface temperature calculated from
the MODIS product [44], a model of microclimate is generated. This model is computational
model of the area and is subjected to the wind velocity and solar radiation conditions. Time
interval of the satellite measurements and the computational simulation is same. 3D modelling

phase and the inputs to the domain are presented.

Initial conditions and boundary settings are described in the section (3). For accurate results

and ideal simulation, homogenous zone is required at all of the inlet sections.

4.1.2.1 Measured Meteorological Conditions

For the time span of heat wave being simulated, we need meteorological conditions presented
in Table 6 are the most important inputs for the simulation in order to validate the CFD
measurements at corresponding time periods. The Meteorological department of Karachi has a
measurement station at Jinnah International Airport, Karachi. This department provides the
values of radiation to the surface to the surface at every hour. This is hourly data in which wind
velocity and inlet temperature is specified. From this data, the date and time are used for
specifying the sun direction vector in CFD Model. Air Temperature, radiation, wind velocity
and wind direction are used directly at the inlets from the database.

Table 6:Input Data for Selected hours from the Meteorological Department of Karachi

Wind
Year Velocity Wind
Case | Date Day Time | Temp Direction | (knots) Velocity
1| 18/06/2015 168 0400z 34.5 NW 04 2.05776
2 | 18/06/2015 168 0900z 38.0 SW 14 7.20216
3| 18/06/2015 168 1200z 37.5 SW 12 6.17328
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4 | 18/06/2015 168 14002 35.0 SW 08 4.11552

5| 18/06/2015 168 1600Z 335 SW 06 3.08664

6 | 18/06/2015 168 2200Z 33.0 SW 08 4.11552

7 | 19/06/2015 169 10002 39.5 SW 10 5.1444

8 | 19/06/2015 169 1300Z 37.5 SW 10 5.1444

9 | 19/06/2015 169 1600Z 335 SW 08 4.11552
10 | 19/06/2015 169 18002 33.0 SW 06 3.08664
11 | 19/06/2015 169 2200Z 32.0 NW 04 2.05776
12 | 20/06/2015 170 03002 34.0 NW 04 2.05776
13 | 20/06/2015 170 0900Z 43.5 SW 10 5.1444
14 | 20/06/2015 170 1600Z 36.0 SW 06 3.08664
15 | 20/06/2015 170 2100Z 35.0 NE 04 2.05776
16 | 21/06/2015 171 0200z 34.0 NE 02 1.02888
17 | 21/06/2015 171 0900Z 41.5 NE 10 5.1444
18 | 21/06/2015 171 1500Z 39.0 NE 10 5.1444
19 | 21/06/2015 171 2100Z 36.0 NW 04 2.05776
20 | 22/06/2015 172 0100z 35.0 NE 10 5.1444
21| 22/06/2015 172 07002 40.0 SE 06 3.08664
22 | 22/06/2015 172 13002 38.0 SW 10 5.1444
23 | 22/06/2015 172 1700Z 35.5 SW 04 2.05776

With this data, the simulation cases have been modeled separately. Inlets of the hexagonal

domain are changed according to the wind direction around the urban subdomain. Wind

direction along with the boundary number indicated in Figure 15 is shown in Table 7.

Table 7:Inlet and Outlet Faces and Walls of the Computational Domain at different orientations

Direction | Inlets | Outlets | Walls

SW 1,2 4,5 3,6

W 5,6 2,3 1,4

NE 1,2 4,5 3,6

E 2,3 5,6 1,4
3,45 1,2,6

28




‘ NW ‘ 3,4 ‘ 1,6 ‘ 2,5 ‘

4.1.2.2 Validation Study of Wind Flow

This study is based on number of CFD computations to evaluate the wind velocity in the
pedestrian path drilled in the single building. Simulation is carried out with the FLUENT
software in a similar way as in [43] compared to the results of Wind Tunnel Measurements of
[37]. The ratio U/Uo is plotted against the distance in the passage of building (0-12 m)
simulated with different models: k-& 2" order, k-¢ realizable, RNG and RSM. The results are

shown in Figure 19.
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Figure 17:Wind Velocity Ratio vs Position in the Passage of building at different Settings

Above Plot shows the results of validation study performed in our study and [43].

The standard k-¢ model provides better result to validate the wind tunnel experiment results

presented by line (+) in the Figure 17. Similarly, k-¢ realizable model yields better results than
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standard model to quantify the discomfort estimation. Still error occurs in both models as
compared to the wind tunnel results. The Reynolds stress model provides close results to assess
wind comfort in the passage of the building. It determines accurately the position of the
maximum discomfort. If a comparison is made among all the models simulated, all models

provide accuracy under 15%.

4.1.3 Results and Comparison (Real Urban Area)

There are 23 cases which are simulated. From each of the case, air temperature and surface
temperatures are obtained and compared with Satellite temperatures extracted from the
MODIS. The temperature measurements are simulated for 15 selected points in the 3D model

distributed around the microclimatic region of Karachi seen in the Figure 18.

| Termperature |
' 325
320
35
30
T 305
300
295

-+

Figure 18:Representation of Microclimate and 15 Data Points with Temperature Contours 19th June 1300
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Figure 19: 3D View of an Urban Microclimate Surface Temperature 19th June 1300
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The 15 points are randomly selected around the highly affected areas where temperature is
higher which ensure that temperature is being measured at core of the circular subdomain. In
the end, the 15 surface temperature values are averaged for a single value which are compared
as simulated average surface temperature. These Data points are plotted in Figure 20. The

comparison between the results from satellite and simulation is shown in Figure 19.
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Figure 20:Comparative Graph for the model validation results

The results of the validation are in good agreement with the satellite measurements except the
results which are simulated in the night time. This error can be justified due to cloud cover
decreasing the accuracy of satellite measurements. Surface temperatures drop usually at the
evening time, this is due to the low amount of the radiation after 1700 hours. Sun direction
vector angle is low as well. In the starting two days or nearly 40 hours, temperatures are close
to those measured from the satellite but after 40 hours from 18"-June, surface temperatures are
overestimated by 2 to 3°C. There might be number of reasons for these differences, surface
temperature from MODIS are higher due to changing behavior of wind from 20" June till 22"

June, due to which there is a large effect on the output.

In general, computational analysis of real urban area with solar loading showed reasonable
results with the real time values. The comparison of the satellite and CFD results shows that
computational results are properly validated. In the following section, a mitigation measure is

adapted to reduce the street surface temperature.
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Figure 21:Surface Temperature Distribution based on data points used in validation model. Note that average is calculated
as 320.54 K

5. Mitigation Measures

This section deals with the application of materials that can reduce solar absorption and thus
create a more comfortable urban microclimate for pedestrians. The aim is to improve the
thermal comfort conditions and reduce the intensity of heat. This can be done by taking number
of mitigation measures and evaluate the results by computing the temperature difference with
the case of 19™-June-1300, on which surface temperatures was almost 47 °C and can be reduced
by using cool paving materials [24]. It has been shown that that if stone mastic asphalt is used

instead of normal asphalt, thermal conditions are improved. [45]

Urban Heat stress can be reduced by coating or covering the urban landscape of asphalt, brick,
metal and other heat absorbing materials. Building’s roof is typically black or gray in the urban
cities which can be light colored to reflect up to 50% of the light incident on it. Not only have

this, light-colored concrete and white roofs reduced the energy demand of a specific building.
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Other measures like plants and green roofs can also contribute to reduce the urban heat island
effect [46]. Gaining thermal comfort from plants highly depends on the space, time and plant
properties. It is not necessary if vegetation can produce desirable results in every orientation
[47].

5.1 Cool Pavement Materials

Using conventional asphalt on the pavements adds to the urban heat island effect. A coating
material is required to reduce the intensity of heat absorbed. Coatings on conventional asphalt
can reduce the temperature upto 4°C [48]. Using cool materials to build roads is an effective
way of minimizing the effect of urban heat island. Their effectiveness solely depends on
surrounding urban area. In our study area, pavements, roads, courtyards and streets will be
replaced with the surfaces with progressively higher albedo like New asphalt concrete or
reflective concrete [22]. Temperature contours with the existing pavements are shown in Figure
21. Three cases are simulated on 19-Jun-1300 which are given in Table 6 are shown below:

e Reflective Concrete Pavements
o Reflective Building Facades and Walls

e Reflective Coating on both buildings and pavements

Table 8:Using cool pavement materials as a mitigation measure to reduce the average surface temperature

Case Thermal Albedo Average Surface | Difference
Diffusivity Temperature (18 | from
(mm?/s) Points) Mitigated

microclimate

Existing 1.35 0.32 47.54 °C 0

Pavements

Reflective 2 0.5 44.99 °C 2.55

Concrete

Reflective 1.35 0.6 44,54 °C 3

Building

Reflective 1.35 0.6 44,54 °C 3

Coating
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In the reflective concrete case, all the pavements are replaced with the reflective concrete with

2
absorptivity 0.5 and thermal diffusivity 2 % and average surface temperature is calculated

which is 44.99 °C, this scenario is shown in Figure 22. Next in the reflective building scenario,
the albedo of the building walls, facades, roofs and other surfaces are changed to 0.6 with
thermal diffusivity by keeping the pavements unchanged. Albedo in the case of reflective
coatings is kept 0.6 [49]. In the last two cases, average surface temperature is 44.54 °C which
is decreased by 3 °C.

For all the scenarios, the thermal diffusivity and albedo were used to evaluate the roads, facade,
roof and walls surface temperatures and comparison was made with the average surface
temperature of the 19-Jun-1300.

Temperature
329
320
315
310
305
300
295
290
285
280

Figure 22:3D View of Temperature Contours of Mitigated Urban Microclimate 19th June 1300
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6. Discussion

In this study, in order to conduct the simulation, there were number of processes such as

geometrical models and physical processes. Mainly these processes are following:

e Urban 3D model and computational Grid
e Urban Wind Flow through the Study Area
e Solar Radiation Settings in the CFD Software

e Albedo Mitigation Measures at a specific time

6.1 Urban Geometry and Mesh

The Urban Geometry created in this study is based on the satellite imagery and general height
data of the buildings available on the web. It was assumed that each floor of the building is
nearly 10 ft or 3 meters and height of the building was determined that way as residential
buildings in the Karachi are 6 to 8 floors and the commercial buildings are from 6 to 20 Floors
with the maximum height building of 102 m. There are elements in the real domain that are not
modeled because they do not have major effect on the thermal conditions. Trees, poles, cars
and all other obstacles are also neglected and adjusted in the albedo value of the domain. These
elements are represented by assigning a solar absorptivity value. All buildings are assumed to

have same material and same properties.

Grid generation of this urban domain is explained in detail in the section 3.

6.2 Wind Flow, Solar Radiation and Thermal Model

After the 3D Model is complete, wind velocity settings are selected from the domain and input
data. The values for the roughness constants and roughness heights are determined for each
boundary. Velocity Profile is kept constant and is expected to develop a profile from the inlet
to the circular sub-domain. In this way, wind flow in the urban center is very realistic as

possible. Wind Flow of the software was validated using Wind-Tunnel Results.

Thermal conditions for the all building walls are same and also same values are kept for the
ground wall conditions. Ground wall is expected to behave as a constant temperature sink with
specific thickness. In reality, there are many different regions on the ground with some places
with asphalt and some having other material which is ignored to keep the things as simple as
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possible. It is assumed that thermal conductivity and specific heat of the surfaces does not
change in the simulation or varied with the temperature. Material values are presented in the
Table Al. If all the realistic conditions are simulated, it would take a long time for computation
and computational cost will be increased. When modeling the solar radiation, the software
automatically calculates the sun direction vector from the location and time of the day in a year.

The vectors produced are not exact but realistic enough to simulate the region.

In the Section 1, possible reasons for the UHI effect are shown. In this study, few reasons are
not modelled which are emissions from industrial source and automobile because it is difficult
to model these intricate details. For future studies, it is highly recommended to show all
possible causes of the Urban Heat Island Effect in order to improve the accuracy of the
simulation. These can be modelled directly or can be added in the computation implicitly by
assigning absorptivity values. Modeling of trees and plants are also neglected in this study
which contain amount of moisture that can affect the surrounding temperature. It is important

in the study areas where this effect is significant, areas near forests or lush green regions.

6.3 Albedo as a Mitigation Measure

In order to reduce the effect of high surface temperature producing thermal discomfort,
implementation of reflective pavements, reflective buildings and reflective coatings is
suggested which made temperature decreases by 2 to 3 K. For future studies, research must be

conducted on the high-albedo and low-cost materials in order to increase pedestrians’ comfort.
6.4 Recommendations for further Research

After reviewing the results of the performed simulations and previous literature, following
recommendations are made:

e Model the urban environment with more details and fewer buildings

o Keep the upstream and downstream distances high in the simulation

e Compute a transient simulation to gather data more efficiently

e Perform a case with Large Eddy Simulation (LES) rather than realizable k-& model
e Include other sources of UHI in the simulation as well
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7. Conclusion

This paper has presented steady CFD simulations considering wind flow and heat transfer
including all three modes, investigating the I.I Chundrigar Road region, Karachi. The
simulations were performed on ANSY'S Fluent using the 3D RANS with k-¢ turbulence model
on a high-resolution grid. For validation of surface temperature, data obtained from satellite
products is used. Input conditions were provided by the Meteorological department of Pakistan
including wind speed, wind direction, air temperature and solar radiation. Simulations are
performed from 18" June until 22" June 2015. Further, the mitigation of heat stress is
performed by changing albedo is simulated. The simulation includes wind flow, solar radiation,
average surface temperatures, heat transfer and albedo models. CFD models can provide
accurate results if all the guidelines are properly followed. Thus it can be concluded that if
higher albedo values of reflective pavements and buildings can reduce the temperature up to
3.0K
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Appendix

Table Al: Material Specifications of the Computational Domain in SI Units

Material Density Specific Heat Thermal Conductivity | Absorptivity Emissivity
Earth 1150 650 15 0.68 0.9
Brick 1400 900 1.7 0.5 0.88
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Table A2: Raw Surface Temperature Data from CFD Results of 15 Points of 13 cases of Study Area

18th- 18th- 18th- 19th- 19th- 19th- 19th- 20th- 20th- 21st- 22nd- 22nd-
0900 1400 1600 1000 1300 1600 1800 0900 1600 0900 21st-1500 | 0700 1300
310.25 317.88 309.26 | 308.87 320.84 309.41 297.91 312.45 | 299.4 308.06 312.91 295.01 315.26
310.37 317.48 306.42 | 312.87 321.67 309.72 294.91 31345 | 305.6 308.15 315.52 295.94 314.01
310.84 317.25 318 312.69 321.35 310.1 294.22 31342 | 306.72 | 307.95 316.43 295.922 311.27
309.13 317.85 305.58 | 313.99 320.99 310.4 294.06 31246 | 308.46 | 307.05 314.37 295.91 311.42
309.63 313.06 314.77 | 314.17 320.43 310.19 294.03 312.71 | 306.4 308.08 314.67 295.08 310.86
309.53 312.54 315.83 | 314.24 320.46 310.56 295.21 312.79 | 300.32 | 308.91 315.23 295.96 318.48
309.28 317.67 31462 | 314.2 320.01 310.33 294.9 312.68 | 299.85 | 308.95 314.67 295.05 318.52
308.92 317.1 314.37 | 313.72 319.78 310.577 | 294.66 312.66 | 309.73 | 308.93 315.07 295.81 306.72
309.44 317.8 315.08 | 312.76 320.43 310.88 294.24 313.01 | 309.91 | 309.91 315.22 295.83 312.82
308.88 318.37 314.54 | 312.42 320.78 311.01 294.95 312.11 | 307.61 | 307.99 315.52 295.99 315.29
310 316.95 314.77 | 313.32 321.12 310.69 294.88 31255 | 309.56 | 307.94 314.81 296.01 309.82
310.97 316.93 314.64 | 312.01 320.06 311.65 295.01 31244 | 307.24 | 308.81 314.8 295.43 319.87
311.15 317.35 314.67 | 314.84 320.07 311.79 295 312.23 | 307.81 | 309.01 315.01 295.01 318.63
311.56 317.12 313.69 | 308.81 319.59 311.88 295.22 31291 | 309.24 | 308.33 315.33 295.11 318.01
309.996 | 316.810 | 313.299 | 312.779 | 320.541 | 310.656 | 294.942 | 312.705 | 306.275 | 308.4336 | 314.96857 | 295.57586 | 314.35571
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Figure 23: Air Temperature vs Time from 18th June to 22nd June 2015
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Figure 24: Wind Speed vs Time from 18th June to 22nd June 2015
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