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ABSTRACT

Energy consumption in Indian buildings is expected to increase substantially due \2

economic growth, rapid growth in the construction sector and improvement g

as televisions, air-conditioning and heating units, refrigerators, fans, etc. crease
substantially as the living standard rise in India. Also the growth in co al sector
and the shift from rural to urban living will continue to take place. s will also
result in a substantial increase in energy demand from the buildiigs sector alone.
Therefore, concerted efforts need to be taken for bring down th@rgy consumption

by buildings through various measures. @

N4
O
Reducing operating energy significantly throu of passive and active
technologies even if it leads to a slight increase it%odied energy can reduce life
cycle energy demand for building. However, essive use of passive and active
features in a building may be counterprodu To implement the energy efficient
technologies in existing buildings, one, has“to know about its thermal comfort
conditions. It shows the need for the omfort studies to understand the comfort

levels in existing buildings. Judicial f passive techniques for providing thermal

comfort to residents demands the f thermal comfort standards. Thermal comfort

standards in naturally ven buildings depend on several factors like,

psychological, physiologicz%
on the climatic zone in wf%h uilding is located.

D

Kozhikode distr@ Kerala, in warm-humid climatic zone, was considered for
conducting detai% thermal comfort analysis of existing buildings. Three types of
buildings v%elected namely Asbestos cement roofed (ACR) house, Reinforced
cement c%te (RCC) roofed house and Traditional mud tile (TMT) roofed house
for %ative analysis. Dwellings considered for the study were hostel rooms in
Na Institute of Technology (NIT) Calicut. To understand the effect of roofing on

% al performance of dwellings, study was carried out on rooms, which are similar

adaptive nature of residents. Further, it also depends

0|
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in all construction features except roofing. Detailed thermal performance analysig
ACR dwelling was carried out during the end of summer season and onset of, iny
season for the period of 15 days. Out of 15 days, analysis of first 3 days wa ing
summer with near zero ventilation, next 2 days was during summer wgh night
ventilation, next 4 days was during summer with ventilation, next 3 da during
rainy season with ventilation and last 4 days was during rainy seaso near zero
ventilation. Later similar studies were carried out on both RCC ro dwelling and
TMT roofed dwelling during summer with near zero ventilatio, ditions. Results
obtained from the quantitative analysis shows that most the time, inside
temperatures of the RCC building are above the ambient aﬂd&ached to a maximum
of 40°C which is 4°C more than ambient. At the same ti T roofing maintained

the inside temperatures well below the ambient at pea and reached a maximum
of 33.6°C which is 2.4°C less than ambient. In

f quantitative analysis, the
difference observed in inside temperatures of R fed residential buildings when
compared to TMT and ACR houses are huge eached to a maximum of 7.5°C and

4°C respectively. This study highlighted the &e of roof in providing thermal comfort
in dwellings. Quantitative analysis show@%@y under non-ventilated conditions, TMT
roofed room performed better than th other types where as the performance of

RCC roofed room and ACR room er comparable.

O

Reduced scale models of wpe of typical living room of a residential building
with dimensions 3 m x 3 3 m have been designed. Five identical reduced scale
models were fabricate Q@different roofing materials, which are commonly used in
southern India viz., Reit¥orced Cement Concrete (RCC) block, Mud tile, Corrugated
asbestos cement gqeet, Metal deck and Flat asbestos cement sheet. Models were

fabricated in s@away that only roof was exposed to sunlight. All the joints of
models wer: d to maintain zero ventilation conditions. Experiments were carried

out over ﬁ% days under sunlight to predict the thermal performance of each roof

Comp analysis indicated that RCC roof was better than other roofs. Later
simi periments were conducted with the help of an artificia] heating arrangement .
a entified the input parameters for each type of roofing to replicate the

riments under sunlight. By utilizing the identified input parameters, a

% omparative study has been performed between RCC roof model and ventilated flat

11
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asbestos cement roof model. Results showed that optimum air gap between main roof
and false roof for roof ventilated model is 6 cm. Comparative analysis between RC
roofed model and ventilated roof model showed that better indoor condition than tlv
of RCC roofed model is possible by providing suitable roof ventilation techr@
Reduced scale model study upheld the results obtained from quantitative analy&f

S

Residential buildings were considered for subjective analysis in Ko e district,

Kerala, India. Rooms with Traditional Mud Tile (TMT) roofing, Remférced Cement

Concrete (RCC) roofing and Asbestos cement roofing (ACR) considered for
subjective analysis. A total of 936 subjects were participated i ey, in which 402
subjects from TMT roofed residential buildings, 406 su from modern RCC

roofed residential buildings and remaining 128 subjec
Thermal Sensation Vote (TSV) based on ASHRAE

e from ACR buildings.
-point scale was collected
for identifying the perception of occupants on t I comfort of their dwellings.
Subjective analysis was carried out in all thre ons namely, summer, monsoon
and winter. Majority of subjects felt co le in both winter and monsoon
irrespective of whether the roof was tradi@l or modern. In this study, rooms were
selected in such a way that they werg ost similar in all aspects except roofing.
Based on subjective analysis, it has found that residential buildings with TMT
roofing were faring better in proyiding thermal comfort than that of ACR and RCC
roofed buildings during summgZ. percentage of satisfied residents were 41% and
34% in case of RCC roofed Q@welling and ACR dwelling, at the same time mud tile
roofed dwelling able to g@@ satisfaction to more than 52% subjects. Performance
of RCC roofed dwellj %}Vas slightly better than ACR dwellings. Results obtained
from subjective apalysts indicated that, for the climatic conditions of Kerala,
ventilation was pfayif& major role in providing thermal comfort. At the same time the
effect of roof% ermal comfort is negated by the effect of ventilation and adaptive
nature of stkjects. Subjective analysis upholds the adaptive thermal comfort theory,
opusts that thermal comfort not only depends on temperature, humidity etc.

but a factors like physiological, psychological and behavioral adaptations.

S
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Thermal comfort study was carried out in differently roofed hostels in Natioqal

Institute of Technology Calicut, Kerala, which is located in warm humid cl@ic

zone of India. Measurements of ambient temperature, globe temperature, ive
humidity and air velocity were carried out in eight hostels, and in para paper
based survey was conducted among students to know about their Therm ference

Vote (TPV) and Thermal Sensation Vote (TSV) based on ASHRAE s
Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfie
evaluated based on Fanger’s theory of thermal comfort b
measurements. Preferred operative temperature, neutral :‘X

neutral humid operative temperature were obtained based o

1zing the field
temperature and
Predicted Mean Vote
(PMV). Similarly the preferred operative temperature n | effective temperature

and neutral humid operative temperature were identifi r both Thermal Sensation

Vote (TSV) and Thermal Preference Vote (TPV@Qﬁmal comfort conditions for
80% satisfaction were also determined in ea e. A correlation between the
Predicted Mean Vote (PMV) and the The %ﬂsation Vote (TSV), as well as
between the Predicted Mean Vote (PMV) the Thermal Preference Vote (TPV)
were obtained. Results indicated that P s over predicting the thermal comfort
conditions in naturally ventilated build{ngs/and the predicted neutral temperature is 2
to 3°C more when compared to th ;;&SV and TPV. A linear relationship, PMV =
0.746* TSV + 1.454 and PMV = 2* TPV + 1.239 were developed based on the
results for obtaining Thermal ation Vote (TSV) and Thermal Preference Vote
(TPV) respectively in te t/Predicted Mean Vote (PMV). Based on this study,

thermal comfort standar he region of Kozhikode were proposed in this thesis.
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NOMENCLATURE

v
CLO Clothing Insulation Level, clo (1clo = 0.155 m?>K/W) @
d Diameter, mm §
ET* Effective Temperature, °C
L Length, m @

MET Metabolic Rate, (1 met=58.1 W/m?) A
P Power, kW @
RH  Relative Humidity, % @
Ta Ambient Temperature, °C \/

Te Comfort Temperature, °C @

Tg Globe Temperature, °C %

To Outdoor Temperature, °C @

Toh Humid Operative Temperature, °C @C)

Top Operative temperature, °C &

\'4 Voltage, V Q

Va Air Velocity, m/s @

X Characteristic DlmenSIOn@

p Resistivity, Q mm?/ :

Abbreviations

ACR Asbest@ent Roof
ACR_F Buildj ith Asbestos cement roof with ceiling

ACRNC_F Bui

F with Asbestos cement roof with no ceiling

ive Comfort Standard

% aptive Mean Vote
ASHRA American Society of Heating, Refrigerating and Air-
Conditioning Engineers

AS Attic Space Temperature
Ambient Temperature
Air Temperature at 0.9 m from Roof

\%
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AT6 Air Temperature at 1.8 m from Roof

ATNR Air Temperature Near Roof @
BEE Bureau of Energy Efficiency Y
CAS Corrugated Asbestos Cement @
CEN European Committee for Standardization v
CIBSE The Chartered Institution of Building Services Engin@

ECBC Energy Conservation Building Code

FAS Flat Asbestos Sheet @

FRT False Roof Temperature

GIS Galvanized Iron Sheet A

LST Living Space Temperature

MDR_G Building G with Metal deck roof withng

NBC National Building Code

NIT National Institute of Technology @

PMV Predicted Mean Vote

PPD Predicted Percentage Dissatis

PRC_C Building C with Pitched rfinfprced cement concrete roof with

paved mud tiles

PRC D Building D with Pit%@ inforced cement concrete roof with
paved mud tiles

RCC Reinforced Ce oncrete
RCC_B Building B wit inforced cement concrete roof
RCCC_E  Building E jth Reinforced cement concrete roof covered with

. asbestos & t shingles
RRT RCC @ emperature

SET* Stan ffective Temperature

T™MT Tl@onal Mud Tile

TMT_A ﬁ%lding A with Traditional mud tile roof with ceiling
TPV @lermal Preference Vote
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Chapter 1 : INTRODUCTION

<
Chapter 1

INTRODUCTION @
@)

Energy is one of the essential requirements to lead uman life comfortably. It is

very difficult to survive in the present world t electricity. Basic sources for
electricity generation are power plants based g opower, nuclear power and fossil
fuels such as coal, oil and natural gas. PO&Q toduced from the renewable energy
sources such as wind, biomass, solar, gt¢. are very small in comparison with the
primary energy sources. With incr@Q\

creasing every year. Total world energy

population and living standard of the
people, the demand for energy,is
consumption has increased fro 6 Mtoe (million-ton of oil equivalent) in 2007
to 12730 Mtoe in 2013. The feserves of the fossil fuel are depleting fast and at the
same time, the demand Qrgy has increased by nearly 1450 Mtoe within six

years. Details of work&@—gy consumption and its energy sources are provided in

Table 1.1. @

Moreover, the@' fossil fuels for power production causing lot of damage to
environmengue to the generation of harmful gases during combustion process. These
harmful

global% ing, ozone layer depletion, extinction of living spices etc. Drawbacks
i

causing air pollution that resulted into several unwanted situations like
w lear power plants are the management of nuclear waste and the chances of
¢ of radioactivity into atmosphere etc. Submergence of land in case of

%ydroelectric plants is the serious concern, which results into loss of valuable plants,

1
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Chapter 1 : : INTRODUCTION

living spices and environmental changes due to diversion of natural flow of wager
bodies. In view of the above stated problems with the use of conventional el@'

resources, now the focus is shifted towards the clean energy, energy conservati d
energy efficient technologies. @

Table 1.1: Year wise world energy consumption in million ton o@equivalent

(MPNG, 2014) N

Energy source 2007 2008 200? 2010 2011 @%\f 2013
Oil 4018 4000 3925 4040 4085\ 4139 4185
Natural Gas 2647 2717 2666 2864 2 2986 3020
Coal 3200 3256 3239 3464 3724 3827
Hydro-Energy 701 728 738 782 5 834 856
Nuclear Energy 622 619 614 6 \/600 560 563
Renewables 108 123 142 206 241 280
Total 11296 11444 11313 45 12229 12483 12730

&

1.1 Global Energy Scena% PNG, 2014)

Coal @

Out of total global coal res <(é:{%early 50% of global reserves are with USA, Russia
and China. The percenta@hare of global coal reserves owned by USA, Russia and
China are 25.4%, 1 o and 11.6% respectively. It was estimated that nearly

9,84,453 million to %f proven coal reserves are available in the world. India has the

o of world coal reserve. It was also estimated that world coal

reserves last f years as per current reserve to production ratio.

Oil
Nea % of global oil reserves are located in Saudi Arabia. It was estimated that
ne%s 1147 billion barrels of proven oil reserves are available in the world. It was

@ estimated that world oil reserves last only for 45 years as per current reserve to

oduction ratio.
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Chapter 1 : INTRODUCTION

Gas
Nearly 27% of global gas reserves are with Russia. It was estimated that nearly 176 &

trillion cubic meters of proven oil reserves are available in the world. It was alsv

estimated that world gas reserves last only for 65 years as per current reserve/£o

1.2 Energy Distribution Between Developed and De@oping

Countries

production ratio.

The growth in energy consumption is illustrated in Fig. 1.1, which gives the detailed
picture of growth in energy consumption in developed nati nd the emerging
economies. Developed countries accounts for nearly 40% of otal world’s energy

consumption even though their population is mere 20% o@é’s population.
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Chapter 1 - INTRODUCTION

It means that nearly 80% of world population is consuming only 60% of available
energy all over the world. It was estimated that developing countries share of e

consumption will reach to that of developed countries by 2020. High per ita
energy consumption in developed countries is due to their living stan@sv:lat

directly depend on financial status. Low per capita energy consumption irt?eloping

economies is not only due to financial status but also due to high po n density
resulting into large gap between demand and supply. People in de g countries
are utilizing only 0.4 to 0.5 times that of world average ener nsumption per
person and this value falls further and varies between 0.1 to ;&@

to that of the energy consumption per person in deve

s when compared

countries. Indians

consumes nearly 32 times less commercial energy than tha mericans.

1.3 Energy Scenario in India (MPN@%

Coal

Coal is the major source of energy in I 1 an d it provides nearly 55% of total
primary energy consumption. About f world coal reserves are in India and
estimated that these reserves may support the energy needs of India for almost 230
years at current reserve to produ ratio. Production of coal is increased to 633
million tonne by 2013 from 407 on tonne in 2006. Even though India is placed at
fourth position in terms of prgduction of coal, but it failed to cater the energy needs of
the country due to its hu&opulatlon Coalmines in India are located mainly in
Bihar, Jharkhand, Madhya Jradesh, Maharashtra, Orissa, Telangana, Uttar Pradesh,

A

Oil is the m%ource of energy in India after coal and it provides nearly 36% of

total prlmary ergy consumption. India has proven oil reserves of nearly 763 million

and West Bengal.

tonne year 2013. Production of oil is increased by mere 4 million tonne in a

spanWyears from 34 million tonne in 2007 to 38 million tonne in 2013. At the

ime, Consumption of oil is increased by 60 million tonne in a span of 6 years

156 million tonne in 2007 to 222 million tonne in 2013 During the same period

% il imports were increased from 121 to 189 million tonne. India is one of the major

4
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Chapter 1 : INTRODUCTION

oil-importing nations in world and is the fourth largest oil consumer in Asia after
China, Japan and Korea. Almost 70% of oil imports are from gulf countries. The

major oil reserves in India are located in the Assam, Bombay High, Cambay ar?

Godavari-Krishna basin. @

India has proven gas reserves of nearly 1427 billion cubic meter by the yar 2013.

Natural Gas

Production of LPG from natural gas is increased by mere 0.08 million@e in a span
of 6 years from 2.09 million tonne in 2006 to 2.17 million tonne in 011. At the same

time, Production of natural gas is increased by 20 billion cubic mgter in a span of 6

years from 32 billion cubic meter in 2006 to 52 billion ¢ meter in 2011.
Production was comedown to 35 billion cubic meter in 2013 Nearly 15% of total
primary energy needs are catered by natural gas. @

1.4 Energy Security @

By looking into energy scenario in India, it is at India in not secure in terms of
energy. As per the present statistics, oil prog@ companies in India meet only 25%
of crude oil requirement and remaining@ requirement is met by imports, whereas
coal production in India meet nearly the current requirement. Similar the case
with natural gas where 80% of the net gas requirement is met by imports. India
remains as a developing econg long as the dependency on imported energy
continues. There is a need to | &r other alternatives, since the fossil fuel resources

are limited in India.

% Fuel switching technology provides opportunity to reduce single
fuel dependency.
%v e Controlling demand by reducing subsidies on fuel.
e Developing energy efficient techniques through research and
Q development.
% e Harvesting energy through renewable energy sources.
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e Sustainable development.

A
Even though the points mentioned above are feasible to implement, it takes some&
for implementation. Renewable energy sources like solar energy, wind energy\etc.,
are only the solution before India for sustainable development. Implementéagion of
energy production through renewable energy sources demands huge inveQgient and it
may take decades to put into operation. Increasing fuel stock, fuc%norts from
different nations and fuel-switching technology only help in conggl }he immediate
impact of demand fluctuations on world market. For sustaina evelopment, for

coming two decades, there is a need to adopt energy efﬁciégcy measures to keep

control on ever rising imports. @

O

Energy consumption pattern of the residential
like, India, and China shows that the overall &R

building sector of the developing countrig$\ould be much higher than that of

C

developed countries by 2020 (Luis et al. This increase in demand is not only

due to raise in living standards but alsg/dusfo the population share of these countries

in the world. Life cycle energy apalyses of the 73 buildings across 13 countries
predicted that energy use in ope phase and embodied phase of building’s life
cycle are 80-90% and 10-20% respectively. Energy consumption in buildings for

developed countries and are shown in Table 1.2. Sector wise energy

consumption in develop&@u tries is shown in Table 1.3.

Table1.2: Energy c%ﬁ%%‘lption based on building type (Luis et al, 2008)
Energy consﬁon (%) Business sector  Residential sector Total

78)
USA %ﬂ 18 22 40
UK 28 39

11

EU% 1 26 37
@ 8 15 23

@orld 7 16 24
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Table 1.3: Energy consumption based on sector (Luis et al, 2008) &
Sector wise energy consumption (%) 1973 2004 Ratio v

Industry 39 30 0.7@
Transport 25 28 1 %
42 @

Other sectors 36

T~

Lifetime energy demand varies in between 150 — 400 kWh/m? year for
conventional residential buildings in India (Ramesh et al, 2010). Regucmg the energy
consumption of the buildings through the use of either passive gr active techniques,

even though it results into slight increase in embodied energy, reduce building’s

N4
S

The purpose of building is not only for pro& the residents from extreme
environmental conditions but also to provide Q 1 comfort to residents. Thermal

comfort may be provided in buildings eithe&

means, energy is utilized to drive the mechanical equipment’s like air-conditioner, fan

life cycle energy demand significantly.

1.6 Energy Efficient Buildings

tive or by passive means. In active

etc., for maintaining the comfort leve hin the building, which increases energy
consumption of buildings. In case of p e techniques, the methodology is to reduce
incoming heat or cold by p@ suitable insulations and to eliminate the

accumulation of heat by using Syjtable ventilation techniques. The best results can be
obtained by incorporating e@sive techniques during the construction stage itself,
which reduces the need\\ag active means and thereby the reduction of energy

consumption can be olfared.

1.6.1 Buildin@nology

India had a rick_tradition in using passive techniques for maintaining thermal comfort
in buildin %ore globalization, India has its own technology in building sector,
evolve %a period of time based on passive techniques, to face the climatic
situ of particular area. Each climatic zone in India has its unique vernacular
t ogy in maintaining thermal comfort in buildings. Due to the influence of

<|'§w(;hzlstrialization and market driven globalization, traditional techniques lost the race

7
TH-1422_10610329



Chapter 1 : INTRODUCTION

to imported technologies. Implementing the imported technologies without suita&

modifications is the cause of increase in energy consumption in building sector&e
Most part of the India is in tropical zone, where the intensity of solar radia s high.
The roof is the part of the building, which is exposed to solar radia uring the

entire day. RCC roof, which is having high thermal energy storag&tapacity, stores

best example to such an imported technology is the RCC roofing.

energy during daytime and releases the same during nighttime. of suits for cold
countries, where they need heating effect during the nightti contrast, India is

hot country where cooling effect is needed. The result o

roofing is allowing

maintain the thermal

India. Now people of rural India are also st onstructing concrete roof dwellings.

Most of the residential buildings in rur.

maximum share of heat entering into @

the roof. There are several technfdues like providing facades, shading devices,

4 are of single storied buildings. The

ingle storied buildings is mainly through

overhangs etc., to cut down the/ARat’ flow through walls. There is no economical

technique available ti]| now, which ean cut down the heat gain through roof. It shows
the need to rectify the draw %in RCC roofed modern buildings by incorporating

suitable passive techniqui®, which are well established in traditional vernacular

buildings. &
X

It is possible to ffedbthe demands of residents with minimum use of conventional

energy resour integrating the following techniques during the design stage of

building itse[R
e U e%passive techniques during the construction stage of buildings, which
%ﬂces the unwanted heat gain by buildings.
¢ \Utilization of day light for illuminating living space of buildings.
Utilization of solar energy for power generation through photovoltaics, water

% heating through concentrators and for other auxiliary needs of buildings.

AN
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o Use of locally available low energy materials wherever possible, which

reduces the transportation cost significantly. & v

1.6.2 Government Initiatives @v
Seventy percent of India’s total population resides in rural India. Before 20" ¢ @,
majority of houses in rural India were of thatched houses due to socio-ec ical
conditions. Due to several drawbacks of thatched houses like regular replatement of
thatched roof, chances of fire accidents etc., Government of Indig discouraged
thatched houses and promoted other low cost houses with several housing schemes
like Indira Awas Yojna, Golden Jubilee Rural Housing Finan %eme, Pradhan
Mantri Adarsh Gram Yojana and Productive Housing in Area and Rural

Housing Fund. These schemes provided an opportunity to tie“rural population to

replace the thatched roof with an affordable other roofi tnatives like Asbestos
Cement Sheets, Corrugated Galvanized Iron Sheets, or Coated Metal Sheets,

Aluminum Corrugated Sheets, Asphaltic Roofing, po yl chloride, RCC and Clay

Tiles. ng

Initiatives taken by Government of India t%guce energy consumption in building

sector are provided below:

e Energy conservation act wa@oduced in 2001
e Bureau of Energy Effigi€pcy (BEE) came into existence on Ist March

2002 A

e Energy Consewati@uilding Code (ECBC) was introduced voluntarily
in May 2007

e Energy audi o%public buildings revealed that retrofitting with energy
efficient t jques has the potential to reduce energy consumption by
23% - 462

e Nine &}ic buildings were retrofitted with energy efficient techniques in
fi se. Details are provided in Table 1.4.

) Wnteen additional Government buildings were considered in second

%hase.

%@A national programme to encourage energy efficient buildings is under

% formulation.
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Table 1.4: Energy savings in public buildings (BEE, 2010) Q&

Building Annual Annual Savings Annual Inves& i’lay

particulars Energy Energy % energy me back
Consumption savings savmgs period
(lakh kWH) (lakh kWH) (years)

Lakhs) «%

Rashtrapati  34.1 9.8 27 1

Bhawan

PMO 83 2.7 32 16.9 50.5 3

Sanchar 25.6 11.9 46 7@ 147.1 1.9

Bhawan

Shram Shakti 20.4 8 39 &42.9 157.5 3.7

& Transport

Bhawan @

Airport 713 145 20 @ 586 810 1.5

Rail Bhawan 23.5 6 40 163 4.2

AIIMS 369 " 931 712 1070 1.5

@V

Salient features of Energy Consewatl% ilding Code (ECBC, 2007) for energy
|

efficient design or retrofit of existing

<>>§
<

ngs are given below:

ECBC gives priority to bui@g function and occupant’s requirement.

To minimize life cycle@

cost.

Energy consumpti

year

National Be

of building i.e., both construction and running

%ECBC compliant building is fixed at 110 kWh/m?/

Qk for energy consumption in buildings is fixed at 180

kWh/m?/ y %

ECBC ¢gvers the following components

> Walls, roofs, windows and openings of building envelope.

vV V

vV Vv

TH-1422_10610329

Ilumination of indoor and outdoor spaces

Thermal comfort systems like air-conditioners,

ventilators etc.
Solar water heaters

Electrical appliances

heaters,
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Energy efficient buildings are the only solution to keep control on ever raising
demand of energy from building sector. An energy efficient building demands the @
incorporation of low energy intensive methodologies, locally available material

energy harvesting techniques and passive techniques at the time of planning sta V
itself to gain maximum advantage. Traditional buildings, such as “NaluketgZ
Kerala, are the good examples of energy efficient buildings and they su§§ in

providing thermal comfort in those days. :

Engineers and researchers not only to look for modern materials and@niques but
also need to consider gbod aspects of traditional buildings while&&igmng energy
efficient buildings. Buildings designed today are highly energy intebsive and basically
depends on active means for providing thermal comfort. has resulted into

depletion of conventional energy resources like

environmental pollution. Builders need to consider pa

/ . . .
with judicial use of passive techniques, eneré& Nicient techniques, modern materials

and energy generators. Q

O

1.7 Motivation of the Pr@t Work

India is a country with populatignxf 1210 million, standing second place in terms of
population after China. The ’s economy is on positive growth since 1991, due
to economic reforms. Co t;'&ution sector supports growth in country’s economy by
contributing 6.5% GD%%an average. Energy utilization in Indian building sector is
on raise due to the @1 in economy, construction sector and population. Buildings
consumes signiﬁ%mount of energy during its life cycle. As per the statistics
provided by Cent% Electricity Authority in his 17" Electrical Power Survey (EPS)
report, ener. nsumption in building sector is expected to rise by 8% per annum
and pro'e@hat the electricity demand will increase by 43.7% by 2016-17 when
comp that of the demand in 2011-12. It is also projected that the demand may
i:c%% y another 37.5% by 2021-22 when compared that of the demand in 2016-17

2007). This will result in considerable increase in energy demand from the

11
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building sector alone. Therefore, there is a need for constructive mechanisms a%d

corrective measures to control the energy consumption in buildings. &

Bureau of Energy Efficiency, India (BEE, 2010) estimated that on an ave@pace
conditioning, lighting, refrigeration, television, and other appliances é@s about

45%, 28%, 13%, 4% and 10% respectively of the total electricity co ption in a
typical urban residential building. Most of the residents from rural of the nation
depend mainly on locally available energy sources like fire and cow dung.

Nearly 56.5% of rural households don’t have electricity connection and the

it only for lighting
rly 80 kWh/m%*annum

households who are having electricity connection are uti
during nighttime. Residential buildings in India consu
for lighting and air conditioning. As per the present sc

growth in building sector, the demand for elw in both commercial and
per annum. From the above

, by considering the 10%

residential buildings may increase by 5.4 billio

discussion it is clear that, building sector wi one of the major contributors to

energy demand. There is a need for resea d development in building sector to

control the ever-raising energy demand } 1an buildings. Hence, it was decided to
work in the area of energy efﬁcie&

direction of thermal comfort analy@f buildings.

dings and an attempt was made in the

1.8 Structure of the SlS

The thesis is organized my& t chapters and the details included in each chapter are
highlighted below:
Chapter 1 briefed théggltroductlon about the energy scenario, energy demand in

buildings and m(@n behind the work.

Chapter 2 det about the climatic zones and the present building scenario in India.

N

Chapter 3ypresented the state of art on the development of thermal comfort mode| for
natu entilated buildings, literature review on various thermal comfort studies

ca{'%> out in different climatic zones etc. and the objectives for the present work.

S

AN

12
TH-1422_10610329



Chapter 1 - INTRODUCTION

Chapter 4 presents the quantitative analysis carried out on three dwellings selected

based on type of roof. @

Chapter 5 describes the design details of reduced scale model, the experimental se

the procedure followed for conducting experiments and the results basedv:

experiments conducted on reduced scale models. §
Chapter 6 presents the subjective analysis carried out buildings with sele ofs.
Chapter 7 presents the procedure followed for evaluating thermal rt standards

for the selected climatic zone and outlines the thermal comfoi dards obtained

from the study.

Chapter 8 gives the outcome of the overall work, co ons obtained based on

- SO
S
&

present work and future scope in this area.

13
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A
E 4
’ <

CLIMATIC CONDITIONS AND TYPESADF
RESIDENTIAL BUILDINGS @é&

O

N4

Energy requirement of building basically depends on proposed use, comfort
requirements, type of design and climatic conditions. ilize the energy resources
judicially, single comfort condition may not be applig throughout India due to the
existence of different climatic zones. Comfort co@ons not only vary with climatic
zones but also vary seasonally in the same clijtgtig zone. It shows the need for local
comfort surveys, which can establish standa r each climatic zone of India. Once
the local standards are developed, suitabl@anges in building code based on climatic
zones is possible. It clearly indicates th d for understanding climatic conditions of

particular zone before venturing. climatic conditions prevailed in India are

discussed in the following sectio&

O

2.1 Climatic Zonesé

India is a land of diffe limatic conditions varying from very hot and dry to very
cold and humid. Ea atic zone has its own characteristics and hence, the comfort
conditions may e same for all climatic zones. Six climatic zones have been
identified in dia%:ased on the various climatic parameters such as temperature,
humidity, ai%city and solar radiation.

Followi@he six climatic zones exist in India (Nayak and Prajapati, 2006):

Q e Cold and cloudy
% e Cold and sunny

% e Composite

14
TH-1422_10610329



Chapter 2 CLIMATIC CONDITIONS AND BUILDING SCENARIO IN INDIA

e Hot and dry

e Moderate @
e Warm and humid g

Climatic conditions of each climatic zone are provided in the following @
Table 2.1: Characteristics of each climatic zone §

Climatic Zone Mean Monthly Temperature Re]ati&/::\jjumidity
Cold and cloudy Less than 25°C ‘G an 55%
Cold and sunny Less than 25°C @:n 55%
Warm and humid Greater than 30°C %reater than 55%
Hot and dry Greater than 30°C Less than 55%
Moderate Between 25°C to 30°C Less than 75%
Composite Conditions not fall within any of the abo@iteria for more than six months
Y

Kozhikode, Kerala is located in warm and humi atic zone. Here rainy season is

severe and lasts over a period of six months i ar, starts with south-west monsoon

from June to August and ends with east monsoon from September to

November. Winter season is comparativ, mfortable with slightly cool nights and

lasts for two months during Decembefand’January. Summer season is moderate and

lasts for four months in a year%y from February to May. Even though the
h high, the presence of high humidity levels

temperatures in summer are nc@
causes severe discomfort durizg this period.
*

2.2 Existing Buil@ Scenario in India

Apart from the clin&conditions there is also the influence of building type on
comfort conditio .%llowing sections gives the brief idea about different types of
buildings and i@y characteristics.

2.2.1 Bufling Type
° mercial type: This type includes offices, institutions, hotels, IT parks,
Wopping malls, retail markets, etc. Majority of the buildings in this category
% are with RCC roof.
§ * Residential type: This type constitutes single and multi-storied buildings with
% different types of roofs.

15
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= Reinforced cement concrete roofed buildings

= Traditional mud tile roofed buildings @
=  Asbestos cement roofed buildings

= Metal deck roofed houses @v

» Thatched roof houses v

RCC roofed buildings mainly are of flat roof type and buildings with pit RCC
roof are also exists. TMT, ACR, metal deck and thatched roofs are of pifched roofs

AN

Traditional houses of Kerala are with mud tile roof and they are @ed as nalukettu.

with inclinations varying from 30 to 60 degrees.

The basic form of nalukettu is an open courtyard surrounded ur building blocks
with pitched TMT roof. Open courtyard creates the drivi@e for air circulation,

which results in enhanced air circulation inside the hou in courtyard heated up

due to radiation coming from sun that results into up motion of air which in turn
powers the cold outside air into courtyard throu openings of four surrounded
blocks. Ceiling/False roof beneath helps in red of heat transfer from main roof

to living space. Air space enclosed by main r;@ d ceiling acts as thermal insulation
there by reduces the conduction mode of Jicat transfer into living space. Even today
some nalukettu houses are exist, whi more than 100 years old. It has been
observed that the majority of TMT hgus&s exist today are not in the form of nalukettu.
Due to space constraint, the exist} %ses are designed either single blockhouses or
double blockhouses without couryard.
A

Most of the new house %ing up are with RCC roof. People prefers RCC roof
mainly because of its sfructural stability, longevity, and possibility to construct multi-
storied buildings. 1 provides accessibility to roof area that serves for many
auxiliary purpos@ntenance cost for RCC roof is almost nil where as it is not
same with otheg_type of roofs. Rainy season is very severe in Kerala and it last for
nearly 6 %ﬂn a year and because of this reason metal deck or asbestos sheet
coverin he flat concrete roof houses are also seen. Few buildings with pitched
RCC with mud tiles pasted over the roof also exist. Mainly pasting of mud tiles

oV hed concrete roof are for aesthetic purpose, which also serves in reduction of

l%)transfer into buildings.

16
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Some houses of thatched roofs with palm leaves and few with coconut leaves a&%
exist in few parts of the Kerala. Since government is discouraging the thatche ses
and houses with Reinforced cement concrete (RCC) and Traditional mud tj fs are
not affordable for low-income population, they started preferring th ses with
asbestos-cement roof. TMT roofed residential buildings and RCC r residential
buildings are most commonly seen in southern part of India where estos cement
roof (ACR) dwellings are comparatively less in presence b ferable housing
option for low-income people. Low-income people prefer Asb€stos cement roof to
other roofing options because of its characteristics like wﬁ&r proof, non-corrosive
nature, durability and mainly due to its low cost. Basic of this roof is pitched
roof. Most of the top floors of schools, institutions, itals and hostels are using

asbestos cement roof. In these type of roofing’s f: \%f is playing important role in

reducing heat transfer into the living space of bud

%Er to that of TMT roof house. ACR

alse roof and living space similar to that

Basic structure of ACR house is almost

house also consists of main roof, attic s
of TMT roof house. Major differenc&

are used for main roof where as myid tiles are used in case of TMT roof house.

at in ACR house asbestos cement shingles

2.2.2 Need of the Prese;t @ork

Buildings generally co huge amount of energy resources starting from

construction stage to til end of the life of building. This excessive use in energy
resources causes lot amage to the environment. Sustainable buildings reduce the
dependency on ¢ tional energy resources not only during construction stage but

also during thediféttme of building. At the same time the building has to provide the
comfort condlifiefis for residents such as lighting, ventilation, air-conditioning and
heating. %rgy-efﬁcient building has to utilize all possible means mentioned
above pydicially to reduce the energy requirement. Government of India encourages
the % and builders to incorporate these energy efficient techniques during
c%ﬁtion stage by providing lot of incentives. Even than general public are not

wing interest towards ECBC compliant buildings and reasons behind this are:

<

N
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e Initial cost of energy efficient buildings

o Lack of indigenous technology in this area

e Due to different climatic conditions across the country

e Lack of availability of materials and technical-man power v

e Non-availability of local comfort standards

Judicial implementation of energy efficient techniques in buildings@g

knowledge about the thermal performance of different types of exnstl@mldmgs,

climatic conditions of that area and the comfort requirements of the living in
that area. The builders/designers need to know about the comfort r ments of the
residents of particular climatic zone before implementing ergy efficient
techniques in existing buildings/New buildings. This deman e requirement of

thermal comfort standards pertaining to particular area for, ial use of resources.
ing the thermal comfort

zhikode, Kerala.

Hence, it was decided to carry out research work on dete

conditions of existing buildings in climatic conditions

18
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Brief review of literature related to the developm adaptive thermal comfort
model for naturally ventilated buildings, thermal c@ studies on buildings in India
and small-scale model studies to analyze th @ive techniques in buildings are
presented in the following sections. &Q/

3.1 Review on Adaptive Therthal Comfort Theory
Fanger (1970) developed a thermalzo ort model popularly known as Fanger’s PMV

model. He initially investigated chanisms behind the human body that controls
body temperatures and found that Sweat rate and mean skin temperature are the two
physiological processes pl@ajor role in regulating human body temperature. He
also identified that s %ate and mean skin temperature depend on metabolic
activity and metaboljd acvivity in turn depends on activity level. Linear relationship
between sweat rat activity level and mean skin temperature and activity level
were develope %onsidering the data obtained by conducting experiments on
young peopl 'Scimatic chambers along with the available data in literature. These
two equa ic%ere incorporated in heat balance equations and the thermal comfort
equati(%developed. Including the available data, based on his work and also the
wor, m the literature, expanded the developed comfort equation. Later the
€ ed comfort equation was related with ASHRAE seven-point thermal sensation

me and became popular as PMV index. A related index Predicted Percentage

19
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Dissatisfied (PPD) was developed by utilizing the PMV value. It gives #he
percentage-dissatisfied people in the subjected environment and this value im&es

as the PMV value moves away from zero (neutral value). Four physical v les
namely, air temperature, air velocity, mean radiant temperature, and relativ idity,
along with two personal variables namely, clothing and activity level wi %ﬂsidered
in his PMV model. §

N

Brager and Dear (1998) reviewed about various protocols adapt@ field studies and
were mentioned in his paper. Thermal comfort field studies picisely fall into any one
of three classes based on the mechanisms adapt@-vhile taking physical
measurements and subjective questionnaires. The det@o three broad classes are
discussed below:

e Class I: Field experiments which are 100 mpliance with the procedures
and measurements prescribed in ASH tandard 55 and ISO 7730 fall in

this class. The important aspects of thig®lass are that the measurements of all
comfort parameters will be measurgd g} three different heights (0.1,0.6 and 1.2
m) from the floor level.

e Class II: All the procedur&re similar to Class I protocol, but the

measurements of all com measurements will be measured at one height
from the floor level.

e Class III: Field stud@sed on simple measurements of indoor temperature
and humidity at orégrel fall under this class.

N

Dear and Brager @@2) discussed about the incorporation of adaptive comfort
standard in AS standard 55. The data considered for this study was taken from
various locati rom four continents, Bangkok, Indonesia, Singapore, Karachi,
Quettar, %Peshawa, and Saidu from Asia; Athens, England, and Wales from
Europe; Michigan and California from North America; Darwin, Townsville, Brisbane,
Sydne%elboume, Kalgoorlie from Australia. Analysis of the data was carried out
se& ely for naturally ventilated buildings and air-conditioned buildings. The

ome of this analysis clearly indicated that PMV index predicted the thermal

ézfort in conditioned buildings accurately, but the predictions in case of naturally

AN
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ventilated buildings were not accurate. Failure of PMV index in prediction of thermal
comfort in naturally ventilated buildings resulted in the inclusion of adaptive comfort &
standard as an optional method. They also discussed about the scope and ]imitationv
of adaptive comfort standard in this paper. @

Nicol and Humphreys (2002), detailed about how to utilize field data in d ping
thermal comfort standards. Major conclusions of their study were (i) is very
difficult to use rational indices in real conditions since they are wea@ predicting

thermal comfort conditions, (ii) it is necessary to test the standagds developed in

laboratories in the field before making them as standards, (ijp, adaptive comfort

standards are the best standards especially for naturally ve d buildings, (iv)

overall effect of available adaptive controls on subjects is t ajor reason for the

sustainability. &

Fanger and Toftum (2002) discussed tawbacks in Fanger’s PMV-PPD model and
suggested an expectancy factor to@vercome the drawbacks of the comfort model.
They stated that Fanger’s PMV& odel is not a static model and it has the ability

to predict the neutral temperatu¥) in the range of 10 to 35°C based on the values of

other five variables. Theyéged that Fanger’s PMV-PPD model was applicable to

steady state conditions @ application was recommended for conditions with small

fluctuations, which i#tmue in case of indoor conditions. They also agreed with the

studies from vari%arts of the world and found the Fanger’s PMV-PPD model
n

predicting wam%

Even though tive comfort model works well with naturally ventilated buildings,

sation than the actual in case of naturally ventilated buildings.

they meng this model as a weak model since it is independent of all the
importa%g riables mentioned in Fanger’s PMV-PPD model and depends only on
me @door temperature. They stated that the difference between the calculated
%n

P d the actual thermal sensation is due to the failure in estimation of variation in
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activity level with thermal conditions and they suggested 6.7% reduction in repo%d
metabolic rate with every unit of PMV scale above neutral point for better résults.
They also proposed an expectancy factor for predicting thermal comfort in n%lly
ventilated buildings to take care of variation in expectations of residegfs.” They
calculated the new PMV value by rectifying the above stated defects Wund that
the extended PMV model is in good agreement with field studi naturally
ventilated buildings located in warm climatic zones. @

Nicol (2004) analyzed the field data from various tropical cogtries and identified the
standards based on Fanger’s PMV-PPD model which failgd in prediction of thermal
comfort standards in tropics. Fanger’s PMV-PPD mode d in tropics even though

as per the theory it has to predict comfort temperature i ective of local conditions.

Failure of Fanger’s model in tropics highlighted itations on its applicability..

The author suggested to use the equation Tc = 0. o+ 12.9, proposed by Humphrey
based on field studies, as initial standard ecommended to improve that by
conducting local field surveys which reflget Jocal climate and culture. Further, the

author was also explained the determi
suggested to consider + 2 to 3°C of t&p
zone, and to add another 2°C to tl@omfort zone if fans are in operation during hot

conditions. @

Yao et al (2009) stated th %advantage in Fanger’s PMV-PPD model was that it
includes several indo(@arameters along with clothing and activity levels in
ort.

of optimum comfort temperatures and

imum comfort temperature as the comfort

predicting thermal co They explained that people tend to adapt to the conditions

mainly by three %namely physiological adaptations, psychological adaptations
and behaviora!;&ptations. Physiological adaptations are genetic adaptations,

transferred fi eneration to generation, and acclimatization, limited to single
generatio hological adaptations mainly depend on past thermal environmenta]

experig and expectations on present thermal environment. Moreover
2

quantifiRkgtion of psychological adaptation through measurements is not an easy task.
B oral adjustments are personal like clothing etc., technological like switching on

an etc., and cultural like taking rest during hot conditions etc. They developed a

%eoretical adaptive model of thermal comfort by including all possible factors such

22
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as physiological, psychological and behavioral adaptations. They utilized the ‘‘Black
Box’’ concept for the development of the theoretical adaptive model called as&@
adaptive predicted mean vote (aPMV) model. Physiological adaptations we?
considered with the inclusion of Fanger’s PMV-PPD model and both psycholagj

and behavioral adaptations were included based on feed back mechanism} y
proposed the mathematical relation between Fanger’s PMV-PPD model an ptive
predicted mean vote (aPMV) model with the use of an adaptive coeffi , Which
accounts for both psychological and behavioral adaptations. The uated the

adaptive coefficient for Chongqing area, located in hot summeg and cold winter

climate zone in China, with the help of field survey. Z

Nicol and Humphreys (2010) utilized the data collected by@ATs (Smart controls
VSCATS data, based on

weden and UK, collected

and thermal comfort) survey based on European Union

26 European offices located in France, Greece, Portu
for a span of one year includes responses of s s and measurements of air
temperature, globe temperature, relative humid; d air velocity etc. In the their
study, they discussed about the adaptive rt model, in European standard
ENI5251, while the buildings were in ffgd

ghted the drawbacks in estimating neutral

nning conditions (especially during

summer time). In this paper, they hig
temperature based on ASHRAE sta

estimating neutral temperatures th§ is based on Griffiths constant. They highlighted

and discussed the new methodology in

the use of exponentially weiglle nning mean outdoor temperature instead of
monthly mean temperatures_ilNEN15251. They discussed the effect of Griffith’s
constant used in derivatio&neutral temperature and the effect of weights chosen in
determining mean out %emperature on comfort conditions. They also discussed
the effect of air vel &nd humidity on neutral temperatures. They suggested the

use of EN15251 fo opean countries by underlining its advantages over ASHRAE

Standards. %

Rajib et 0) studied the use of humidex as an indoor thermal comfort predictor.
Humid ed by them is a unit less number derived by using air temperature and
hun@. In this study, they utilized the database of ASHRAE RP-884 and compared

t tformance of humidex over the other comfort factors. They selected air

N
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temperature, relative humidity, air velocity and mean radiant temperature of indgor
and air temperature, climate and relative humidity of outdoor as the importantfagtors
in predicting thermal comfort. By utilizing the Sequential forward selecti FS)
algorithm, they selected outdoor air temperature and air temperatugeg Yelative
humidity and air velocity of indoor as global factors and also predi nfluential
local factors for each climatic zone. They compared the performanc@umidex with
both local and global factors and suggested the use of humidex foryyredicting indoor
thermal comfort in humid areas based on the comparative stud ey supported their
suggestion by conducting field experiments in 14 offices during winter and summer.

Jose and Armando (2011) used a new approach in det %nng comfort conditions
and compared this with PMV and adaptive models. T nsidered the buildings in
Spain, which were similar in all features in construct ut only differed in internal
coverings with permeable, semi-permeable Vpermeable coverings. They
collected the data needed for determining P dex and adaptive models. They
performed the 3D curve fit of PMV index wi
and proposed the new PMV index b

mperature and partial vapor pressure

on temperature and humidity. They
calculated the neutral temperatures ba new PMV index as 21.8°C, 21.2°C and
21°C respectively for buildings wigﬁ%e meable, semi permeable and impermeable
internal coverings. They compar ese values with the values obtained using PMV
index and adaptive models an %'d that new PMV index was better in predicting
thermal comfort than PMV %x but not so good in prediction like adaptive models.

The authors stated that t del combines PMV index with adaptive models while

evaluating thermal cor®.

Liu et al (2012) &;jucted a study to weigh factors effecting thermal comfort in
office buildin &Bey considered analytic hierarchy process (AHP) to quantify the
factors effecti ermal comfort. Three factors namely physiological, behavioral and
psycholog% factors were considered as first level factors and the sub category of
above qthree factors like physiological parameters/health status, the indoor

enviroRwment, the outdoor environment, personal physical factors, environmental

v and thermal expectation were considered as second level factors, They carried

the questionnaire survey using 19-point scale to determine the weight of each
%‘actor by comparing one to one factor at each level. They conducted the survey in
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China and UK among the educated people in office buildings. In case of first level
factors, weights for physiological adaptation, psychological adaptation and behavioral %
adaptation were found to be 0.5, 0.26, and 0.24 respectively in the case study of
and 0.42, 0.29, and 0.29 respectively in the case of China. In case of second
factors, weights for physiological parameters/health status, the indoor envirori?m,
the outdoor environment, personal physical factors, environmental co and
thermal expectation were found to be 0.18, 0.27, 0.08, 0.18,0.15 and 0.14 tively

in UK and 0.3, 0.22, 0.12, 0.12, 0.13 and 0.11 respectively in China. @

Nguyen ef al (2012) performed the Meta analysis on the availabl and proposed
an adaptive comfort model for hot humid Southeast Asia. The sidered a total of
5176 data sets from 11 comfort surveys in Southeast Asia. T@werformed the Meta
analysis of this large database by systematically remov’ unreliable data and

developed the adaptive thermal comfort model by cons igrie monthly mean outdoor

temperature. A total of 402 data sets were remov ause of unreliability of the
survey data. Adaptive thermal comfort model ded by them is much close to the
model based on EN 15251 and slightly diffegg 5 the model based on ASHRAE
standard 55-2004. They carried out th&
dependency of adaptive thermal co model on Griffith’s constant. They

itive analysis and found strong

recommended not to use PMV-PPD sis for prediction of thermal comfort in
naturally ventilated buildings ev with expectancy factor. They suggested for
improvement of the proposed %e comfort model by including the comfort
studies with thermal conditions Tajling under 26°C and above 34°C.

AN

Toe and Kubota (2013) med the database of ASHRAE RP-884 and segregated the
data based on three &alc zones namely, hot humid, hot dry and moderate. They
refined the originaRddtabase with 10065 observations to 7662 observations by
neglecting incor\% t data. They developed the adaptive thermal comfort models for
each climaticXegne by using linear regression model and proposed the acceptable
comfort 1 by using probit regression model. They related comfort temperature
with da% ean outdoor temperature in their adaptive comfort models. Later they
deve@l the adaptive comfort equations by relating the comfort temperature with

0 temperatures based on daily mean, monthly mean, running mean and
25
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prevailing mean for all climatic zones considered in this study. They found that
adaptive comfort equation based on daily mean outdoor temperature provid ood
correlation in hot-humid climatic zone where as all mean outdoor tem res
showed similar correlation in case of hot-dry and moderate climatic zon@ey also

analyzed the effect of indoor air velocity and humidity on adaptive com@nodels.

Wong et al (2014) proposed the Bayesian approach that utili tie concept of
probability as explained in Bayes theorem. Authors detailed t €re is no scientific
approach to decide upon which model to be used to predict thethermal environment

osed this approach to

condition among the existing models and surveys. The
eliminate the incapability on decision-making based ailable information. This
approach helps in decision making even with small ple size. In this paper, they
applied the Bayes theorem in predicting subject rence to thermal environment
by the use of existing comfort models and subj urveyed. They suggested that this

approach helps in choosing thermal comfort ia for future building designs.

Yu et al (2015) conducted the experi Chonggqing, located in hot-humid region
of China, during summer time for & of three years, 2008 to 2010, in a climatic
chamber that can control air tepiperature, relative humidity and air velocity. They
selected 20 subjects for the and conducted the experiments for 22 thermal
conditions. They took the ~Subject responses through questionnaire survey,
measurements of skin te %ure at 13 locations for each subject, and measurements
of thermal comfort fo ery 10 minutes during experiments. Subjects acclimatized
with the environm@nditions of Chongqing area were only considered during

dy the adaptive comfort model in climatic controlled chamber.

experimentation
They calculagéd She predicted mean vote (PMV), ASHRAE standard effective
mean v% MV). Based on the analysis they concluded that PMV is overestimating
the thegmal sensation in warm conditions, agreement between PMV and AMV s
limi%ﬁo -0.889 to 0.296, and psychological adaptation is the major factor for
isagreement between PMV and AMV. They proposed the revised PMV index and
ggested to increase the upper limit of ASHRAE SET* point to 26.84°C from

%;5.24%, i.., an increase of 1.6°C for the Chongqing area of China.

AN
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Based on the review on adaptive comfort theory, it is observed that Fanger (1970) has@
developed a thermal comfort model based on laboratory experiments. Four physio%

variables namely, air temperature, air velocity, mean radiant temperature, and relat

25

humidity, along with two personal variables namely, clothing, and activity lev

considered. This model was named as Fanger’s PMV model. Consequent
Dear and Brager (2002), Nicol and Humphreys (2002), Fanger and Jo 2) and
Nicol (2004) suggested the importance of adaptive thermal comfort

model as later failed in exact prediction of actual thermal sens§ti in naturally

©

Recent studies from last five years, Yao ef al (2009), Nicol@ Humphreys (2010),
Rajib et al (2010), Jose and Armando (2011), Liu et al , Nguyen et al (2012),
Toe and Kubota (2013), Wong et al (2014) and Yu 015), proposed different

approaches for standardizing the adaptive comf

ventilated buildings.

odels and few researchers
extended the PMV model for naturally ventila ildings by proposing different
corrective measures. The final outcome of %

model is the best suited for predicting ththerm

buildings since adaptive comfort model %s care of physiological, psychological and

studies is that adaptive comfort
al comfort in naturally ventilated
behavioral adaptations. It indicates t d of local comfort surveys to compliment
the international standards in déveloping the region specific adaptive comfort

standards. Local comfort surve very much essential in tropical countries like

India where the standards ba®n adaptive comfort model are not yet established.

&

3.2 Review on @ermal Comfort Studies in India

In this section, ir@nt thermal comfort studies carried out in various parts of India

is discussed. %

Sharma a li (1986) conducted a study of thermal comfort among Indian subjects.
In thi %y, they collected the observations from 18 subjects. Subjects chosen were
yo ale adults acclimatized to tropical conditions of India. They collected the

% ct’s perception on thermal comfort by using Bedford scale of warmth and
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measured the dry bulb temperature, wet bulb temperature, globe temperatur%air
velocity and Kata cooling time during the survey period. Survey was condqﬁ@ In
Central Building Research Institute, Roorkee during the months of May, and
July for three consecutive years. Based on this study they proposed a tropg ummer
index and showed that the mean correlation coefficient with thermal s on is high
for their index than that of already existing indexes namely, heat stre§§&dex, index of
thermal stress, wet bulb globe temperature index, equatorial com index and TPV

index. They also provided the simplified tropical summer ind@r quick evaluation

of comfort conditions. S
Singh et al (2007, 2009, 2010a, 2010b, 2011) condu ermal comfort studies in
northeast India and discussed about the role of ve ar architecture of northeast

India in providing thermal comfort. They dis about climatic conditions of
India into three zones namely,

cloudy (2007). They developed the

northeast India and classified the entire nortl
warm and humid, cool and humid, and col
bio climatic charts for the three zones b idering the meteorological data of past
30 years. They conducted detailed su n vernacular architecture by considering
42 houses spread over the entire c¢ast India. Almost all the residents of these
houses felt that traditional hou@ are good in providing thermal comfort when

compared to modern houses. @

Later (2009), detailed ab % vernacular architecture of all the three climatic zones

of northeast India.@found that basically three types of houses exist in India

namely, kachacha, , and semi pukka. Kachccha houses are less in cost and are

built with locally&%jlable materials without any processing like mud, bamboo, palm

leaves and woged, Pukka houses are high in cost and are built with treated materials

like bricks, 2gémetals, stones and uses surkhi/ mortar as binding material. A semi

pukka hc%%jltilizes techniques and materials used in both kachacha and pukka

housesaThey clearly outlined the different solar passive techniques utilized by the

pem@ northeast India and also discussed about the different local materials used in
c

N

hitecture that reflects the requirements according to the prevailed climatic

%«wnditions.

TH-1422_10610329

tion in each climatic zone. Each climatic zone has its own vernacular

28



Chapter 3 . STATE OF THE ART

A

Singh et al (2010a) selected three cities Tezpur, Imphal and Cherrapunjee, one from &
each of the three climatic zones of northeast India. They conducted therm
performance evaluation for 25 days separately in pre summer, summer/rainy

winter and winter periods by measuring temperature, relative humidi d
illumination in all the three cities. A total of 150 vernacular houses are in ated

and thermal sensation vote was collected from 300 subjects. They @a ed the
comfort temperatures based on international standards, regressio alysis and
thermal sensation vote. They found that international standard&g’@ed comfort

temperatures well in summer but failed to predict the same in other periods. Based on

their study they proposed the range of comfort temperatures ing8aeh climatic zone in

N4

'wo houses selected from

each selected period.

Singh et al (2010b) conducted a comparative analysi

two different climatic zones of northeast India. The cted one house from Tezpur

located in warm humid climate and the other ho m Cherrapunjee located in cold

cloudy climate. Comfort parameters temper: humidity and illumination were
measured for 25 days each in summer, wim&p
both the houses simultaneously. Th%nalyzed the data and developed the
mathematical equations for predicting@l um, minimum and average temperatures
of indoor. Variables considered fo@ €
age,

minimum, average, periods a

e summer and pre winter periods in

velopment of these equations are maximum,
diurnal swing and diurnal drop in outdoor
temperatures along with veqtifgion in case of Tezpur house. Where as outdoor
maximum and average t ratures along with outdoor temperature swing and a

health factor ill were @red for the development of mathematical model in case
of Cherrapunjee hou@

Singh et al (g§ conducted both subjective analysis and objective analysis
in three climatic zones, warm humid, cold cloudy and cool humid, of

simultaneous
" In subjective analysis they took perception of subjects on ASHRAE

therma ation scale and some other data like clothing, activity and adaptive
actic@ut they didn’t allow the usage of fan during the survey. In objective analysis
tl{%easured the indoor temperature, humidity and other parameters needed for
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evaluating PMV. By utilizing the data from both subjective analysis and objec%
analysis, they calculated adaptive mean vote (AMYV) along with predicted mea&te
(PMV) and found that PMV is not matching with AMV. They developed a%ion
between clothing level to outdoor temperature and also derived the values qf/adaptive
coefficient to calculate the corrected PMV. They proposed the ad € comfort
models for the three climatic zones of northeast India separately for ur seasons.
Complete study was carried out by measuring comfort paramcters@ collecting data
from 300 subjects from 150 houses, 50 houses from each clifnfjc zone, and also

concluded that PMV is not suitable for naturally ventilated hogses.

Aravind and Tiwari (2009) performed the thermal perf e of passive mud house
ith RCC house. Initially,

uring the indoor and outdoor

and compared the energy saving potential of this ho

they performed the experimental investigation by,

ing a summer day and a winter

between 14°C to 18°C in winter

temperatures along with outdoor solar radiation
day. They found that the indoor temperature:
and 24°C to 28°C in summer when the o temperatures are measured as 6°C to
18°C in winter and 26°C to 40°C in s
model and validated with the experir@@.
them.. Later, by utilizing the thephgl simulation model, they predicted the thermal
performance of similar mud h in different cities viz., New Delhi, Bangalore,
@om their observation, they predicted the energy

t. They developed a thermal simulation

data and found a good agreement between

Jodhpur, Mumbai and Srinagar.

saving potential of passiv& house was more in comparison with RCC house for

all the locations. >

b, 2010c, 2010d, 2011) conducted thermal comfort studies in

Dili e al (20104,

Kerala traditio

of Kerala in %

Dili et ggzolOa) initially carried out a qualitative analysis of traditional building of

d explained the importance of passive features of the selected building.

building and highlighted the importance of vernacular architecture

ing thermal comfort. Some of their studies are discussed below.

Kerala

Koealo.

s traditional houses known as “nalukettu” were able to provide comfortable

ronment mainly due to its passive features like internal courtyard, building

%ﬂentaﬁon, arrangement of spaces, construction methodology and use of local
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materials. They supported qualitative analysis by conducting quantitative analysis
through field measurements and finally concluded that Kerala’s vernacular %
architecture employed in traditional buildings of Kerala is predominantly successfv

in providing thermal comfort through out the year irrespective of seasons. @

Dili ef al (2010b) presented a detailed quantitative analysis of Kerala’s ional
house carried out during summer and winter seasons. They continuous easured
the thermal comfort parameters like, air temperature, globe tempera ir velocity,
humidity both in indoor and outdoor. They utilized custom made equipment called as

“Architecture evaluation system” for measuring thermal comfoit parameters. After

analyzing the data quantitatively, they concluded that Ker raditional houses

were able to maintain comfortable indoor conditions pective of outdoor

conditions. CCD\/

%Kemla’s traditional houses

sis. They selected nearly 200

Dili et al (2010c) presented a comparison betwe

and the modern buildings based on subjective/an
people from each type of house and colle e responses from them through
questionnaire survey. They took the resp@%

factors like temperature, humidity, air %city, and over all thermal comfort. From

from subjects on various comfort
the subjective analysis they found tha se of traditional houses nearly 70% of the
residents voted for very comfon@ﬂ% voted for comfortable and 3% voted for
slightly uncomfortable and in }Q f modern buildings nearly 9% of the residents
voted for very comfonable@/o voted for comfortable, 22% voted for slightly
uncomfortable, 17% voted&uncomfonable and 31% voted for very uncomfortable.
They upheld their qu&me analysis, Dili ef al (2010b), through this study and
reiterated that the ts obtained from subjective analysis clearly indicated that
Kerala’s traditior%@dings were best in providing thermal comfort in all seasons.
Results based % ubjective analysis showed that modern buildings failed in
competing @aditional buildings of Kerala in providing thermal comfort.

Dili et Od) presented a quantitative analysis of Kerala’s traditional building in

rai son. In Kerala rainy season lasts over six months and there is a maximum

tion in environmental parameters during this period. Based on the fluctuations
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in environmental conditions, they divided the entire rainy season into four categ%ies
namely beginning of rainy days, normal rainy days, heavy rainy days and nq@iny
days. They continuously measured the thermal comfort parameters ,air
temperature, globe temperature, air velocity, and humidity in both indoor: utdoor
by utilizing custom made equipment called as “Architecture evaluatio m”. They
found the variation of temperature between 24°C to 31°C in outdoor 7°C to 29°C
in indoor during beginning of rainy days, 24°C to 28.5°C in outddypr and 26.5°C to
27.5°C in indoor during normal rainy days, 22.5°C to 26°C j tdoor and 25°C to

27°C int indoor during heavy rainy days and 23°C to 35.5°¢ int outdoor and 27°C to

30.5°C int indoor during non rainy days. They analyz he” extreme conditions of

indoor, by using Bio-climatic chart and also by P analysis, and found that

the indoor conditions of Kerala’s traditional house falling within the comfort

conditions. They also found that the Kerala’s onal house maintained indoor

temperatures higher than outdoor temperatures outdoor temperatures fall below

the neutral temperatures and indoor tempe s lower than outdoor temperatures
when outdoor temperatures recorded as n@ an the neutral temperatures.

Dili et al (2011) presented a co ison between Kerala’s traditional house and

modern building based on quanti%Qve analysis conducted during the most discomfort

period of summer. Study was 18d out in parallel on both traditional and modern

houses. Comparative analyiis revealed that traditional building was able to maintain

the temperatures betwe °C and 35°C where as in modern buildings the

temperatures varied be @en 31°C and 37°C when the outdoor temperatures varied

between 28°C and They attributed the better performance of traditional

building over mo building to air movement and temperature control and they also

stated that relgfiyeShumidity is independent of building envelope. With the help of

monitored comfort parameters, they conducted the PMV-PPD analysis along
with ana ased on bio climatic chart. In both the analysis indoor conditions of

traditi (%J buildings fall with in the comfort conditions where as modern buildings

fallg

8

N

providing comfort conditions.
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Indraganti et al (2010a, 2010b, 2010c, 2010d, 2010e, 2011, 2013, 2014) conducted
several thermal comfort studies on residential apartments and office buildings i(&
Hyderabad and Chennai. The major outcomes of her studies are discussed below. v

Indraganti et al (2010a) reported the thermal comfort studies conducted in H ad
during the months of May, June and July.. They selected five apartments erent
locations in Hyderabad and conducted the survey by collecting data fr(@early 113
occupants from 45 flats. They used ASHRAE seven-point scale for t sensation,
Nicol’s five-point scale for thermal preference and ASHRAE’s thermal acceptance
scale to identify thermal comfort of the residents. Further, thgy alSo collected data
such as age, gender, financial status, ownership, tenure ination level, air
movement, humidity sensation, noise level and indoor ai ality. They took the
measurements of air temperature, globe temperamre@ tive humidity, and air
e

velocity for both indoor and outdoor conditions. Clothi

estimated based on ASHRAE standards. Observatio

vel and activity level were

ade based on their study were
less effect of age and gender on thermal se , increase in demand for more
comfort with financial status, owners voted igh level of acceptance than renter,
air movement, humidity sensation and\{lumination showed dependency on

temperature, air quality sensation shm@ less dependency on thermal comfort, and

subjects felt slightly noisy in apartm

Indraganti (2010b) also deter‘;@g%he comfort conditions of the few apartments
located in the city of Hyd@d. She also analyzed the data by dividing into two
groups, residents from t or and residents from other than top floors, and found
that the neutral temp@ratute for top floor residents was always more than that of
residents from oth ors. She proposed the neutral temperature as 29.23°C and the
comfort range peratures as 26°C to 32.45°C for the residents of naturally
ventilated apa%;nts in Hyderabad. She also found that only about 40% residents of
apartment, comfortable during summer. She suggested for providing the adaptive
opportugitiey’ for the residents in summer and additional provisions for adaptive
contrdlNjY case of top floor residents. She also suggested the modification of national
st s since the comfort standards obtained from her study were far above than the

nal standards.
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Indraganti (2010c) analyzed the data and determined the comfort conditions&he
city of Hyderabad and compared these standards with other reported stua% She
presented the analysis to determine the effect of different parameters ermal
comfort. More over, she compared these standards with national sta S and also
with comfort conditions based on PMV-PPD analysis. She questio he usage of
national standards and PMV-PPD analysis for determining thermal ®ymfort standards

and highlighted the implication of these standards on energy us@n buildings.

Indraganti (2010d) studied the use of various adaptive optigns’like clothing, activity,
windows, curtains, blinds, balcony doors, and exte oors and discussed the
hindrances for these adaptive controls like attitudes privacy. She outlined the

suggestions for betterment of adaptive controls, aintain thermal comfort. She

presented the detailed analysis carried out on v ular architecture of settlements in
Marikal, a small village of Rangareddy distf§
India (2010e). She conducted the detaile
2008 and highlighted the role of e
settlements like form planning, s&p anning, cluster planning, streets, alleys,

courtyards, construction details Q: walls, roofs, openings, colors and texture,
typology and behavioral adapt ~She found that the vernacular architecture of this

f newly formed Telangana state of
for a span of two years from 2006 to

actor of vernacular architecture of the

village is in accordance %mahoney’s recommendations such as north south
I

orientation, small cou small spacing’s, provisional windows, very sma]|
openings, heavy walls a roofs, and provision for sleeping at outdoor etc. She also
stated that people ofdarikal are slowly neglecting vernacular architecture not only

due to the chang %social and economic conditions but also due to the availability

of electricity. @

Indragantj 1) presented the complete analysis of entire data collected from the her
earlier eys such as details of survey, Indraganti (2010a), comfort conditionsg of top
%dents and other floor residents, Indraganti (2010b), PMV-PPD analysis and

floor 1
i \Ymtion from actual perception, Indraganti (2010c), and role of various adaptive
@ trols, Indraganti (2010d). She discussed in detail about usage of electrical adaptive
%ontrols like fans, air coolers and air conditioners along with other adaptive options.
N
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She also discussed about social and cultural preferences along with attitudinal

impediments for operating adaptive controls. &

Indraganti et al (2013) reported the study conducted in office buildings of Cherzg
and Hyderabad from March to September 2012. They selected 25 office buil

from Chennai and Hyderabad and collected the data from 1658 subjec hey
collected all the necessary data from the subjects and measured thecomfort
parameters needed for thermal comfort analysis for both the cities si aneously.

They analyzed the data separately for naturally ventilated congitions and air

conditioned situations and evaluated the thermal comfort copditidns of office

buildings for the two cities by using Fanger’s PMV-PPD anal inear regression
analysis and Griffith’s comfort equation. They also analyze data to study the
variation of comfort conditions with seasons, adaptive ¢ s in office buildings,

eir study they proposed

role of fans and limitations on adaptive strategies. Based
the thermal comfort conditions for both air-conditione’ naturally ventilated office

buildings in both Chennai and Hyderabad. They ted that PMV is always over

estimating the comfort conditions and reco ed for the change of comfort

conditions in national building code. &

Indraganti et al (2014) extended theilous study, Indraganti et al (2013), by
incorporating the data from 28 bujtdings from both Chennai and Hyderabad, by
including the survey data for all %of the year, January 2012 to February 2013,
with increased the sample sizg t03}787 subjects. They carried out similar analysis as
explained in Indraganti ef a%zgls;) and predicted the thermal comfort conditions for
the entire year and com %this proposed adaptive comfort model with different
standards namely, T@nal building code (NBC), European committee for

standardization (C% he chartered institution of building services engineers
(CIBSE) and ASHRAE adaptive model. '

Deb and handraiah (2010) performed thermal comfort study in Chennai
railway s% considering three lounges based on the variations in volume, capacity,
of, height of ceiling and material. Different comfort parameters, air

type
ten%ure, globe temperature, humidity, air velocity, floor temperature and ceiling
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temperature, were measured from 7:30 AM to 8:30 PM on every day durin%the
period from 1% June to 15% June of 2009 with the help of installed sensors at df/if&;ent
locations of the three lounges. Questionnaire survey was also conducted ng the
same period and data was collected from 432 subjects. Air velocities at thgfoation of
subjects were also measured along with questionnaire survey, %Siological
equivalent temperature (PET) index was used in this study, and wa ilar to PMV
without clothing and activity level parameters. Neutral temperatiye obtained were
30.52°C and 31.93°C based on Bedford’s thermal comfort/sgdje and ASHRAE’s
thermal sensation scale respectively. They found the neutral temperature of 27.87°C

by using Adaptive comfort standard equation proposed jn ASHRAE standard 55 for

naturally ventilated buildings and concluded that as under estimating the
neutral temperature. They also found that increase in elocity increased the neutral
temperature by 2.6°C. : @

Rajasekar and Ramachandraiah (2011) sed the influence of construction

material on thermal performance of buildingsvin Chennai. They considered apartments
with aerated concrete block walls solid block walls for the study. Both
quantitative analysis and subjectiv&ga ysis were carried out in parallel by taking
measurements of indoor air tel@amre, radiant temperature, relative humidity, air
velocity, outdoor air temper@, clothing and activity level along with subject’s
perception. A sample size gf 50 subjects participated in the questionnaire survey and
found the neutral tempe %as 29.5°C. By correlating thermal sensation vote with
PMV they found th@pecwncy factor as 0.6 for the apartments. They ﬁnally
concluded that soligglock walls are better in thermal performance than that of aerated
concrete block@ﬂ;} They also studied the influence of building orientation and
n

height of loca@ n indoor thermal parameters.

Chitra a%%gendra (2012) conducted a study to identify the indoor air quality of a
prim%lassroom located beside the traffic road. Site selected for study is a primary
classtdom of Kendriya vidyalaya, which is located near Central leather research

i%t te, Chennai. They conducted survey in two seasons, winter and summer, for 60
@ys during January to May 2011. They measured the concentration of particulate

%-natter of different sizes, carbon monoxide and carbon dioxide along with the comfort
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parameters temperature and relative humidity for both indoor and outdoor. They
analyzed the data to identify the effect of outdoor pollution, comfort parameters and &%
micrometeorology on indoor air quality. Based on analysis they observed tha
concentration of particulate matter was high during occupied periods, concentratio

finer particulate matter and carbon monoxide varied with outdoor concentrationT

indoor quality varied seasonally having poor indoor quality in winter seas en

compared to summer season. >

Priya et al (2012) presented the qualitative and quantitative analygjs o; vernacular
buildings in coastal area of Nagapattinam, Tamilnadu. They first E%ed the passive
features like the effect of building orientation, role of inte urtyard, role of

openings like wind catchers, windows and ventilators along the effect of thick

walls, thinnai and roof of the vernacular buildings qu
quantitative analysis using mini meteorological unit wi sensors by continuously
recording comfort parameters during the period from to December 2010. Sensors
were utilized to measure air temperature, hu and air velocity at different
found that, diurnal variation of

¢ 18°C with a range of 24°C to 45°C

locations of indoor and outdoor conditions.
temperature and relative humidity at outdoo%@
and 50% with a range of 45% to 95% resp€otively, where as the same for indoor were
8°C with a range of 24°C to 32°C and @with a range of 65% to 80% respectively.
Similarly they noted that air velogjty in indoors were maintained at 1.5 to 2 m/s.

Based on the analysis using bi& tic chart, they concluded that the vernacular
houses of Nagapattinam were@ to maintain the indoor comfort conditions with in

the acceptable zone. &

A

Dhaka et al (2012) co@ered a hostel room in Hyderabad and developed the building

simulation model. compared the simulation model with experimental values,
inner roof sﬁrfé% mperature, outer roof surface temperature and indoor air
temperature, Obtained from the hostel room and refined the model for exact
prediction. r they modified the model for air-conditioned situation. With the
develop% ulation model, they performed analysis by incorporating six energy
consn measures independently and all together for three cities, Hyderabad in

co te climate, Ahmadabad in hot and dry climate and Chennai in warm and
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humid climate, of India. They carried out this study for two conditions, one forgeld
comfort temperature and the other for adaptive comfort temperature, along yath the
w.

variation in building size. They concluded that nearly 40% energy sa as

possible by implementing all six energy conservation measures and@st 20%

energy saving was possible with roof insulation alone. They also sug e@?‘or the use
of adaptive comfort temperature instead of fixed comfort temper@which results

into nearly 16% energy savings. @

Dhaka et al (2013) conducted a thermal comfort analysig of Six hostels located in
ﬁn%%

MNIT Jaipur, located in composite climatic zone o , during summer and

monsoon seasons. They performed the survey by opinions of around 429

students through questionnaire and in parallel they a easured the thermal comfort

parameters air temperature, globe temperature elocity and relative humidity.

They estimated the clothing level and activi €l based on questionnaire survey.

The adaptive measures used by students fo@
fan and opening of main door. They

ieving thermal comfort were opening
of windows, use of fan, changing spe
estimated the thermal comfort temp as 30.15°C based on ASHRAE’s seven
point thermal sensation scale and ml preference temperature as 27.4°C based on
Nicol’s five point thermal preferghge scale. Predicted mean vote was observed ag 0.88

for the comfort temperatur y observed slight variation in thermal comfort

temperature based on gendzr.

Dhaka et al (2015) p@med a field study in 30 buildings under naturally ventilated
conditions that i s hostel buildings, office buildings and institute buildings
located in Jaipu %iq of India. They conducted the study in a similar way as explained
in Dhaka et &20]3). In this study, they collected nearly 2859 responses from
subjects in n of three years between 2011 and 2013, of which 1811 responses
obtaine ing naturally ventilated conditions were analyzed. They highlighted the
drawbagcks of PMV index in the present study and proposed the thermal comfort

mg for each season, summer, winter and moderate seasons, along with overall
:o

e

midity and ideal air velocity, and evaluated the thermal comfort models, separately
% or 90% satisfaction and 80% satisfaction levels, for both upper acceptability limit

rt model based on regression analysis. They also proposed models for ideal
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and lower acceptability limit. They found neutral temperature as 29.4°C, 27°C and
25.6°C respectively for summer season, moderate season and winter season. @
Mishra and Ramgopal (2014a) conducted the field study to identify the co Y
conditions of students in undergraduate laboratory, IIT Kharagpur, India,

performed the study by collecting students vote on three point air velocity tion

scale, five point humidity sensation scale, three point thermal preference e, two

point acceptability scale, seven point thermal sensation scale and seve@nt thermal

ocity, dry bulb

comfort scale. In parallel they took the measurements of air v
temperature, wet bulb temperature and globe temperature along wi identification
of clothing level. They analyzed the data of air velocity sensat} d concluded that
students preferred high air velocities. In case of humidity==ensation, student’s
preference was in correlation with absolute pressure @er vapor rather than
relative humidity in air. They found nearly 78% sub%
thermal conditions and they also detailed upon the %'

(]

laboratory. The important contributions of their st@

owed acceptance to the
e actions of the students in

mentioned below:

e Developed an equation that indicates &@riation of clothing with operative
temperature

e Calculated the Pearson correlati@coefﬁcient for each pair of parameters
through multivariate analysis

e Developed the comfort equ%that relates mean thermal sensation vote with

ambient temperature,clot, vel and absolute pressure of water vapor in air.

e Developed the ther@ference equations that relates warmer preference

and cooler prefere ith operative temperature and interrelated the thermal

preference with geanthermal sensation vote.

D

Mishra and Ra %(201%) developed the equations for thermal sensation vote,
thermal comfagt vote and predicted mean vote based on the operative temperature.
They also de%oped the adaptive comfort model to find the comfort temperature by

using seyerday mean outdoor temperature. They predicted the neutral temperatures
and @comfort zones based on the above stated votes. Predicted comfort
te res based on thermal sensation vote, thermal comfort vote and predicted

rf@y vote were 26.5°C, 26.6°C and 19.8°C respectively. Predicted comfort zones
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with 80% satisfaction based on thermal sensation vote, thermal comfort vo%nd
thermal acceptance vote were 22.7 to 28.9°C, 17.9 to 32.8°C and 19.4 t¢<30.9°C
respectively. They proposed to consider 20 to 31°C as a comfort zonevunder

graduate laboratory based on students overall comfort level.

Mishra and Ramgopal (2015) analyzed the comfort equations pr d for tropical
climates to identify the best one among those equations that condd predict well for
Indian tropical regions. In this study, they considered the ada comfort models for
naturally ventilated buildings based on ASHRAE Standarqd 55, EN15251, Nguyen et
al, Toe and Kubota and Indraganti et al. They first coll '%bthe metrological data of
Hyderabad, Chennai and Kolkata from different sour, d utilized that to calculate
monthly mean temperature. By utilizing the availab eld data of these three cities,
Vwith the values predicted from

adaptive comfort models given by

they compared the comfort conditions of these

the five adaptive comfort models and found
EN15251, Nguyen et al, and Indraganti et
comfort cooling days for the three citie,
five adaptive comfort models. Based ¢ comparative analysis, they suggested the
use of comfort model given by @Q 51 for predicting adaptive thermal comfort

conditions of the tropical regi%:f India. They also suggested to use Humphreys
odel given by Chartered Institution of Building

id well. They also calculated adaptive

erabad, Chennai and Kolkata, based on

comfort model over the co
Services Engineers (CIBS@H mechanically conditioned buildings.

A

Chandel and Sarka@”ﬁ presented a study carried out in Forensic Science
Laboratory buildin&cated in Mandi, Himachal Pradesh, India. They conducted field
survey in the b ﬁ@g by collecting data from 50 subjects during winter season. They
took the ingoormeasurements for air temperature, globe temperature, relative
humidity, | t velocity and estimated the clothing level and activity level of all the
50 subj% hile collecting data for thermal sensation based on ASHRAE’s seven
point sgale, thermal preference based on ASHRAE’s three point scale and thermal
accee based on ASHRAE’s two point scale etc. Based on the survey they found

¢ Gomfort conditions of the subjects and proposed the thermal comfort equation by

lating thermal sensation vote with operating temperature through regression

%analysis. Comfort operative temperature predicted based on survey was 16.8°C for

AN
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winter season. Authors suggested few passive techniques to improve the performance %
of building and evaluated the annual energy savings with the incorporation of &
proposed passive techniques in existing building by using the energy simulatiov

model “e-Quest”. @

Based on review on thermal comfort studies in India, it is observed that th fort

studies available in India are very few and mainly concentrated in

thermal comfort conditions in vernacular buildings of North east Indg
(2007, 2009, 2010a, 2010b, 2011)], vernacular building in Kerala [Rili ez a/ (2010a,
2010b, 2010c, 2010d, 2011)], vernacular building in coastal ar %Nagapattinam,
Tamilnadu [Priya er al (2012)], modern buildings and apa in Chennai and
Hyderabad [Indraganti ef al (2010a, 2010b, 2010c, 2010d, 20182013, 2014)], hostels
a et al (2012, 2013,
a, 2014b), Chandel and

and institute/office buildings in Hyderabad and Jaipur

2015)], laboratory buildings [Mishra and Ramgopal
Sarkar (2015)] and a few more studies include study
and Ramachandraiah (2010)], Mud house in Del
primary school in Chennai [Chitra and Nagen

Recently, Mishra and Ramgopal (2015 alyzed the available adaptive comfort
models and suggested the use of con@ model given by EN15251 for predicting
adaptive thermal comfort conditiong gf the tropical regions of India. It indicates that,
in India there is a dearth of |ocalé;k§zudies to establish standards based on adaptive

comfort model. So, there is@ed for more local field studies to establish the
adaptive comfort standards ific to the concerned zone.

3.3 Reduced Seafe Model Studies
In the following%bsection, thermal comfort studies reported on a reduced scale

model are p ed.

Nahar % (1999) conducted the experiments to compare the performances of
diffi passive solar cooling techniques for arid regions. They fabricated five

i%' al reduced scale models, with galvanized steel sheets as roof and walls, with
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dimensions 1.2 x 0.6 x 0.91 m>. They considered the simple galvanized steel %et
roof along with four different passive techniques incorporated on roofs, whiteaigted
roof, roof with thermal insulation, roof with shallow pond covered wi @rmal
insulation, and roof with soaked gunny bags, for comparative study. B% on the
study, they concluded that roof with thermal insulation, white painted\rQgf, roof with
shallow pond covered with thermal insulation, and roof with soake ny bags able

to maintain the inner temperatures of model less than simple g@izsd roof model

by 3°C, 7°C, 8°C and 10°C, respectively. @

Nahar et al (2003) extended their previous work %) by comparing the
performance of seven passive cooling techniques in ated in roof with regular
RCC roofed model. They performed the study on “Eight small-scale models with
dimensions 1.28 x 0.61 x 1.1 m? fabricated wi vanized steel sheets and 0.1 m

thick RCC roof. They considered different ¢ techniques over RCC roofs like

white paint, vermiculite cement thermal @g ion, roof pond, evaporative cooling
with jute bags, pasting broken white glaz@
local Sania thermal insulation. The@-ducted the study in real environmental
conditions during summer and wilégiays, and found that roofs with white paint,
vermiculite cement thermal insg{gtion, roof pond, pasted broken white glazed tile
pieces, earthen pots and locaia thermal insulation were able to maintain inner
temperatures more by 0.1°2,,1°C, 2.6°C, 0.1°C, 1°C, and 0°C respectively in winter
and maintained low teg@ ures by 5.4°C, 3.5°C, 6.7°C,11°C, 5.8°C, and 3.4°C

respectively in summer,\when compared to simple RCC roofed model. Roof with

pieces, covering with earthen pots and

evaporative coolin& jute bags was maintained the temperatures less by 3.2°C in

summer than th& CC roof.

Rahul and v (2005) conducted a small-scale model study to justify the
effective% of proposed static sunshade over horizontal static sunshade. Initially,

they d&igned the proposed static sunshade by considering sun path for two days, 22nd

De r in winter and 23 March in summer, and implemented this sunshade

on small-scale models. They fabricated four models, two with proposed static

shade and the other two with horizontal sunshade, and conducted the experiments
% uring December 2002 to July 2003. They measured the temperature, sunlit area and
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shadow area for the models during the experimentation and analyzed the data. From

the analysis, they concluded that proposed static sunshade was able to regulate sunlit&
area as per the seasonal requirement and there by controlled the inner temperature
models. They suggested the use of this proposed static sunshade in full-sggle

buildings to reduce the cooling and heating requirements. v

Halwathura and Jayasinghe (2008) studied the thermal performance of i@ed roofs
in tropics. Initially they performed the small-scale model study on four ar models
with RCC roof and RCC roofs sandwiched with 25 mm, 38 mm %50 mm cellular
polyethylene insulation. They conducted the experiments in r@e vironment and
found that soffit temperature reached to maximum of 42°C @ C roof with out

insulation, where as the maximum soffit temperature for ulated roofs varied

nce of insulation, they

between 32°C and 33°C. To demonstrate the actual per,

conducted experiments on large-scale model and measurg the soffit temperature and

roof top temperature of the large-scale model before fter incorporation of 25 mm

thick cellular polyethylene insulation. The roof @p perature remained constant at
55°C in both cases, where as the soffit tempe were found to be 35°C and 45°C
respectively for roofs with and without inéﬁion. They analyzed the data through
comfort chart and found that the insulat ofed house was able to maintain thermal
comfort for residents. Based on this sthey proposed the RCC roofs as alternative
to conventional roofs by highlightiggits advantages.

AN

Jorge and Edgard (2008) co@ted the thermal performance study on small-scale

models to demonstrate the/e¥fsctiveness of the insulation system designed by them.
They fabricated two Aimifar small-scale models and used these models for
experimentation un rtificial environment provided by 500 W lamps. They
conducted experi as three sets and compared three insulated models with non-
insulated model%ey compared the standard model with the model having optimally

oriented tria r pattern aluminum sheet with 19.5 mm thick polyurethane layer,
adversely nted triangular pattern aluminum sheet with 19.5 mm thick
polyure% layer, and optimally oriented triangular pattern aluminum sheet with 9.5
m polyurethane layer in three set of experiments. Based on the analysis they
fo%the temperature difference of nearly 20°C, 15°C and 17°C at roof bottom
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surface in first, second and third set of experiments respectively. Finallyxthey
concluded that almost 70% thermal load can be reduced with the incorpon;;@gn of
aluminum polyurethane insulation. v

Jorge et al (2009) extended their previous work (Jorge and Ed —~2008), by
conducting similar type of study on nearly eight different pass odels. They

employed polyurethane, polyethylene, polystyrene and air gap @Hermal insulation
materials and used aluminum 1100 (flat, corrugated and/pight triangular) and
galvanized steel (flat and corrugated) as reflecting mategjals. They performed the
small scale model study on eight passive cooling syst %md found the heat flux
reduction by 88%, 84%, 79%, 76%, 74%, 71%, 69% 65% respectively for flat
aluminum polyurethane, corrugated aluminum urethane, right triangular
aluminum polyurethane, flat galvanized steel po@gne, corrugated galvanized steel
polyurethane, flat galvanized steel polyureth at galvanized steel with air gap,
and flat galvanized steel polyethylene. Fin ey concluded to use aluminum with

polyurethane yielded the best results. @

Ong (2011) presented a small-scalggodel study for predicting the performance of
different roof designs under si@ar conditions. He fabricated a total of six roof
designs namely, standard uni ed tiled roof, standard tile roof with underneath
insulation, standard tile ropf Wwith insulation above ceiling, bare metal deck roof,
insulated metal deck roc&%oof solar collector, and conducted experiments in rea|
environmental conditio e found that roof solar collector performed better when
compared to othe%&) designs. Based on the observations from his study, he
suggested the uKngi;nsulation underneath the tiles instead of insulation above ceiling

for better perf@a ce.

Based o%% review on reduced scale model studies it is observed that many
researchgrs conducted experiments on small-scale models to compare different
passiveechniques in buildings. Researchers opted small-scale model study since the

Rarative analysis of full-scale buildings not only demands high expenditure but

Jo consumes more time. Results obtained from the model study are limited to

&

—gomparison of the individual features of buildings and they can’t be the replacement
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for full scale building studies. For the design of sustainable energy efficient buildings,

it is necessary to do the comparative analysis that involves both quantitative and

subjective analysis.

3.4 Closure of Literature Review §

The following conclusions are made based on literature review:

Lot of research works was carried out in the deve]opme@f thermal
insulation materials and many new materials are under dgvelopment. No

material is suitable for all climatic situations, so the j 1al selection of

material is crucial. @
Passive techniques are well developed over the yearg.angd judicial selection of

suitable techniques based on climatic conditions i |s 1al

Small-scale model studies are mostly used mpare different passive
techniques in buildings. @

There is a lack of quantitative studies t @mt the performance of existing
buildings in providing thermal comfo @

Physiological, psychological and e%%loral adaptations play their role in
establishing thermal comfort st ds for naturally ventilated buildings in
addition to the climatic conditio

Local comfort surveys aKm al comfort studies on existing buildings are
fort conditions of a particular climatic zone.

needed to establish the@
In India, there is a géati?of local comfort surveys and field studies, which
play a crucial role only in establishment of thermal comfort standards but

also in judicial s€lession of passive techniques and insulation materials.

3.5 Obj e@s of Present Work

Followm (3 tlves are considered for the research work based on the conclusions

reachm@ llterature review
perform quantitative analysis on buildings with different roof types for

% predicting the role of roof on thermal performance of buildings.
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e To conduct experiments on reduced scale models for identifying thé%est
roofing technique in terms of thermal performance.

e To carry out subjective analysis among the subjects living in gs with
different roof types for predicting the perception of sub_lect@ thermal
comfort levels

¢ To conduct local comfort survey on buildings with diff@oof types for
evaluating the thermal comfort standards for naturally yentilated buildings
located in Kozhikode. @

The ultimate objective of this work is to evaluate @daptive thermal comfort
standards by giving emphasis on roof type of buildin@
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the influence of roof on living

Main objective of the quantitative study is to ide
space temperature. Each and every part of the ing has its own influence on the
inside temperatures. Roof is the part of Q@) ilding envelope, which has direct
interaction with solar radiation throughoyt she day. Especially, the effect of roof on
thermal comfort is predominant in ca ingle storied buildings. In case of multi-
storied buildings, the influence of%s is more than that of roof on living space

temperature in all floors except &
building scenario by visiting varRys residential zones in Kozhikode district of Kerala.

or. An assessment was carried out on existing

Based on the assessment, i s found that more than 90% of the dwellings are with
one of the following roo )

ditional mud tile (TMT) roof
% einforced cement concrete (RCC) roof

AN

T™T roofed%dential buildings and RCC roofed residential buildings are most

commonly Sgen, whereas asbestos cement roof (ACR) dwellings are comparatively
less in ce but preferable housing option for low-income people. It is known fact
that al performance of TMT roofed houses is better than ACR houses. So, first
d% d thermal performance analysis was conducted on ACR house and highlighted
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its drawbacks. Later, Comparative thermal performance analysis was carrie%ut
among TMT roofed dwelling and RCC roofed dwelling by conducting experimégs in
both the dwellings in parallel under similar conditions. The rooms ident{}ed for

experimentation are located in National Institute of Technology Calicut; ikode,

4.1 Details of Site

The site considered for study is in Kozhikode district located t@ds northern part of
Kerala lying between foothills of Western Ghats and the Arabian Sea. Location of site

is shown in Fig. 4.1. @
@)
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Fig. 4.1: Location of Site
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It is falling in warm and humid climatic zone of India and its geographical %
coordinates are 11° 15' North, 75° 46' East. Kozhikode is the coastal district havin%
Arabian Sea in west, Malappuram district in south, Kannur district in north av

Wayanad district in east. @

4.2 Thermal Performance Analysis of ACR Dwelling §

Detailed thermal performance analysis was conducted during peak pegiods of both
summer and rainy seasons to understand the drawbacks of ACR dwell@)utcome of
this study is presented in this section. &

4.2.1 Details of Asbestos Cement Roof (ACR) Ho

A typical ACR residential living room with dimensions efg/n length, 3 m breadth
and 3 m height is considered for conducting thermal@formance analysis. ACR
house consists of main roof, attic space, false roof: living space. Main roof is

constructed with Asbestos cement shingles and g@g@n board is used as false roof.

Space enclosed between main roof and false called as attic space and living

space is the space between false roof and the

4.2.2 Experimental Investigati(‘)@Qg

Experimental setup was devised fo ng the temperature distribution of different

zones of ACR house. The ex ntal setup consists of Agilent data logger,
computer, and temperature @50 . Forty “T” type thermocouples were used for
sensing the temperatures a/litférent zones of ACR house. Orthographic projections

of a typical ACR hog%with thermocouples location are shown in Fig. 4.2.

Experimental setup been calibrated before and after experimentation.

Experimentation wg ducted during the peak periods of summer and rainy season.

After completin installation in ACR house, a trail run was conducted for few

weeks. After %eckmg the correctness of the data, experimental investigations have

been carrie for the following five conditions:

Summer day without ventilation
%' Summer day with ventilation at night

@ e Summer day with ventilation
% e Rainy day with ventilation
% e Rainy day without ventilation
49
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The data obtained is analyzed and an average value of the temperature d%?t
the

different zones is used for quantitative analysis of ACR house. Fig. 4.2 de
p———— 5> Falseroof §\2
| =$» Main roof @

& Attic space @

locations of thermocouples in ACR house during experimentation.

ALL DIMENSIONS ARE IN ¢
N
Q

Fig. 4.2: Orthographic views of ACR house.
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Forty thermocouples are used for sensing the temperatures at different locations of the
room. Twelve of them are installed to measure false roof temperature (FRT). Two sets &
of twelve thermocouples each are installed, one set at 0.9 m below the false roof an

the other set at 1.8 m below the false roof, to sense the living space temper@
(LST). Four thermocouples are installed in attic space to measure the attic%e

N

4.2.3 Results and Discussion @

Fig. 4.3 indicates the variation of temperature in different zones ngmely, false roof

temperature (AST).

temperature (FRT), attic space temperature (AST), and livi ace temperature

(LST) of an ACR house. It shows the variation of the tem re of above stated
zones for a period of 15 days starting from 26" May to 1€ Jupe. It is also observed
that the temperature of all the zones fall considerably by during the onset of rainy
season. Diurnal variation is more in case of FRT an@in case of LST. Out of 15

days, analyses have been conducted in the foll sequence. First 3 days was

during summer with near zero ventilation, next @s was during summer with night

ventilation, next 4 days was during summe@entilaﬁon, next 3 days was during
s

rainy season with ventilation and last 4 days during rainy season with near zero

It is observed that during daytime@ is greater than AST, where as it is reverse in

case of nighttime. During the e in summer, the difference is varying from 2 to
C in a rainy day. During the night time, AST is

ventilation.

5°C and it is limited to O.
slightly less than FRT in %m er season and it is slightly greater in rainy season. In
both summer and rair%gasons, FRT is greater than LST during daytime and the

trend is same in ca @ﬁghtﬁme also. In summer the difference between FRT and
LST during the d%e is varying from 4 to 6°C and it is limited to 2 to 3°C on a

rainy day. In bot%he seasons, the variation is 1 to 2°C during the nighttime. The

variation of: and LST are in harmony with each other irrespective of seasons.

LST s a@ess than AST by 1.5 to 2°C.

N
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4.2.3.1 Summer Day without Ventilation

Fig. 4.4 illustrates the variation of FRT, AST and LST of non-ventilated conditio@
during a summer day dated 28" May 2012. The minimum, maximum and diu
temperatures variation are 27°C, 34°C and 7°C respectively for ambient tempera WV
31.5°C, 37.5°C and 6°C respectively for FRT; 31°C, 35°C and 4°C respecti$

AST and 29.5°C, 33.5°C and 4°C respectively for LST. The maximum te res
observed are at 4 to 5 pm for LST, 4 to 5 pm for AST and 2 to 3 r FRT.

Minimum temperatures are observed in between 6 to 7 am in case of 2 S.

4.2.3.2 Summer Day with Ventilation at Night A

Variations of FRT, AST and LST of night—ventilated conditior@ng a summer day
dated 30" May 2012 are depicted in Fig. 4.5. The maximu peratures observed
are at 5 to 6 pm for LST, 5 to 6 pm for AST and 2 m for FRT. Minimum

temperature observed is at 6 to 7 am in case of all z e minimum, maximum
6°C respectively for ambient
temperature, 30.5°C, 37.5°C and 7°C respectiv FRT, 30°C, 35.5°C and 5.5°C

respectively for AST and 28.5°C, 33.5°C and spectively for LST.

AN

Fig. 4.6 illustrates the variation of F T and LST of ventilated condition during

and diurnal temperatures variation are 28°C, 34°C

4.2.3.3 Summer Day with Ventilation

a summer day dated 3" June 2012§The minimum temperature, maximum temperature

and diurnal temperature variat}&
ambient temperature, 30°C, 4 and 10°C respectively in case of FRT, 30°C, 36°C

and 6°C respectively in c@ AST and 28°C, 34.5°C and 6.5°C respectively in case
of LST. The maximt@peratures observed in all these zones are at 3 to 4 pm,

%2 27°C, 34°C and 7°C respectively in case of

where as the minim%e perature observed is at 6 to 7 am in case of all zones.

4.2.3.4 Rainy ith Ventilation
Fig. 4.7 depRs the variation of FRT, AST and LST of ventilated condition during a
rainy d ted 5" June 2012. The highest temperature attained by ambient
tempe% , FRT, AST and LST is 29°C, 35°C, 32.5°C and 31.5°C respectively.
Mi temperature and diurnal temperature variations are 25°C and 4°C
tively for ambient temperature, 27°C and 8°C respectively for FRT, 27°C and
%°C respectively for AST and 24.5°C and 7°C respectively for LST. The maximum
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temperatures are observed at 4 to 5 pm and the minimum temperatures observed gt

7 to 8 am, in case of all zones. &

4.2.3.5 Rainy day without ventilation @S

Variations of FRT, AST and LST of non-ventilated condition during a day dated

10th June 2012 are illustrated in Fig. 4.8. The highest temperature a by ambient
temperature, FRT, AST and LST are 33°C, 35°C, 33.5°C and 31I"%§C, respectively.
The lowest temperature reached by ambient temperature, F ST and LST are

25°C, 29.5°C, 29.5°C and 27.5°C respectively. The diurnaktemperature variation of
ambient temperature, FRT, AST and LST are 8°C, 5.5° % and 4°C respectively.
The maximum and minimum temperatures observed @1
respectively for LST, 4 to 5 pm and 7 to 8 am respec@y for AST, 3 to 4 pm and 7

to 8 am respectively for FRT. <§/

S

to 5 pm and 7 to 8 am
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%4.4:Temperature variation during a summer day dated 28" May 2012

(Non-ventilated condition)
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4.2.3.6 Observations and Summary %
The following are major observation from the experimental investigations &
a) Non-ventilated conditions during summer

e Accumulation of heat inside the house took place from 7 am to 5 pm. @

e Dissipation of heat from the house took prolonged time, which in tug ! used

discomfort conditions.
e Discomfort conditions prevailed in living space during most @e period.

e The minimum temperature of the living space was 2°C a&&e than minimum

ambient temperature and was same as ambient te@amre in case of

maximum. @

e Time lag of 3 to 4 hr was observed in case of a@\v/g maximum temperature
inside the living space when compared to fal%»

b) Night ventilated conditions during summ r

e Accumulation of heat inside the house lace from 7 am to 5 pm.

e  When ventilation was provided i m 75%, heat was dissipated within three

hr, but it took prolonged time 1@51patmg remaining amount of heat.

e Discomfort conditions prZ m living space as it was failed to maintain

the temperature of liv1r& % less than atmospheric temperature.

e The minimum and @mum temperatures of the living space were in tune

with ambient te

e Time lag of 3to hr was observed in case of attaining maximum temperature

inside the space when compared to false roof.

c¢) Full day ve%blted conditions during summer
o A@laﬂon of heat inside the house took place from 7 am to 3 pm.

'% slope of heat dissipation curve was more or less similar to heat

@ccumulation curve.

%%o Discomfort conditions prevailed in living space.
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e The minimum and maximum temperatures of the living space were in t%

with ambient temperature. &

(.

e Negligible time lag was observed in case of attaining maximum t@g .: ture
inside the living space when compared to false roof. v

d) Full day ventilated conditions during rainy season

e Accumulation of heat inside the house took place till the su@

e Dissipation of heat from the house took prolonged time t@hat of summer.

e Period of discomfort was less when compared to s@er period.

e The minimum temperature maintained in livin@ce was slightly more than
the ambient temperature. Where as, maxemperature of living space

completely depended on the cloud cover.

e Negligible time lag was observed iv@e of attaining maximum temperature
inside the living space when comp@ o false roof.

¢) Non-ventilated conditions durin%@ season
e All the conditions prevailed are more or less similar to that of the case of
ventilated conditions dugmg@Nrainy season. Only difference observed is one-

hour time lag while attat¥thg maximum temperature inside the living space

when compared to of.

In the warm humid cli@ conditions, the thermal performance of an ACR house in
rainy season is bett n that of summer season. ACR house performed better in
maintaining ther %mfort during rainy season in case of both ventilated and non-
ventilated con s. The effect of ventilation on thermal performance is negligible
in rainy s&%, During summer season, significant improvement in thermal
performan%s achieved by providing full day ventilation. But ACR house failed in
maintaing thermal comfort even after providing ventilation to living space. The
maj back of ACR house is its inability in restricting heat flow to living space in

suﬁ% . Positive aspects, negative aspects of ACR house along with suggestions for

rment are provided below:
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Positive points:

e Attic space reduced the LST by 2°C by restricting the conductive heat transfer @
from main roof to false roof.

e False roof helped in reducing the radiant heat flow to the living space@b
acted as a barrier for radiation emitted by main roof. V

e Attic space restricted the heat loss from the living space during rain@n.

N

e Attic space failed in dissipating heat by convection to the egvironment and in

Negative points and suggestions:

turn caused the accumulation of heat in attic space ing’ summer. This
negative aspect can be minimized by roof ventilgs echnique, which
provides ventilation to attic space.

'main roof to false roof.

e Attic space failed in restricting radiant heat flow R
anthat of AST during summer

Providing suitable reflective

(=

Due to this reason, the FRT is always more

and it increased the heat flow into living s

coating, which reduces the radiant heat fl m main roof to false roof, over

the false roof can rectify this drawback@

AN

Thermal performance of ACR house@ summer season can be improved by

incorporating the above stated suggest

4.3 Comparative Analysis of RCC and TMT Roof Dwellings

Selection of residential byjfdings for quantitative analysis is the key aspect for
comparative study and &care was taken in selection of residential buildings.
Since the area of COnQ%t@tion is on roof, selection of houses were done by keeping
all the remaining fe@, which influence the temperatures of inner spaces, same as
far as possible f selected houses. Hostel rooms of educational institution were
considered for e%rimentation, which are similar in all aspects except roof. Single
bedded hos ms were selected for comparative study, one of which is in top floor
of hostel@ TMT roof, second one is in top floor of hostel with RCC roof. The
rooms-identified for experimentation are located in National Institute of Technology

Ca

N
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Various factors were kept same for the selected rooms during experimentation g

mentioned below: &

e Volume of the living space to area of plan view

e Thickness of the walls @
e Area of openings and its positions Yg
e Orientation of building §

e Zero shading on roof due to trees etc.

On and above all the factors, all the openings of rooms durin§ c@rimentation were

closed to minimize the effect of outside wind on living space={he rooms considered
for quantitative analysis chosen in such a way, to avgid)/any variations in the
environmental factors during experimentation, that the located within the radius
of half kilometer. \/

O

4.3.1 Thermal Performance Analysis T Roof House

Orthographic projections of a typical TMT fomse are same as shown in Fig- 4.2. A
typical TMT residential living room wit fisions of 3 m length, 3 m breadth and
3 m height is considered for conductj
consists of main roof, attic space, f%‘rmf and living space. Main roof is constructed

board is used as false roof. Space enclosed

thermal performance analysis. TMT house

with traditional mud tiles and g@
between main roof and false rgof is called as attic space and living space is the space
between false roof and the 2&&/

4.3.1.1 Experimentaty@

Experimentation ki %taining forty “T” type thermocouples, connecting wires and

Agilent data loggerSwere used to log the temperature data from thermocouples.

Experimentati s conducted during the peak period of summer (April 2013). After
completing @stallation, a trail run was conducted for few weeks, after checking

the corre;ness of the data; all the openings including doors, windows, and ventilators

of the Tgm were closed and started the experimentation process. Location of
thex&&ouples in TMT roofed room during experimentation is similar as shown in
Fi

2. Forty thermocouples were used for sensing the temperatures at different
ions of the room. Twelve of them were installed to measure false roof

%‘, mperature (FRT). Two sets of twelve thermocouples each were installed, one set at
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0.9 m below the false roof and the other set at 1.8 m below the false roof, to sense the

living space temperature (LST). Four thermocouples were installed in attic space tc& 9

®V

measure the attic space temperature (AST).

4.3.1.2 Results and Discussion v

The data obtained is analyzed and an average value of the data is used for @tative
analysis. Fig. 4.9 illustrates the variation of average temperatures of falsegot (FRT),
attic space (AST) and living space (LST) along with the ambient te ure (AT).
Ninety min. lag is observed while reaching to maximum temperatuge 1hrall zones, i.e.
false roof, attic space and living space, when compared with nt temperature.

Ambient temperature (AT) reached to maximum of 36°C betw 3:00 to 14:00 hrs.
Where as in case of false roof, attic space and living space@perature reached to
maximum of 39°C, 35°C and 33.6°C respectively b M 15:00 to 16:00 hr.

Minimum AST and minimum FRT are same, and al ound greater than that of

minimum AT and minimum LST. At the same timeq@¥wimum LST is always greater

than that of minimum AT. @

41
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g 33
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% Fig. 4.9: Temperature variation in TMT roofed dwelling
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4.3.2 Thermal Performance Analysis of RCC Roof House

A typical RCC residential living room with dimensions of 3 m length, 3 m th
and 3 m height is considered for conducting thermal performance analy iWCC
house consists of roof and living space with surrounding walls. Roof is e@mcted

with Reinforced cement concrete with 15 cm thickness. Orthographic pg@ons ofa

N

typical RCC house are shown in Fig. 4.10.

A "o "o * "o ¥
=
g 0] o 1) 0
2 4
" (=] (=] = @ A@ A4 (-] (=] =]

i T,
o: Thermoc(& Just below roof - . .
® : Therm, @:Ies on roof surface
% " s .
0: The% ouples at 90 cm from roof o o

:@mocouples at 180 cm from roof . . *

ALL DIMENSIONS ARE IN ¢m

% Fig. 4.10: Location of thermocouples in RCC roofed dwelling
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4.3.2.1 Experimentation
Experimentation is carried out in similar way, during the same period, as conducted i& v
TMT roof house. Fig. 4.10 shows location of thermocouples in RCC roofed ro

during experimentation. Forty thermocouples were used for sensing the temper,
at different locations of the room. Four thermocouples were installed just be
roof to sense the air temperature near roof (ATNR). Two sets
thermocouples each were installed, one set at 0.9 m below the roof and @ er set at
1.8 m below the roof to sense the air temperature at 0.9 m (AT3) am@

at 1.8 m (AT6) respectively. Remaining twelve thermocouples, w

mperature
installed to

measure RCC roof temperature (RRT).

4.3.2.2 Results and Discussion @

Variation of average temperatures of RCC roof and livi ce at different levels is
shown in Fig. 4.11 along with the ambient temperatu three-hour lag is observed
in case of RCC roof in attaining maximum te ture when compared to the
temperature of ambient. Ambient temperature r, %to maximum of 36°C between
13:00 to 14:00 hr. RCC roof temperature as reached its peak of 45.6°C at

17:00 hr.

| AN
- &
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O = W W

~

Temperature (°C)
W W W W W
«
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15:00 |
16:00 |
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22:00 |

23:00 |
00:00 |

% Fig. 4.11: Temperature variation in RCC roofed dwelling
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roof (AT3) and 1.8 m from RCC roof (AT6) were 42.7°C, 39.6°C and

respectively at 17:00 hr. Minimum temperature of RCC roof surface and livi

were 30.1°C and 32.5°C respectively. These values are greater than th@ﬂimum

ambient temperature by 2.6°C and 5°C, respectively. v

4.3.3 Comparative Thermal Performance Analysis )
For comparative analysis, average values of living space tempe@es of TMT roofed

room (TLST) and RCC roofed room (RLST) is plott§d along with ambient

Maximum temperature of air temperature near RCC roof (ATNR), 0.9 m from g
ace

temperature (AT) in Fig. 4.12. It provides the insight w each type of roofing
system faring in maintaining the living space te res. RCC roofed room
maintained the temperature of living space lower than ient between 8:00 to 12:00

hr. It failed to maintain the temperature below ambient during the remaining

period and the difference reached to maximumXx{ 8.6°C at 21:00 hr. Under similar

conditions, mud tile roofed room performed r by maintaining inside temperature

below or almost same as the ambien een 7:00 to 20:00 hr. Temperature

maintained inside was slightly more@n ambient during remaining period and

reached to a maximum difference of N

41 %

39 :
37
—
S 35
-
%]
e
2 33
=
=
2 31
£
=
29
27
@@@IQCCQOOCOQQQ@QQ@CQGQOQO
%2 oSS eSS e
i aTrEag T IR G r e & =
Time (hr:min)

Wy

Fig. 4.12: Temperature variation of TMT and RCC roofed house
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4.4 Observations and Summary X

Quantitative analysis provided the clear picture of the role of roof in maintaining
thermal comfort inside buildings. For climatic conditions of Kozhikode, under no -V
ventilated condition of living space, it is found that RCC roof is not suitab]%
summer days and failed to maintain the inside temperatures with in the comf %le
range. Most of the time, inside temperatures of the RCC building are @ the
ambient and reached to a maximum of 40°C which is 4°C more than ambient) At the
same time TMT roofing maintained the inside temperatures well below@mbiemt at
peak time and reached a maximum of 33.6°C which is 2.4°C less thaf\ambient. It also

found that the maximum temperature in living space is slightl re than that of

ambient temperature in case of ACR house. So, it is p e to reduce the

temperature of living space of ACR house further by providing roof ventilation

technique. @

Thermal storage capacity of RCC roof is the majon@on for elevated temperatures
in living space. Thermal energy stored in RCC ro@.lring day time is dissipated into

living space during the night time that rew living space temperatures more
than ambient during night time. In case of oof, attic space acts as insulator for

conductive heat transfer and ceiling acts @radiation barrier and avoids heat transfer
from main roof to false roof. Attic sp ways in interaction with outside ambient
conditions because of unique struc f TMT main roof and it helps in dissipating
the heat from attic space to out&gt rough the means of convection heat transfer.
Due to the above stated reasors. TMT roof able to maintain the living space less than
ambient conditions during/th® daytime. To support the outcome of quantitative

analysis, reduced scale/model study was conducted and details of the study is

presented in next Cha@

65
TH-1422_10610329



Chapter 5 REDUCED SCALE MODEL STUDY

/\,b
X~
$

Chapter 5 §
©,

REDUCED SCALE MODEL STUD
o’

5.1 Design and Details of Reduced S Model

The room considered for quantitative analysis i@/ ng the dimensions 3 m length, 3

m breadth and 3 m height. Characteristic@sion (X) is defined as the ratio of
volume of living space to roof area of livi ace in plan view and its value for the
prototype is 3 m. Dimensions of the ced scale model was obtained by keeping
this characteristic dimension X) sas that of prototype. Dimensions of reduced
scale model, obtained by fixing ape as the frustum of square pyramid, are 0.45

m square base, 0.15 m square @nd height 0.69 m.

Reduced scale models w&esigned dimensions were fabricated with 12 mm thick
plywood sheets with %on for insulation. Entire assembly was made as airtight by
sealing all the join ith silica sealant and 2 cm thick thermocol sheets were pasted
on both sides o lywood sheets, i.e., four walls and base, to minimize the heat
transfer throume walls and base of the model. Cross sectional view of reduced
scale mod hown in Fig. 5.1. Commonly used roofing materials in southern India,
Reinfor ement Concrete (RCC) and Mud tile, along with Corrugated asbestos
cementQalvanised Tron Sheet (GIS) and Flat asbestos sheet were considered for
e ents. Properties of each roof material are provided in Table 5.1. Flat asbestos

N

et used for experimentation was painted with white cement on top surface. Five
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identical reduced scale models were fabricated and the selected roofing material@e

incorporated on top of each model. Heat transfer through the walls made negligj% by

providing insulation on both sides of the walls and base. g

Table 5.1: Physical properties of roofing material (Norman, 1985) Av

Roof Material Thickness Density Specific heat  Ther &nductivity
(cm) (kg/m?) J/kg K) @Wmlﬂ
RCC 12 2300 880 138
T™MT 1.2 1892 880 @ 0.798
ACR 0.6 1520 840 A 0.245
GIS 0.05 7520 50%@ 61.06
A4

Main roof

N4

O
4 §
N E
|

False roof

ood sheet

A
\

5.2. Experimentation

Eac ced scale model was fixed with four T type thermocouples, one on top

s of the roof, one on bottom surface of the roof and the remaining two were

@d in enclosed space. Total twenty thermocouples were installed in five models and
%l these thermocouples were connected to a data logger.
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All these thermocouples along with data logger were calibrated before and after
experimentation. Entire setup was installed in open atmosphere on rooftop of the @
building and experimentation was carried out over two weeks continuously duringv
summer season (23 March 2013 to 10" April 2013). Installed setup is depicted_j

Fig. 5.2. Due to the constraints to conduct the experiments in open atmos

2

similar experiment setup was made to simulate the real conditions ingd®) the

laboratory with artificial heating arrangement. §

Fig. 5.2: Experimentat ith reduced scale models under sun light

The details of experiment@ponenm for artificial heating are given below:

Plate heater &

Five plate heaters we@ade using nichrome wire, mica sheet, and aluminium sheet.
The nichrome wi wound around the surface of mica sheet at one side. The

dimension of pla&eater is (15*15) em?, which is equal to surface area of roof.

The length\of Wire under certain capacity and voltage is given by,
Q L=(U2xnx d*/ (4 xpxPx10%
W% d = Diameter of heating wire, mm

p= Resistivity of heating wire, mm? m (1.1 to 1.2 Q@ mm*/ m)
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P = Power , Kilowatts &

V = Voltage, Volts v
L = Length of heating wire, m @

Gauge: 30 gauge

L = (240 x 1t x 0.2540%)/(4 x 1.2 x .950 x 10%) §
=3.07m >

Stand ¥
The stand arrangement is prepared for hanging pé@eaters. The stand has the
provision for height variation.

An autotransformer is used to vary the e across the heating element (plate

Autotransformer (Dimmerstat)

heater). The maximum voltage capagh f an autotransformer is 260 V. The

calibration of autotransformer carrie y using standard voltmeter and multimeter,

AN

Ammeter is used to measur of current through heating element. The range of

ammeter is 0 to 10 A. It wgs cafibrated before proceeding to experiments.

Ammeter

An artificial heating@&emcnt was made for testing the roof ventilation technique
0

on the reduced S(&

5.3. Five heaterRyith equal capacity were made and installed on all five models with

dels. The schematic of experimental set up is shown in Fig

level adjus ands. Dimmerstat was used to control the flow of current through

heaters b ghsting the voltage. By considering the bottom surface temperature as

referen& tire experimentation conducted in open atmosphere was simulated inside
the lag by controlling the dimmerstat and operating parameters needed for simulating
the eriments were identified for each roofed model. These operating parameters

u%ent and voltage, helps us in maintaining required conditions for each roof material

TH-1422_10610329

hile conducting experiments with artificial heating arrangement.
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PLATE

HEATER | @

RDDF?NG_J:t

§ ""'l\T

Fig. 5.3: Schematic of experimental &2ty for artificial heating

To identify an optimum air gap for roof &%ion under free flow condition, five
similar ventilated roofs with variable ajf gap between main roof and false roof were
fabricated and incorporated in reduc ale models. Flat asbestos cement sheet was
used as main roof and gypsum was used as false roof. Air gap maintained for
five models were 2 cm, 4 c¢cm, % cm and 10 cm. Constant heating was provided
for all models during experimeRpation, since the roofing materials are same in all five
models. After identifying&optimum air gap, comparative analysis was carried out
between RCC roofed &} and the model with optimum air gap for a complete day
with the help of th &tiﬁed operating parameters of these two roofing materials.

Schematic diagrar entilated roof model is depicted in Fig. 5.1.

N

53 Resr@and Discussion
5.3.1 eriments under Sunlight

Vary of top and bottom roof surface temperatures for each model is shown in
4 to 5.8. Difference in top and bottom roof surface temperatures was observed

%'mg peak temperatures in all models. The difference in temperatures of top and
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bottom roof surfaces was observed through out the day and night except few mee'&gf
points in case of RCC model. Where as a slight difference in top and botto@o

surface temperatures were observed during nights in case of GIS model. Expe tal
data obtained on 31% March 2013 is analyzed and depicted the variation roof
surface temperatures and bottom roof surface temperatures of all mode]l ig’s 5.9

and 5.10 respectively

The temperature variations of top roof surface for mud plat@n-asbestos sheet,
corrugated asbestos sheet, GI sheet and reinforced concrete glock are shown in Fig.
5.9. From Fig. 5.9, it is observed that FAS roof attain ‘%r temperature at top
surface as compared to other roofing materials during p, riod i.e., from 10 am to

5 pm. During the first half period i.e, before 12 p CC roof and TMT roof .

temperatures are lower than CAS roof and GIS ro reas the reverse phenomenon

was observed after 12 pm. The maximum top stface temperature attained by FAS

roof is 47°C at 12.00 pm and for concrete blo ud plate, corrugated asbestos sheet

and GI sheet are 52°C, 52°C, 56°C a

temperatures in roofing materials are b,
ctivity, solar absorptivity, solar reflectivity,

C respectively. These variations in

Z of difference in material properties of

roofing materials such as thermal ¢

The top surface temperature of F@:odel is less than other models due to the high

reflectivity of white paint. How @ e lowest top surface temperature for all roofing

materials are nearly same duzto the absence of solar heat at early morning.

The temperature variat@&o bottom roof surface for mud plate, non-asbestogs sheet,
corrugated asbestos ;% Gl sheet and reinforced concrete block are shown in Fig.

5.10. From Fig@ it is observed that concrete block transfers less heat to jts
bottom surface aswompared to all other roofing materials. The maximum bottom
surface temp %e attained by concrete block was 45°C between 3 pm to 4 pm. The
bottom s %temperatures attained by mud plate, flat asbestos sheet and corrugated
asbestossheet were 50.7°C, 44.7°C and 53.2°C between 12 pm to 1 pm respectively.
The etal sheet attained maximum bottom surface temperature of 57.9°C at same
ti%%rval. However, the lowest bottom surface temperature readings for all roofing

erials are nearly equal during night. Concrete block reached to minimum

%mperature of 24°C at 8 am.
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REDUCED SCALE MODEL STUDY

Chapter 5
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Fig. 5.10: Temperature variations of bottom roof surfaces of all models

77

TH-1422_10610329



Chapter 5 REDUCED SCALE MODEL STUDY

From Fig. 5.10, one can conclude that RCC roof is far better than other roofs in zero & v
ventilation conditions. RCC roof performed better in maintaining the bottom surfac?
temperatures less than other roofing materials till 2 pm. The only drawback obse@b

was observed in case of RCC roof in attaining maximum bottom surfa

when compared with other roofs. The temperature attained by ch r

4°C to 6°C, at 5 pm when compared with other roofed model

is high by
emaining four
roofed models, temperature variations are in harmony with heric conditions

and reached to maximum temperatures around 12 pm. Flat asbetos sheet performed

better among the remaining four roofs through out the nd its performance is
better than RCC roof after 2 pm. The performance t asbestos roof model is
comparable with RCC roof model is mainly due to igh reflective nature of white

paint. @

5.3.2 Experimentation with Artiﬁc&ting

The details of experimental setup for art'al heating is illustrated in Fig. 5.11.

i
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A
%Eig. 5.11:In-house experimentation on reduced scale models with artificial heating
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Chapter 5 REDUCED SCALE MODEL STUDY

Identified the parameters, current and voltage, need to maintain the requir&
conditions on all the roof materials after rigorous experimentation with arti@[
heating. Heating effect produced by heating element was controlled g
autotransformer with the variation of voltage. Initially constant voltage was din
steps of 10 volts from 10 volts to 70 volts on RCC model and found uitable
operating range as 30 to 50 volts. Hourly average bottom surface temp e of RCC
model based on experiment conducted on 31* March 2013 was obtai and used as
reference to replicate the experiment with artificial heating. V es required to
maintain those temperatures were obtained by conducting geries of experiment.
Similarly the voltages required to replicate the experiments %asbestos sheet roof
were determined in similar lines as explained befor @st experiments were
conducted to determine the optimum air gap for roo@tilated model and then

conducted for comparative analysis. <§/

5.3.3 Optimum Air Gap for Roof Vent on
The variations of average temperatures of fa@ ofs (gypsum board) with the air gap

are plotted in Fig. 5.12. &@

45 Q
@ ® ® ® ™ P ° ®
P d
40 Q/ ,—a—4—4 & A 4 4
6 ® & I
e @‘ : Y g ® 8 -8
: AL
= 1
= 35 - 5 2 6
e o j
S —
5 i
a D ‘e
30 - % —&— 6 cm
% ——8 cm
‘EE ~8-10 em
< _
v = s o o o = = = s = = = =
et o & ~ it & — = ~ S “ >
% — v — o S o ) e} &

Time (min)

% Fig. 5.12: Variation of false roof temperatures of ventilated roof with air gap
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Chapter 5 . REDUCED SCALE MODEL STUDY

Ventilated roofs with air gaps of 2 cm, 4 cm, 6 cm, 8 cm and 10 cm were incorporated
in five reduced scale models and all five models were subjected to constant heat fl %
at 30 volts continuously for 6 hr. Before reaching the steady state, all five ventila

roofs followed the different paths and maintained temperatures inversely proporgi

to the air gap. After reaching steady state, it is observed that ventilated roofsggith 2
cm and 4 cm air gaps maintained different temperatures, but tem@ s of
his one

ventilated roofs with 6 cm, 8cm and 10 cm air gap were almost same.@‘n
can conclude that the optimum air gap falls around 6 cm. @

5.3.4 Comparative Investigation of Models with@%c Roof and

Ventilated Roof
The results obtained in comparative analysis are depicted Wgs 5.13-5.14. Fig. 5.13
illustrates the variation of temperatures of top and bott rfaces of RCC roof. The

maximum temperatures attained by top surface an om surface were 56°C and

46°C respectively. It shows a drop of maximun@perature by 10°C between top
surface and bottom surface. A time lag of a (@ 2 hr was observed among them

while attaining the maximum temperatures&

Fig. 5.14 illustrates the variation of eratures of top and bottom surfaces of
main roof, flat asbestos cement / and the false roof, gypsum board. The
maximum temperatures reach@ top surface of main roof, bottom surface of
main roof and gypsum boa re 57°C, 53°C and 42.5°C, respectively. Here a
drop of maximum tempe by 14.5°C was observed between main roof and
false roof. Time lag absérved in this case is not significant; means the
temperature Variati&re in harmony with ambient conditions. Ventilated roof
maintained the t @'atures less than RCC roof during afternoon and evening
times and achi% maximum difference of 8°C in between 4 to 5 pm.

Thermal @mamce of RCC roofed model along with ventilated roof model is
presen e% ig. 5.15. From Fig. 5.15, one can predict that RCC roof is performing
bett een 7 am and 12:30 pm, Ventilated roof is performing better than RCC

rooRdNring remaining hours.

AN
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Fig. 5.13: Variation of top and boa@a

ce temperatures of RCC roof
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5.14: Variation of temperatures of main roof and false roof in ventilated model
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Fig. 5.15: Variation of bottom surface t@ums of RCC and ventilated roof

RCC roof maintained the temperatur ess than ventilated roof and achieved a

maximum of 4°C low between 10 nd 11 am. Ventilated roof maintained the
temperatures less than RCC roof/dyring afternoon and evening times and achieved a
maximum of 8°C low during pm. Overall the performance of ventilated roof is

found better than RCC roK

A
5.4 Summary &

Major observationsshéiSed on the results obtained from the reduced scale model study

are given belo%

e RC of model performed better than all other simple roof models under
ntilation conditions.
o % roof model failed to maintain low temperatures than other roof models,

@specnally during 3 pm to 8 pm.

The effect of air gap on thermal performance in ventilated roofs under free
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flow conditions are significant up to 6 cm, further increase in air gap hai no

significant effect on thermal performance.
e Comparative analysis between RCC roofed model and ventilated gdel

showed that by providing suitable roof ventilation technique a b ndoor

condition than that of RCC roofed model is possible. v

Reduced scale model study upheld the results obtained from quanti analysis. But

the experiments conducted in both quantitative analysis and ed scale model

analysis were limited to near zero ventilated conditions. It is notpossible to conclude

the effect of each roof on thermal comfort without g the perception of
residents. So, subjective analysis was carried out and th ome is discussed in the

next chapter.
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<
Chapter 6

SUBJECTIVE ANALYSIS

&
O
N

Main objective of the subjective analysis is to kno ¢ variation in the response of

the residents when subjected to conditions of rn RCC roofed dwelling, TMT
roofed dwelling and ACR dwelling. Therm fort of human being depends on
four physical variables namely, air rature, air velocity, mean radiant

temperature, and relative humidity, aé:tg with two personal variables namely,
clothing, and activity level. It was de d to conduct subjective analysis during peak
period of each season. To identifypeak period in each season a Weather station
installed at National Institute Technology Calicut, Kozhikode, to monitor the
environmental conditions of %ected area and its schematic is shown in Fig. 6.1.
Field measurements includeambient temperature, relative humidity, wind velocity,
wind direction and sol solation, etc., were measured in all seasons round the year

in 2012. Climatic c@pns of the selected site were closely monitored throughout

the year. Q

6.1 Field surements
Variatio umidity and temperature are depicted in Figs. 6.2 and 6.3 respectively.
The e e conditions of humidity, maximum and minimum, in each month along

wit %nthly average humidity are shown in Fig. 6.2. Maximum relative humidity
t d 100% mark during the months from April to November and the same found

% be in between 85% to 95% during remaining months. Minimum relative humidity
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Chapter 6 - SUBJECTIVE ANALYSIS

touched 36% and 60% during winter and rainy seasons respectively and it fluctuaged
between these limits during remaining period. Monthly average humidity, &h
provides the clear idea about the humidity at the selected area, varied between o to
86% with maximum in monsoon and minimum in winter. Minimum av eVvalue

65% is observed in the month of January and the value increased mont?%r month

and reached to maximum average value 86% in August and then decr thereafter

up to January. @

AN

T . . X o
emperature sensor , j = Wind dlrectl@nsor

R O

\" anometer

I;r«* ; Q

W tO

Wind velocity sensor / |
4

QE

K
&
ISE
S A
S /

§ Fig. 6.1: Schematic of weather station
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The extreme conditions of temperature along with monthly average temperature are
presented in Fig. 6.3. Maximum temperature attained in each month is aj@

constant with 36°C in summer, 34°C in winter and 32°C in monsoon. Mj

temperature of 20°C is observed during onset of monsoon and in winter, and
only up to 22°C during remaining periods. Monthly average temperatur

observed within the small band of 27°C to 30°C with minimum i soon and

maximum in summer. @

Based on the data of humidity and temperature, it was de@d to conduct subjective
ason of 2013, July and

6.2 Survey on Subjects Perception

analysis in the months of April and May during sum

August during rainy season of 2013, and Decembe 2@ and January 2014 during
winter season. Ten professional students were d who are staying in and
around Kozhikode. Proper instructions wer iven to them regarding the
questionnaire survey. Each student identified $ix residential buildings, more than 5
year old in their locality, of which three a C roofed and other three are mud tile
roofed. All together a total of sixty res@al buildings were identified, thirty from
each type of roofing. Subjective anal¥Skywas conducted in all these sixty residential
buildings with the help of the trained professional students. Due to non-
availability of ACR dwellings i areas, subjective analysis was carried out in the

hostel rooms of ACR dwelli@)cated in NIT Calicut.

Survey on subjects wa@ied out at the peak time of each season in all the sixty
selected residential jngs and the data was recorded on the survey sheet. Mainly
three details, age, hr and Thermal sensation vote (TSV) on ASHRAE seven-point
scale, were ta@from the residents of each dwelling, in all seasons. Details of

ASHRAE s point scale along with other questions of the questionnaire are
provided in%; endix A.

A to 936 subjects were participated in survey, in which 402 subjects from TMT

r residential buildings, 406 subjects from modern RCC roofed residential
@dings and remaining 128 subjects were from ACR buildings. Details of age group
% d gender ratio of subjects are illustrated in Fig. 6.4 and Fig. 6.5, respectively.
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Gender ratio was almost maintained constant in case of TMT and RCC dwellings
where as male subjects are more in case of ACR dwellings. Subjects participated ar%

more in the age group of 15-30 years.

80 .
BTMT BRCC SACR  _
70 S
< 50 \ 7B €4
S 40 N 72N \
g 30 AN A &
20 AN N\m' = ¢ NEZ=N
[l 2 =X A A
N X 72N ;
ol =\ & =\N NP =% =&
15-30,31-45 46-60 | 15-30 | 31- 5,46%915-30 31-45 | 46-60
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Age based distribution i éaeh season

Fig. 6.4: Percentage of residents of diffe@ge group participated in survey
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% Fig. 6.5: Percentage of residents of different gender participated in survey
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Figs. 6.6, 6.7 and 6.8 depict the share of the Thermal Sensation Vote (TSV) basz@
ASHRAE seven-point scale during summer, monsoon and winter ns
respectively. Subjects felt 100% comfort level during summer, monsoon angginter
seasons are 16%, 34%, and 8% respectively in TMT roofed residenti ldings;
11%, 47%, and 26% respectively in modern RCC roofed residentia ?ﬁ

dings and
8%, 41%, and 14% respectively in ACR dwellings. At 85% comf:

including subjects voted for slightly cool and slightly warm, pe

vels, i.e. by
ge of subjects
0, 90%, and 70%

felt satisfied during summer, monsoon and winter seasons ar
:agd 85% respectively in

respectively in TMT roofed residential buildings; 41%, 93%:
modern RCC roofed residential buildings and 34%, 95%@d 79% respectively in
ACR residential buildings. @
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Fig. 6.6: TSV of residents in summer

89
TH-1422_10610329



Chapter 6 SUBJECTIVE ANALYSIS

60
BaTMT BRCC OACR AN
s 7 A
7 _
< 0 % % W
2 v Q
= 30 . =
- N
. ©
=u = V)
=, A\
10 /4 52 ==
% % A ~
7’ % =
Cold Cool  Slightly Comfort Slight Warm Hot
Cool Waps

Distribution of TSV in ,oon

Fig. 6.7: TSV of residents in%soon
70 @-
) 5%@

60

un
<

[N
=
\
|
|
{
|
i
|
{
|
i

W
(—]
|

Residents (%)

IR

s

Hot

Cool Warm
Distribution of TSV in winter

Fig. 6.8: TSV of residents in winter

@ﬁd
S

90

TH-1422_10610329



Chapter 6 ' : SUBJECTIVE ANALYSIS

6.3 Summary

From the subjective analysis, it is found that TMT roofed dwelling performing %
in summer followed by RCC roofed dwelling and ACR dwelling in providing tl%al
comfort. In winter and rainy seasons, RCC roofed dwelling performed b&@tban
other dwellings and at the same time ACR dwelling performed bett % T™T
roofed dwelling. By observing the results closely, one can find that @riation in
comfort levels of subjects in three types of dwellings is less than 1Q%))It is the clear
indication that ventilation is playing a major role in providing the@ comfort for the
climatic conditions of Kozhikode. Even though there is the e%& of roof on thermal

comfort, but it is not so significant for climatic condition@ erala. The effect of

roof may play a major role at elevated temperatures wher, provision of ventilation

will results into negative effect. \/

S

&
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EVALUATION OF THERMAL COMFORT

Chapter 7

STANDARDS ‘ ()\/

S

&

7.1 Details of Site and Perio@f Survey

Kozhikode is located towards the no part of Kerala at the coastline of Arabian

Sea. Here rainy season is severe @sts OVEr @ period of six months in a year, starts
with south-west monsoon fro ¢ to August and ends it north-east monsoon
from September to Novem mmMEr S€ason is moderate g q lasts for four months

in a year vary from Febgaryto May- National Institute of Technology (NIT) Calicut

is a technical institut%%ational importance located ip Kozhikode district of Keralas
India. It is located @arm and humid climatic zone of India and its geographical

]
coordinates are 5' North, 75° 46 East. Campyg ;g spread over an area of
12,00,000 m’ i&des academic zone, hostel zone, residential zone ang sports zone-

The instit ses about 6000 students and 300 families, Fig. 7.1 shows the plan
view o@us map.

&

N
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NATIONAL INSTITUTE OF TECHNOLOGY CALIC

CAMPUS MAP AS ON 20-10-2011 o A N

N

S

Fig. 7.1: Campus @ofNIT Calicut

Among all the seasons prevail here,& er season is the only season that causes a
major discomfort due to the Q&nce of high relative humidity at elevated
temperatures. Since the temper of this region are not much high, the comfort
levels would be achieved by, maintaining the proper ventilation, which negates the
effect of high relative hu}&%

roof types, National Insti of Technology (NIT) Calicut was considered as a survey

. Due to the availability of buildings with different

site for evaluating thg&al comfort standards. It was decided to carry out the thermal
comfort analysis } selected site during the period of summer 2013. Class II

protocol was fo for the field survey.

A total of%gn differently roofed buildings were considered for the study and the

details @fthe buildings are given below:
e Building A having Traditional mud tile roof with ceiling (TMT_A)
% Building B having Reinforced cement concrete roof (RCC_B)

e Buildings C and D having Pitched reinforced cement concrete roof with

% paved mud tiles (PRC_C and PRC D)

93
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e Building E having Reinforced cement concrete roof covered with asbestos %
cement shingles (RCCC_E). &
e Building F having Asbestos cement roof with ceiling (ACR_F) v
e Building F having Asbestos cement roof with no ceiling (ACRNC_F) @
Y

e Building G having Metal deck roof with ceiling (MDR_G)

Pictures of each type of building is provided in Appendix C. field
measurements and questionnaire survey were carried out simultan for the
four months February, March, April and May of summer 2013 aluate the
thermal comfort standards for the region of Kozhikode.

7.2 Field Measurements @

Field measurements include ambient temperature (Ta), @ temperature (Tg), air
e

velocity (Va), relative humidity (RH) and illuminan re measured using the

Comfort Evaluation System, which is shown in Fig. & Comfort Evaluation System
was set to log the measured variables to a mem

step of 15 min. ASHRAE standards were
measurements. All the sensors were prop%&nstalled and data logger logged the

measurements. During the survey, all th enings in each selected room were kept
open and fans were kept in off condi@

considering both ambient temperat@c( a)

N

Measurements were taken in easty building for fourteen days spreading over the entire

period, February to May&ummer 2013, by using Comfort Evaluation System.

dule continuously with a time

'ed during the entire course of

perative temperature was determined by

and globe temperature (Tg).

Measurements were car@@ut in each building for seven rounds with a span of two
days in each round. 1@ y round of measurements, Comfort Evaluation System was

installed for two d% # cach building and it took a total of seventeen days per round
for completing % neasurements in all eight buildings. Measurements were carried

out ina Cy%del' started from building TMT_A and ended with building MDR_G
through l\zu ings RCC_B, PRC_C, PRC_D, RCCC E, ACR_F, ACRNC_F
respect% in each round. It took nearly 125 days to complete all the seven rounds of

meents.
N3
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i

Fig. 7.2: Comfort evalugtfon system

7.3 Survey &Qg)

A survey was conducted during the pionths of February to May in summer 2013 by
using questionnaires among the subi&ss, in the age group 18 - 25 years. Both the field
measurements and survey were ¢ d out simultaneously. After careful observation
of their clothing pattern cl insulation level (CLO) was fixed at 0.4 CLO.
Metabolic rate (MET) wagfied at 1.0 MET since subjects were held at rest prior to
filling the questionnair the clothing insulation level and metabolic rates were
evaluated with the hé ASHRAE data. The subjects filled a total of around 1000
questionnaires dudﬁ&the period of field measurements. In return a total of 835
questionnaires w@roper responses were received.

Mean value&f various field measurements, details of survey related to Thermal
Sensati@te (TSV), and details of survey related to Thermal Preference Vote
(TPV)@ight buildings are presented in Tables 7.1, 7.2 and 7.3 respectively. Survey
q@%naire along with ASHRAE thermal sensation scale are provided in Appendix

<
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Table 7.3: Details of survey based on TPV

O
Thermal Preference Vote (TI"\?g\Q

Number of Top [°C] Cooler Than Present Warmer

Building Participants P Present Climate Th@%sent
T™T_A 75 31.22 22.26 77.74

RCC B 126 31.76 26.33 73.67 0

PRC € 128 31.71 22.78 1122 0

PRC_D 132 31.68 28.45 71.55§ 0
RCCC_E 79 30.13 9.08 90@ 0

ACR_F 119 32,21 35.3 6 0
ACRNC F 53 32.81 70.47 . 0
MDR G 123 52.32 44.26 AS5.74 0

=
7.4 Results and Discussion @

7.4.1 Percentage Dissatisfied (PD) Based on RMV, TSV and TPV
Predicted Mean Vote (PMV) and Predicted Per ge Dissatisfied (PPD) were

calculated using Fanger’s theory of thermal co by utilizing the data obtained

from the field measurements. Thermal Sens } Vote (TSV) based on ASHRAE

seven point scale obtained from the survey; rdentage dissatisfied in case of Thermal

Sensation Vote (TSV) is obtained by & o the relation between Predicted Mean
Dis

Vote (PMV) and Predicted Percenta
¢ Vote (TPV) is estimated on seven point scale

atisfied (PPD). Similarly with the help of

PMV-PPD relation, Thermal E‘\’&:fﬁ:iz

by utilizing percentage dissatisfa obtained from the survey. Figs. 7.3, 7.4 and 7.5

illustrate the percentage dis@ed based on Predicted Mean Vote (PMV), Thermal
Sensation Vote (TSV) @srma] Preference Vote (TPV) respectively.

Percentage dissatis‘@ as found to be 50 to 95% in case of Predicted Mean Vote
(PMV), 5 to 70%x case of Thermal Sensation Vote (TSV), and 10 to 70% in case of

Thermal Prefe@e Vote (TPV). Percentage dissatisfied based on Predicted Mean
Vote (PMV. icted 25 to 45% more dissatisfaction than that of Thermal Sensation

Vote (Ts%and Thermal Preference Vote (TPV), which upholds the Adaptive
Thern%mfort theory. Details of percentage dissatisfied and thermal comfort in

eigh ildings based on Predicted Mean Vote (PMV), Thermal Sensation Vote
@ﬂ and Thermal Preference Vote (TPV) are given in Tables 7.4, 7.5 and 7.6

2 ectively.
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97
TH-1422_10610329



Chapter 7 EVALUATION OF THERMAL COMFORT STANDARDS

Predicted percentage disatisfied (PPD-%)
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2
@‘MT_A

¢ ACR F
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Fig. 7.5: TPV based percentag atisfied in eight buildings

Table 7.4: Thermal comfort conditions{&on PMV
S

Thermal
Building Top [°C] Ton [°(©Q:T* [°C] PMYV PPD (%) Comfort

Y
TMT A 31.22 &%\Q EER 1.80 67.31 Warm

RCC_B 31.76 29.2] 33.68 5 41 85.29 Warm
PRC C 31 .71% 29.18 33.61 2.18 84.40 Warm
PRC_D %§ 29.15 33.58 2.18 84.20 Warm
RCCC_E %.13 27.84 314 1.49 50.60 2B
% warm
ACR_F 32.21 29.55 34.26 2.38 90.68 Warm
ACRN 32.81 30.03 3507 2.68 96.47 Hot
M 3232 29.65 34 .41 2.46 92.73 Warm
\4
% THESIS
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Table 7.5: Thermal comfort conditions based on TSV A
Building Top [°C] Ton [°C] ET*[°C] TSV PD (%) Thern@al™
Comfo
TMT_A 31.22 28.81 33.01 0.55 11.26 SlightIN#arm
RCC B 31.76 29.21 33.68 0.96 2433 Sli arm
PRC C 31.71 29.18 33.61 0.88 21.78 S y Warm
PRC_D 31.68 29.15 3358 091 2245 §> fly Warm
RCCC_E 30.13 27.84 314 0.23 6.08 Comfort
ACR_F 32.21 29.55 34.26 1.16 33.30 @ Slightly Warm
ACRNC F 32.81 30.03 35.07 1.87 70.4 Warm
MDR_G 32.32 29.65 34.41 1.16 33026 Slightly Warm
:%

©

Table 7.6: Thermal comfort conditions based on TPV @

Building Ty [°C] Tw[°Cl  ET*[°C]  TPY\V PD(%) Coermal
TMT_A 31.22 28.81 33.01 0 22.26 Slightly Warm
RCC_B 31.76 29.21 33.68 $ 26.33 Slightly Warm
PRC_C 31.71 29.18 33.61 @)3 22.78 Slightly Warm
PRC_D 31.68 29.15 33.58 @ 1.05 28.45 Slightly Warm
RCCC_E 30.13 27.84 314 0.46 9.08 Comfort
ACR_F 32.21 29.55 34. 1.19 35.3 Slightly Warm
ACRNC_F 32.81 30.03 35.07 1.87 70.47 Warm
MDR_G 32.32 29.65 /@H 1.37 4426 Slightly Warm
@)
7.4.2 Correlations to Cal TSV and TPV

Linear regression analysis @a3>carried out for Predicted Mean Vote (PMV) and
Thermal Sensation Vote as well as Predicted Mean Vote (PMV) and Thermal
Preference Vote (TPV. @ear equation between Predicted Mean Vote (PMV) and
Thermal Sensation& (TSV) was evaluated by the regression analysis as PMV =
0.746* TSV + 1 f@lt shows a strong correlation at R*>= 0.92. Linear equation for
PMV = 0.852"%’ + 1.239, was evaluated in case of Predicted Mean Vote (PMV)
and Thern l%’erence Vote (TPV) with a strong correlation at R?= 0.856. Figs. 7.6
and 7.7 i rate the fit between Predicted Mean Vote (PMV) and Thermal Sensation
Vote (W, and Predicted Mean Vote (PMV) and Thermal Preference Vote (TPV),

é@m |
)
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Fig. 7.6: Correlation Z@en PMV and TSV

ean vote (PMV)

[]
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21 y = 0.8515x + 1.2392
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[ &

Thermal preference vote (TPV)
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@ y Predicted m

Fig. 7.7: Correlation between PMV and TPV
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It is clear that both Thermal Sensation Vote (TSV) and Thermal Preference Vote,
(TPV) were showing similar results with slight variation whereas the Predicted Me@
Vote (PMV) analysis demanded more thermal comfort than that of actual. The shi
neutral point in ASHRAE seven point scale was also identified, as +1.48 for al

Sensation Vote (TSV) and +1.25 for Thermal Preference Vote (TPV), in co@ison

with Predicted Mean Vote (PMV). §

7.4.3 Preferred Operative Temperature Based on P@. TSV and

TPV A

Figs. 7.8, 7.9 and 7.10 depict the variation of Predicted Mea@te (PMV), Thermal
Sensation Vote (TSV) and Thermal Preference Vote (T respectively with the
change of operative temperature. It was observed that Rredjcted Mean Vote (PMV)
failed in predicting the required thermal comfort cons and showed the preferred
operative temperature as 27°C, which is nearly 3% s than that of obtained from
either Thermal Sensation Vote (TSV) or Then@eference Vote (TPV). Preferred

operative temperatures obtained based on @rmal Sensation Vote (TSV) and

Thermal Preference Vote (TPV) were 30°C 9.4°C, respectively and the variation

among these preferred temperatures is%r%dted to 0.6°C only. So either Thermal

Sensation Vote (TSV) or Thermal Prégfence Vote (TPV) can be used for predicting

the thermal comfort in naturally Ved hostels.

7.4.4 Neutral Effective Pogperature Based on PMV, TSV and TPV

The effective temperatur the temperature at 50% relative humidity that yields the

same total heat loss Jr0 the skin as for the actual environment. Effective

temperatures were rmined for each building and determined the neutral effective

temperature for t@tudy area. Figs.7.11, 7.12 and 7.13 show the variation of
Predicted Mea@ (PMV), Thermal Sensation Vote (TSV) and Thermal Preference
Vote (TPV) l%ectively with the change of effective temperature. Neutral effective
temperat btained based on Thermal Sensation Vote (TSV) and Thermal
Prefere@ote (TPV) were 31.3°C and 30.4°C respectively and the variation among
the %ferred temperatures is limited to 0.9°C only. Whereas, in case of Predicted

Vote (PMV), the neutral effective temperature was identified as 27.2°C and is

% tly 4°C less than that of obtained from that of Thermal Sensation Vote (TSV).

102
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7.4.4 Neutral Humid Operative Temperature Based on PMYV, TSV%

and TPV &

The humid operative temperature is the temperature at 100% relative humid%@

yields the same total heat loss from the skin as for the actual environment. WQmid
operative temperatures were determined for each building and determined eutral
humid operative temperature for the study area. Figs.7.14, 7.15 and 7. ows the

variation of Predicted Mean Vote (PMV), Thermal Sensation Vgte )YTSV) and
Thermal Preference Vote (TPV) respectively with the change o@nid operative
temperature. Neutral humid operative temperature obtainemsed on Thermal
Sensation Vote (TSV) and Thermal Preference Vote (TPV) 27.8°C and 27.3°C

respectively and the variation among these preferred temp €s is limited to 0.5°C

only. Whereas, in case of Predicted Mean Vote (PMV), thefieutral humid operative
temperature was identified as 25.3°C and is nearly 2@ ess than that of obtained
from that of Thermal Sensation Vote (TSV). %

&

&Y

Predicted mean vote (PMV)

3
-1.5 J[Neutr emperature : 25.3 °C
N ]
-2 - % W R e
'y =0.5617x - 14.218 |
258> T RP=09657
% e
% Humid operative temperature (°C )
E@ Fig. 7.14: Variation of PMV with humid operative temperature
106

TH-1422_10610329



Chapter 7

EVALUATION OF THERMAL COMFORT STANDARDS

b
h

—
L
1

Thermal sensation vote (TSV)

=0.6882x - 19.115 |
N/| R2=0.8818

Fig. 7.15: Variation of TSV with hu

Humid operative te ture (°C)

perative temperature

Thermal preference vote (TPV)

\__Neutral temperature : 27.3 °C ’

ly=0.5781x - 15.77|
" R*=0.8661

S
Y
S

TH-1422_10610329

Humid operative temperature (°C)
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7.4.5 Adaptive Thermal Comfort Model

Monthly mean out door temperature (30°C) was used and evaluated comfort &
temperature for each available model. Comfort temperature obtained based ov
Thermal Sensation Vote (TSV) was 30°C and is equal to monthly mean out r
temperature. Based on the present study comfort temperature for climatic co ns

of Kozhikode, Kerala is obtained as 30°C.

Based on the comfort standards obtained by the present research work, ff #)concluded
that Adaptive comfort models proposed by ASHRAE Std 55 (Dear agd Brager, 2002)
and EN15251 (Nicol and Humphreys, 2010) are not suitable %

temperature for climatic conditions of Kozhikode, wherea, remaining three
models proposed by Indraganti et al (2014), Nguyen et al (201 nd Toe and Kubota
(2013) able to predict comfort temperature with minimuv@w(ation from the present

edict comfort

value. Adaptive thermal comfort models along wi e comfort temperatures

obtained from each model and its deviation from th al comfort temperature are
tabulated in Table 7.7. (
Table 7.7: Comfort temperatures based on dffarent adaptive comfort models
Deviation
Adaptive comfort Q Comfort from the
Refer temperature
model @ ° present model
TC [ C] ()
2 [°C]
Te=0.31To+17.38 Dear z&%@er (2002) 26.68 3.32
Te=0.33 To+ 18.8  Nicol andN\Humphreys (2010) 28.7 1.3
Te=0.26 To +21.4 %@gami etal (2014) 29.2 0.8
Te=0.34 T, + 18.83 @Nguyen et al (2012) 29.03 0.97
Tc=0.57 To + 13.8 /7 ~ Toe and Kubota (2013) 30.9 -0.9
N\

J
From the abov % it is observed that few models are over predicting and few
models are urgder predicting the thermal comfort conditions when compared to that of
actual com%conditions obtained from the present study. If someone what to choose
one of% available models to predict thermal comfort conditions, then the first
que arises in mind is whether to go for under predicted model or to go for over
p@ed model. It is always better to go for under predicting model since it

AN
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minimizes the energy requirement when compared to over predicting model v&h

same discomfort level. &

Y
7.5 Summary %

From the present work it was observed that PMV is over predictin %thermal
comfort conditions in naturally ventilated buildings and the icted neutral
temperature is 2 to 3°C more when compared to that of TSV and TPV. It indicates
that Adaptive Comfort theory is best suitable for predicting@thermal comfort
conditions of naturally ventilated buildings in warm and humid climatic zone.
Thermal comfort standards obtained from this study may@pphcable to all type of
naturally ventilated buildings irrespective of roof ty hese standards may be
refined by conducting similar studies in this reglav mcorporatmg more no of

subjects and more no of variables. @
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AS
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Chapter 8 §v
©)

CONCLUSIONS AND FUTURE SC
7
&

Quantitative analysis gave the clear picture of th %}f roof in maintaining thermal
comfort inside buildings. It is found that RC under non-ventilated conditions
failed to maintain the inside temperatures %Q the ambient temperatures. Most of

the time, inside temperatures of the RCC ilding are above the ambient and reached
to a maximum of 40°C which is 4° Q

8.1 Quantitative Analysis

than ambient. At the same time TMT

roofing maintained the inside tempgratires well below the ambient at peak time and
%]

reached a maximum of 33.6° ch is 2.4°C less than ambient. Interesting
observatiop is that even ACR &ing performed better than RCC roofed building
under non-ventilated cory&ﬁ It also found from the quantitative analysis
conducted on ACR hou %at the maximum temperature in living space is slightly
more than that of amB{eRdtemperature. Detailed analysis of ACR building provided

the avenues for im ent of the thermal comfort levels inside the dwelling.

AN
8.2 Red@ Scale Model Analysis

Major co@ions based on the results obtained from the model study are given

belowr

0
QCC roof model is performing better than all other mod

% tile roof under zero ventilation conditions.

els followed by mud
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e RCC roof model failed to maintain low temperatures than other roof mode%

especially during 3 pm to 6 pm. &
e The effect of air gap on thermal performance in ventilated roofs unde@e
flow conditions are significant up to 6 cm, further increase in air g no

significant effect on thermal performance.

e Comparative analysis between RCC roofed model and ventilat of model
shows that better indoor condition than that of RCC roofed mogel is possible
by providing suitable roof ventilation technique. @

8.3 Subjective Analysis @

Subjects felt 100% comfort level during summer, mwn and winter seasons are
16%, 34%, and 8% respectively in TMT roofed resial buildings; 11%, 47%, and
26% respectively in modern RCC roofed residenti@ildiﬂgs and 8%, 41%, and 14%,
respectively in ACR dwellings. At 85% con@evels, i.e. by including subjects

voted for slightly cool and slightly warm, peREE tage of subjects felt satisfied during

% respectively i
summer, monsoon and winter seasons aé%, 90%, and 70% P Y In TMT

roofed residential buildings; 41%, 93%, an 85% respectively in l.'nodern RCC roofed
and 79% respectively 1In ACR residential

residential buildi d 34%, 95
uildings an (] ROC ¥ooted .

lings,
buildings. Subjective analysis sho that ACR dwelling

buildings and mud tile roofed £gBigential buildings succeeded {n providing comfior

conditions with mmore e o/ of residents are found comfortable with 85%
satisfaction level during xdnfr and monsoon seasons. But in summer the percentage
of satisfied residents I 41% and 34% in case of RCC roofed dwelling and ACR
dwelling, at the sa&tlme mud tile roofed dwelling able to provide satisfaction to
more than 52% @cts. People satisfied with thermal comfort is observed in mud
tiled roofed d@g in comparison with RCC roofed dwelling and ACR dwelling is

mere 11% ar&w% more respectively.

In cas quantitative analysis, the difference observed in inside temperatures of
RC %fed residential buildings when compared to TMT and ACR houses are huge

ached to a maximum of 7.5°C and 4eC respectively. But in case of subjective

N
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analysis all the selected roofs are performing similar with little variation in thermal
comfort. This variation in results is mainly due to the following two reasons:
e Quantitative analysis is carried out at near zero ventilation by closing all Y
openings in living space, i.e. RCC roofed dwelling lost its convective
of interaction with the environment but the attic space of ACR a T
roofed dwellings still has the convective means of interaction. This e the
reason for enhanced variation in living space temperatures.
e Less variation is observed in case of subjective analysis. Thi ainly due to
the adaptive nature of the residents to the subjected gnvironment. Since
residents have been staying in their dwellings from_last five years, they

showed the tendency of voting towards comfort bec adaptive nature.

Subjective analysis upholds the adaptive thermal comfon@ory, which suggests that
thermal comfort not only depends on temperature, h ity etc. but also on factors

like physiological, psychological and behavioral a ons.

8.4 Thermal Comfort Standar @

Thermal comfort conditions of student &'d ce zone of NIT Calicut, Kerala, India
were obtained. In the present study, ipwas clearly observed that PMV-PPD analysis
based on Fanger’s theory of therm fort failed in exact prediction of the comfort

conditions in naturally ventilated els. The Predicted Mean Vote (PMV) based

preferred operative temper%/&as found to be 27°C and neutral effective
temperature was found to @ °C. The preferred operative temperature and neutral
effective temperature obgéi based on Thermal Sensation Vote (TSV) were 30°C
and 25.8°C respective@.ereas 29.4°C and 25.3°C respectively were obtained in
case of Thermal P nce Vote (TPV). Results obtained from Thermal Sensation
Vote (TSV) ar% al Preference Vote (TPV) was found to be in line with each

other. %

The acc%e range of operative temperature for 85% satisfaction was found to be

25.1 (W9°C in case of Predicted Mean Vote (PMV), 28.5 to 31.5°C in case of

Ta Sensation Vote (TSV) and 27.6 to 31.2°C  in case of Thermal Preference
(

NS

TH-1422_10610329

TPV). Similarly, the acceptable range of effective temperature for 85%
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satisfaction was found to be 22.1 to 24.9°C in case of Predicted Mean Vote (PMV;
24.6 to 27°C in case of Thermal Sensation Vote (TSV) and 23.9 to 26.7°C in cag&Qf
Thermal Preference Vote (TPV). V

A linear relationship, PMV = 0.746*TSV + 1.454, was developed fi taining
Thermal Sensation Vote (TSV) in terms of Predicted Mean Vote (P for warm
humid climatic conditions of Kerala. Similarly a linear relationship, V = (0.852*
TPV + 1.239, was developed for obtaining Thermal Preference Wog (TPV) in terms
of Predicted Mean Vote (PMV) for warm humid climatic con&ns of Kerala.

Present research work provided the thermal comfort ards for the naturally
ventilated buildings in the region of Kozhikode. These ke&yAfindings help in filling the

research gap of non-availability of thermal comf ndards based on the local

comfort survey, which considers the factors lik
adaptive nature of residents apart from the co
the present research work are in accordance
These outcomes provide useful guidelin the building engineers, air-conditioner
engineers and architectures in decisi&gnaking while designing energy efficient

buildings particularly in the state of Kgrala.

8.5 Scope for the Fl&QywOrk

The scope for future work s outlined below:

¢ Conducting qu Qve analysis on full-scale buildings by varying different
influential pan%eters is not an easy task. To overcome this difficulty one can
develop th erical model with the help of the reported results and there by
the sam el can be used for predicting the influence of each parameter
under, different climatic conditions.

e O %also use the already available Design and simulation software’s to
p%t the thermal performance of buildings like

® Therm Version 1.0: Thermal evaluation tool for buildings

©>% * TADISM: Tools for architectural design and simulation

®= TRNSYS: Dynamic simulation tool

DOE-2.1E: Design of experiments software

113
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= Energy plus and € QUEST softwares

By using the above software tools, the effects of various parameters and&

variables like building materials, type of openings, orientation, na Y
ventilation, relative humidity and internal gains through convectio%
radiation on the thermal comfort can also be analyzed apart from the 11
thermal performance of buildings.

e Strengthen the standards obtained in present work by condu@ similar
studies by incorporating more subjects. As the number of ort studies
increases, the refinement of standards will be possible. A

e Thermal comfort standards obtained in present work @imited to young
subjects with fixed clothing level and metabolic activ@l’his limitation may
be overcome by conducting survey among differenw groups with variable
clothing level and metabolic activity. There is a cope of work to predict
the effect of gender on thermal comfort. %

e This work may be extended for determininge@mfort standards for buildings in
commercial sector like industrial buildin ice buildings etc.

e There is a scope for developing dij%%

negative aspects observed in each pe of roof.

passive techniques to rectify the

e One can work on design aspect CC and ACR buildings to overcome the

observed drawbacks by incc@ g best aspects of TMT roofed buildings.

N
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Appendix A

SURVEY QUESTIONNAIRE

APPENDIX A
SURVEY QUESTIONNAIRE

N
-

EFFECT OF ROOF ON THERMAL COMFORTNESS OF LIVING SPACE-SURVEY §

\4

R1 R2 R3

R4 RS

)

AGE

=]

Sex

PIN CODE
CITY/TOWN/VILLAGE NAME

CONTACT NO.{OPTIONAL)

1. Tick the roof type of the selected house
(O Mud tile roof
3O Mud tile roof with false roof{ceiling)
(O Flat concrete roof
O Flat concrete roof with pitched roof cover
[ Pitched concrete roof with pasted mud tiles
(J cement -asbestos sheet roofing
O cement -asbestos sheet roof with false roof{ceilj
O Mention if any other type
(O Multi storied (Top floor ) @
{3 Multi storied (Ground floor)

(O3 Multi storied (Enter floor no. )

2. Tick the type of the house and the ficor
(O single storeyed

3. How long residents have been sta@v the present house?
O year
(3 1toS years &
O sto10 years %
D 10 to 20 years
O 20t040 year
J Above 40 y

4. Vegetation/tre%rage around the selected house
a Belo%

O s4e10%
e
30%

Qg 0 to 40%

40 to 60%
Above 60%
TH-1422_ 10610329

é&@
G
O
§
O
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Appendix A

SURVEY QUESTIONNAIRE

5. How is the thermal comfort in your house during the following seasons?
O Summer
Options Too | Cool Slightly | Neutral | Slightly | Warm | Hot
cool cool warm
R1
R2
\
= &
B3 %))
Rs @
\
O Winter
Options Too | Cool Slightly | Neutral | Slightly | Hot
cool cool warm (@
=
R1
D
R2 \\%
(\\/
Ré 7220\
R4 U
S
R5 §_>
O Rainy/Monsoon @
Options Too | Cool Slightl @ral Slightly | Warm | Hot
cool cool/ warm
E a4
R2 LA
Y4
R3 Y
N
R4 ﬁ [ I
RS N\~ [
Ee——

4

6. Which climate would you peg&fer

Season

Q.
sly/@}}//

now

4

¢ te | than

?ﬁt Hotter

Options Cooler res
than %

now

v

Z
19

BN
N

S

g
NN
%°

TH-1422_10610329

Winter
Cooler | Present Hotter
than climate than
now now
e
T

Rainy/Monsoon

THANK YOu

Cooler | Present W

than climate than

now now
]

¢
Es

a1



Appendix B INSTRUMENTATION AND SENSORS

APPENDIX B @
INSTUMENTATION AND SENSORS g

Comfort evaluation system Weather station
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Appendix B INSTRUMENTATION AND SENSORS

Solar radiation sensors Humidity sensors

if\temperature sensors

Outdoor air temperature sensor

AN
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Appendix B INSTRUMENTATION AND SENSORS

Plate heater Vane anemometer
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Appendix C : - DETAILS OF INSTRUMENTATION

APPENDIX C

/\“
X~
§®g

The important details of the various instruments and sensors used in ¢he Pxperiments

are given below: @
C.1 Data logger &

DETAILS OF INSTRUMENTATION

Make : Agilent technolo@
Model : Agilent 34970@
Reading rate : 600 ready econd

Scanning rate : 60 ch@/second

Scan intervals : 0 t@ours; Ims step size.

C.2 Comfort Evaluation System & >

Make : Q Emcon
Model : @ 1385

Capacity : &Q/ 32 Channels

Globe temperature @ 2 sensors
I[llumination : & 3 sensors
Indoor Air teﬂ&er ture : 5 sensors
Outdoor A@nperature : 2 sensors

Relati&%midity : 4 sensors

S@adiation : 2 sensors

rface temperature : 5 sensors

Wind Direction : 2 sensors

§ Wind velocity : 4 sensors
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Appendix C

DETAILS OF INSTRUMENTATION

C.3 Wane Anemometer
Make :
Model :
Range :
Resolution :

Accuracy :

C.4 Teflon sheathed T type thermocouples

Type :
Range :
Sensitivity :

Accuracy :

C.5 Indoor air temperature
Type :

Range :

&
Accuracy : @

NS
A

C.6 Outd%@a% temperature Sensor

%ange :

Accuracy :

v
Q% Response :
N

TH-1422_10610329

Lutron
AM-4201

0.4 to 30 m/s

0.1 m/s Q
+ 2% @

Semiconductor
0 to 60°C
+0.1°C

1s

RTD

0 to 60°C
+0.1°C
3s
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Appendix C

DETAILS OF INSTRUMENTATION

C.7 Relative humidity Sensor
Type :
Range :
Accuracy :
Response :
C.8 Surface temperature sensor
Type :
Range :
Accuracy :

Response :

C.9 Solar radiation sensor
Type :
Range :
Accuracy :

Response :

C.10 Illumination
Type :
Range :

Accuracy :

Response : %

AN

Cc.11 Wind@tion sensor

@ange:
% Accuracy:

N

TH-1422_10610329

Semiconductor

0 to 100%

A
§
: S

Semiconductor

Semiconductor
0 to 50000 Lux
+ 1%

1s

Single vane type
0 to 360°

+1°

127



Appendix C ' DETAILS OF INSTRUMENTATION

C.12 Wind velocity sensor &
Type : Three cup infrared type ®§

Range : 0to 27 m/s

Accuracy : + 1% §
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Appendix D BUILDINGS CONSIDERED FOR STUDY

Appendix D
BUILDINGS CONSIDERED FOR STUDY

Building A

T — N = =
BSC ETRL X e ¥ v

| SR A _S_H
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Appendix E PICTURES TAKEN DURING STUDY

APPENDIX E N
PICTURES TAKEN DURING STUDY A

X

Measuremets during surve

Reduced scale model analys

uantitative analysis TMT house

Quantitative analys;

\&
:%
%b
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