NUMERICAL ANALYSIS OF SINGLE/ DOUBLE SIDED VENTILATION FOR A
ROOM WITH THE INFLUENCE OF SOLAR RADIATION IN DHAKA CITY

By

GOLAM MOSTAFA
Roll No.: 1015093010P

Session: October 2015

MASTER OF PHILOSOPHY
IN
MATHEMATICS

DEPARTMENT OF MATHEMATICS
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY
DHAKA-1000



This thesis entitled “NUMERICAL ANALYSIS OF SINGLE/ DOUBLE SIDED
VENTILATION FOR A ROOM WITH THE INFLUENCE OF SOLAR RADIATION
IN DHAKA CITY”, submitted by GOLAM MOSTAFA, Roll No.: 1015093010P,
Registration No.: 1015093010, Session: October 2015, has been accepted as satisfactory in
partial fulfillment of the requirement for the degree of Master of Philosophy in Mathematics
on 7" November 2020.

BOARD OF EXAMINERS

(i) NV A P

Dr. Md. Abdul Hakim Khan (Supervisor) Chairman
Professor
Department of Mathematics, BUET, Dhaka
.o ; 7\9/1\,%‘
(ii) @t 1//2/ 220
Head (Ex-Officio) Member

Department of Mathematics, BUET, Dhaka

(iii) W ]

Dr. Mohammed Forhad Uddin Member
Professor
Department of Mathematics, BUET, Dhaka

(iv) %

Dr. Salma Parvin Member
Professor
Department of Mathematics, BUET, Dhaka

Dr. Md. Abdus Samad (External) Member
Professor

Department of Applied Mathematics

University of Dhaka, Dhaka-1000



DECLARATION OF AUTHORSHIP

I, Golam Mostafa, declare that this thesis titled, “NUMERICAL ANALYSIS OF SINGLE/
DOUBLE SIDED VENTILATION FOR A ROOM WITH THE INFLUENCE OF SOLAR
RADIATION IN DHAKA CITY" and the work presented in this thesis is the outcome of the
investigation carried out by me under the supervision of Dr. Md. Abdul Hakim Khan, Professor,
Department of Mathematics, Bangladesh University of Engineering and Technology (BUET),
Dhaka-1000 and that it has not been submitted anywhere for the award of any degree or

diploma.

//JV{T’ a

@Jm Most\afa




DEDICATION

This thesis is dedicated
To

All of my well-wishers



ACKNOWLEDGEMENT

First of all I want to express my gratefulness to Almighty Allah, the most merciful,

benevolent to mankind, for enabling me to complete the work successfully.

| have the privilege to express my deep respect, gratitude, and sincere appreciation to my
supervisor Professor Dr. Md. Abdul Hakim Khan, Department of Mathematics, Bangladesh
University of Engineering and Technology, Dhaka, who initiated me into the realm of
mathematical research. Without his valuable guidance, constant encouragement and generous
help it would have been difficult to complete this thesis. | am grateful to him for giving me
the opportunity to work with him as a research student and for every effort that he made to

get me on the right track of this thesis.

I would like to express my hearty gratitude to Head, Department of Mathematics, BUET, and
all respected teachers of the Department of Mathematics, BUET, for their valuable guidance

and suggestions.

| am also deeply grateful to Md. Rakibul Hasan, Lecturer, Department of Mathematics,
DUET for his help and assistance in this research. Special thanks also go to the Officials and
Computational Lab attendants and other staff who were always available for technical
support. My sincere thanks to my colleagues and the authority of Hamdard University

Bangladesh for providing me the necessary support and facilities during my research works.

Finally, I would like to express my deep regards to my family and friends for their steadfast

love and support.



Abstract
The energy consumption of the world has been increasing day by day due to the population
growth, the industrial development, and the technological advancement. In addition,
according to the annual report of the Bangladesh Power Development Board (BPDB), the
domestic sector is the largest energy consumption sector in Bangladesh. Moreover, the result
of the study which was conducted by the Bangladesh Meteorological Department (BMD) is
that the average monthly temperature of Dhaka city is increasing significantly. The usage of
different electrical equipment for cooling has been boosting up over time which is
responsible for this large energy consumption. One of the approaches for saving energy is to
utilize natural ventilation which is an alternative heat consumption efficient solution for
decreasing the heat consumption in buildings and keeping a healthy indoor environment. In a
living room, solar radiation has a pivotal influence on the heat balance in a number of ways.
So, it is the demand of time to use natural ventilation in buildings with solar radiation. The
focus of this study is to live healthily and reduce the consumption of the mechanical system
as well as build an energy efficient city by examining the wind profiles and temperature
distributions on the inside and outsides of the buildings. In this research, a single room with
single/double opening/s on the windward wall and the leeward wall has been studied using
the Computational Fluid Dynamics (CFD) based on the Finite Element Method (FEM) with
the influence of solar radiation. Three dimensional computational model with a cubic room
for four different configurations is calculated in the context of weather in Dhaka city. The
Reynolds- Averaged Navier-Stokes (RANS) equation is applied to the natural ventilation in
the computational domain. The standard k-¢ turbulence model is used in this study. The
physical model is solved by commercial software COMSOL Multiphysics. According to
wind direction, the information about the airflow, ventilation rate and average room
temperature are calculated and presented in this research work. The temperature inside the
room maintains the American Society of Heating, Refrigerating and Air-conditioning
Engineers (ASHRAE) standard for all configurations. Based on the air quality and the
volume average temperature, double openings in the windward wall are more comfortable

than the other opening/s.
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Chapter 1

Introduction

A fluid, according to Mc Donough, is a substance that is capable to flow, no matter how small
the amount is. Though the work of Leonardo Da Vinci gave rapid advancement to the study of
fluid mechanics more than 500 years ago, fluid behavior was much more available by the time
of ancient Egyptians. Enough practical information had been gathered during the Roman
Empire to allow fluid dynamics application. A more modern understanding of fluid motion was
begun through Bernoulli’s equation several centuries ago. Since then, many researchers have
done numerous works on fluid mechanics. The aim of this study is to present the fundamentals
of the flows that occur in buildings, to describe how they are set up and the effects they have
on the occupants’ comfort. The energy consumption of the building and the fluid mechanics of
building ventilation are described in this chapter.

1.1 Introduction

The phenomenon of global warming is mainly caused by human activities. The change in the
climate system, from macro-scale (continent or country size) to mesoscale (state or county) or
even down to micro-scale (city block or garden), resulted from the global warming
phenomenon and has become a serious issue that the mankind is facing, as it can seriously harm
the economies, societies, and ecosystems worldwide [1, 2]. In order to avoid reversals in human
development and catastrophic risks to future generations, it is necessary to act against global
warming with a sense of urgency.

Energy consumption for heating, cooling, and ventilating buildings often accounts for the
largest part of a country’s energy usage, which is still mainly based on fossil fuels. There is a
great global emphasis on reducing the reliance of buildings on fossil fuel energy and a move
toward Nearly Zero Carbon Buildings (NZCB). This requires a major shift in the way buildings
and their integrated heating, cooling, and ventilation systems are designed, operated, and
maintained. Achieving this goal will require a rethink of the traditional designs and types of
systems currently in use. The proportion of ventilation energy in comparison with the total
energy use in a building is expected to increase as the building fabric energy performance
improves and ventilation standards commend higher ventilation rates for improving indoor air
quality (IAQ). At the same time, new building regulations are imposing air-tight construction,

which will inevitably impact on 1AQ, health (e.g., sick building syndrome), and human



productivity in some future buildings. Despite recent advances in building ventilation, it is
evident that complaints about poor IAQ have increased in recent years. There is a need,
therefore for assessing current methods of building ventilation and developing ventilation
systems that are capable of providing good IAQ and energy performance to satisfy building
occupants and meet new building energy codes.

Future Development in ventilation and air distribution, room air distribution, and ventilation
techniques have greatly been improved in the last 40-50 years. However, this important field
of heating, ventilation, and air conditioning (HVAC), which has a direct impact on people’s
health and productivity, has the potential for greater development as some commonly used
methods are not always suitable for delivering the IAQ demanded by the building occupants
and at the same time meeting stricter energy performance guidelines. As increased awareness
of the impact of ventilation on human health and productivity is expected to become more
topical, it is anticipated that more advances in the delivery of fresh air to occupants will be

foreseen to meet people’s aspirations. It would be expected therefore that:

» the unconventional methods of room air distribution will become more commonly
used.

» wider application of demand control ventilation (DCV), i.e., a direct link of fresh air
supply to IAQ will be expected.

» more reliance on using simulation tools for visualizing room air movement, such as
computational fluid dynamics (CFD), to improve our prediction of the performance of
ventilation systems at the design stage will be seen.

> there will be a move toward more energy efficient methods of room air distribution.

» there will be a demand for the improvement of the quality assurance and maintenance

procedures for ventilation systems.

1.2 Ventilation

Ventilation is the intentional introduction of ambient air into space and is mainly used to control
indoor air quality by diluting and displacing indoor pollutants; it can also be used for the
purposes of thermal comfort or dehumidification. The correct introduction of ambient air will
help to achieve desired indoor comfort levels although the measure of an ideal comfort level

varies from individual to individual.



The intentional introduction of subaerial air can be categorized as either mechanical ventilation,
or natural ventilation. Mechanical ventilation uses fans to drive the flow of subaerial air into a
building. This may be accomplished by pressurization (in the case of positively pressurized
buildings), or by depressurization (in the case of exhaust ventilation systems). Many
mechanically ventilated buildings use a combination of both, with the ventilation being
integrated into the HVAC system. Natural ventilation is the intentional passive flow of
subaerial air into a building through planned openings (such as louvers, doors, and windows).
Natural ventilation does not require mechanical systems to move subaerial air, it relies entirely
on passive physical phenomena, such as diffusion, wind pressure, or the stack effect. Mixed
mode ventilation systems use both mechanical and natural processes. The mechanical and
natural components may be used in conjunction with each other or separately at different times
of day or season of the year. Since the natural component can be affected by unpredictable
environmental conditions it may not always provide an appropriate amount of ventilation. In
this case, mechanical systems may be used to supplement or to regulate the naturally driven
flow.

In many instances, ventilation for indoor air quality is simultaneously beneficial for the control
of thermal comfort. At these times, it can be useful to increase the rate of ventilation beyond
the minimum required for indoor air quality. Ventilation should be considered for its
relationship to "venting” for appliances and combustion equipment such as water heaters,
furnaces, boilers, and wood stoves. Most importantly, the design of building ventilation must
be careful to avoid the backdraft of combustion products from "naturally vented" appliances
into the occupied space. This issue is of greater importance in new buildings with more air tight
envelopes. To avoid the hazard, many modern combustion appliances utilize "direct venting"

which draws combustion air directly from outdoors, instead of from the indoor environment.

1.3 Categories of Ventilation
e Mechanical ventilation refers to any system that uses mechanical means, such as a fan,
to introduce sub aerial air to a space. This includes positive pressure ventilation, exhaust
ventilation, and balanced systems that use both supply and exhaust ventilation.
e Natural ventilation refers to intentionally designed passive methods of introducing sub
aerial to a space without the use of mechanical systems.
e Mixed mode ventilation (or hybrid ventilation) systems use both natural and

mechanical processes.



e Infiltration is the uncontrolled flow of air from outdoors to indoors through leaks
(unplanned openings) in a building envelope. When a building design relies on
environmentally driven circumstantial infiltration to maintain indoor air quality, this

flow has been referred to as adventitious ventilation.

1.4 Natural Ventilation

Natural ventilation is the process of supplying air to and removing air from an indoor space
without using mechanical systems. It refers to the flow of external air to an indoor space as a
result of pressure differences arising from natural forces. There are two types of natural
ventilation occurring in buildings: wind-driven ventilation and buoyancy-driven ventilation.
Wind-driven ventilation arises from the different pressures created by wind around a building
or structure, and openings being formed on the perimeter which then permits flow through the
building. On the other hand, Buoyancy-driven ventilation occurs as a result of the directional
buoyancy force that results from temperature differences between the interior and the exterior.
Since the internal heat gains which create temperature differences between the interior and the
exterior are created by natural processes, including the heat from people, and wind effects are
variable, naturally ventilated buildings are sometimes called "breathing buildings”. Natural
ventilation, used to be the most common method of allowing fresh outdoor air to replace indoor
air in aresidence. Today, it is usually not the best ventilation strategy, especially for residences
that are properly air sealed for energy efficiency. Natural ventilation also usually does not
provide adequate moisture control. Natural ventilation occurs when there is uncontrolled air
movement or infiltration through cracks and small holes in a residence—the same ones people
want to seal to make their residence more energy efficient. Opening windows and doors also
provides natural ventilation. Because of central heating and cooling systems, however, most
people don’t open windows and doors as often. Therefore, air infiltration has become the
principal mode of natural ventilation in houses.

A residence’s natural ventilation rate is unpredictable and uncontrollable, so it can not be relied
on it to ventilate a house uniformly. Natural ventilation depends on a house’s airtightness,
outdoor temperatures, wind, and other factors. Therefore, during mild weather, some houses
may lack sufficient natural ventilation for pollutant removal. On the other hand, tightly sealed
houses may have insufficient natural ventilation most of the time, while houses with high air

infiltration rates may experience high energy costs.



The American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE)
recommends intermittent or continuous ventilation rates for bathrooms and kitchens instead of
using windows (natural ventilation): 50 or 20 cubic feet per minute for bathrooms, and 100 or
25 cubic feet per minute for kitchens, respectively.

Natural ventilation can also be achieved through the use of operable windows; this has largely
been removed from most current architecture buildings due to the mechanical system
continuously operating. In Europe, designers have experimented with design solutions that will
allow for natural ventilation with minimal mechanical interference. These techniques include
building layout, facade construction, and materials used for inside finishes. European designers
have also switched back to the use of operable windows to solve indoor air quality issues.

1.5 Natural Ventilation Principles

The driving forces in natural ventilation are thermal buoyancy and wind pressure on buildings.
The design of the building, the form of window openings and location have a significant impact
on the quality of the indoor climate. Natural ventilation is driven by three basic ventilation

principles shown in Figure 1.1.

1.5.1 Single-sided Ventilation
Opening in a single side can create single-sided ventilation in a room. The amount of fresh air

coming into the room is limited by single-sided ventilation.

1.5.2 Cross Ventilation

Openings in two or more facades can create cross-ventilation in a room. The ventilation is
powered by difference in wind pressure on the facades in which the window openings are
located. The easiest way to understand wind-based or wind-driven ventilation is to look at an
open window. Fresh air comes in through one side, moves throughout the building, and then
goes out through the opposite side, pushing the stagnant warm air that was in the building along
with it.

1.5.3 Stack Ventilation
Caused by a height difference between openings, i.e. between facade and roof window. The

ventilation is primarily driven by warm air rising to the top creating a pressure difference.
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Figure 1.1: Three basic ventilation principles, source: www.tealproducts.com

1.6 Statement of the Problem

1.6.1 General Problem

Bangladesh is a low lying deltaic country of South Asia. It is a small but world's 8th-most
populous country with nearly 163 million people and is the 92nd-largest country in land area,
spanning 147,570 square kilometers. It is one of the most densely populated countries in the
world with a density of 1116 people per square kilometer and the growth rate is 1.01%.
Bangladesh has been identified as one of the most vulnerable countries in the world in terms
of climate change. Some even argue, climate change is no longer a threat for Bangladesh, it
has already affected the country [3-4]. Sea level rise, floods, drought, cyclone, salinity,
waterlogging, and unplanned urbanization are some of the major environmental challenges that

the country faces due to global climate change.

The heat consumption requirement has increased at a rate of 2 % per year for the past 25 years
and it will increase continuously at the same rate if current heat consumption patterns persist,
according to the International Energy Agency (IEA) [5]. Energy is used for heating and cooling
purposes in most of the office and residential buildings in urban society. According to the
Bangladesh Power Development Board (BPDB), the largest energy consumers in Bangladesh
are the residential sector, followed by industries, commercial and agricultural sectors which
are shown in Figure 1.2 and increasing day by day. There is an enormous demand for

electricity, oil, gas, and natural resources in the agriculture, industry and service sector as well



as the daily life of Bangladesh. Now 95% of the total population of Bangladesh has access to

electricity facilities.

Agriculture
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12.11% \ / 2 2'2.;;05
Al A/ Domestic
ndustria 53.31%
20.55% ~_| ’

Total Retail Consumption : 62,037 MkWh

Figure 1.2: Consumption pattern in Bangladesh, source: BPDB

Electricity plays the most basic role in the economic growth through the sustainable structure
as well as poverty eradication and security of any country. A reliable electricity supply is a
vital issue for the world today. Future economic growth crucially depends on the long-term
availability of electricity which is affordable, available, and environment friendly. Security,
climate change, and public health are closely interrelated with electricity. Bangladesh
Government has designed an extensive power generation plan to create sustainable growth in
the power sector and for the overall development of the country’s economy. Figure 1.3 shows
the present installed generation capacity in public, private, and import sectors which is 18,961

MW generated from natural gas, furnace oil, hydro, diesel, and coal as in June 2019 [6].

(FY 2018-19)

Power
Import Solar
6.12% 0.16%

7.23% 57.37%

Total : 18,961 MW

Figure 1.3: Present installed generation capacity in Bangladesh, source: BPDB

According to the Power System Master Plan (PSMP), the Government has set a target to
increase installed electricity generation capacity to 21000 MW by 2021 and 57,000 MW by

7



2041. Table 1.1 shows the growth of electricity consumption per capita in Bangladesh from

2001-02 to 2018-19. The demand for electricity is increasing rapidly due to enhanced economic

activities in the country with sustained GDP growth. At present, the growth of demand is about

10% which is expected to be more in the coming years shown in Figure 1.4.

Table 1.1: Year Wise Per Capita Consumption (Grid), source: BPDB

Year Total Generation (GWh) | Per Capita Consumption (kWh)
2001-02 17,445 113.80
2002-03 18,458 122.43
2003-04 20,302 133.11
2004-05 21,408 139.68
2005-06 22,978 150.22
2006-07 23,268 149.97
2007-08 24,946 158.20
2008-09 26,533 165.32
2009-10 29,247 170.27
2010-11 31,355 180.08
2011-12 35,118 197.72
2012-13 38,229 213.15
2013-14 42,195 232.56
2014-15 45,836 249.16
2015-16 52,193 281.36
2016-17 57,276 308.22
2017-18 62,678 335.99
2018-19 70,533 374.62
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Figure 1.4: Consumer growth in Bangladesh, source: BPDB

Alam et al. [7] stated that Bangladesh has small reserves of oil and coal, but a large amount of
natural gas resource. Figure 1.5 shows the total net energy generation in FY 2018-19 which
was 70,533 MkWh. Net energy generation in the public sector was 35,107 MkWh and 28,640
MkWh was in the private sector (including REB). Another 6,786 MkWh was imported from
India through the interconnection in Bheramara and Tripura. In Bangladesh, 48,306 MkWh
(68.49%) of electricity is generated from natural gas, 11,426 MkWh (16.20%) from Furnace
oil, 725 MkWh (1.03%) from hydro, 2,022 MkWh (2.87%) from diesel and 1,230 MkWh
(1.74%) from coal.

(FY 2018-19)
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Figure 1.5: Net generation in Bangladesh, source: BPDB

During the peak summertime, from mid-March to mid-October, electricity use goes up to its
highest level because of hot weather as well as a huge need for irrigation. Besides, electricity



demand is increasing whereas the available generation also increases against demand which
creates a deficit. This deficit leads to extensive load shedding. Other problems in Bangladesh’s
electric power sector include high system losses, delays in completion of new plants, low plant
efficiencies, erratic power supply, electricity theft, blackouts, and shortages of funds for power
plant maintenance. According to the annual report 2018-19 of Bangladesh Power Development
Board (BPDB), the total expense is Tk. 42648.22 crores which are for electric purchase,

distributions, maintenances, and others shown in figure 1.6.
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Figure 1.6: Category wise total expenses in Bangladesh, source: BPDB
1.6.2 Specific Problem

Dhaka, the capital and largest city of Bangladesh. It is the sixth-largest and sixth-most densely
populated city in the world, with a density of 23,234 people per square kilometer within a total
area of 300 square kilometers. The population of Dhaka in 2019 as per estimates is 20.628
Million. It is noticed that the population in the past 5 years has gone up by 3.94 Million. Also,
each year the population increases by 0.788 Million as per aggregate. Dhaka city’s population
is expected to grow at a rate of 3.6% annually and reach a total of 21005860 in 2020. According
to the Department of International Development (DFID), migration is most prominent in
Dhaka. Most of its population are rural migrants [8]. The adverse consequences of increased
warming, climate variability for livelihoods, public health, food security, and water availability
may also lead to migration. This migrated population is increasing day by day. Reza [9] stated
that to accommodate the growing population, the Dhaka city would need new units/flats and

these new units need more consumption of energy.

According to the annual report 2018-2019 of Dhaka Power Distribution Company Limited
(DPDC) [10], the user of electricity is 1298733 and the maximum electricity demand is 1670.50
MW. At present, the monthly mean uses of electricity are 585 KWh per person, and the growth

of demand is about 8.61% which is expected to be more in the coming years. The sector-wise
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use of electricity in Dhaka City is residential (51.54%), industrial (23.38%), commercial
(17.84%) and others (7.24%). Most of the increased demand for electricity is due to the
increased standard of living among the wealthier income groups. One of the major factors in
the increased use of electricity by the higher income group is the use of air conditioning units,
which has only recently become quite popular [11]. Vangtook and Chirarattananon [12] have
acknowledged that air conditioners are increasingly used in hot and humid regions to attain
thermal comfort. However, they argue that air conditioning is highly energy intensive and
suggests developing alternative energy efficient means to achieve comfort. Moreover, a study
of the regulations in the national building code of Bangladesh shows that the building codes do
not address the issues of energy efficiency in any building category. Architects and developers
of residential buildings, too, have not considered ways in which energy use can be reduced.

The specific problems that signify the importance of energy efficiency in residential buildings

are as follows:

> high-energy use of residential buildings in Dhaka,
» growing population and rising number of apartments,
» increased standard of living that would further add to energy usage and interrupted

power supply due to power deficits.

1.6.3 Research Problem

Since the building sector is a major consumer of electricity, it is essential to evolve energy-
efficient building designs that can be used to provide thermal comfort. So, it is important to
analyze the climate scenario for Dhaka and understand the typical thermal behavior of
buildings. Knowledge of the thermal behavior of the building envelope is crucial to control the
amount of heat that goes into a building space. Buildings will cause thermal discomfort if an
effective strategy is not adopted to reduce the extra heat going into it. According to Zain et al.
[13], factors that influence thermal comfort in humans include outdoor air temperature, relative
humidity, and airflow. Various strategies are needed to facilitate airflow for improving thermal

comfort.
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Figure 1.7. Location of Dhaka, Bangladesh, Source: World Atlas Travel

Figure 1.7 shows that Dhaka is located in central Bangladesh at 23°42'0”N 90°22'30"E. The
climate of Dhaka can be categorized as a tropical monsoon type with an annual average
temperature of 26 °C and monthly means varying between 18.5 °C in January and 30 °C in
June shown in Figure 1.8. The climate is characterized by high temperatures, high humidity
most of the year, and distinctly marked seasonal variations in precipitation. According to
meteorological conditions the year can be divided into four seasons, pre-monsoon (March—
May), monsoon (June—September), post-monsoon (October—November), and winter
(December—February).

Average Temperature in Dhaka City
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Figure 1.8: Average Temperature in Dhaka City
From Figure 1.9-1.12, it is clear that the pre-monsoon or summer season is generally hot and
sunny. The hottest month is April. The mean monthly maximum temperature hovers around
37 — 38°C and the mean monthly minimum varies around 19 — 20°C. Approximately 15% of

the annual rainfall occurs in this season. During summer, winds are mainly from the southwest.
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Maximum Temperature in Dhaka City
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Figure 1.9: Maximum Temperature in Dhaka City

The monsoon or rainy season is characterized by high rainfall, humidity, and cloudiness. About
80% of the annual rainfall occurs in this period. The month of June is cool due to the cooling
effect of the rains. This season experiences mean maximum temperatures of around 36.5°C
and mean minimum temperatures of around 23.5 °C. Humidity is around 80%. During the

monsoon or rainy season, winds are from the southeast.

Minimum Temperature in Dhaka City
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Figure 1.10: Minimum Temperature in Dhaka City
The post-monsoon is the transition period from monsoon to winter. In the post-monsoon
season, the rainfall and relative humidity decrease along with the wind speed. In this period,

the prevailing wind direction is from the northeast.
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Figure 1.11: Seasonal wind direction at Dhaka based on wind speed data, Source:
Khan et al. [14]

The winter or dry season is characterized by its low temperature, low humidity, and clear blue
skies. The coldest month is normally January. The mean monthly maximum temperature
lingers around 28.5°C and the mean monthly minimum varies between 10 — 11°C. About 5%
of the annual rainfall occurs in this season. In winter, the general wind direction is from the

northwest.

Wind Speed in Dhaka City
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Figure 1.12: Wind Speed in Dhaka City
Ahmed [15] has compared diurnal temperature variations with the levels of monthly comfort
zones in Dhaka to identify ‘over-heated’ and ‘under-heated’ periods. Ahsan [16] has defined
an under-heated period as all hours that have temperatures below the comfort range, whereas
over-heated periods include all hours with temperatures above the comfort range and concluded
that identification of these periods enables the designer to pay special attention to the specific
periods that do not fall in the comfort zone. Table 1.2 shows the duration of the over-heated
and under-heated in the course of a year for Dhaka. It can be concluded that the overheated
periods that cause discomfort persist for 10 hours a day on average (10 am in the morning to 8

pm at night).
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Table 1.2: Under-heated, comfortable and over-heated period in Dhaka

Hour

0-2

March

April

Colour Index:

Comfortable periods

Sunlight is a major factor in creating heat generation. Every location on earth receives sunlight

Source: Ahmed, 1987

at least part of the year. The amount of solar radiation that reaches any one spot on the Earth's
surface varies according to:

e Geographic location

e Time of day

e Season

e Local landscape and local weather

As sunlight passes through the atmosphere, some of it is absorbed, scattered, and reflected
by:

e Air molecules

o Water vapor
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« Clouds
e Dust
e Pollutants

e Forest fires

This is called diffuse solar radiation. The solar radiation that reaches the Earth's surface without
being diffused is called direct beam solar radiation. The sum of the diffuse and direct solar
radiation is called global solar radiation. Atmospheric conditions can reduce direct beam
radiation by 10% on clear, dry days and by 100% during thick, cloudy days. Heat transfer due
to the emission of electromagnetic waves is known as thermal radiation. For the gray body, the

incident radiation (also called irradiation) is partly reflected, absorbed, or transmitted.

mcident radiation * retlected irradiation
(irradiation) R
I

’
[
~ - L
&, absorbed irradiation

trans mitted rradiation

v

Figure 1.13: The absorption, reflection, and transmission of irradiation by a semi-

transparent material, source: engineeringtoolbox.com

The emissivity coefficient is in the range 0 < ¢ < 1, depending on the type of material and the
temperature of the surface.

Bangladesh is a subtropical country, 70% of year sunlight drops in Bangladesh. Solar radiation
varies from season to season in Bangladesh shown in Table 1.3. Bangladesh receives an
average daily solar radiation of 4 — 6.5 kWh/m?[17]. Renewable Energy Research Centre
(RERC), University of Dhaka is the only source that has got long term measured data of Dhaka.

Solar radiation has an essential influence on the heat balance in a number of ways.
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Table 1.3: Climate chart of Dhaka for 2018

Month Temperature (°C) Relative | Average | Radiation Wind
Average Record humidity sun (kWh/m?) | speed and
Min | Max (%) hours direction
January 17.5 95 | 26.8 68 232.5 4.36 22W
February 23.2 14.4 | 33.6 61 207 4.92 2.3W
March 27.3 175 | 34.6 59 324 5.59 24 S
April 27.3 19.4 | 36.5 69 325.5 5.76 3.2E
May 27.6 20.8 | 36.3 79 347.5 5.30 3.7S
June 29.4 23.6 | 35.6 81 300 4.53 39S
July 29.3 24.8 | 37.6 81 268 4.23 35S
August 29.8 25.4 | 36.5 78 302 4.29 368S
September 29.8 25 | 36.5 77 292.5 4.02 3.3S
October 27.3 20.8 | 36.1 72 238 4.32 3.3N
November 24.2 17.4 | 32.8 68 210.5 4.28 3.2 WNW
December 20.3 11.8 | 28.9 66 206 4.21 3.7 NE

Source: Bangladesh Meteorological Department, RERC and WorldWeatherOnline.com

1.7 Literature Review

World energy consumption has been increasing rapidly for the last decades, mainly due to
population growth and industrial and technological development. According to the Energy
Information Administration [18], energy consumption in buildings accounts for more than
40% of the primary energy consumption. Now, the heat balance of a living room is inevitable
from the energy consumption and the possible effect of solar radiation. Therefore, vast changes
have to be made in the building sector, especially in the Heating, Ventilation, and Air-
Conditioning (HVAC) systems, in order to reach the aforementioned targets. By reducing the
need for electrical equipments and other cooling systems, energy can be saved and thus
comfortable living environment can be enhanced. Tamami [19] described the relationship
between heating and cooling load calculation, which is a starting point for building energy

consumption analysis and equipment sizing. Jiang et al. [20] investigated the mechanism of
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natural ventilation driven by wind force, large-eddy simulation (LES). In the meanwhile,
detailed airflow fields, such as mean and fluctuating velocity and pressure distribution inside
and around building-like models were measured by wind tunnel tests and compared to LES
results for model validation. Three ventilation cases, single-sided ventilation with an opening
in the windward wall, single-sided ventilation with an opening in the leeward wall, and cross
ventilation, are studied. Camille Allocca et al. [21] studied single-sided natural ventilation by
using a computational fluid dynamics (CFD) model, together with analytical and empirical
models. The CFD model was applied to determine the effects of buoyancy, wind, or the
combination of ventilation rates and indoor conditions. Jiang and Chen [22] investigated
buoyancy-driven single-sided natural ventilation with large openings. Detailed airflow
characteristics inside and outside of the room and the ventilation rate were measured. Joachim
Seifert et al. [23] investigated a single-zone cubic building with two equal large openings using
a computational fluid dynamics approach. They analyzed the driving forces and the ventilation
flow rates due to wind as a function of the geometry, size, and relative location of the two
openings. The ventilation flow rates are found to be affected by both wind flows around and
through the building when the two openings are relatively large. G. Evola and V. Popov [24]
applied the Reynolds averaged Navier—Stokes equation (RANS) to wind-driven natural
ventilation in a cubic building. They determined the ventilation rate for single-sided and cross
ventilation using the k — ¢ turbulence model and renormalization group (RNG) theory and
compared the results. Tine S. Larsen and Per Heiselberg [25] analyzed the wind direction which
is an important parameter for single-sided ventilation. They also show that single-sided
ventilation depends on the size, type, and location of the opening. Bangalee et al. [26]
considered a building with multiple windows to investigate the wind-driven ventilation system
using computational fluid dynamics (CFD), whose acceptance and accuracy are growing very
fast. The Renormalization group (RNG) k- ¢ turbulence model is chosen to simulate cross and
single-sided ventilation with a specified accuracy after validating the methodology through a
satisfactory comparison with an experimental result. Montazeri and Blocken [27] presented a
systematic evaluation of 3D steady Reynolds-Averaged Navier—Stokes (RANS) CFD for
predicting mean wind pressure distributions on the windward and leeward surfaces of a
medium-rise building with and without balconies. It is shown that building balconies can lead
to very strong changes in wind pressure distribution. Idris and Huynh [28] analyzed the air
velocities in a single-sided naturally ventilated room along with an atmospheric zone into four
different window locations and predicted air distribution inside the room. Stanislavs Gendelis

and Andris Jakovics [29] considered the heat balance of a room and its dependence on solar
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radiation and ventilation conditions. They analyzed the physical parameters of thermal comfort
conditions, the airflow velocities, indoor temperatures, and their gradients. The distributions
are calculated according to the solar radiation source through the window and the pressure
difference between the opposite walls. It is shown that solar radiation has an essential influence

on the heat balance of the room in a number of ways and on thermal comfort in the room.

In Bangladesh, the annual report 2018-2019 of Bangladesh Power Development Board showed
that the domestic sector is the largest energy consumption sector and it is increasing day by
day. M. Roungu Ahmmad [30] analyzed the Wind Resources for Energy Production in
Bangladesh. He estimated the wind power density, the annual mean wind power, and the annual
mean wind speed. Hossain Mohiuddin et al. [31] analyzed the pattern of change of temperature
of Dhaka city using the data of maximum and minimum monthly temperature of 1995 -2010
period collected from the Bangladesh Meteorological Department. This study reveals that the
minimum average monthly temperature is showing a significant increasing pattern. Md.
Rakibul Hasan [32] studied natural ventilation airflow and heat transfer calculation for a room

of different flow paths and window configurations in Bangladesh.

In comparison to experimental investigation, temperature and average turbulent airflow
distributions in the 2D and 3D model of a living room are modeled. Solar radiation has an
essential influence on the heat balance of the room in a number of ways. Computational Fluid
Dynamics (CFD) is cost-effective and easy to investigate the flow due to the change of
geometry. So it is the demand of time to use the powerful tool CFD to model natural ventilation

in buildings with solar radiation.

1.8 Importance of the Present Thesis Work

The prevalence of sustainable construction is increasing due to rising energy costs, improving
life cycle cost, and design mandate. Engineers are utilizing more passive technologies to
manage building heating and cooling demands. These approaches might take the form of low
energy systems such as radiant heating and cooling, or thermally active building systems. Solar
radiation is a form of thermal radiation having a particular wavelength distribution. Its intensity
is strongly dependent on atmospheric conditions, time of year, and the angle of incidence for
the sun’s ray on the surface of the earth. So, solar radiation could play a vital role on the heat
balance of the room in a number of ways. Nowadays’ natural ventilation with the influence of

solar radiation provides openings in the building facade to allow fresh air in the room.
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1.9 Aim

The aim of this study is to analyze the criteria for energy efficiency, resulting in a series of
feasible passive design solutions that can make a contribution in the field of architecture
towards the knowledge of developing and designing energy-efficient residential buildings. The
study also aims at identifying changes in the design process that can affect energy efficiency

in residential buildings.

1.10 Objective of this Thesis

A review of earlier studies indicates that none has used solar radiation in such single or double-
sided ventilation for a room in Dhaka city. The present study investigates the analyses of the
indoor flow pattern without the mechanical system as well as for different window positions
and different types of windows. The aim is to represent model geometrically and formulate
mathematically using governing equations and boundary conditions. The target is to determine
the standard thermal comfort inside the room for local weather conditions and to compare the
result with others. The results will be displayed graphically. The specific objectives of the

present research work are:

» To construct the physical model of the problem and then solve it using the Finite
Element Method (FEM).

» To reproduce the result of Idris and Huynh by using Computational Fluid Dynamics
(CFD).

» To determine the velocity distribution inside and around the building numerically and
graphically.

» To describe the ventilation rate.

» To obtain standard thermal comfort inside the room for local weather conditions.

» To compare the result of the present investigation with similar published work.

It is expected that the present numerical and graphical investigation will contribute to the search

for more efficient findings and to make a new dimension in the research area.

1.11 Scope and Limitations of the Research

Jones and Hudson [33] present that the energy use in modern buildings has occurred in five
phases, namely, manufacture of building materials, transportation of building materials to the
site, on-site construction activities, the operational phase, (running of the building) and finally,

the demolition process of buildings and recycling of building materials. In terms of the various
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categories of buildings that are there in Dhaka, the study was delimited to multi-unit residential
buildings. This study confined itself in considering energy use at the operational phase of the
building and it is also oriented towards the residential buildings inhabited by upper-middle-
income groups in Dhaka.

The study is limited in the sense that it was not possible to identify a very good example of an
energy-efficient residential building in all-season climatic context as of Dhaka city as well as
Bangladesh. Another limitation has been the time of the year when the case study was
considered. Habits and behavioral patterns that cannot be influenced by design and are related

to energy efficiency have not been dealt with in this study.

1.12 Thesis Plan

Chapter 2 presents a geometrical description of the 2D and 3D models of the computational
domain with a cubic building along with meshing. This chapter also provides the governing
equation, solution procedure, and the justification of the proposed methodology. In order to
investigate the flow pattern through the computational domain, and the room and also measured
ventilation flow rates for all cases are arranged in Chapter 3. Solar radiation effects on natural
ventilation where temperature distribution, radiosity as well as thermal comfort are discussed
in Chapter 4. The main conclusions drawn from this research are summarized in Chapter 5,

together with the main research contributions and the recommendations for future work.
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Chapter 2

Mathematical Model on Natural Ventilation

Natural ventilation depends on a home’s air tightness, outdoor temperatures, wind forces, and
other factors. Building simulation is a popular method for studying naturally ventilated building
design. Thermal simulation and airflow network are two fundamental modules in building
simulation method. Building simulation programs can be classified into two categories; design
tools and detailed simulation programs. The design of the building, the form of window
openings and location have a significant impact on the quality of the indoor climate. The effect
of the outside natural environment on an indoor environment with single-sided natural
ventilation is found more frequently in building designs. An overview of the separate and
combined effects of temperature and wind forces on single-sided ventilation is given in this
chapter. Issues relevant to single-sided natural ventilation design options are also presented in
this chapter. This chapter has been devoted to detailed solution procedures for single sided
natural ventilation to solve and analyze problems that involves fluid flow. Finally, an

experimental single-sided ventilation case is validated.

2.1 Introduction

Single-sided ventilation depends on the interaction of physical parameters. The two major
physical parameters affecting airflow in single-sided natural ventilation are the temperature
difference across the opening/s and the wind forces. Most of the experimental methods have
been applied to analyze the physical mechanisms of either buoyancy-driven or wind-driven
flow through openings. Two particularly detailed studies have been performed to analyze the
effects of both wind and temperature, separately and combined. The research of single-sided
ventilation has been given more attention in building designs. It is, therefore, necessary to
understand the study of single-sided ventilation in more detail. The related physical processes
are complex, especially for the case of wind-driven flow, because of the variability in outdoor
wind conditions and the turbulent motion of the wind. Experimental results have shown that
the fluctuating effects of the wind are responsible for the airflow in the case of single-sided
ventilation. Fluctuating flows are attributed to the turbulent characteristics of the incoming
wind and/or to turbulence induced by the building itself [34]. Turbulence in the airflow along
an opening causes simultaneous positive and negative pressure fluctuations of the inside air.

This fluctuation of pressure distribution along the surface of an opening is a very important
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driving force for the case of single-sided ventilation. However, for single-sided ventilation, the
fluctuating nature of the wind produces continuously changing airflow patterns through an
exterior opening. Therefore, a large number of simultaneous and highly accurate velocity
measurements would be required to successfully predict the airflow rate for single-sided

ventilation.

2.2 Physical Models

An important factor to select the site and building for simulation is the climatic characteristics.
The climatic characteristics of Dhaka City differ from other cities of the country due to its
location and rapid physical development in last few decades. Physical and environmental
characteristics are further modified in different locations within the city. This is due to the
density of built environment, building types, building heights and orientations, surface quality
of the area — whether hard or soft depending on vegetal cover and presence of water bodies and
ponds - materials used for construction, and other related factors. The criteria for site and
building selection to determine the typical example office space was based on urban boundary,
trend of typical office design, Building Construction Regulations of the City Authority, internal

layout for daylight inclusion and distribution and scale and volume of the building.

In this study, single-sided natural ventilation has been presented for windward and leeward
cases of three-dimensional model. Physical processes in a room with different heights and
different location of windows are modelled using specialized computational fluid dynamics
(CFD). Calculations are carried out in an empty room without any human or mechanical
activity and compared with previous experimental measurements. Numerical analysis has
shown distinct relationship between room dimensions (height in this case) and state of comfort
in the room. The single-sided ventilation with opening/s on the windward wall and the leeward
wall are considered. In this research, four different cases are considered and the cases are:
Case 1: single-sided ventilation with an opening on the windward wall

Case 2: single-sided ventilation with an opening on the leeward wall

Case 3: single-sided ventilation with double openings on the windward wall

Case 4: single-sided ventilation with double openings on the leeward wall

The positions of the single opening (case 1 and case 2) and double openings (case 3 and case

4) are considered on lower and middle of the building respectively. In this study, a cubic
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building is considered whose walls are made of concrete. The dimension of the building-like
model is 250mm X 250mm X 250mm.

Two different building models are used: the first one is provided with a door-like opening sized
90 mm x 100 mm (width x height) for case 1 and case 2, and the second one is provided with
window-like double openings both of them are sized 90 mm x 50 mm (width X height) for
case 3 and case 4. All cases are used to study single-sided natural ventilation. The thickness of
the walls is 5 mm in both building models. Figure 2.1 shows a schematic view of the building
model. Furthermore, a logarithmic wind profile upwind of the building is considered in Figure
2.2. The dimension of the computational domain are 3.25m X 2.25m X 1m, displayed in
Figure 2.3, is chosen large enough in order not to disturb the air flow around the building. Three
dimensional computational domain with opening/s of a cubic building for windward wall is
shown in Figure 2.4. Two dimensional and three dimensional views of the location and
arrangement of the opening/s for windward wall of a building are shown in Figure 2.5 and

Figure 2.6 respectively.

Roof

Leeward face
Left wall /

Windward face — 1 — ‘ Right wall

Floor

/

Figure 2.1: Schematic view of the building model
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Logarithmic

1m 025m 2m

Figure 2.2: Two dimensional (2D) view of the computational domain and logarithmic wind

profile

Z

Y.\T/'x

Figure 2.3: Three dimensional (3D) view of the computational domain

(@) (b)

Figure 2.4: 3D view of the computational domain for windward face ((a) case 1 and
(b) case 3)
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(a) (b)

a

Figure 2.5: 3D view of the location and arrangement of the opening/s for windward face
((@) case 1 and (b) case 3)

(a) (b)

a
Figure 2.6: 2D view of the location and arrangement of the opening/s for windward face
((a) case 1 and (b) case 3)

Figure 2.7 and Figure 2.8 are also the location and arrangement of the opening/s for leeward
wall of a building. Figure 2.9 shows the three dimensional view of computational domain’s xy

-plane. Since wind-driven ventilation depends on pressure difference, so physical model is a
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very important factor for natural ventilation. In this study, details physical models are prepared
to calculate the wind flow, temperature, radiosity, and ventilation rate.

(@) (b)
Figure 2.7: 3D view of the location and arrangement of the opening/s for leeward face ((a)
case 2 and (b) case 4)

(a) (b)

Figure 2.8: 2D view of the location and arrangement of the opening/s for leeward face ((a)

case 2 and (b) case 4)
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L.

Figure 2.9: Computational domain (3D view of xy-plane)

2.3 Mathematical Model

Outdoor environment depends on natural forces. It is difficult to control and measure these
unpredictable forces. A tool is needed that will enable designers to easily manipulate a
building's design in order to observe trends and evaluate various potential designs. Full-scale
tests [35], wind tunnel tests [25], and computational techniques are common procedures in
studying a building and its surrounding outdoor environment. The full-scale test and wind
tunnel test are usually time-consuming, expensive, and also may not be capable of capturing
whole field information since there can only be a limited number of measuring points. The
development of computational fluid dynamics (CFD) [36-40] allows the investigation of
building wind environments, enabling the study of entire detailed flow fields in a timely and
cost effective manner. So, CFD is a powerful tool for getting information about the air flow
and pressure distribution around and inside the buildings. CFD is a branch of fluid mechanics
that uses numerical methods and algorithms to solve and analyze problems that involve fluid
flows. Its application becomes more and more popular as the computational power and
technology have been increased and improved the turbulence modelling. Among the techniques
studied by Chen, he agrees that CFD seems to be one of the most attractive technique for
building environment design, since it is the most affordable, accurate, and informative method
[41].

The common CFD techniques are direct numerical simulation (DNS), large-eddy simulation
(LES) and Reynolds averaged Navier-Stokes (RANS) equation with turbulence models. Each

technique handles turbulence in different ways [42]. Among those techniques, RANS is widely
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used by most CFD software [43]. RANS solves the time-averaged Navier-Stokes equations by
using approximations to simplify the calculation of turbulence flow. The present investigation
is focused on the application of three dimensional RANS modelling on wind-driven natural

ventilation of opening/s at single-sided buildings.

2.3.1 Governing Equations
The Navier-Stokes equations represent the fundamental governing equations for fluid flow. For

incompressible Navier-Stokes equations in conservation form are

T o ) e (1)

axi

ou; a a ]
p%+ pa_x,-(ufui) = —a—:i +a_xj(2“5ij> ............................. (2)

where p is the density, t is time, p is pressure, | is the dynamic viscosity of the fluid and the

strain-rate tensor s;; is given by

1(ou; , Ouj
Sij =E(a_x]+a_xj) ......................................... (3)
By the application of equation (1), the equation of motion can be written as
Qu o u__op 0 [ (0w By
P, 1Py ox, . om, + ox, [u (axj + axi>] ...................................... 4)

In turbulent flows, the field properties become random functions of space and time. Hence, the
field variables u; and p must be expressed as the sum of mean and fluctuating parts as
U =U+u, p=P+p o 5

where the mean and fluctuating parts satisfy

with the bar denoting the time average.
We insert equation (5) into (1)-(4) and take the time average to arrive at the Reynolds- averaged
Navier-Stokes (RANS) equations

Ui _

=0 8
6xi ( )
oU; oU; 1 0P ) ou; , 0U;
—+ U —=———+—|v|= —UU | e
at + J ox; p Ox; + Oxj 0x; + 0x; v (9)

The quantity 7;; = —u;u; is known as the Reynolds stress tensor which is symmetric. A
common method employs the Boussinesq hypothesis to relate the Reynolds stress to the mean

velocity gradients
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where v, is the kinetic eddy viscosity assumed as an isotropic scalar quantity.

By the application of (10), equation (9) can be expressed as
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Applying the first law of thermodynamics, the incident radiation must be equal to the sum of
the absorbed, reflected, and the transmitted radiation [44-46]. The analysis of radiation
exchange between surfaces is complicated because of reflection. This can be simplified when
surfaces are assumed to be black surfaces. The solar energy reaching the edge of the earth’s
atmosphere is called the solar constant. The solar radiation undergoes considerable attenuation
as it passes through the atmosphere. Radiation heat transfer between surfaces depends on the
orientation of the surfaces relative to each other as well as their radiation properties and
temperatures. Consider an enclosure consisting of N black surfaces maintained at specified

temperatures. For each surface i, we can write

N N

where A; is surface area and F;; indicates the fraction of the radiation leaving surface i that

strikes surface j directly.

Using the sign convention, a negative heat transfer rate indicates that the radiation heat transfer
is to surface i (heat gain). Now, we can extend this analysis to non-black surfaces. It is common
to assume that the surfaces are opaque, diffuse, and gray. Also, surfaces are considered to be
isothermal. Also the fluid inside the cavity is not participating in the radiation. Radiosity J is
the total radiation energy streaming from a surface, per unit area per unit time. It is the
summation of the reflected and the emitted radiation. The radiosity of a blackbody is equal to
its emissive power. For insulated or adiabatic surfaces, the net heat transfer through them is
zero. In this cases, the surface is called reradiating surface. There is no net heat transfer to a
reradiating surface.

In an N-surface enclosure, the conservation of energy principle requires that the net heat
transfer from surface i to be equal to the sum of the net heat transfers from i to each of the N

surfaces of the enclosure.

s N
Qi—ZQij_Z R, -
j=1 j=1

AR )
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where R;; = ﬁ is called the space resistance to radiation and /; and J; are the radiosity for
itij

the surface i to j.
So, in radiation problems the conservation of energy is given by:

oT 9] k 02

TR (14)

where T is the temperature of the fluid, « is the thermal conductivity, C, is the specific heat of
the fluid at constant pressure and Q; is the net heat transfer from surface i.

The standard k — € turbulence model is used in this study, which assumes that the flow is fully
turbulent and the effects of molecular viscosity are negligible. The turbulent kinetic energy, k,
and its rate of dissipation, &, in the flow field are calculated from two additional transport
equations. The model transport equation for k is derived from the exact equation, while the
model transport equation for & was obtained using physical reasoning and bears little

resemblance to its mathematically exact counterpart. The k — & transport equations are:

6k

E ]6x]__[ O'_ka_x]-l- Pk—é‘ ....................................... (15)
%y 2 -0 ﬁ)_ae fp _c. 2

Ui = (v+6€ ] G P Cea (16)

where g, and g, are turbulent Prandtl (Pr) numbers for k and € respectively.
In equations (15) & (16), P, is the production rate of turbulent kinetic energy, which depends
on the turbulent viscosity and the velocity distribution. In Table 2.1, the values of all the

constants for the turbulence model are provided.

Table 2.1: Constants for the Turbulence Model [24]

Constants Values
C, 0.09
Ceq 1.44
Ce, 1.92
Ok 1.0
O¢ 1.3

In this research, two types of study are considered. They are:
(1) natural ventilation without solar radiation effect

(1) natural ventilation with the influence of solar radiation
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2.3.2 Boundary Conditions

In this study, the finite element method (Galerkin weighted residual method) has been used to
solve the set of equations provided by k — € models. In the case of vertical wind direction, the
computational domain was constructed that had a height of 4H, width of 9H and length of 13H
where H = 0.25 m. The ability to accurately model outdoor airflow around buildings is
necessary to provide the correct boundary conditions for the indoor building environment that
is naturally ventilated. As far as the boundary conditions are concerned, at the inlet of upwind

boundary a logarithmic profile (Figure 2.2) of the stream wise velocity component U has been

applied: U(h) = %ln (hi) where h is the distance from the ground, K = 0.41 is the Von
0

Karman’s constant, U, and h, have been determined through the best fit of the available data

and experimental data. The velocity components along with vertical and span wise direction

were equated to zero. In addition, as the distribution of k and & on the inlet boundary was
unknown, the following relations have used: k = %(Ua,,g. T,%);

3/2
€= c,f/ 4kT , where U, is the average flow velocity, T; the turbulence intensity and [, is

the turbulence length scale. To solve turbulence conditions T; = 1% [47] and [, = 0.4 m [24]
have been used in this research. A constant pressure is assumed at the outlet of the
computational domain, while the gradients of all the dependent variables have assumed to
vanish. The ambient conditions for pressure and temperature are considered here. For all cases,
heated air entered into the region through the inlet. Standard wall functions are used and the
no-slip velocity boundary condition is applied for the fluid-wall interaction. The wall of the
room is modelled as adiabatic for study (i) and heat transmittance concrete material with
emission € = 0.85 for study (ii) respectively. All objects except the transparent window are
modelled as grey bodies for study (i1). Owing to the ellipticity of the earth’s orbit, the actual
solar constant changes throughout the year within +/— 3.4%. As a result the solar radiation
reaching the earth’s surface is around 1000 W /m? on a clear day and much less on a cloudy
day, in the wavelength band 0.3 to 2.5 um. The thermal expansion coefficient of the air is

based on the ambient temperature.

2.4 Discretization Methods
The description of the laws of physics for space and time dependent problems are usually
expressed in terms of partial differential equations (PDEs). For the vast majority of geometries

and problems, these PDEs cannot be solved with analytical methods. Instead, an approximation
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of the equations can be constructed, typically based upon different types of discretization.
These discretization methods approximate the PDEs with numerical model equations, which
can be solved using numerical methods. The solution to the numerical model equations are, in
turn, an approximation of the real solution to the PDEs. The finite element method (FEM) is
used to compute such approximations. The Galerkin method is one of the many possible finite
element method formulations which can be used for discretization by a commercial software

which is performed by the following procedural flow as viewed in Figure 2.10.

( Geometry
and Materials

}

Physics

Mesh 1 Pre-processing
—

Boundary
Conditions and
Loadings

!

Matrix
Equation

}

Solution I Post-processing

Figure 2.10: Basic steps to perform a finite element analysis in this research

The method can be divided into three elementary steps, namely pre-processing, solver and post-
processing. The pre-processing steps enable the user to build the model. Since it contains all
the information regarding the FEM application for interconnect study, it is convenient to divide
it into smaller sub-steps. The first sub-step involves the creation of the interconnect geometry
to represent the domain under study and assign the material properties to the domain. Then the
physical environments of the problem under investigation are generated by assigning the

underlying physics (or multi-physics), mathematical equations, and finite element formulation
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to the model. After that, the application of appropriate loadings, boundary and initial conditions
to the domain under study, as well as its discretization into finite elements, determines the
matrix equation governing the model. This step is followed by solving the set of algebraic
equations, which provides the physics related nodal solutions of the model. The numerical
model equations are solved for different mesh types and element sizes. The most common
elements are illustrated for the nodes (x and y in 2D and X, y, and z in 3D). Modern time-
stepping algorithms automatically switch between explicit and implicit steps depending on the
problem. A modern time-marching scheme has automatic control of the polynomial order and
the step length for the time evolution of the numerical solution. Backwards differentiation
formula (BDF) method is used in this study. The finite element method gives an approximate
solution to the mathematical model equations. The difference between the solution to the
numerical equations and the exact solution to the mathematical model equations is the error. In
many cases, the error can be estimated before the numerical equations are solved (i.e., an a
priori error estimate). A priori estimates are often used solely to predict the convergence order
of the applied finite element method. After the solutions of the problems are determined, the
post-processing step enables the user to evaluate the results of the finite element analysis by

means of plotting and data exporting tools.

2.5 Meshing of the Physical Models

Physics controlled mesh is prepared using COMSOL Multiphysics Meshing. The element sizes
for this meshing are different such as fine, extra fine, extremely fine, finer, coarse, coarser,
extra coarse, extremely coarse, and normal. The number of mesh depends on different mesh
types and element sizes. In 2D elements, triangular and rectangular are used and tetrahedral,
Pyramidal, Prismatic and hexahedral are used for 3D elements. Extremely coarse is used in this
study. Total number of mesh for 3D cases are around 35000-40000 whereas 1800-2300 for 2D
cases. In Figure 2.11 and Figure 2.12, the computational domain are meshing with 336 edges
and 185 vertexes where Figure 2.13 and Figure 2.14 has 381 edges and 193 vertexes. Figure
2.15-Figure 2.18 shows the mashing of the 2D view of the computational domain. Table 2.2 to

Table 2.9 shows the details meshing for 2D and 3D cases.
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Figure 2.11: Meshing of windward wall with an opening (case 1)

Table 2.2: Meshing for case 1 in 3D

Element Type Number of Element
Tetrahedral 22369
Pyramid 830
Prism 12996
Triangular 3676
Quadrilateral 374
Edge 336
Vertex 185
Total Element 36195
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Figure 2.12: Meshing of leeward wall with an opening (case 2)
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Table 2.3: Meshing for case 2 in 3D

Element Type Number of Element
Tetrahedral 21948
Pyramid 822
Prism 12866
Triangular 3648
Quadrilateral 374
Edge 336
Vertex 185
Total Element 35636

Figure 2.13: Meshing of windward wall of double openings (case 3)

Table 2.4: Meshing for case 3 in 3D

Element Type Number of Element
Tetrahedral 25742
Pyramid 1038
Prism 12786
Triangular 3890
Quadrilateral 340
Edge 381
Vertex 193
Total Element 39566
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Figure 2.14: Meshing of leeward wall with double openings (case 4)

Table 2.5: Meshing for case 4 in 3D

Element Type Number of Element
Tetrahedral 25715
Pyramid 1047
Prism 12675
Triangular 3870
Quadrilateral 340
Edge 381
Vertex 193
Total Element 39437
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Figure 2.15(a) : Meshing of case 1 for 2D
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Table 2.6: Meshing for case 1 in 2D
Element Type Number of Element
Triangular 1277
Quadrilateral 616
Edge 209
Vertex 14
Total Element 1893
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Figure 2.16(b) : Meshing of case 2 for

2D, close view
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Figure 2.16(a) : Meshing of case 2 for 2D

Table 2.7: Meshing for case 2 in 2D
Element Type Number of Element
Triangular 1288
Quadrilateral 621
Edge 210
Vertex 14
Total Element 1909
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Figure 2.17(a) : Meshing of case 3 for 2D Figure 2.17(b) : Meshing of case 3 for

2D, close view

Table 2.8: Meshing for case 3 in 2D

Element Type Number of Element
Triangular 1565
Quadrilateral 647
Edge 223
Vertex 20
Total Element 2212
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Figure 2.18(a) : Meshing of case 4 for 2D Figure 2.18(b) : Meshing of case 4 for

2D, close view

Table 2.9: Meshing for case 4 in 2D

Element Type Number of Element
Triangular 1550
Quadrilateral 652
Edge 224
Vertex 20
Total Element 2202
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2.6 Code Validation

Wind-driven single-sided ventilation was performed in the present study. In this validation
study, CFD has been used to analyze single-sided ventilation by studying wind-driven
windward flow through double opening. Single-sided ventilation was used to validate the CFD
model [28]. For the CFD simulation, the building model was set up and placed within a larger
computational domain. After setting up the CFD model according to the experimental setup,
the simulation was performed. In Figure 2.19, three vertical lines in the middle section of the
domain A, B, and C are identified. Location A and C have been chosen in order to describe the

flow pattern close to the openings.

H/25 -| f “H/25

Figure 2.19: Location of the vertical lines

The velocity components have been determined, along streamwise and vertical direction,
respectively. The third velocity component has been neglected as it is supposed to be zero, due
to the symmetry of domain. Figure 2.20 shows the velocity field results for the model, in every
section of the building. The plots of Figure 2.20 shows the vertical distribution of x-direction
velocity U for ventilation patterns evaluated. From this validation case, it is clear that the
agreement between present results and results obtained in Idris & Huynh [28] for the interaction

between outdoor and indoor flow in single-sided ventilation is very good.
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Figure 2.20: Code validation of the model
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2.7 Conclusion

Natural ventilation is a critical strategy in the move towards energy-efficient building design.
Single-sided ventilation is a significant type of natural ventilation, especially since single-sided
building forms are so prevalent, especially in Dhaka city. This chapter has compiled four cases
on single-sided natural ventilation in the field of building technology to determine the airflow
available in Dhaka city. Research in the area of thermal comfort and indoor air quality will also
be necessary to analyze the full potential of single-sided ventilation. This background
information is significant in taking steps towards the improvement of natural ventilation design
in Dhaka city. CFD modeling is a necessary tool in natural ventilation design. It enables
designers to analyze different designs and to evaluate the abilities of these designs before the
actual implementation of them. However, since CFD has the capabilities of being a powerful
tool in this respect, it is also necessary to ensure that it is applied accurately. As natural
ventilation is characterized by unpredictable and complicated airflow patterns, which is a
challenge to the field of CFD modeling, but code validation shows that the performance of
CFD has been very good and promising overall in velocity distribution. Therefore, the CFD

tool has been used for natural ventilation studies.
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Chapter 3

Natural Ventilation without Solar Radiation Effect

From the previous chapter, it is clear that CFD is a powerful tool and can provide great potential
for the future design of naturally ventilated buildings. Based on the validation of single-sided
ventilation for the indoor and outdoor environment, the case for computational modeling of
single-sided natural ventilation is strongly supported. In chapter 2, the single-sided wind-driven
natural ventilation with opening/s on the windward wall and the leeward wall has been
considered. In this chapter, all the results from the research are described for all cases without
the solar radiation effect. Firstly, airflow inside and around the building are discussed. Finally,

the ventilation rate is calculated.

3.1 Introduction

Fresh air plays a vital role in our lives. The term “indoor air quality” (IAQ) usually mentions
the amount and type of pollutants present in the air. So, it is very substantial that the air around
us should be fresh enough for the human body. Tham [48] stated that the indoor environment
is dynamic and affected by several parameters, such as materials, HVAC systems, and the
presence of human beings. All these parameters bring impurities into the air and make the air
polluted. These parameters are parts of the indoor environment that cannot be neglected and,
therefore, a more holistic approach is needed to efficiently remove the impurities from indoor
air. In addition, Jones [49] presented a large number of emission sources that can lead to indoor
air pollution, and these can cause significant effects on health. Moreover, Sundell [50]
mentioned that indoor air was believed to be a major environmental factor in the past, but then
other factors, such as outdoor air quality, energy consumption, and sustainable buildings,
became dominant. It is true that a major environmental concern today regards global warming
due to outdoor air pollution, but indoor air quality cannot be beyond this concern. There are
well-defined ASHRAE standards which give information about the tolerable number of
pollutants in the air. It also essentially refers to the air quality within and around buildings,

which relates to the health and comfort of building occupants.

3.2 Results and Discussion
The present investigation focuses on the application of three-dimensional RANS modeling on

wind-driven natural ventilation of single/double opening/s at the windward wall and the
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leeward walls of the single-sided building. This section provides the information about the
airflow rate and flow pattern provide, which are free from the conservation of energy due to
the absence of solar radiation effect. The size of the domain is an important factor, especially
for modeling airflow in buildings, because the realistic representation of ambient and external
airflow are essential. It is necessary to consider a small computational domain with less number
of grids to minimize the computational time. Airflow is mandatory for all three-dimensional
models. It must be ensured that the airflow is free from all kinds of hindrances in the outer

domain for all cases.

3.2.1 Velocity Distribution

In this study, four physical models have been used in the context of the weather of Dhaka city
to examine the wind profiles inside and outsides of the buildings through single/double
opening/s. To compare with other results, three vertical lines from A to C are considered, shown
in Figure 3.1. Among these lines, the single line B is situated inside the building and the other
two lines A and C which are outside, but close to the building, in which to show the behavior
of the inside and outside velocity of the flow respectively along these lines. The velocity
components have been determined, along streamwise and vertical direction, respectively. The
third velocity component has been neglected as it is supposed to be zero, due to the symmetry

of the domain.

Height
=
&

v

fe

A B C

Figure 3.1: Location of velocity measurements

Since measurement line A, is on the opposite side of the opening/s for leeward cases, so the
velocity profiles are approximately the same for case 2 and case 4 but an important line for
case 1 and case 3. Conversely, the velocity profiles are approximately the same for case 1 and
case 3 because measurement line C is on the opposite side of the opening/s for windward cases,
so it is in favor of case 2 and case 4. The velocities of air are changed from time to time. The

plots of Figure 3.2-3.10 show the streamwise velocity U for single-sided windward opening
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(case 1) calculated for 0.5, 1, 1.5, 2, 2.5, 3, 5, 10, and 15 seconds. In these cases, it is observed
that, the velocities are changed from time to time. After a few seconds, the changes are going
to come down, which is approximately 3 seconds at that time-dependent results bear a physical
resemblance to steady. Similarly, Figure 3.12-3.20 show the streamwise velocity U for single
sided leeward opening (case 2), Figure 3.22-3.30 show the streamwise velocity U for single
sided windward double openings (case 3) and Figure 3.32-3.40 show the streamwise velocity
U for single sided leeward double openings (case 4). Meteorological wind speeds are varying
from 2-4 m/s in Dhaka city.

In measurement line A, the velocity of air are fluctuating from 0 to 0.2 m/s for all cases at
time t = 0.5 second. But at time ¢t = 1 second, the ups and downs of streamwise velocity for
the case 3 is much more than other cases, and the variation is from 0 to 0.4 m/s for the double
windward openings. Also, the behavior of case 3 is from 0 to 0.5 m/s when other cases are
from 0 to 0.2 m/s at time t = 2 second.

In measurement line B, the velocities of air are approximately the same for all cases at time
t = 0.5 second. Air velocities fluctuate when time is increasing. At time t = 1 second, the
fluctuation of streamwise velocity for the double leeward openings is greater than other cases,
and the fluctuation is from 0 to 0.3 m/s for case 4. But at time t = 2 second, the behavior of
air velocity for case 3 is much higher than the case 4. At time t = 2 second, the fluctuation of
air velocity is from 0 to 0.4 m/s for case 3 when other cases are from 0 to 0.2 m/s. At time
t = 3 second, the ups and downs of streamwise velocity for case 3 are from 0 to 0.4 m/s when
other cases are from 0 to 0.1 m/s.

In measurement line C, the air velocity is fluctuating so much for double leeward openings,
and the variation is from 0 to 0.5 m/s at time t = 0.5 second. But at time t = 1 second, the
ups and downs of streamwise velocity for the double leeward openings are from 0 to 0.4 m/s.
Moreover, the behavior of case 2 and case 4 are from 0 to 0.3 m/s when other cases are from
0to 0.2m/s attime t = 2 second and t = 3 second.

In the windward single opening (Case 1), the maximum air enters into the upper side of the
opening and comes out through the lower side of that opening, but for the leeward single
opening (case 2), the maximum air enters into the lower side of the opening and comes out
through the upper side of that opening. Also, in the windward double openings (Case 3), the
maximum air enters into the upper opening and comes out through the lower opening, but for
the leeward double openings (Case 4), the maximum air enters into the building through the

lower opening and comes out through the upper opening.
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Since, after 3 seconds the changes are not worth watching so the vertical velocity is calculated
for 3" second. Figure 3.11, Figure 3.21, Figure 3.31 and Figure 3.41 are the vertical velocity
V for case 1, case 2, case 3 and case 4 respectively at 3 second. Section basis comparison of
streamwise velocity and vertical velocity for 3" second are shown in Figure 3.42 and Figure
3.43 respectively. In computational domain, the behavior of streamwise velocity distribution
for all cases are shown in Figure 3.44. The difference is evident in the regions close to
horizontal surfaces. Figure 3.45 shows the velocity distribution for all cases in xy -plane at
time t = 15 second. In this analysis, the flow pattern inside the building as well as
computational domain for all cases are considered. To show the flow pattern, air flow
distribution and stream lines are essential. Figure 3.46-3.47 show the air flow distribution for
all cases in computational domain and cubic building respectively at 15" second. Figure 3.48-
3.49 show the stream lines for all cases in computational domain and cubic building
respectively at 15" second.

Above the roof of the building (height > 0 .25), the velocity components U and V for all cases
are similar in every section, but in the cubic building, flow directions and velocity components
have some disagreements in few sections. To choose the location of the opening/s and
description of the velocity profile inside the building and near to the openings are main purpose

of this study.
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Figure 3.2: Velocity distribution at t = 0.5 s for single-sided ventilation with an opening on

the windward wall (Case 1)
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Figure 3.3: Velocity distribution at t = 1 s for single-sided ventilation with an opening on the

windward wall (Case 1)
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Figure 3.4: Velocity distribution at t = 1.5 s for single-sided ventilation with an opening on

the windward wall (Case 1)
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Figure 3.5: Velocity distribution at t = 2 s for single-sided ventilation with an opening on the

windward wall (Case 1)
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windward wall (Case 1)

52



05

04

Height (m)

Section A

05

0.4

Height (m)

02

01+

Section B

02
01 f
bs
05~
041
—_ i
&
E 0.3 i
T
L
am
0.2
01

Section C

325

Figure 3.8: Velocity distribution at t = 5 s for single-sided ventilation with an opening on the

windward wall (Case 1)
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Figure 3.9: Velocity distribution at t = 10 s for single-sided ventilation with an opening on

the windward wall (Case 1)
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Figure 3.10: Velocity distribution at t = 15 s for single-sided ventilation with an opening on

the windward wall (Case 1)
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Figure 3.14: Velocity distribution at t = 1.5 s for single-sided ventilation with an opening on

the leeward wall (Case 2)
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Figure 3.15: Velocity distribution at t = 2 s for single-sided ventilation with an opening on

the leeward wall (Case 2)
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Figure 3.16: Velocity distribution at t = 2.5 s for single-sided ventilation with an opening on

the leeward wall (Case 2)
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Figure 3.17: Velocity distribution at t = 3 s for single-sided ventilation with an opening on

the leeward wall (Case 2)
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Figure 3.18: Velocity distribution at t = 5 s for single-sided ventilation with an opening on

the leeward wall (Case 2)
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Figure 3.20: Velocity distribution at t = 15 s for single-sided ventilation with an opening on

the leeward wall (Case 2)
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Figure 3.22: Velocity distribution at t = 0.5 s for single-sided ventilation with double
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Figure 3.24: Velocity distribution at t = 1.5 s for single-sided ventilation with double
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Figure 3.25: Velocity distribution at t = 2 s for single-sided ventilation with double openings

on the windward wall (Case 3)
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Figure 3.26: Velocity distribution at t = 2.5 s for single-sided ventilation with double

openings on the windward wall (Case 3)
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Figure 3.27: Velocity distribution at t = 3 s for single-sided ventilation with double openings

on the windward wall (Case 3)
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Figure 3.29: Velocity distribution at t = 10 s for single-sided ventilation with double

openings on the windward wall (Case 3)
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Figure 3.32: Velocity distribution at t = 0.5 s for single-sided ventilation with double
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Figure 3.33: Velocity distribution at t = 1 s for single-sided ventilation with double openings
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Figure 3.34: Velocity distribution at t = 1.5 s for single-sided ventilation with double
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Figure 3.35: Velocity distribution at t = 2 s for single-sided ventilation with double openings

on the leeward wall (Case 4)
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Figure 3.36: Velocity distribution at t = 2.5 s for single-sided ventilation with double

openings on the leeward wall (Case 4)
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Figure 3.37: Velocity distribution at t = 3 s for single-sided ventilation with double openings

on the leeward wall (Case 4)
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Figure 3.38: Velocity distribution at t = 5 s for single-sided ventilation with double openings

on the leeward wall (Case 4)
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Figure 3.39: Velocity distribution at t = 10 s for single-sided ventilation with double

openings on the leeward wall (Case 4)
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Figure 3.40: Velocity distribution at t = 15 s for single-sided ventilation with double

openings on the leeward wall (Case 4)
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Figure 3.41: Velocity distribution along vertical direction at t = 3 s for single-sided
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Figure 3.42: Velocity distribution for all cases (case 1: S W, Case 2: S L, Case 3: D W, case
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Figure 3.43: Velocity distribution along vertical direction for all cases (case 1: S W, Case 2: S
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Figure 3.47: Air flow distribution in cubic building for all casesat t = 15 s
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Figure 3.48: Velocity stream lines in computational domain for all casesat t = 15 s
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Figure 3.49: Velocity stream lines in cubic building for all casesat t = 15 s

3.2.2 Pressure

To model different windy conditions, pressure difference AP between the outer wall and the
wall to the corridor are constant 0 and 1. Figure 3.50 shows the values of the pressure in xy -

plane of the computational domain and all figures are approximately the same here.
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Figure 3.50: Pressure distribution for all cases in xy planeatt = 15 s

3.2.3 Ventilation Rate

The calculation of the air flow rate provided by natural ventilation is usually accomplished by
means of a simple relationship. For single-sided wind driven natural ventilation, the ventilation
rate can be calculated as:

Qs = 0.025-A4- Uy,

where A (m?) is the opening area and U, (m/s) is the reference wind velocity, measured at
the building height. Table 3.1- 3.4 show numerical values of ventilation rate for all cases. Each
table gives various flow rates for all four cases, and it is clear that the highest flow rate has

occurred in the windward double openings (case 3).

95



Table 3.1: Ventilation rate for windward single opening (case 1)

Windward Single Opening
(case 1)

Time (s) Ventilation Rate (m3/s)
0.5 0.001169323400930352
1 0.00215737146319126
1.5 0.0017386873443760718

2 0.0016763775215648529
2.5 0.0016612309026117573
3 0.0016788052143203607
3.5 0.0016835601626219857
4 0.0016865050375278116
4.5 0.0016910077322976186
5 0.0016927282368809785
10 0.00168646025217215
15 0.001685447401799411

Table 3.2: Ventilation rate for leeward single opening (case 2)

Leeward Single Opening

(case 2)

Time (s) Ventilation Rate (m3/s)
0.5 0.001572861881721248
1 0.0023904343933533077
15 0.0014460274201696644
2 0.0013839273537283676
2.5 0.0017448775435086694
3 0.0016642435646309467
3.5 0.0015551481244800232
4 0.0014823815888515247
4.5 0.0014109570697389984
5 0.0013370066091951292
10 9.52853378292106E-4
15 0.232986347756224E-4

96




Table 3.3: Ventilation rate for windward double openings (case 3)

Windward Double
Openings
(case 3)

Time (s) Ventilation Rate (m3/s)
0.5 5.942208533804205E-4
1 0.0025876663757664516
15 0.002670913114062119
2 0.0027732010456357195
2.5 0.002795352072869878
3 0.0027768186570730105
3.5 0.0027849933077490905
4 0.002782478492625072
4.5 0.0027806589090020747
5 0.002776899591343757
10 0.0027688471378035473
15 0.0027703088596360355

Table 3.4: Ventilation rate for leeward double openings (case 4)

Leeward Double Openings
(case 4)

Time (s) Ventilation Rate (m3/s)
0.5 0.0031249174599475987
1 0.0024985061097254468
15 0.002231001736400236
2 0.0019788576587311873
2.5 0.0018180161537821806
3 0.0017271969218653148
3.5 0.0016536441015765062
4 0.0016106951570946744
4.5 0.0015767428885600865
5 0.0015580092572904218
10 0.0014763407989667372
15 0.0014544266540096995
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Chapter 4

Natural Ventilation with the Influence of Solar Radiation

The Earth's climate depends on the delicate balance among incoming solar radiation, outgoing
thermal radiation and the composition of Earth's atmosphere. Even small changes in these
parameters can affect the entire climate. Around 30 percent of the solar energy that strikes
Earth reflected into space. So, the evaluation of the effectiveness of a particular single-sided
ventilation design, various parameters must be considered, which are significant to evaluate
thermal comfort. Among these factors, air temperature and velocity are considered here. The
information about the flow pattern, airflow rate, temperature profile, and radiosity are provided
in this chapter.

4.1 Introduction

The Sun, or Sol, is the star at the center of the solar system, which is the most important source
of energy for life on the Earth. The solar energy incident on a surface oriented normal to the
sun’s rays, at the outer edge of the earth’s atmosphere when the earth is at its mean distance
from the sun is called the solar constant. The value of this solar constant is 1000 w/m? on a
clear day at solar noon in the summer months. The main goal of building design for the tropical
climate is the reduction of direct heat gain by radiation and to reduce internal surface
temperature. The building should be designed with protected openings and walls to reduce the
energy for high-rise apartments through an improved building envelope design [51]. They had
identified six passive thermal design strategies, namely, insulation, thermal mass, the color of
external walls, glazing systems, window size, and shading devices. About 30% reduction in
solar absorptance can achieve 12% saving in annual is required for cooling energy. They
concluded that 12% saving on cooling energy could be obtained from using white or light color
external wall finishes. However, most residential buildings in Dhaka are already light-colored,
with only a very few exceptions. The choice of building color depends mostly on architects and
in a few cases, on clients. In order to evaluate the effectiveness in particular single-sided
ventilation design, various parameters must be considered. These performance parameters are
determined by the thermal and flow boundary conditions, such as the size and geometry of a
space, heat sources, and outdoor weather conditions. These parameters are significant to the
evaluation of natural ventilation since thermal comfort is the major criterion that must be

satisfied for effective natural ventilation design. Natural ventilation systems do not only
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provide fresh air but also affect the indoor thermal environment a lot. To ensure the quality of
the indoor environment, the temperature is the vital component for thermal comfort since the

research focuses on the thermal comfort of the citizen of Dhaka city.

4.2 Results and Discussion

Heat balance in a living-room is very important from the energy consumption angle, and
available solar radiation has an essential influence on it. On sunny days, owing to the
considerable solar heat transfer through the opening/s required temperature in the room can be
maintained with less heat from the air exchange system. The rotation of the Earth is also
responsible for hourly variations in sunlight. In the early morning and late afternoon, the sun
is low in the sky. Its rays travel further through the atmosphere than at noon when the sun is at
its highest point. The location of Bangladesh is in both the eastern and northern hemispheres.
In this study, the ambient temperature and a clear sunny day at noon have been considered. The
calculations have been performed for a computational domain with a cubic room filled with
air. Solar radiation through the opening/s is modeled as a heat source on the inner window’s
surface. For gray bodies, that is, surfaces for which the absorptivity and emissivity are
independent of wavelength, considerable simplifications can be made. The net heat transfer is
the difference between the radiation leaving from the surface and the radiation incident upon

this surface.

4.2.1 Velocity Distribution

Air velocity is a vital factor that determines the level of indoor thermal comfort. Since this
research is time dependent so the velocity components U and V along streamwise and vertical
direction respectively are calculated with time. The velocities are changed from time to time.
After a few seconds, approximately 3 seconds, the changes are almost the same. Numerically,

the air velocities are slightly different from Figure 3.2 — Figure 3.49.

4.2.2 Temperature Distribution

Temperature is the main component for thermal comfort. The information about temperature
profile in cubic buildings as well as computational domain are provided in this section. Since
the fluctuation of the air velocity is comparatively stable after 3 seconds, so the temperature
distribution has been considered from 3 seconds. The graphs in Figures 4.1-4.3 display the
temperature distribution profile for all (four) cases in section A, section B and section C

respectively at time t = 3 second. An interesting observation is that air temperature is
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fluctuating so much for windward opening/s (case 1 and case 3) in section A because hot air
which is exists outside the room is entered easily into the room but the room temperature is
comparatively cool. This cold temperature influences the outside temperature when air come
out of the room. In similar manner, Figure 4.4-4.18 show the section wise temperature
distribution profile for all cases at time t = 5,10,15, 30, 60 seconds, respectively. From these
figures, it is clear that the air temperature fluctuation is decreasing in section A when time is
increasing gradually. Figure 4.19 shows the temperature distribution in one frame to predict
temperature for outside and inside of the room. For all cases, the outside temperature of the
room is around 306 K where the room temperature is fluctuating from 293 K to 301 K. Figure
4.20 and Figure 4.21 show the three dimensional view of surface temperatures for all cases in
the computational domain and a cubic room, respectively. In addition, Figure 4.22 and Figure
4.23 show the isothermal surfaces for all cases in the computational domain and a cubic room,
respectively. In all cases, the low temperature is exists in the floor. When time is increasing,
the roof of the cubic building is heated gradually for a certain period which gives rise to the
room temperature. However, the ASHRAE Standard [52] states that occupants may feel
uncomfortable due to contact with floor surfaces that are too warm or too cool, giving an
allowable range of floor temperatures between 292 K and 303 K. In this study, only solar
radiation effect is regarded but no other heat source or mechanical system are accounted here.
Since room temperature is a vital factor so average volume temperature is needed. Furthermore,
Table 4.1 shows the details average volume temperature for all cases at different times. The air
temperature inside the room maintains the ASHRAE standard in all cases in the context of the
weather in Dhaka city. The average volume temperature for double windward openings and
double leeward openings are much closed. At different times, the average volume temperature

for double leeward opening is comparatively less than the double windward openings.
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Table 4.1: Volume Average Temperature (K) in the room at noon

Single Windward

Single Leeward

Double Windward

Double Leeward

Time | Volume Average Volume Average Volume Average Volume Average
(s) Temperature (K) Temperature (K) Temperature (K) Temperature (K)
0 293.1665153111536 | 293.18174960041455 | 293.17168052796677 293.18300562478396
1 293.9613825543134 | 293.9600632787281 | 293.9600889957652 293.959124988735
2 294.38051822993526 | 294.3702032464736 | 294.37139551031925 294.3683067480971
3 294.71329656805614 | 294.6975990748435 | 294.7029917386626 294.69537457907046
4 294.99175488942893 | 294.9745605327375 | 294.9858627519709 294.97584017956785
5 205.2323724872882 | 295.2185600840253 | 295.23416905832045 295.22371503045946
10 | 296.16405172047865 | 296.16919579197037 | 296.1808355666653 296.1693480829345
15 | 296.83537782303085 | 296.8679075643108 | 296.88219722534825 296.8629045676422
20 | 297.3975576703203 | 297.4265846632843 | 297.4355579168931 297.4177950278883
25 | 297.87536435503836 | 297.9106007368323 | 297.9186604274133 297.89115199151223
30 | 298.2864242397725 | 298.34279080886563 | 298.3454945004384 298.3253753505509
35 | 298.66956047346315 | 298.7319275911715 | 298.7233060147472 298.70275992936376
40 | 299.02320160651385 | 299.07952348260005 | 299.05962003772163 299.02322046558044
45 | 299.346715644291 299.38372647803305 | 299.35917578173536 299.3147110040187
50 | 299.6410673612026 | 299.6594423893658 | 299.617672671279 299.586566409273
55 | 299.9037825857323 | 299.91068998844463 | 299.8595290487824 299.83802292759003
60 | 300.1220073021492 | 300.14086309775655 | 300.0855404953805 300.0713749351044

4.2.3 Ventilation Rate

Bangladesh is situated in both the eastern and northern hemisphere. So wind speed and wind
direction is an important part for room temperature. Since this research is time dependent and
also related to solar radiation so sunlight is necessary. In this study, a clear sunny day at noon
is considered to calculate ventilation rate for a cubic room which is filled with air. The air flow
rate for all cases are shown in Table 4.2. It is observed that, maximum and minimum ventilation
rate are occurred in double windward openings and single leeward opening, respectively which
are almost same as like as without effect of solar radiation. From this table it is clear that,

double windward openings allows more air enter into the room than other opening/s and that’s

why more ventilation rate is accounted.
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Table 4.2: Ventilation Rate for all cases at noon

Case 1 Case 2 Case 3 Case 4
Time Ventilation Rate Ventilation Rate Ventilation Rate Ventilation Rate

©) (m?/s) (m/s) (m?*/s) (m?/s)

0.5 0.001172362091630969 0.001588568747730777 | 5.929694635613781E-4 | 0.00311752064128231
1 0.0021523975895172635 | 0.002401046306592673 0.0024766831973071697 | 0.002471364826565973
2 0.0016644301956356708 | 0.0013614476038673114 | 0.0027603430637148972 | 0.0019632210535251997
3 0.001673525177070272 | 0.0016730396613218012 | 0.0027843596723634728 | 0.0017177769997127471
4 0.001684390221120229 | 0.0014896484742816711 0.002780235099777419 | 0.0016179132917337206
5 0.0016855951893372787 | 0.001344218561947467 0.002779153858817295 | 0.0015709284222085319
10 0.0016825200188929558 9.517759770380223E-4 0.002767465206791116 | 0.0014756337433138532
15 0.0016863443957448243 9.249387418066147E-4 0.002769231763890396 | 0.0014625003332388333
20 0.0016894599237958553 9.238199687239082E-4 0.002769775767277836 0.001461104799895161
25 0.0016897975411500029 9.239219911865622E-4 0.00276955827910904 0.0014630345123159258
30 0.0016891182236171071 9.248463795067472E-4 0.00276930838288902 0.0014656838747378854
35 0.00168824519834264 9.265029230234043E-4 0.0027693633798010777 | 0.0014652166574941781
40 0.0016875982179310768 9.285882072373227E-4 0.002769808557825505 | 0.0014635545087114139
45 0.001687337104339046 9.301195131982697E-4 0.002770362783791998 | 0.0014638631899478818
50 0.001687485108790172 9.306673207659015E-4 0.002770124803310397 | 0.0014642612201423845
55 0.0016880443200622743 9.303725778035198E-4 0.002769628382766246 | 0.0014643110738635163
60 0.0016891437767264086 9.295641557399951E-4 0.002769219786673876 | 0.0014639224853118312

4.2.4 Radiosity

Radiosity is the summation of the reflected and the emitted radiation. Since, all objects except

the transparent window are modelled as grey bodies so radiosity is another parameter which is

defined as the rate at which radiation leaves a given surface per unit area. In this study, the

lower surface of the computational domain and building are considered as sand and concrete

materials, respectively. Figure 4.24 and Figure 4.25 show the surface radiosity for all cases of

computational domain and a cubic room, respectively. Figures show that the range of the

radiosity is 353 to 405 for the room as well as computational domain at noon. In a cubic room,

two walls and the floor are free from surface radiosity because these walls are free from

sunlight.
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Figure 4.24: Surface radiosity in computational domain for all cases at t = 60 s
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Figure 4.25: Surface radiosity in building for all casesat t = 60 s
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Chapter 5

Conclusion

People believe that the indoor environment is safe, and also the air they breathe is free from
pollutants. It also essentially refers to the air quality within and around buildings, which is
related to the health and comfort of building occupants. Natural ventilation is a critical strategy
in the move towards energy efficient building design. Single-sided ventilation is a significant
type of natural ventilation, since single-sided building forms are so prevalent, especially in the
Dhaka city. The summary of this research is discussed in this chapter. A lot of outcomes have
been found, but at the same time, a lot of new scopes have appeared that need to be analyzed
in the future.

5.1 Conclusion

The global warming is occurred due to many reasons but air pollution is one of them. Natural
Ventilation is a useful system to reduce the energy consumption and CO, emissions (the
extraction and burning of fossil fuels) in official or residential building. Solar radiation is an
important factor for the natural ventilation system, which varies during the day and each season.
Indoor air quality and thermal comfort are important health safety measures to room occupants.
The present investigation is focused on natural ventilation with the influence of solar radiation
and without effect of solar radiation for single/double opening/s at the windward wall and the
leeward wall of single-sided building. According to wind direction, four physical models are
used in this research. The information about the air flow rate, flow pattern and temperature

distribution are provided to observe the impact of solar radiation on natural ventilation.

From the tabular and graphical comparisons of the results of numerical computations, the

findings are as follows:
o Three measurement lines are consider to observe the behavior of flow pattern. Since
the problem is time dependent so the velocity of air is fluctuating with time to time. The

maximum and the minimum velocity of the air is 0.5 m/s and 0 m/s respectively.

o The fluctuation of ventilation rate is from 0.0009 m3 /s to 0.0034 m3 /s that shows how
much air enter into the room by the opening/s. It is observed that, maximum and

minimum ventilation rates are occurred in double windward openings and single
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leeward opening respectively which are almost same as like as without effect of solar
radiation. So, it is clear that, the double windward openings allows more air enter into

the room than other opening/s and that’s why more ventilation rate is accounted.

o After the effect of sunlight, the room temperature is less than 301 K when the outside
of the room temperature is fluctuating from 301 K to 306 K. Though the volume
average temperature in leeward double openings is comparatively low from other cases
but the ventilation rate is not in satisfactory level that means the fresh air can’t enter

into the room at well.

o Radiosity is another parameter which is defined as the rate at which radiation leaves a
given surface per unit area. The range of the radiosity is 353 w/m? to 405 w/m? for
the room as well as computational domain at noon. In a cubic room, two walls and the
floor are free from surface radiosity because these walls are situated in opposite side of
the sunlight.

All the output values of the model (in 4 cases) are satisfied with the ASHRAE standard. So, on
the basis of the air quality and the volume average temperature, it can be concluded that the

double openings in windward wall is more comfortable than the other opening/s.

5.2 Future Work
This outcome can open a new dimension in the field of an energy-efficient building to live
healthily and reduce the consumption of the mechanical system and also help the designer to

design buildings for considering the environmental parameters to build an energy-efficient city.

The present study can be extended by considering the following cases:
o Natural ventilating buildings highly depend on weather, which is often
unpredictable. So, more research is required to the wind direction in all-weather

condition.

o Physics models like cross ventilation, stack ventilation, mixed-mood ventilation

may be considered for different location and different ambient temperature.
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RNG model and Large-eddy simulation can be used for comparative study.

Building layouts and size are an important factor for air flow. Also, the thickness
and materials of external wall can play a vital role to reduce the solar radiation heat

gain.

The projection effect can be used to design buildings by providing vertical windows
on the equator-facing side of the building: this maximizes insolation in the winter
months when the Sun is low in the sky and minimizes it in the summer when the

Sun is high.
This work can be extended by considering furniture, internal heat source like TV,

Refrigerator, burner etc. in the room to analyze the airflow changes. Hear flux and

natural convection are needed to consider for better result.
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