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1.1 Background — Energy Scenario

1.1.1 Introduction

Energy is an indispensable part of every activity of life. Energy is one of the key

components

for any nation's economic progress. As per BP Statistical Review of World

Energy (Table 1.1), the total primary energy consumption of world including renewable

energy for t

Fig 1.2, itis

he year 2021 was 595.14 EJ while for India it wasé.44 EJ. From Fig 1.1 and

evident that fossil fuel-based resources are still the primary energy consumption

for industrial, transportation, commercial and residential uses. Ingdia’s energy consumption is

5.95% of w

orld’s energy consumption, is expected to grow by 4.2% each year (faster than

all major economies in the world).

Table 1.1 — Primary energy consumption statistics from various fuel resources.

World primary energy (sector- India primary energy (sector-wise)
wise) consumption for 2021 consumption for 2021

(ExaJoules)

(ExalJoules)

Oil 184.21 (30.95%) 941 (26.55%)
Gas 145.35 (24.42%) 224 (6.32%)
Coal 160.10 (26.90%) 20.09 (56.69%)
Nuclear 2531 (4.25%) 040 (1.13%)
Hydro 40.26 (6.76%) 1.51 (4.26%)
Renewables 3991 (7.71%) 1.79 (5.05%)
Total 595.14  (100%) 46.47 (100%)

24.42%

26.9%

1 Ol

I Gas

[ Coal

I Nuclear
1 Hydro
[ Renewables

30.95%

6.71%
6.76%

Fig. 1.1 World’s primary energy (sector-wise) consumption for 2021
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Fig. 1.2 India’s primary energy (sector-wise) consumption for 2021
Electricity has become quintessential part of life of human beings. We rely on electricity fi
everyday needs such as: mobility, cooking, lighting, heating and cooling. According to 4
Report On Energy Efficiency And Energy Mix In The Indian Energy System (203(), the total
energy demand which was 804 TWh in 2012 would increase to around 4,487 TWh (in
absence of energy efficiency measures). This report used NITI Ayog’s energy sector
planning tool - /ESS, 2047 for generating the projections. Out of four levels inﬁSS, (2047)
level 2 (determined effort scenario) and the GDP was assumed to have grown at a CAGR of
7.4% from the base year i.e., 2012 to 2047. Table 1.2 shows the electricity demand for various
sectors. From the table 1.2, it is evident that electricity demand in building sector
(Residential and commercial) which was second highest would ultimately overtake the
industry sector demand to become the sector with highest electricity demand by 2047. As
per the report, the total installed power capacity is expected to increase from 193 GW in
2011-12 to 1,112 GW by 2047.
Table 1.2 - Sector-wise electricity demand in TWh.

Sector Year - 2012 Year - 2047
Industry 336 1366
Residential 152 1565
Commercial 86 768
Agriculture 136 501
Others 93 287

Total 804 4487
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As per IPCC (2014), total global emissions of greenhouse gases in 2010 was 49 GtCO; eq
emissions (Fig. 1.3). Among it around 33% of total GHG emissions was released from
industry sector followed by 19% from building sector. India’s total GHG emissions stood at

3.202 Gt CO; eq. which is around 6.5% of world’s total emission.
Energy

‘1.4%
,’

#
s
4

Other energy
Industry 9.6% ‘
21%

Industry
11%

Transport

Transport 49 Gt CO, eq. Electricty 0.3%,
14% (2010) & Heat Production
' 25%
Buildings
6.4% Buildings
N 12%
AFOLU AR
24% N
Y
N
AFOLU
X l ) . '0.87% )
Direct Emissions Indirect Emissions

Fig 1.3 Total GHG emissions (Gt CO; eq./yr) by economic sectors

As of year 2020, (UNEP 2021) global building’s operations and construction sector was
responsible for 36% of global energy consumption at 149EJ. Among it, 127 EJ of energy
was attributed to building operations while 22% was attributed to manufacturing of building
construction materials. The total energy related emissions from building construction and
operations during that phase stood at 11.7 gigatons of CO, and represented 37% of global
CO; emissions (Fig. 1.4).

As part of the Paris Agreement, over 200 countries have agreed to cooperate to bring down
greenhouse gas emissions and mitigate climate change. In accordance with the agreement,
global warming is to be restricted to well below 2°C, and preferably to 1.5°C, as compared
to pre-industrial levels. India via its Natiopally Determined Contribution (NDC) has pledged
three primary targets. One of its targets is to reduce the emission intensity of its GDP by 33-
35% by 2030 from its 2005’s levels.
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Other Residential (direct)

6% 6%
Residential (indirect)
Transport 11%
230/1) /

Non-residential (direct)
3%

-——-'—-'-_--_-_
37%
Non-residential (indirect)

7%

Building Construction
Industry
10%

Other Industry Other construction Industry
24% 10%
Fig# Sector CO2 emissions in the year 2020.

From the above scenario, it can be seen that overall building sector plays a key role in the
future energy demand as well as greenhouse gas emissions. Driven by increased population
and quest for improved quality of life, the energy demand and greenhouse emissions are
expected to rise. In the next section, overall scenario in the building scenario has been

highlighted.

1.1.2 Building Energy Scenario

According to World Population Prospects (2022), population of world which stands at 7.9
billion is anticipated to reach 8.5 billion by 2030. India with a population of 1.4 billion
which stands second after China in 2022 is projected to surpass China by 2030. As per /EA
India Energy Outlook 2021, by the year 2040, India's urban population is expected to
increase by 270 million. Consequently, the demand for energy-intensive building materials
would increase significantly, The PMAY-Urban was launched on June 25" 2015 to provide
housing for all in urban areas by 2022. This mission seeks to build affordable housing and
deliver them at an affordable house within the stipulated time. Based on data from a report
by Ministry of Statistics and Programme Implementation (2019), the building sector in India
is the second largest consumer of electricity, after industry. It accounts for close to 33% of
the total electricity consumption, 9% of which comes from the commercial sector and 24%
from the domestic sector. According to Energy Statistics India (2021), buildings contributed
to around 33% of the total electricity consumption of 1291 TWh in 2019-20 in India.
According to V. Chaturvedi et al. (2014), the final energy demand of the Indian building
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sector will eventually grow over five times by the end of this century due to rapid economic

growth and population growth in India.

1.1.2.1 Building Types

The type of building plays a key role on the energy consumption of the building and the
related greenhouse gas issions. According to type of occupancy NBC (2016) buildings
can be categorised into following groups: Group A — Residential, Group B — Educational,
Group C — Institutional, Group D — Assembly, Group E — Business, Group F — Mercantile,
Gro — industrial Group H — Storage and Group J — Hazardous. A Residential building is
one in which sleeping accg@amodation is provided for normal residential purposes. They can
be further classified into Lodging or rooming houses, one or two-family private dwellings,
Dormitories, Apartment houses (flats), Hotels, Iﬁtels (Starred). According to /PCC AR6
WGIHIT (2022), buildings can be grouped into residential and non-residential buildings.
Residential buildings can be classified as single-family house, slums and multi-family house
or apartment/flats building. Single-family house can be further sub-divided into single-
family detached (cottages, house barns, etc.) and single-family attached (or small multi-
family, terrace house etc.).

Non-residential buildings are cultural buildings (such as theatres and performance,
museums, libraries, and cultural centres), educational buildings (for e.g. kindergarten,
schools, researcﬁcentte, and laboratories), healthcare buildings, sports, hospitality (hotel,
casino, lodging, restaurants and bars), commercial buildings and offices (like institutional
buildings, markets, office buildings, retail, and shopping centres), public buildings (for e,g,
government buildings, military and security buildings), religious buildings, and industrial
buildings (such as data centres, factories, warehouses, energy plants, agricultural and
transportation buildings).

Building energy consumption depends upon its end use (whether residential, industrial or
commercial), type of building (whether npn-air-conditioned or air conditioned), and the

climate in which it is located.

1.1.2.1.1 Residential Buildings Scenario

The residential building sector in India accounts to 79.9% of total housing stock (Censusinfo
2011). A study made by Central European University (CEU) reported that by 2050, 85% of
floor space area will be for residential use while rest 15% would be used for commercial
floor area. Electricity consumption in residential sector which was 295 TWh (15.16% of

total electricity consumption) in FY 1989-90 has risen to 24% i.e. 308 TWh in FY 2019-20
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(CEA, 2021). It is the second highest coalming sector in India after industrial sector at 533
TWh (43%). The annual electricity use per household is expected to increase from 650 kWh
in 2012 to 2750 kWh by 2050, under business-as-usual scenario (GBPN, 2014). Sector wise
energy consumption in residential sector is shown in Fig. 1.5 (Climate Works Foundation,
2010). 1t can be seen from the energy consumption distribution in that HVAC in residential

sector, amounts to about 45% of total energy consumed.

4% 13% = Air Conditioning

= Fans

® Evaporative Cooler
Refrigeration
Lighting

=TV

m Others

Fig. 1.5 Residential Sector Energy Consumption in India.

From the overall annual energy consumption for space cooling in buildings (S. Kumar et. al,
2018), it was found that the non-refrigerant based cooling technologies i.e., fans and air-
coolers together represent almost 40% of the cooling energy consumption. This is
significantly more than Chillers, VRF and DX based cooling systems based used in
commercial sector.

Several studies have found that residential air conditioning (AC) accounts for 20-40% of the
annual electricity consumption of urban dwellings, and it is likely to be tripled by 2030.

A recent study conducted across four cities, four hundred surveyed houses and twenty
monitored houses showed that air conditioning contributed to 75% of the energy use during
summer, spring and even in the autumn season (7ER/, 2008). It is expected that the overall
penetration of room air conditioners in the sector will increase from 8 percent in 2017-18 to
12 percent by 2022-23 and 21 percent by 2027-28, respectively, with the urban residential
stock having approximately 44 percent penectration of room air conditioners in 2027-28 (S.

Kachhawa et. al, 2019).
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1.1.2.1.2 Commercial Buildings Scenario

The Energy Information Administration defines a 'commercial building' as one that is not
used for residential, industrial, or agricultural purposes. Commercial buildings include
offices, hotels, hospitals, educational institutions, retail malls, etc. As reported by CEA, the
commercial sector accounts for approximately 9% of the country's total electricity
consumption. As reported in the 17" Electric Power Survey of the Central Electricity
Authority, the demand for electricity in 2011-12 is expected to increase by approximately
40% and 175% when compared to 2006-07. NITI Aayog has projected that there will be an
increase in electricity consumption for the commercial sector of 7 to 11 times from 2012 to
2047 (IESS, 2047). India's rapid growth in commercial buildings has been primarily driven
by a demand for Information Technology services. A study conducted by McKinsey (2009)
has estimated that present built up area of one billion square meters of commercial buildings
that is expected to grow to four billion square meters by 2030. Sector wise energy
consumption in commercial sector has been shown in Fig. 1.6 (CEA's 'Year End Review
2012-13). From the figure it is evident that, HVAC accounts for about 52% of total energy

consumption.

Envelope
26%

Lighting
22%

Lighting
8%

m

Infiltration Occupancy
5% 3%

Fig. 1.6 Sector wise breakup of energy consumption in commercial sector.




%}pfer 1— General Introduction 8

1.2 National Climates — Five Climatic zones

An individual's physiological and psychological well-being is dependent upon the level of
indoor thermal comfort, which is achieved through active heating, cooling, or a combination
of both. This is largely determined by the local weather and seasonal changes. Different
parts of the country experience different weather conditions. It indicates that, with the
exception of a few states in the foothills of the Himalayas, the country has a relatively
limited need for heating, both geographically and in terms of duration. As a result, thermal
comfort in the country is primarily related to the cooling of buildings. According to ECBC
(2017), the country has been divided into five climatic zones (Fig 1.7) namely: Hot and Dry,

Cold, Warm and humid, Temperate and Composite.

LEGENDS

- oron
[ R ﬁ' '

] ;

. ) comrosiT 0
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. va
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Fig. 1.7 Five Climatic Zones of our Country.

In Hot and Dry type climate, the summer time temperatures vary between 20°C to 45°C and
winter time temperatures vary between 0°C to 25°C, while the relative humidity remains
around 55%. The individual variation of climatic parameters such as air temperature and

relative humidity has been discussed below (/ndia Cooling Action Plan, 2019).
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In Warm and Humid type climatic, the summer time temperature varies between 25° to 35°
and winter time temperature varies between 20°C to 30°C. The relative humidity ranges
between 70% to 90%.

In Composite type climate, the summer time temperature varies between 27°C to 35°C and
winter time temperature varies between 4°C to 25°C while the relative humidity ranges
between 20% to 25% for dry type weather and between 55% to 95% for wet type weather.

In Temperate type climate, the summer time temperature varies between 17°C to 34°C while
the winter time temperature varies between 16°C to 33°C. The relative humidity in type of
climate is less than 75%.

Lastly, in Cold type climate, the summer time temperature varies between 17°C to 30°C and
winter time temperature varies between -3°C to - 8°C while relative humidity varies between
70% to 80%.

Building construction in general should take into account the respective climatic zones in
which it would be built, so that we reduce the dependencies on energy intensive measures to
provide the appropriate thermal comfort. For example, in a hot and dry region the climate is
normally characterised by high daytime temperatures and low night time temperatures. So,
use of high thermal capacity materials like mud, stones, thick concrete block can
significantly delay the entry of heat into the building so that the building/house can remain
cool during daytime and cool during nigh time. Moreover, the houses may be closely spaced
to maximise the building volume while minimising the surface area exposed to the sun. This
would result in a considerable reduction in the amount of absorbed solar radiation thereby
keeping the interior space cool during the daytime. During the night time majority of the
heat stored would be radiated out into the sky and a small amount would warm the indoor
space. Similarly, in a warm and humid climatic zone where variations in diurnal temperature
is combatively small, use of materials of low thermal energy storage would be more
appropriate. Adequate provisions should be kept for allowing air circulation and air

ventilation to avoid stagnation of humid air in the built space.

1.2.1 Climate of Kolkata (Warm & humid) & Variation of climatic parameters in
Kolkata

101
Kolkata is the capital of the West Bengal.state in eastern India. Its climate is considerably
influenced by the Bay of Bengal. As per Kappen climate classification, Kolkata experiences
a tropical wet-and-dry climate. It falls under warm & humid climatic zone of the country

with an annual mean temperature of 26.8°C and the mean monthly temperatures ranges
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between 19°C to 30°C. Summer, monsoon and winter are the three seasons which dominate
the climate of Kolkata. Summer (March to June) is hot and humid with maximum
temperatures sometimes exceeding 40°C, while winter (December to February) is mild and
dry with temperatures ranging between 9°C to 18°C. Rainy season lasts between June to
September with an annual rainfall of about 1600mm. October and November i.e., the post
monsoon season represents the transition period from monsoon to winter. During these
period days are mostly clear and night is comfortable. This season also sometimes
experience severe cyclonic storm over the Bay of Bengal. Variation of radiation falling on a
horizontal plane for Alipore-Kolkata has been generated using Climate Consultant 6 and
shown in Fig. 1.8. Variation of daily average wind speed (shown as red line) and daily
average wind direction (shown as black line) generatgd, using Climate Consultant 6 and
‘Calcutta weather data’ is shown in Fig. 1.9. Fig. 1.10 shows the variation of daily average
dry bulb temperature, daily average wet bulb temperature and daily average relative

humidity as generated using Climate Consultant 6.
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Fig. 1.8 Variation of daily average direction radiation and diffuse radiation for Kolkata
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Fig. 1.10 Variation of daily average dry bulb temperature, wet bulb temperature and relative
humidity for Kolkata

1.3 Objective and Scope of Work
Objective of the Research Work:

Building owners and designers use energy simulation to evaluate a building's energy
performance and make necessary modifications in the design before construction to make
the building more energy efficient. It is also used to find whether the performance of an
existing building is compliant with respect to building energy efficiency codes such as
ECBC, RAE 90.1 etc. Computer-based energy simulation programs simulate the visual,

thermal, ventilation, and other energy-consuming processes occurring in a building in order
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to predict its energy efficiency. It predicts and anaylyses the energy efficiency of a building
by taking into consideration building geometry and orientation, building materials used,
fagade design and characteristics, indoor environment conditions, climate parameters,
functionality, occupant activities and schedules, lighting and HVAC and systems, and other
parameters. Among these parameters, building geometry, orientation and the building
structural components (Walls, roof, glazing) play a vital role in determining the energy load
(heating / cooling loads) of a building.

It is necessary to manually input data such as thermos-physical properties of the building
structures, weather data file, lighting, occupancy, equipment related loads and their
operational characteristics, the desired air temperature set points, detailed HVAC systems
related input, hot water services etc.

The properties of the individual layers of building components have a significant effect on
the heat and moisture transfer across that layer and ultimately on the space load. By general
convention, the simulation software uses the thermos-physical properties of the building
components to analyse the performance of the building fabrics as per some referguge
standards such as ASHRAE 90.1, CIBSE admittance methods, DOE-2 library etc. The
overall heat transfer coefficient of the building components is also calculated thereof.

The objective of the study is to explore the impact of impregnating experimentally obtained
overall heat transfer coefficient values of common building components (such as wall, roof
& glazings) directly into simulation software, and comparing the same with software based
results, based entirely on embedded library of materials, their properties and resultant U-
value thereof.

Among the various methods of experimental evaluation of overall heat transfer coefficient,
Guarded Hot Box testing based on BS EN 8990:1996 is the most accurate method, which
has been followed in this study with the help of locally available building materials.
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The scope of research work involves the following:

(1)

(ii)
(iii)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

Identification of common building materials used for Energy Efficient Building
construction.

Extensive Calibration of Guarded Hot box as per BS EN 8990-1996.

Study of the various boundary conditions applicable w.r.t. building components
for measurement of U-value.

Determination of spectral properties of opaque coloured surfaces.

Impact of varying air velocity on the overall heat transfer coefficient of the
Masonry Wall surface.

Determination of U-value of Building envelop components like Masonry Wall,
Reinforced Cement Concrete Roof and Window glazing using Guarded Hot Box,
and Cooling load calculation for the enclosed space considered.

Identification of globally available building simulation tools, such as
DesignBuilder, ECOTECT and eQUEST, which are recommended for Energy
Conservation Building Code 2017 application.

Following ASHRAE 2017 Handbook, U-values of envelop components would be
calculated by each of the above simulation tool, and resultant cooling load
calculated thereof.

Comparison of the cooling load obtained from experimental parameter with those
using DesignBuilder, ECOTECT & eQUEST. Effect of change in orientation on

cooling load also studied by different simulation tools.




CHAPTER 2 - GUARDED HOT BOX
TESTING SET-UP
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2.1 Introduction

Guarded hot testing setup is a testing facility for experimental characterisation of steady
state overall thermal transmittance or overall heat transfer coefficient or U-value of any
specimen. It is one of the laboratory and in-situ non-destructive method of evaluation of
thermal transmittance. Other methods involve t Flow Meter method (/SO 9869-1:2014,
ASTM C1155-95), Guarded hot plate method (BS 874-part-2 section 2.1:1986, ISO 8302-
1991, ASTM C1173-13) and Infrared Thermography (BS ISO 9869-2:2018+41:2021).
Guarded hot box testing is conducted as one of the following test standards: BS-EN-1SO-8990-
1996, ASTM C1199— 97, ASTM C1363 —11.

In the present work, detailed measurement of U-value of typical wall and roof configurations
along with DGU with warm edge spacer has been presented.

In present chapter, a detailed overview of the guarded hot box test setup, its calibration

procedure and overall strategy of measurement have been presented.

2.1.1 Guarded Hot Box

Overall heat transfer coefficient or thermal transmittance (U-value)ys a pivotal role in the
overall thermal performance of a building in tgzms of both the energy savings throughout its
operational phase and the thermal comfort. It gives a quantitative measure of the amount of
heat flowing through unit area of any material for every degree differential temperature on
either side of the material.

Having a knowledge of the U-value of the elements during the design phase of the building
can help optimise the energy demand for maintaining appropriate thermal comfort of the
inhabitants.éis also a crucial parameter while performing building energy simulation for
optimising the design and configuration of the construction elements so as to reduce the
cooling or heating loads.
Laboratory scale measurement of U-value is obtained via two methods: Calibrated Hot Box
method and Guarded Hot Box method. The methods are primarily intended for measurement
of large, inhomogeneous and homogenous specimens.

Mathematically U-value in general can be defined as:

-1
1 51 1
_ i 2.
v |i[hce+hreJ+§ki +[hci+hriJ:| ( 1)
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Guarded Hot Box Test facility is used for experimental evaluation of the U-value under steady
state condition. One such facility had been developed at Building Ener%L-aboratory, School
of Energy Studies, Jadavpur University. The testing facility was set up in accordance with BS
EN ISO 8990:1996 and BS EN ISO 874: Part 2: Section 3.1: 1987. This testing method is
applicable for thermal characterisation of homogeneous or non-homogeneouggpecimens and
building structure (walls, roofs, window glazing, doors etc.). This setup can be used to
measure the steady state thermal transmittance of any construction element with thermal
transmittance and conductance in the range of 0.1W/(m*.K) to 15W/(m?> K) for testing within
temperature range -10°C to 50°C. Schematic set-up of the same is given in Fig. 2.1 (D.
Chowdhury et al, 2016).

_—Fan
U N //-/./'3-/;;,.-'—I\f1eteriug
Bafﬂe—-mfé//_,// WP IA AN, v/ ///////;///// 7 ///_/f FU 0 Box
5// ----\-\--_--_\-‘ ;/% \_.H "/.’ ///
- 7 !
/%/ T //;/ = : I B ‘é//z..«'—Plate Heater
Specimen—-[/ ) 4
Specimen ..5‘;% _ // / / ///
7 /| —Heater
7 . |
Vs Z
HE-Fan Coil—{/ A Fan
. //“‘74 y
Unit i ], 1
A
g = —Guard
Thermocouple—"7"/ -
Placement [/
Location [/,
7
4 7
Cold Box— 7/ —Baffle
l 7
//f/// 7 ~—Heater
Surround —
Panel

Fig. 2.1 Schematic set-up oféarded Hot Box Testing Facility

It consists of metering box (MB), guard box (GB), cold box (CB) and surround panel to hold
the sample in place between Metering Box and Cold Box. The sample is placed in the sample
holding cut-out of surround panel in between metering box and cold box. This cut-out is
present in exactly midway from either edge of surround panel. Fig. 2.2 (D. Chowdhury et al,
2019) and Fig. 2.3 show photographic view of Guarded Hot Box Test facility installed at
School of Energy Studies, Jadavpur University. The walls of set up is made of 250 mm

extruded polystyrene insulation.
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Fig. 2.2 Guarded Hot Box Test set-up installed at laboratory (D. Chowdhury et. al 2019).

Cold Box

Guard Box
Data
£% Acquisition
System
Surround
Panel

Fig. 2.3 Guarded Hot Box Test set-up in open condition.

The metering box along with guard box and cold box are locked against the surround panel
using guy wire and rod assembly as shown in Fig. 2.2 to form air tight chamber. Several

standards are available for experimental determination of U-value using guarded hot box and
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they have been also compared by F. Asdrubali et al. (2011) in their study. Literature survey
have shown numerous instances where the above standards and Guarded Hot Box Test facility
has been used for thermal characterisation such as in F. Geola et al. (2009), Y. Fang et al.
(2007),P. Blanusa et al. (2005), F. Chen and Wittkopf (2012). Heat is supplied to the metering
box at constant rate which causes the apparatus slowly reaches the desired equilibrium
condition. Alternately the temperature in the metering box space may be kept constant by a
suitable control of the heat input when thermal equilibrium achieved. When the surface
temperature on both face of test specimen and the heat flowing through it are constant, then
thermal equilibrium is said to have been achieved. Under such conditions the final

measurements are taken and overall heat transfer coefficient is evaluated.

2.1.2 Metering Box

The metering box (MB) (Fig. 2.4) is a five enclosed sided with a rectangular or square cross-
section having dimensions of 1840mm by 600mm by 1600mm. The walls of metering box are
made of 50mm thick extruded polystyrene sheets (closed cell foam insulation material) with
plywood skin on the internal surface.
For thermal transmittance measurements a baffle is fixed in the metering box, parallel to the
surface of the test element, in order to provide a radiating surface of near uniform temperature
angeassist in adjusting the air curtain velocity over the sample surface. The baffle plate extends
to the full width of the metering box and have gaps at top and bottom to allow air circulation.
For the purpose of maintaining a constant air temperature inside the metering box two tubular
heaters 60W (each) and a plate heater of 110W have been installed in the metering box. DC

circulating fans are installed inside metering box in order to achieve uniform air flow across

the specimen surface.

2.1.3 Guard Box

Guard box as the name suggests surrounds the metering box (Fig. 2.4). Theexterior dimension
of guard box is made of 250mm thick extruded polystyrene insulation. The purpose of the
guard box is to modulate the environment around the metering box so that heat flow through
the metering box walls and imbalance heat flow in the surface of the specimen from metered
area to guard area is minimized. The system is made so as to restrict the heat transfer from the
guard box and metering box within a limit of ten percent of power supplied to the metering
box. Two tubular heaters of 120W (each) have been placed on the vertical wall and a tubular
heater of 60W has been installed on the floor of the guard box space. Circulating fans are

placed for uniform circulation of air and distribution of heat inside the guard box.
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Guard Box

Metering
Box

Fig. 2.4 Metering Box and Guard Box

2.1.4 Cold Box

Cold box provides a controlled environment opposite to metering chamber. The exterior
dimension of the cold box is same as that of guard box (Fig. 2.5). The walls of the cold box
are made of 250mm thick extruded polystyrene insulation. This is done in order to reduce the
cooling load on the cooling system and also to prevent condensation on the outside of the
chamber walls. For thermal transmittance measurements a baffle similar to that used in
metering box is installed in cold box. A heat exchanger fan coil unit has been installed to
maintaining the appropriate air temperature. Similar to metering box, a baffle has been

installed in the cold box chamber parallel to the surround panel surface.

| Gt

Fig. 2.5 Cold Box
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2.1.5 Surround Panel

Surround panel is placed midway between hot side and cold side (Fig. 2.6). The surround
panel is made of extruded polystyrene insulation. The outside dimension of the surround panel
is equal to that of outside dimensions of cold box and guard box. There is an aperture inside
the surround panel where the sample specimen (500mm by 500mm) to be tested is placed.

The sample holding aperture of surround panel is shown in Fig. 2.7.

Aperture for
holding 500mm by
500mm sample

Adaptor which can
be removed to
place 1000mm by
1000mm sample

Fig. 2.7 Close up view of the aperture in surround panel
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2.2 Experimental Boundary Condition Range

As per BS EN 150 8990, the environmental in the metering box and cold box were maintained
at constant temperatures such that minimum differential air temperature between metering
box and cold box was at least 20°C. By varying the operating conditions, the different climatic
zones of our country with different temperatures could be replicated. Moreover, by varying
the velocity of air over surface of the specimen the magnitude of convective heat transfer
coefficient could be altered as well. A tabular representation (Table 2.1) of various operating
conditions consolidated from various standards for measurement of U-value is presented
below:

Table 2.1 - Various environmental conditions consolidated from various standards for

measurement/calculation of U-value

Experimental Methods:

ASTM C1199-97; Room side / Indoor conditions:
Standard  Test Method for Tin=21°C
Measuring the Steady-State  hin = 8.3 W/(m? K)
Thermal Transmittance of Weather / Outdoor side:
Fenestration Systems Using Hot Tgu=—18°C
Box Methods. how = 29W/(m? K)
TM E1423-14:
Standard Practice for Determining
Steady State Thermal Transmittance

of Fenestration Systems

BS EN ISO 8990: 1996 - Thermal Test conditions is to be selected based upon the end-

insulation — Determination of use application while taking into account the effect

steady-state thermal transmission of testing conditions on aceuracy.

properties — Calibrated and Mean air temperatures of 10°C to 20°C and a

guarded hot box air temperature difference of at least 20°C has to be

maintained.

BS EN ISO 12567-1:2010 -
Air velocity on the hot and cold sides would be

rmal performance of windows . .
adjusted according to the purpose of the test.
and doors - Determination of
thermal transmittance by the hot-

box method. Part 1: Complete
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windows and doors (ISO 12567-
1:2010)
Theoretical Calculation Methods:
BS EN ISO 6946: Surface Direction of heat flow
Building components and building tance
elements — Thermal resistance and (m’K/ W) Upwards Horizonial Dowmwards
thermal transmittance — Rsi 0.10 0.13 0.17
Calculation method

Rse 0.04 0.04 0.04

The value for i al surface resistance (Rsi) is
calculated for € = 0.9 and /i has been evaluated at
20°C.

The value for e al surface resistance (Rse) is
calculated for £ = 0,9, /i has been evaluated at 10°C,
and for v =4 m/s.

hw = Radiative coefficient for a black-body surface.
The value for external surface resistance (Rg.) for
wind speeds from lm/s to 10m/s are tabulated.
Moreover, the Ao for mean temperature of -10°C,
0°C, 10°C, 20°C and 30°C are also tabulated.

ISO 15099:2003: Thermal
performance of windows, doors
and shading devices — Detailed

calculations

Unless any specific boundary conditions are

specified, the following are advised to be used:

Summer conditions:
Tine=25°C
Tex = 30°C
hevine = 2.5 W/(m’K)
hevext = 8.0 W/(m’K)

Winter conditions:
Tint = 20°C
Tex=0°C

hevine= 3.6 W/(m?K)
hev.ex = 20 W/(m’K)

Tr,m = Tint En = Tex
24
ASHRAE Standard 90.1 -2007 Air Film resistance ~ Condition

Energy Standard for Buildings
Except Low-Rise Residential
Buildings

0.03 Exterior surfaces
0.08 Semi-exterior surfaces
T Interior horizontal surfaces,

heat flow direction is up
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- Interior horizontal surfaces,
i heat flow direction is down

0.12 Interior vertical surfaces

Exterior surfaces are areas which are exposed to the
wind.

Semi-exterior surfaces are protected surfaces with
natural or mechanical ventilation such as: face
attics, crawlspaces, and parking garages.

Interior surfaces are surfaces which are within

enclosed spaces.

As per ASTM C1199 — 97, the specimens are to be tested as per the nominal conditions as
shown in Table 2.1. These results were derived after inter-laboratory test results comparison
on standard tests specimens. But as per BS EN ISO 8990: 1996, the testing boundary
conditions would be governed by the actual environmental conditions where the sample is
meant to be used.

As of now no standard is available whereby Indian climatic conditions have been highlighted
for experimental determination of overall heat transfer coefficient using Guarded Hot Box. D.
Mitra et. al, (2016) conducted a study whereby the probable set point temperatures to be used
for testing of samples using Guarded Hot Box were highlighted.

In present study U-value has been determined with varying differential air temperature across
the specimen. The metering box air temperature has been kept fixed at 40°C while cold box
air temperature is varied (0°C, 10°C and 20°C). The effect of variation of air velocity on the

overall heat transfer coefficient has also been studied.

2.3 Control and Strategy

For the purpose of temperature measurements K-type thermocouples (made of Chromel and
Alumel wire) of 0.2mm diameter were used (Fig. 2.8). These thermocouples were made at the
laboratory using a spot-welding kit and were calibrated using a constant temperature oil bath
(Fig. 2.9). The thermocouple sensors were attached to the surface with an aluminium foil tape
to facilitate proper thermal contact with the surface. The details of the temperature sensor is

presented in Table 2.2.
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Fig. 2.8 K-type thermocouple sensor used for temperature measurements
Table 2.2 - Tabular representation of instrument/probe used with accuracy, precision, response

time etc. are follows:

P i Ti
Instrument/Probe arameter Range Accuracy fme
measured Response

Class 1 K-type

Temperature 100 to 250°C  (£01.5 C £ 0.25%) 0.1s
thermocouple sensor

Fig. 2.9 Constant temperature oil bath

Temperature sensors placed on following locations:

* Sensors distributed over the inner surface walls of metering box and over the outer surface
walls of metering box.

e Sensors have also been placed on the each of the baffle plate for hot side and cold side.

e Three sensors haven been placed in the air space between metering box baffle and
surround panel (Fig. 2.10) and distributed in the air space between cold box baffle and
surround panel.

e Temperature sensors are also placed in the air space in the guard box space behind the
metering box and over the surround panel surface facing hot side and cold side.

¢ Sensors have evenly been spread over the sample surface facing metering box (Fig. 2.11)

and cold box.
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Temperature sensors
placed on the baffle
surface

Fig. 2.10 Location of air temperature sensors (Al, A2 & A3) in the metering box

Agilent 34970A data acquisition system has been used to acquire data from the temperature

sensors. The temperature sensors terminals have been fed into 34901 A module which has a

built-in thermocouple reference junction to eliminate the errors caused due to thermal

gradients when measuring thermocouples. Voltage supplied to the plate heater, tubular heater

and the circulating fans inside the metering box have also been recorded in the data acquisition

system along with the respective currents (measured using DC shunt) flowing through each

of them. Using these data, the total instantaneous power input into the metering box from the

heaters and fans can be evaluated.

Sensor placed on
sample surface

Sensor placed on
surround panel

Fig. 2.11 Temperature sensors placed on the surround panel and sample surface (D.

Chowdhury et. al 2019)
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2.3.1 Metering Box and Guard Box Control Strategy

For the purpose of data acquisition and control an Agilent VEE Software based interface (Fig.
2.12) was developed which interacts with the Agilent 34970A data-logger via Agilent 82357B
USB/GPIB Interface Converter. Temperature data from air temperature sensors Al, A2 & A3
(Fig. 2.13) were fed into the software which were averaged to form the average air temperature
in the metering box. This served as input signal to the controller. Similarly, data from air
temperature sensors G1, G2 & G3 were averaged to form the average air temperature in the
guard box. The temperature vs time profile for the air average air temperature, baffle plate
surface temperature, surround panel surface temperature and sample surface temperature have
also been displayed in the interface.

A fuzzy logic driven virtual PID controller had been developed (C. Basak et al. 2016) which
used pulse width modulation technique to alter the input voltage duty cycle of the heaters
placed in the guard box and metering box. Previously a virtual PID control, on-off logic-based
technique was used to control the energy delivered from the heaters (4. Ghosh et al. 2014).
The output of the controller is calculated using MATLAB based fuzzy logic script from the
set point and the averaged value of air temperature. The output from the 34907A multifunction
card is used to turn on or off the heaters via an in-house developed control circuitry.

The purpose of the guard box is to maintain a controlled environment outside the metering

box such that rate of heat flow via metering box walls is minimum.

Fig. 2.12 Interface for Agilent VEE Software
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Now as per BS EN ISO §990:1996, this rate of heat flow through the metering box walls
should be limited to within 10% of the input power delivered into the metering box. In the

guard box, the three air temperature sensors have been distributed evenly in the guard space.

2.3.2 Cold Box Control Strategy

In cold side, chilled calcium chloride solution storage-based system incorporating heat
exchanger-fan coil unit (Fig. 2.13, Fig. 2.14) has been setup. F. Chen et. al (2013) used
guarded calorimetric hot box to evaluate U-value of double glazing where chilled water-based
cooling system incorporating PID controller has been used in cold box. A PID controller
(SELEC T533) was installed for the purpose of maintainig a constant temperature inside the
cold box. Out of the three air temperature sensors placed in the cold box air curtain in front of
the baffle, sensor in the middle position was used as input to the PID controller. The output
signal drives the circulating pump via an auxiliary relay. A flow control mechanism has been

kept to alter the flow rate of the calcium chloride solution.

Fig. 2.13 Heat Exchanger Fan Coil unit along with rotameter-based flow control

The advantage of using such a system is that dead zone of control involved in traditional air
conditioning systems is completely eliminated. Thereby precise control of air temperature is
possible by use of PID. Moreover, the flow rate of the chilled fluid can be measured via
rotameter (Fig. 2.13) Detailed study of the same has been presented by D. Chowdhury (2013)
in his M. Tech. thesis.

For the purpose data-logging Agilent 34970A data-logger was installed. D. Chowdhury et. al
(2016) had given a detailed study of the cooling circuit being employed in the cold box of the

same guarded hot box facility.
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Fig. 2.14 Sub-zero dilute calcium chloride solution based chilled storage unit

2.4 Calibration

calibration procedure of guarded hot box is of utmost importance to accurately determine

the overall heat transfer coefficient of any material. To accurately determine the heat transfer
through the sample specimen, it is necessary to isolate and quantify the various losses
associated with the metering box. It consists of flanking losses and heat transfer from metering
box into ambient through surround panel. For this purpose, calibration panels having known
thermal properties and similar to that of surround panel were placed in the sample holding
aperture.
As per ASTM C1363-11, flanking losses can occur at two locations in a hot box:

(a) Contact point of metering box wall on surround panel.

(b) Edge of aperture of surround panel holding a sample smaller than metering box

opening.

The first loss occurs from metering box to guard box. This loss coupled with heat transfer
from metering box to ambient from surround panel forms the extraneous heat transfer @eya
[W] involved with the metering box. The second loss occurs directly from metering box space
to cold box space via the surround panel or frame holding the sample. The direction of this
heat flow is parallel to the surround panel opening surface skin.
Now as per standards BS 874: Part 3: Section 3.1: 1987, calibration tests were carried out using
the same temperature and air velocity conditions as that would be used during actual testing

of specimen. Thus, prior to carrying out calibration, air velocity needed to be quantified.
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2.4.1 Measurement of Air Velocity of Metering Box and Cold Box

Air velocity was measured at various locations in the air curtain between bafflg.and surround
panel in both metering box and cold box using hot wire digital anemometer (Fig. 2.15, Fig.
2.16 & Fig. 2.17). The air velocity was varied by changing the input voltage to the circulating
fans keeping the baffle position fixed with respect to the surround panel. The sample used was
300mm extruded polystyrene insulation. Air velocities were measured at a distance of Smm,
30mm, 60mm and 90mm from surround panel surface at positions P1, P2 and P3 in cold box
and P4, PS5 & P6 in metering box. P1, P2 and P3 are at distance of 450mm, 850mm and
1250mm respectively from the top edge of cold box opening aperture on surround panel while
P4, P5 and P6 are at a distance 303mm, 688mm and 1073mm tespectively from top edge of
metering box opening projection on surround panel. Detailed specifications of the same given
in Table 2.3.

Table 2.3 - Tabular representation of instrument/probe used with accuracy, precision, response

time etc. are follows:

Instrument/Probe Parameter Range Accuracy Time Response
measured

Hot Wire Air Velocity 0.1~25ms?'  (x01.5°C 0.8s(approx)

Anemometer Air Temperature  0°C ~ 50°C +0.25%) 0.8s(approx)

Fig. 2.16 Hot wire anemometer setup for measuring air velocity
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Detailed air velocity profiles at various positions of metering box and cold box air are

shown in Fig. 2.18 to Fig. 2.23. The Y-axis represents the vertical surround panel surface.
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Fig. 2.18 Air velocity profile at P4 under

o . . Fig. 2.19 Air velocity profile at P1 under
varying input voltage to fan in metering

varying input voltage to fan in cold box.
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Fig. 2.20 Air velocity profile at P5 under
varying input voltage to fan in metering
box.

Fig. 2.21 Air velocity profile at P2 under
varying input voltage to fan in cold box.
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Fig. 2.22 Air velocity profile at P6 under Fig. 2.23 Air velocity profile at P3 under

varying input volt;ge to fan in metering varying input voltage to fan cold box.
OX.

Now as per BS EN ISO 12567-1:2010, which is based on BS EN ISO 8990:1996, the air
velocity sensors should be aligned in the centre of the parallel flow. In the present setup
the baffle plate was placed at distance of 120mm from the surround panel and the velocity
at the location of 60mm from the baffle plate was be considered for calibration and testing.

Fig. 2.24 shows the variation of metering box and cold box air velocity with input fan

voltage.
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Fig. 2.24 Variation of air velocity with input fan voltage for at different positions.

Studies were also conducted to investigate the impact of sample thickness on the metering
box and cold air velocity. Fig. 2.25 shows that sample thickness seemed to have almost

no impact on the air velocity of metering box and cold box.
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Fig. 2.25 Variation of fan velocity with input fan voltage for different sample
thickness

2.4.2 Measurement of Extraneous Heat Transfer
The extraneous heat transfer, @r, mainly includes heat transfer occurring between the
guard box and the metering box along contact point of metering box wall and the surround

panel. It also includes the heat flow from metering box to ambient via surround panel (Fig.

2.26).

Gasket Cold Box
e Surround Panel
Ambient
g Heat flow Guard Metering
direction Box Box

Fig. 2.26 Schematic heat flow regime at interface of metering box wall and guard box
wall with surround panel (D. Chowdhury et. al 2019).

The extra l@t transfer (@ g ) 18 calculated as: Actual heat input into metering box (Drear
iP) — total metering box wall loss (@ wail Less) — calculated heat flow through surround

panel (Ds,p.i) — Heat flow through sample (@D sumpie).

For evaluation of @gy., sample made of extruded polystyrene insulation and having
thickness 300mm was inserted in the sample holding aperture of the surround panel.

The test was performed with varying differential air temperature across the surround panel

while keeping metering box fan velocity at 0.920 m/s and that of cold box fan velocity at
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1.931 m/s. The metering box air temperature was held constant at 40°C while the cold box
air temperature was varied from -5°C to 20°C (-5°C, 0°C, 10°C, 20°C). Subsequently tests
were also carried out at fixed differential air temperature of 30°C (metering box air
temperature at 40°C and cold box air temperature at 0°C) and at varying the fan velocity
of metering box and cold box one at time.

From Fig. 2.27, it is evident that @gw. increased with the increase in differential air
temperature between metering box and cold box in a linear fashion. But change in air
velocity of metering box and cold box seemed to have little impact on @ (Fig. 2.28).
This can be due to the fact that with increase in differential air temperature, the total heat
flow from metering box to cold box also increases proportionately resulting in an increased
extra heat trasnfer. Detailed dataset with a sample calculation has been shown in

Annexure A.

»  Extra Heat Transfer
—_ Linear Fit Curve

15 20 25 30 35 40 45 50
Air Temperature Difference Between Metering Box
Air and Cold Box Air (°C)

Regression Eqn.: Y =0.171%X - 0.178

Fig. 2.27 Variation of extra heat transfer with differential air temperature.
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Fig. 2.28 Variation extraneous heat transfer with fan velocity
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2.4.3 Measurement of Flanking Losses
Flanking loss. ©@r occurs at the opening where the surround panel thickness is different
from the specimen thickness (Fig. 2.29). This flanking loss is a function of sample
thickness 6x, the differential air temperature between metering box and cold box dt,;- and
the air velocities of metering box umg air and cold box ucs air respectively.
Experientially it is determined by following equations (BS EN ISO 8990: 1996):
Ort = Oicar /P — DMB Wall Loss — DSurPat — D Extra — DSample (2.2)
O sampte = Keps ¥ Asampte * tsuuce | 6X (2.3)
where, 6tsuuce 18 differential temperature across sample surface,

Kkups is thermal conductivity of extruded polystyrene (0.033 W/m'C)

Asampie 1s area of sample.

Fig. 2.29 50mm extruded polystyrene sample mounted inside surround panel of GHBC

To evaluate the effect of sample thickness on flanking loss, extruded polystyrene of
thickness 25mm, 50mm and 100mm having dimensions of 500mm by 500mm have been
used as samples. After placing the interface of edge of the sample and the surround panel
aperture surface was properly sealed by applying silicon sealant. This was done to prevent
any air leakages through the edge of the sample. For each sample, flanking loss is
evaluated at dt,; of 40°C, 30°C & 20°C (Fig. 2.30). Calculation of flanking loss for &tg

equal to 20°C has been shown in Annexure A.
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*  Flanking Loss at 5T, =40°C
® Flanking Loss at 8T, =30°C
m  Flanking Loss at 5T = 20°C
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Fig. 2.30 Effect of 6t on variation of flanking loss with sample thickness.

The metering box air temperature was kept fixed at 40°C for all cases, while the cold box

air temperature was set at 0°C, 10°C and 20°C respectively. Similar study was conducted

by A. G. Lavine et al. (1983) on a calibrated hot box system. Thereafter effect of varying

metering box and cold box fan velocity on flanking loss vs sample thickness profile was

also studied. The air temperatures inside the metering box and the cold box were at 40°C

and 10°C respectively while the metering box fan velocity was varied and vice-versa.

Similar tests were also conducted with metering box air temperature at 40°C and cold box

air temperature at 10°C. Results are presented in Fig. 2.31 and Fig. 2.32.
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Fig. 2.31 Variation of flanking loss with sample thickness for varying metering box fan

velocity (a) and cold box velocity (b) at 8t,;,=30"C.




Chapter 2 — Guarded Hot Box Testing Set-Up 36

5.0 5.0
s P FlankingLossat &l ;, ~20°C & 45 ® Flanking Loss at dt, =20°C &
MEB air vel =0.92 mis, (B air vel = 1931 mis - MB air vel = 0920 my's, CB air vel = 1.337 m's
4401 % Flanking Loss atdt ;= 20°C & . 4. *  Flarking Loss at dty, = 20°C & -
3.54 MB air vel = 0,658 m's, CB air vel = 1931 m's 1 35 MB air vel =0.920 m’s, CBairvel = 1.685 m's
B FlkingLossar i, —20C& - < FlankingLoss atfe,, =20°C &
= 3.0+ N air = — = 3.04 i vel = i vel = 1.93
é 25 MB air vel = (0774 s, CB air vel = 1.931 m's < MB air vel =0.92 mis, CBair vl = 1931 mis
g 259 £ 15
3 20 = 5ol \\
SN EIRILA\AN
10 \\' = 10 <
0.5 05 \ \ '\
00 — > 0.0 — -
0.5 0.5
0 50 100 3 200 250 300 ( 50 100 150 200 250 300
Sample (g knes (i) Sample Thickness (mm)
(c) ()

Fig. 2.32 Variation of flanking loss with sample thickness for varying MB fan velocity
(¢) and CB velocity (d) at &t =20"C.

Following gives equations of variation of flanking loss (@) with sample thickness (8x)
with change in 8tui- at fixed ump air (0.920m/s) and ucs air (1.93 1m/s):
Flanking Loss at ét.;- = 40°C:

Y =4.764 - 0.0329*X + 0.000071*X2 - 0.000000045*X? (2.4)
Flanking Loss at 8tair = 30°C:
Y =4.420 - 0.0369*X + 0.0001*X? — 0.00000009* X3 (2.5)
Flanking Loss at ét.;- = 20°C:
Y = 3.9274%exp %) +0.2845 — 0.000843*X (2.6)

Following gives equations of variation of flanking loss (@) with sample thickness (8x)
for varying metering box fan velocity and cold box fan velocity with &t.- fixed at 30°C:
Flanking Loss at ums air = 0.920 m/s, ucp air = 1.685 m/s:

Y = 4.5714%exp ™79 10,2228 + 0.0005*X (2.7)
Flanking Loss at ump air = 0.920 m/s, ucp air = 1.337 m/s:

Y = 4.3075%exp 87822 - 0.0324 + 0.00008* X (2.8)
Flanking Loss at ump air = 0.774 m/s, ucp air = 1.931 m/s:

Y = 4.9612*exp X772 . 0.5886 + 0.0013*X (2.9)
Flanking Loss at ums air = 0.658 m/s, ucs air = 1.931 m/s:

Y = 4.5501*expX/30055 - 0,3296 + 0.0007*X (2.10)

Following gives equations of variation of flanking loss (@) with sample thickness (5x)
for varying metering box and cold box air velocity with 8t fixed at 20°C:
Flanking Loss at ums air = 0.920 m/s, ucs air = 1.685 m/s:
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Y = 4.1555%exp 324620 _0,0015 + 0.0000038*X (2.11)
Flanking Loss at ump air = 0.920 m/s, ucp air = 1.337 m/s:

Y = 4,128 7*expX218%) _0,0000178 +0.00000004585* X (2.12)
Flanking Loss at ums air = 0.774 m/s, ucs air = 1.931 m/s:

Y = 4.0785%exp X465 10,0177 + 0.00004375*X* (2.13)
Flanking Loss at ums air = 0.658 m/s ucg air = 1.931 m/s:

Y = 3.6426*exp' 4% 0.0055 + 0.00001385*X (2.14)
From the variation of flanking loss with fan velocity, it can be observed that the span of
the graph is much wider for variation of flanking loss with cold box air velocity (ucs air)
as compared to that of metering box air velocity (ums air). This means that variation of
cold side air stream velocity had a more dominant effect on flanking loss heat transfer as
compared to hot side air stream. Moreover, for differential air temperature of 30°C, the
flanking loss was much more as compared to that at 20°C. This could be attributed to the
fact that under reduced differential air temperature across the sample, the total heat flow
from metering chamber to cold box reduces. As a result, flanking loss had also reduced

proportionately.

2.5 Performance evaluation of Metering Box and Cold Box

300mm extruded polystyrene insulation was inserted in the sample holding aperture such
that entire surround panel achieves a uniform thickness. The set-point of metering box was
kept at 40°C and the cold box air temperature had been varied (0°, 10°, and 20°C). The
test was conducted for a minimum of eight to ten hours.

Now as BS EN ISO 8990:1996, under steady state, the controllers should keep any
random temperature fluctuations and long-term drifts within one percent of the air-to-air
temperature difference over the specimen over a period of eight hours.

Table 2.4 shows the maximum ﬂuctuatioaof air temperatures in metering box and cold
box. All the calculations were made after the air temperatures and surface temperatures in
the meteripgabox, cold box and guard box had reached their respective set points and
stabilised (Fig. 2.33, Fig. 2.34). Fig. 2.35 shows the metering box wall loss. It is evident

from the results that the fluctuations were very much within the prescribed limits.
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Fig. 2.34 Variation of cold box temperature profile with time
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Fig. 2.35 Variation of metering box wall losses with time
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Table 2.4 - Maximum fluctuations of air temperatures in metering box and cold box

Differential Air 1% of the air-to-air ~ Steady State Absolute Maximum
Temperature temperature Average air Fluctuation in air
between Metering  difference across temperature of temperature of MB
Box and Cold Box  the sample Metering Box ['C]
[ [Cl [C]
40.10 0.40 40.02 0.0499
29.99 0.30 40.00 0.0563
20.16 0.20. 40.01 0.0762

12
Differential Air 1 % of the air-to-air Steady State Absolute Maximum
Temperature temperature Average air Fluctuation in air
between Metering  difference across temperature of temperature of CB
Box and Cold Box  the sample Metering Box ['C]
[€] [€] [€]
40.10 0.40 -0.17 0.2034
29.99 0.30 10.11 0.1790
20.16 0.20 19.90 0.2286

2.6 Uncertainty Analysis of U-value Measurement

Uncertainty analysis involves estimating the extent to which uncertainties in individual
measurements influence the calculated results.

The combined uncertainty in U-value or overall heat transfer coefficients measurement
can be analysed using law of propagation of uncertainty as per GUM method (JCGM
100:2008). The combined variance u(y) can be represented as sum of variances of each

term associated with output.

In other words, ui(y)ziuf(y) (2.15)
i=1

Now we know, U = Osampre / (A * Otair) = Dsampite ! {A * (Tats air— Tcs air) }- (2.16)

So as per GUM Method the combined uncertainty is expressed as, (2.17)

u(U) = u(Dsumpic) + uc(A) + u(8tair) (2.18)

Ue*(Btair) = ue* (Tasp i) + e (Tcs air) (2.19)

U Dsampie) = U (Dttear 17) + U (Dup Wall Loss) + Ue”(Dexra) + U (D) + P (Dsuwpnr)  (2.20)

Now, the measurements of air temperature and surface temperatures were done using

temperature sensors which were thoroughly calibrated using a constant temperature oil
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bath and proper cold junction compensation were provided for thermocouples during
calibration procedure.

Overall system calibration was performed during estimation of @.... whereby a calibration
panel of same thickness and material as that of surround panel was used. This further
reduces the uncertainty of measurements. Moreover, during all calibration and thermal
transmittance runs, at least three to four data acquisitions were made to check for
repeatability of the results. The measurements of length and breadth of the sample were
made a number of times to reduce any chance error during measurement. The uncertainty

in measurement of area of sample can be considered as zero.

In this section uncertainty analysis in estimation of Q... has been presented.

Oevtra = OMB 10 CB measured - DMB 1o CB calculated (2.21)

OMB 10 CB measured = ODticaters T OFans - OB Avg Wall Loss (2.22)

DMB 10 CB calculated = k*A*AT/ 6x (2.23)
U (Dexira) = (D tteaters) + 0D Fans) + U (DM avg Wail Loss) + U (AT)

(2.24)

(D tteaters) = u(TV) + u(TC) + ul(PV) + u(PC) (2.25)

Ue(Drieaters) = V(0.0008482 +0.0000012+ 0.00013192 + 0.000005%) (2.26)

= 8.5 %107 (2.27)

= 0.00085 (2.28)

UHD Fans) = N(0.0000132 + 0.000000262) (2.29)

= 1.30026*107 (2.30)

Ue(Drans) = 0.000013 (2.31)

U (Oump avg watiLoss) = 0.002507685 (2.32)

uc*(AT) = U (AT surat Surfurce) + Ue* (AT Sump Surfce) (2.33)

5 2
= uc_(TSurPnF Temp Hot Face, A vg) + uc_(TSm'HIF Temp Cold Face, .4Vg) (234)

2 2
+ uc_(TSump Temp Hot Face, Avg) + uc_(TStmrp Temp Cold Face, .4vg) (235)

uc(AT) = V(0.0003422 + 0.000728> + 0.001457% + 0.001228%) (2.36)
= 0.00207 (2.37)

So,

Ue(Dexira) = V(0.00085% + 0.0000132 +0.0025076852 + 0.002072) (2.38)

= 0.00332 (2.39)
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2.6 Conclusion

In this chapter detailed description the guarded hot box test setup has been presented.
A detailed overview of the control strategy implemented in the metering box and cold box
has been explained. The metering box wall loss was within ten percent of the power input
to the metering box. The fluctuations in air temperature in metering box and cold box were
well within the prescribed limits (one percent) as per BS EN 8990:1996. Then after the
extrancous heat transfer and flanking losses have been estimated for the test setup. The
extraneous heat transfer seemed to have increased linearly with increase in differential air
temperature whereas change in air velocity of metering box and cold box fan seemed to
have little impact over the extraneous heat transfer.

Using these values, the overall heat transfer coefficient of any specimen can be accurately
determined. Thereafter detailed description of uncertainty analysis has been presented as

well.
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3.1 Introduction

Primary function of a building is to protect the users from the influence of outside weather
or environment and provide desire rmal comfort. The building space may be controlled
or uncontrolled. Controlled means the temperature and relative humidity within the space is
maintained with the help of some form of air conditioning system and uncontrolled meaning
no temperature or humidity control is done. The building envelope acts as a filter and allows
for some desirable aspect of environment to come in such as natural sunlight, natural
ventilation but at the same time cuts off or reduces the heat radiation, excess temperature,
moisture ingress, glare etc. As per Model Building Bve-Laws (2016), based on thggend use
activity buildings can be categorised as: Residential Building, Institutional Building,
Educational Building, Assembly Building, Mercantile Building, Business Building,
Industrial Building, Hazardous Building, Storage Building, Mixed Land Building and
Wholesale Establishment. Buildings can also be classified based on design and height as:
Detached Building, Multi-storeyed Building or High Rise Building and Semi-detached
Building. Building envelope includes doors, windows, roof, foundation, floor and all the
components such as structural masonry and insulation. In this chapter, we mainly focus our
study on typical residential building constructions. Building envelope mainly regulates
indoor thermal comfort. So thermal performance evaluation of building envelope is of
utmost importance. This chapter involves experimental evaluation of thermal properties of
building envelopes such as masonry walls, roofs and glazing over entire range of differential
temperature as experienced by building in various climatic zones. Overall heat transfer
coefficient or U-value is determined for various configurations of masonry wall, roof and
glazing. Estimation of the U-value of the opaque components is a crucial parameter for
estimating the heating or cooling demand for maintaining appropriate thermal comfort for
any climatic zones. It is an important tool while conducting building energy simulation
studies.

Now U-value of building envelope components can be determined by several methods:

(a) In situ thermal transmittance measuremelﬁas per BS ISO 9869:2014 and ASTM C1155
wherein the overall heat transfer coefficient can be determined by measuring the heat-flow
through the element with the help of heat-flow meter and the air temperature both sides
of the sample under steady state conditions. Calculations are based on average values of heat
flow rate and air temperatures averaged over a reasonably long duration of time in order to

get a fairly estimate of the steady-state condition (D. J. Harris, 2012).
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(b) Analytical calculation methods using EN ISO 6946.:2007 which requires the knowledge

of thickness, thermal conductivity of each layer of wall elements. (F. Asdrubali et. al, 2014).
(c) Overall thermal transmittance of building walls can also be determined in-situ by
infrared thermography (B. Tejedor et. al 2017, P. A. Fokaodes et. al 2011, R. Albatici et. al
2010).

(d) Experimentally it can be determined by Guarded Hot Box in accordance with BS EN ISO
8990:1996 and Calibrated Hot Box in accordance with BS EN 874 — 3.2:1990.

Among these methods, only Hot Box Testing methods gives in true sense steady state
overall heat transfer coefficient. The Guarded Hot Box Testing method provides a higher
degree of accuracy and is more flexible in comparison to calibrated hot box. Since
constructions used in ftraditional buildings are typically non-homogeneous, therefor
determination of U-value using guarded hot box is accurate and reliable.

Three different typical wall envelope configurations and a typical roof system generally
used in traditional residential buildings are selected for study. Study is also conducted on a

double-glazing unit incorporated with warm edge spacer.

3.2 Opaque Walls

Opaque wall components are the vertical structures which isolates the interior space from
the outer environment or partitions t@interior spaces. It generally covers the four sides of a
typical building. Broadly a building wall can be classified as load bearing wall and non-load
bearing wall. Load bearing wall is a structural co ent of a building which supports the
weight of the roof and upper floors of a building. It supports structural members like beams,
slab and walls on above floors above. Put simply, it is designed to cater the vertical load. A
non-load bearing wall on the other hand doesn’t cater the structural load of a building and
holds up only itself. Non-load bearing walls may include interior partition walls whose
function is to divide the structure into rogms. Opaque wall may be generally in either or
combination following forms as follows: Precast Concrete Wall, Retaining Wall, Masonry
Wall, Pre-Panelised Load Bearing Metal Stud Walls, Brick Wall, Stone Wall, Hollow

Concrete Block, Hollow Bricks etc.

In the present study we concentrate upon brick wall made of burnt red clay bricks. In
conventional residential households in India, walls are generally made of brick, mortar,
plaster and layer of putty and paint on the outside and inside. According to Bureau of Indian
Standards 1077:1992, standard modular size of common building bricks is 190mm(L) x
90mm(W) x 90mm(H) or 40mm(H) and that of non-modular bricks are 230mm(L) x
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110mm(W) x 70mm(H) or 30mm(H). But practically in sites 230mm(L) x 110(H) x 110(W)
or 230mm(L) x 100mm(W) x 75mm(H) is used normally. In a city like Kolkata average
brick size is approximately 230mm(H) x 125(W) x 75mm(H). It has been a common
practice to use 230mm brick wall with 12.5mm cement plaster on either side for outside
walls and 125mm brick wall with 12.5mm cement plaster on either side for partition walls.
Nowadays, use of 125mm brick wall having 12.5mm cement plaster on either side for
outside walls and 75mm brick wall with 12.5mm cement plaster as inner partition walls have
also become common practice. Present work is directed towards determining the thermal

performance of conventional 125mm brick walls, roof and double-glazing unit.

3.2.1 Sample Construction and Description

For carrying out Guarded hot box testing of masonry walls and roof, a wooden sample
holding frame was constructed (Fig. 3.1). The frame was treated to make it impervious to
moisture as much as possible. Wooden guides were also provided so that the masonry
sample could be built right in the centre position.

125mm masonry wall (with using stretcher bonds for bricks) was built inside the frame itself
using 125mm thiﬁ)nmt red clay brick (Fig. 3.2) and cement mortar bought from locally
available vendor. Commercially available Portland Pozzolana Cement (PPC) conforming to
IS 1489 Part 1 (1991, Reaffirmed 2005) was used. Then after 12.5mm or 0.5 inches cement
plaster was applied on both sides (Fig. 3.3). Requisite amount of water was added for proper
curing. The whole wall assembly was left to cure for at least two and half weeks. This was
the reference Sample WI (Fig. 3.4). After curing, the frame along with the sample was
loaded into the surround panel (Fig. 3.5) for testing. The composition of plaster and mortar
was cement and sand in the ratio of 1:6 (/S 2250 - 1981). Area of the masonry constructed in
the sample holding frame is 480mm by 480mm. The interface between wooden sample
holding frame and the surround panel was sealed with silicone sealant and masking tape to
form an air tight seal so that there was no direct leakage of heat from metering box to cold

box.
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Fig. 3.4 Sample W1 — 125mm brick wall with Fig. 3.5 Sample WI loaded into sample

12.5mm plaster inside sample holding frame  holding aperture

Plastered surface was properly smoothed and prepared for application of primer. Two coats
of acrylic cement primer were applied on both the sides and left to dry. This was Sample
WII (Fig. 3.6). Sample WIII was made from sample WII by applying two coats of water
based plastic paint (magenta colour) on side which would face metering box (Fig. 3.7). The
other side of the wall was left unchanged. Table 3.1 gives a brief description of all the wall

samples.
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(a) Sample WII prepared from Sample WI (b) Sample WII mounted on surround

panels

Fig. 3.6 Sample WII

(a) Side of sample facing metering box. (b) Side of sample facing cold box.

Fig. 3.7 Sample WIII loaded onto surround panel.
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Table 3.1 - Detailed description of the wall samples

Sample Sample Identification
3| Surface Surface
No. Sample Description facmg. facing
Metering Cold Box
Box
| 12.5mm cement plaster + 125mm brick Cement Cement WI
" wall + 12.5mm cement plaster plaster plaster
) Acrylic cement primer + W1 + Acrylic Ct?ment Ct‘?me‘nt WII
" cement primer primer primer
3 Water based plastic paint (magenta Plastic paint Ce?ment WIIL
" colour) + WII primer

For better understanding of the results, spectrophotometric tests (of various textured surfaces
Fig. 3.8) were conducted to study the solar reflectance characteristics of the sample surfaces.
Measurement of reflectance spectra was conducted using Perkin  Elmer
make UV-Vis-NIR spectrophotometer LAMDA 950 which has a wavelength range of 190 —
3200 nm (Central Glass & Ceramic Research Institute). The spectrophotometric test of
diffuse reflectance was carried out using 150 mm integrating sphere for the range 250 nm to
2500 nm. From the results obtained and using the equation o + p + 1 = 1, solar absoprtance
characteristics of the surfaces are obtained (Fig. 3.9) where o is absorptance, p is reflectance
and t is transmittance. Using ASTM FE903-93, reflectance and absorptance over visible

spectrum (Table 3.2a) and over entire solar spectrum (Table 3.2b) has been calculated.

White coulured Magenta

Plastered surface
sample coloured sample

Fig. 3.8 Sample surfaces prepared for spectrophotometry
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Table 3.2a - Reflectance and absorptance of sample surfaces calculated over visible
spectrum.
Sample Name % p %0t
Cement Plastered Sample Surface of W1 31.39 68.61
White Coloured Sample Surface of WII 90.50 9.50
Magenta Coloured Sample Surface of WIII 32.54 67.46
Table 3.2b - Reflectance and absorptance of sample surfaces calculated over entire
spectrum.
Sample Name % p Yoot
Cement Plastered Sample Surface of WI 29.23 70.77
White Coloured Sample Surface of WII 88.84 11.16
Magenta Coloured Sample Surface of WIII 4929 50.71
3.2.2 Experimental Procedure =
32

After the samples had been properly mounted and sealed in the sample aperture, the
surround panel was sandwiched between the hot side and cold side. Appropriate set points of

metering box and cold box were set in the Agilent VEE based interface software. The
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distance between baffle plate surface and surround panel surface was kept fixed at 120mm
in both metering box and cold box.

As per BS EN ISO 8990:1996, steady state is said to have been achieved when average
measurements of U-value, @peq 1p (total heat input to metering box), temperature of
metering box air and cold box air (Tams 4, Tcs 4i) along with surface temperatures of
samples and @Qup wanr Loss (Metering box wall loss) from two successive periods of at least
three hours after near stability, vary within one percent. In present study, variation of overall
heat transfer coefficient of the samples with varying differential air temperature (dtsir) was
studied. The metering box air temperature was set at 40°C while that of cold box air
temperature was varied at 0°C, 10°C & 20°C so as to maintain a minimum &/, at 20°C as
per standard. Therefore, at steady state the temperature fluctuations were also calculated to
ensure that the fluctuations in air temperature did not exceed one percent of 84, For each
set point, repeated number of tests were conducted to check the consistency of the test setup
results apddit exhibited similar tendency. The air velocity in metering box was kept constant
at 0.920 m/s while in cold box the air velocity was kept constant at 1.931 m/s. The standard
deviation of the results was also calculated.

Before conducting study on actual wall sample, the impact of wooden sample holding frame
on the overall heat transfer coefficient of the sample needed to be studied. For this purpose,
the sample holding frame wall completely filled with 300mm extruded polystyrene
insulation. The sample holding frame filled with insulation was loaded on to the sample
holding aperture. Then the test was conducted with environmental conditions similar to that
would be during actual testing of the samples. The difference in heat flow through the
surround panel (along with the wooden frame) and surround panel with 300mm extruded
polystyrene insulation was calculated.

Additional studies were also conducted to study the impact of varying convective heat
transfer rate on overall heat transfer coefficient of the masonry walls. The experiment was
conducted at 30°C and 20°C differential air temperature across the sample. For each
differential air temperature, air velocity was also varied in the metering box and cold box
respectively.

In first condition, metering box air set point was kept at 40°C, while cold box air set point
was kept at 10°C. Keeping this differential temperature fixed, U-value of the sample was
determined at metering box air velocity of 0.920 m/s, 0.658 m/s and 0.774 m/s while cold
box fan velocity was kept constant at 1.931 m/s. U-value was also determined at cold box

fan velocity of 1.931 m/s, 1.685 m/s and 1.337 m/s while keeping metering box fan velocity
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at 0.920 m/s at same differential air temperature. The minimum test setup run time was
about twelve hours. Air velocity was varied in the metering chamber and cold box by
varying the supply voltage to the circulation fans installed in the metering box and cold box.
In second condition, metering box air set point was kept at 40°C, while cold box air set point
was kept at 20°C. Keeping this differential temperature fixed, U-value of the sample was
determined again at varying velocities of metering box and cold box air velocity similar to

above condition.

3.2.3 Results

Comparative analysis of difference in extraneous heat flow (%ﬂ) through the surround
panel structure with and without sample holding frame inserted are presented in Table 3.3.
From the results it is evident that effect of frame on heat transfer through the surround pancl
is very less.

Table 3.3 - Variation in extraneous heat transfer.

O evira with 300mm xps

. . . Oexira With 300mm Variation in
insulation placed in . .
O Lair xps insulation placed extra heat
Test no. N wooden frame used as
(°C) sample as sample transfer
b (1]
s (W) (%)
1. 3991 6.666 6.657 0.14
2. 39.75 6.679 6.629 0.75
3. 29.70 4.981 4.908 1.47
4, 29.67 4.958 4.904 1.09
5. 20.02 3.276 3.251 0.76
6. 19.93 3.274 3.235 1.19

The overall heat transfer coefficients (U-value) of the sample W1 along with the other
detailed parameters such as total heat input to metering box (QDyear rp), flanking loss
associated with the sample (@), total metering box wall loss (s wuir Loss), actual heat flow
occurring from metering box to cold box (Qus w B, measurea), Sample heat flow rate (Dsumpie),
extraneous heat transfer (@ruw) are represented in Table 3.4, 3.5. The testing was conducted
with metering box air velocity and cold box air velocity held constant at 0.920 m/s and

1.931 m/s.
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Table 3.4 - Testing report for Sample WI
g g ¥ © = T = = 3 vy B 5o
- - S g g - ~— U~ 3 "‘; =
= 3 S = g § 8 2 g 2 S & D
= S 5 3 59 =
S 5 8 < >
1. 40.01 0.01 40.0 41.26 139 39.8 128 6.67 39.9 2651 21.5 2330
2. 4001 -0.09 40.1 41.11 1.24 3987 128 6.69 40.0 26.74 214 2321
3. 40.01 -0.09 40.1 41.16 122 3994 128 6.69 40.0 26.74 21.5 2328
4. 4001 10.11 299 31.65 140 30.25 0.87 494 297 1994 16.7 2417
5. 4001 10.13 299 3152 137 30.15 087 494 297 2002 166 2405
6. 4001 19.96 20.0 21.71 137 2034 034 326 198 1349 116 2.503
7. 4001 19.95 20.1 21.56 1.35 20.21 034 326 198 1348 114 2473

Table 3.5 - Fluctuations in air temperature and standard deviation of U-value for Sample W1

Maximum
fluctuations Maximum random Average
Test Oty U-value allowed as per fluctuations in air U lg Standard
no (°C)  (W/m’K) BS EN ISO temperature \N:ra;]lf) deviation
8990:1996 °C) (W/m
(C)
Tas air Tep 4ir
1. 40.00 2.330 0.40 0.043 0.058
2. 40.10 2.321 0.40 0.042 0.127 2.326 0.0048
3. 40.10 2.328 0.40 0.044 0.101
4. 29.90 2.417 0.30 0.050 0.134
2411 0.0082
5. 29.90 2.405 0.30 0.053 0.120
6. 20.00 2.503 0.20 0.057 0.140
2424 0.0209
7. 20.10 2.473 0.20 0.054 0.148
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Fig. 3.10 shows the variation of air temperature, sample surface temperature for sample W1
having metering box air sct point at 40°C and cold box air set point at 0°C. Fig. 3.11 shows

the fluctuation in metering box air temperature and cold box air temperature is within 0.4°C.

50
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S 404
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£
g “ .
é 30 — Lo
ﬁ 1 TGB Air
25 1 TSurPnl Surface Hot Side
20 - TSanple Surface Hot Side

0 1 2 3 4 5 6 7 8 9 10 1 12
Time elapsed in Hours

(a) Hot box temperature profiles for Sample WI

—T

B Air

20' T
i SurPnl Surface Cold Side
—T
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104
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[
L
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(b) Cold box temperature profiles for Sample WI

Fig. 3.10 Variation of air and surface temperature in metering box and cold box for

Sample WI.
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(a) Fluctuation in metering box air temperature with time during steady state for

Sample WI
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(b) Fluctuation in cold box air temperature with time during steady state for Sample WI

Fig. 3.11 Fluctuations in air temperature in Metering Box.

The overall heat transfer coefficients (U-value) of the sample WII along with the other

detailed parameters as obtained from testing are represented in Table 3.6, 3.7. The testing

was conducted with metering box air velocity and cold box air velocity held constant at

0.920 m/s and 1.931 m/s. Fig. 3.12 shows the variation of air temperature, sample surface
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temperature for sample WI having metering box air set point at 40°C and cold box air set

point at 0°C.
Table 3.6 - Testing report for Sample W1I
5 o s 2 - ¢ i = _
e £ £ ¢ 2 % i g 2 5_ 5. % 38
2 & & T 0§ I =52 % oz P 9P 3 TE
& g 5 4 § 258 § sT¥eT & 2%
= =  § 8 g = S =
Q Q
1 40.01 -0.20 40.21 39.77 0.95 38.83 1.28 6.71 40.00 27.68 20.37 2.199
2 40.01 -0.09 40.10 39.63 0.85 38.79 1.28 6.69 3994 2751 2037 2.205
3 40.01 -0.07 40.08 39.50 0.88 38.62 1.28 6.69 3994 2749 20.21 2.188
4 40.01 10.10 2991 23.62 7.01 30.63 0.99 29.63 0.87 494 16.03 2327
5 40.01 10.14 29.88 23.94 7.00 30.94 1.21 29.74 0.87 494 16.14 2.345
6 40.01 10.17 29.84 23.29 7.00 30.29 1.01 29.28 0.87 4.93 1571 2.285
7 40.01 19.96 20.00 21.71 1.37 20.34 034 326 19.8 1349 11.6 2.503
8 40.00 19.95 20.10 21.56 1.35 20.21 0.34 326 19.8 1348 114 2473
50
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(a) Hot box temperature profiles for Sample WII
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(b) Cold box temperature profiles for Sample WII
Fig. 3.12 Variation of air and surface temperature in metering box and cold box for Sample
WII
Table 3.7 - Fluctuations in air temperature and standard deviation of U-value for Sample

WII

Maximum
fluctuations Maximum random A
Test  Otuir U-value allowed as per fluctuations in air Uverzllge Standard
no. (°C) (W/m’K) BS EN ISO temperature (\'\;;:121115 deviation
8990:1996 (°O)
CC)
Trp air Tes air
1. 40.21 2.199 0.40 0.054 0.116
2. 40.10 2.205 0.40 0.048 0.107 2.197 0.0067
3. 40.08 2.188 0.40 0.058 0.196
4, 2991 2.327 0.30 0.057 0.233
5. 2988 2.345 0.30 0.067 0.157 2319 0.0253
6. 2984 2.285 0.30 0.080 0.145
7. 20.00 2.503 0.20 0.064 0.145
2440 0.0901
8. 20.10 2.473 0.20 0.074 0.165
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The overall heat transfer coefficients (U-value) of the sample WIII along with the other

detailed parameters as obtained from testing are represented in Table 3.8, 3.9. The testing

was conducted with metering box air velocity and cold box air velocity held constant at

0.920 m/s and 1.931 m/s. Fig. 3.13 shows the variation of air temperature, sample surface

temperature for sample WIII having metering box air set point at 40°C and cold box air set

point at 0°C.
Table 3.8 - Testing report for Sample WIII

e 2 € g & T i_g & i 3 E 22
z 5= 5 T § 5 sz % § P2 g2 ¢ ©£E
~ £ 8 2 £ $ £ & 27 &7 2 9B
= g = ) S =
< s 38 < <
I 4001 0.20 39.81 39.99 1.50 3849 1.28 6.64 39.75 26.79 20.17 2.199
2 4001 -0.17 40.18 40.27 1.18 39.10 1.28 6.70 40.09 27.12 20.62 2.228
3 4001 0.26 39.74 39.73 1.22 3851 1.28 6.63 39.68 26.86 20.22 2.208
4  40.01 10.06 29.95 2946 141 28.05 0.87 495 2976 20.10 14.44 2.092
5 40.01 10.27 29.74 29.05 1.08 27.97 0.87 492 2953 19.87 1446 2110
6 40.01 10.13 29.88 29.31 1.20 28.10 0.87 494 29,72 20.02 14.52 2.109
7 40.01 19.85 20.16 19.00 1.23 1842 0.34 328 1996 13.54 959 2.0064
8 40.01 19.87 20.14 19.80 1.50 1835 0.34 3.27 19.77 13.64 957 2.062
50
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2
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(a) Hot box temperature profiles for Sample W1II
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Fig. 3.13 Variation of air and surface temperature in metering box and cold box for

Sample WIII

Regression plot for the variation of U-value with 8tar for Sample WI and Sample WII is

presented in Fig. 3.14 while for Sample WIII is presented in Fig. 3.15

Table 3.9 - Fluctuations in air temperature and standard deviation of U-value for Sample

WIII
Maximum .
Auctuati Maximum random A
Test  Otair U-value allcl)l\(;e; ;21;:31_ fluctuations in air UVS;T\E: Standard
o] 2 e - . .
no. (°C) (W/mK) BS EN 1SO temperature (W/m2K) deviation
8990:1996 (°C)
TuB air TcB air
1. 39.81 2.199 0.40 0.064 0.123
2. 40.18 2.228 0.40 0.056 0.121 2212 0.01205
3. 39.74 2.208 0.40 0.058 0.134
4. 29095 2.092 0.30 0.075 0.166
5. 2974 2.110 0.30 0.066 0.154 2.104 0.00798
6. 29.88 2.109 0.30 0.053 0.156
7.  20.16 2.064 0.20 0.088 0.133
2.063 0.00101
8. 20.14 2.062 0.20 0.077 0.173
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Fig. 3.14 Variation of U-value with differential air temperature for Sample W1 & WII
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Regression Eqn. for Sample WIIL: Y =0.008580 * X + 1.86189
Fig. 3.15 Variation of U-value with differential air temperature for Sample W1II
From Fig. 3.14, it was observed that U-value of Sample W1 having cement plastered surface
was always greater than that of surface of sample WII which had white coloured surface.
This can be attributed to the fact that surface of the sample WI has a higher absorption

cocfficient as compared to that of sample WII (as evident from Table 3.2). In other words,
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radiative heat transfer component has been reduced for sample WII as compared to sample
WL Moreover, it can be also observed that U-value in both the cases increased with decrease
in dtyir across the sample. This is probably due to the fact that sample surfaces were
hygroscopic in nature. As a result, the moisture content of the overall sample changed with
otair. In other words, lower the otir, higher was the moisture content of the sample and
higher the U-value of the sample obtained.

From variation of U-value with 8t,; of sample WIII, it can be observed that contrary to the
nature of variation of U-value for samples WI & WII, U-value in case of sample WIII
increased with increase in dtyir. This nature can be attributed to presence of con in the
paint which has water repellent properties. As a result, the hygroscopic nature of the sample
surface was changed and the moisture content of the sample hardly changed. The increasing
trend of U-value with &t,;- may be due to increase in thermal properties (such as thermal
conductivity) with increase in dtair.

For the purpose of studying the impact of varying convection rates on the overall heat
transfer coefficient, sample WII was selected. The results of variation of overall heat transfer
coefficient (U-value) for Sample WII with air velocity for dtui» equal to 30°C and 20°C is

presented in Table 3.10 and graphical representation of the same is shown in Fig. 3.16.

Table 3.10 - Variation of U-value of Sample WII with change in metering box and cold box

air velocity respectively.

U-value at  U-value at U-valueat  U-value at
MB Fan MB Fan 6t =30°C, 6ty =20°C, CB Fan CB Fan &t,;, =30°C, &t =20°C,
Voltage velocity  CB Fan CB Fan  Voltage velocity MB Fan MB Fan
(VDC)  (m/s) Velocimlt Velocity at (VDC) (m/s) Velocityat Velocity at

1.931m/s  1.931m/s 0.920m/s  0.920 m/s
24.1 0.92 231 242 1.8 1.931 242 231
24.1 0.92 233 243 1.8 1.931 243 233
20.0 0.774 2.25 232 10.0  1.685 221 222
20.2 0.774 2.26 23 10.0  1.685 2.18 2.13
16.0 0.658 2.16 2.25 7.9 1.337 2.10 2,02

16.0 0.658 2.16 227 8.0 1.337 2.11 1.98
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Fig. 3.16 Effect of variation of metering box and cold box air velocity on U-value for
Sample WIL

3.3 Roof

Roof is the uppermost component of a building structure. The primary function of the roof 1s
to enclose the space and to protect it from the effects of rain, wind, sun, heat and snow. Roof
(especially horizontal flat roof) receives direct solar radiation for the maximum time of the
day throughout the year. The choice of the type of roof construction is dependent upon the
climatic conditions, shape of building, availability of materials etc. Some of the common
roof types used in India are as follows: Thatched roofs, flat roof, parapet roof, gable roof,
hip roof, skillion roof and combination roof.

In this chapter we concentrate upon flat roof construction as it’s a very common and
simplest form of construction used in residential households in India. Flat roofs have a slight
slope in order to facilitate drainage of water. Flat roofs are generally avoided in places
where are heavy rainfall or snowfall. Different types of flat roofs include Reinforced
Cement Concrete Roof, Precast concrete Roof, Jack Arch Roof, mud terrace roof, Madras
Terrace Roof etc. Among these reinforced cement concrete roof flat roofs are conventionally

used. It is most durable as compared to other types of flat roof.
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In the summer season, flat roofs of buildings are exposed to the intense heat of the sun for

the entire duration of the day except during sunrise and gnset. Now concrete being a very
dense material has a high thermal mass. As such once it gets heated it retains the heat for a
very long time. This stored heat is then radiated into the rooms during the night when the
surroundings are getting cool. Due to the stillnggs of air just under the roof, the air in the
room also gets heated up. Moreover, the rotating ceiling fan below the roof pushes the warm
air down, thereby increasing the discomfort ﬁthe occupants.

Traditionally, “Surkhi”, which is a mixture of brick bat, lime, maravajra (natural adhesive)
and Antvalakai (gum fruit) was used in the past as a weatherproof layer in order to prevent
the roof from getting heated. Nowadays weather-proof clay panels (having tube like holes
within them) are commonly used for insulation. It is placced over the concrete roof with
cement mortar. Bituminous sheets having silver coating on the outer side are also used for
insulating the roof. They reflect heat and prevents damage to the roof from water seepage.

In this chapter a conventional RCC roof used in typical residential house in India has been

fabricated and its thermal performance has been evaluated.

3.3.1 Sample Construction and Description

A traditional reinforced cement concrete (RCC) roof (Sample WIV) used in traditional
rooftops in residential household had been constructed. The thickness of the RCC roofand
the concrete mix had been done as per IS 456:2000. The concrete mix used here was 1:1.5:3
i.e. 1 part of cement 1.5 part of fine aggregate/coarse sand and 3 parts of 20mm down stone
aggregate. It had been reinforced by 8 mm steel bars at a spacing of 150mm c/c. The sample
size was 480mm by 480mm. Adequate amount of water was added for curing. The whole
assembly was cast inside a separate frame and left to cure for 28 days before loaded on to
the sample holding frame. After curing process was complete the roof slab was inserted into
the sample holding frame and placed midway. One side of the roof surface was plastered
(12.5mm thick) with mortar having mix 1:6. The plastered side was properly smoothed and
prepared and then two coats of cement primer was applied on it. Self-adhesive bituminous
member had been applied on the other surface. Fig. 3.17 shows the side view of the RCC
roof slab. Cross-sectional view of the slab showing the layout of the steel reinforcements is

shown in Fig. 3.18.
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Fig. 3.17 Side view of the RCC roof slab (Sample W1V).
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Fig. 3.18 Cross-sectional view of the slab showing the layout of the steel reinforcements.

3.3.2 Experimental Procedure

The Sample WIV along with the sample holding frame was mounted on the sample holding
aperture frame of the surround panel. The interface between the sample and sample holding
frame was properly sealed with silicone sealant. The interface between the sample holding
frame and the surround panel was also sealed in similar fashion. Fig. 3.19 show the sample
WIV placed on the sample holding frame and mounted on the surrounding panel with

thermocouple sensors mounted on both the surfaces. The side having bituminous layer was
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facing the metering box chamber while side coated with cement primer was facing the cold

box chamber.

Waterproofing membrane applied surface Plastered surface with cement primer
facing metering box applied facing cold box.

Fig. 3.19 100 mm RCC roof (Sample W1V) mounted on surround panel with
thermocouple sensors placed on the surface.

The rest of the testing procedure was similar as described in section 3.2.2. The metering box
air velocity was kept constant at 0.920 m/s and cold box air velocity was kept constant at
1.931 m/s while the horizontal distance between baffle surface and surround panel surface

was kept at 120mm in both the metering box and cold box.

3.3.3 Results

The results of variation of overall heat transfer coefficient with differential air temperature
as well as other parameters are presented in Table 3.11. Regression plot of the same is
presented in Fig. 3.20. The standard deviation along with the maximum fluctuations of air
temperature are presented in Table 3.12. The variation of air and surface temperature in
metering box, cold box, sample surface and surround panel surface are presented in Fig.
3.21. The variation of total heat transfer rate with time occurring through all the five

metering box walls from metering box to guard box for Sample WIV is presented in Fig.

3.22.
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Table 3.11 - Testing report for Sample WIV
— = G G
e £ ¢ o & Y §_ g B : i B 3@
= ~ < s & 3 = e % ~ T 2 = ';Eum
Z ¢ I 3 3 3 8 T & £ =2 % % -§
7 3z = 2 X = = =
T e & ® § s g % s §F 5 & °F
Q @ Q <
1 4000 -0.08 40.08 5954 1.71 57.83 0.14 6.69 40.04 15.09 40.52 4.388
2 40.00 -0.05 40.06 59.59 1.76 57.83 0.14 6.68 3993 15.14 40.56 4.395
3 40.01 9.89 30.11 4446 129 43.17 0.04 498 2986 11.84 30.34 4.372
4 4000 9.87 30.13 4490 169 4321 004 498 2991 1198 3036 4373
5 4000 9.86 30.14 44096 1.74 4322 0.04 498 2995 12.07 30.35 4.371
6 4001 1982 20.19 30.64 191 2873 0.08 3.28 19.67 8.10 20.23 4.347
7 4001 1983 20.19 30.67 191 28.76 0.08 3.28 19.74 825 20.24 4.352
50
4.8
= U-value
) Y =0.0021 * X +4.3076
“__54.6
244
—
4 ——
4.2
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8T, (*C)

Regression equation for Sample WIV: Y = 0.0021 * X + 4.3076
Fig. 3.20 Variation of U-value with differential air temperature for Sample WIV
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Table 3.12 - Fluctuations and standard deviations of air temperatures for Sample WIV
Maximum
fluctuations .
Test Otair U-value allowed as Max1m1.1m ra.ndc?m Average Standard
oC W/m2K BS EN fluctuations in air U-value deviati
no. C) (W/mK) Fg:) temperature (Wm?K) cviation
8990:1996
The air Ten air
1 40.08 4388 0.40 0.059 0.112
4.391 0.00341
2 40.06 4.395 0.40 0.061 0.100
30.11 4372 0.30 0.077 0.146
4 30.13 4373 0.30 0.075 0.166 4372 0.00109
5 30.14 4371 0.30 0.077 0.164
6 20.19 4.347 0.20 0.076 0.168
4.349 0.00201
7 20.19 4352 0.20 0.081 0.170
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(a) Hot Box temperature profile for Sample WIV
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(b) Cold Box temperature profile for Sample WIV

Fig. 3.21 Variation of air and surface temperature in metering box and cold box for Sample
WIV

10

| | |
—— Total heat transfer

- -]

=

Heat transfer rate through
metering box walls (W)
f 8

2'W

0

2

0 5 10 15 20 25 30

Time Elpased in Hours

Fig. 3.22. Variation of Metering box wall heat transfer with time.

For the roof sample WIV, the bituminous waterproofing membrane acts as a moisture

barrier thereby preventing any change in moisture content of the sample. As a result, U-
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value increases with increase in oty (Fig. 3.20) similar to that in sample WIII. Moreover,

the U-value of the roof sample is almost double than that of the wall samples.

3.4 Double Glazing Unit (with warm edge spacer)

Fenestration is a general term which refers to windows, skylight and doors in a building. It
can be cither fixed or operable. It influences the building energy use via four basic
mechanisms: heat transfer, solar heat gain, air leakage or ventilation and daylighting.
Components of fenestration include glazing material (which may be glass, plastic or
acrylic), framing, insulation dividers and opaque door slabs. In a tropical climate such as
India, design, location and configuration of glazing is of prime importance when it comes to
aesthetics and energy use of a building. In this section we are mainly focusing upon typical
double-glazing unit. A typical double-glazing unit (DGU) not only provides improved
thermal insulation but also improved acoustic insulation as compared to single glazing unit.
A DGU consists of two glazing layers that are held apart by an edge seal. The most common
glazing material is clear float glass. The gap between the two glass panes is generally filled
with air. However, argon, krypton gases are also used to reduce the convective heat transfer
across the cavity. The edge seal comprises of spacer, primary and secondary sealant along
with desiccant. Normally spacers used are made up of metal (for e.g., aluminium, steel). As
a result, conductive heat transfer through the edge of double-glazing system is much higher
than at its centre. To minimise this heat flow, warm-edge spacers made of materials of lower
thermal conductivity such as polymers, foamed silicone etc. are used. The function of the
primary seal is to adhere the spacer to the glazing and minimise moisture ingress and gas
escape while that of secondary seal is to provide structural integrity to the glazing. The
secondary seal is generally made of silicone or polyurethane. The purpose of desiccants is to
absorb the trapped moisture within the cavity during the assembly phase or which gradually
through the seal. Desiccants include silica gel or molecular sieve or a combination of both.
The present study examines the thermal performance of a typical double-glazing unit

incorporating warm-edge spacers.

3.4.1 Sample Construction and Description

Double glazing unit incorporating warm-edge spacer was built in the laboratory itself. Two
4mm Modiguard make clear float glass of dimension 505mm by 505mm were thoroughly
rinsed and cleaned by using acetone and iso-propanol. The warm-edge spacers (Swispacer

Ultimate) samples were supplied by SWISSPACER, Vetrotech Saint-Gobain (International),
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Switzerland (Fig. 3.23). The spacers are 14.5mm in width and the height of the same is
6.5mm. The spacer bars were joined by corner keys (which were also supplied by
SWISSPACER). Four spacers were joined using corner keys to form a rectangular box
whose inner dimension was 490mm by 490mm. Before forming a grid, adequate amount
silica gel was placed in the spacer bars. The spacers had an adhesive layer which acted as a
primary sealant. The secondary sealant used here was silicone sealant (black coloured).
After the sealant had cured properly the double-glazing unit (Sample V1) was placed in a
wooden frame (Fig. 3.24). The total thickness of the double-glazing unit was 23mm.

Fig. 3.23 Warm-edge spacers and corner keys

Fig. 3.24 DGU placed in wooden frame.

Similarly, another DGU made of 4mm clear float glass using traditional aluminium [4.5mm
thick spacers was also constructed for comparative study. Sectional view of the wooden

frame has been shown in Fig. 3.25. The frame was fabricated wan the laboratory for the




Chapter 3 — Evaluation Of Thermal Performance Of Building Envelope Components (Opagque Walls, Roof And
Glazings) 70

purpose of carrying out of testing of glazing samples. This frame was also treated to make it

impervious to moisture as much as possible.
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Fig. 3.25 Schematic view of the frame on which glazing units are mounted.

3.4.2 Experimental Procedure

The warm-edge sapcer based double glazing unit inserted in wooden frame (Sample WV)
was placed in the sample holding aperture in the surround panel (Fig. 3.26). Thermocouple
sensors were placed on both the surfaces facing metering box and cold box. The interface
between wooden frame and surround panel was properly sealed off to ensure no air leakage
occurs from metering box to cold box.

The rest of the testing procedure was similar as described in section 3.2.2. The metering box
air velocity was kept constant at 0.920 m/s and cold box air velocity was kept constant at
1.931 m/s while the horizontal distance between baffle surface and surround panel surface

was kept at 120mm in both the metering box and cold box.
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Fig. 3.26 Sample WV placed in the surround panel with thermocouple sensors mounted.

3.4.3 Results

The overall heat transfer coefficients (U-value) of the sample WV along with the other
detailed parameters as obtained from testing have been represented in Table 3.13, 3.14. Fig.
3.27 shows the regression plot of variation of U-value with respect to Ot,; Fig. 3.28 shows
the real-time view of the variation of the various temperature profile for metering box set
point of 40°C and cold box set point of 0°C. Fig. 3.29 shows the real-time variation of
temperature profile of metering box air, baffle surface, glazing sample surface as being
recorded in Agilent VEE program. Table 3.15 shows the test report for conventional double-
glazing unit (air filled) with conventional aluminium spacer. Table 3.16 shows the
comparative analysis of overall heat transfer coefficient for warm edge spacer based double

glazing unit and aluminium spacer based conventional double-glazing unit.

Table 3.13 - Testing report for Sample WV

s £ 2 0 £ % 8 £ B I_ i & 22

= 8 Py .._g = = g ) = 3 “ 3 .'DI
ﬁ = o S S Q g ) z E ) -

I 4001 -0.02 4003 5547 221 5326 270 6.68 3993 1833 32.17 3.215

40.01 0.02 3999 5550 2.22 5328 270 6.67 39.87 18.53 3222 3.223

2

3 4001 10.04 2997 41.86 2.03 3983 2.70 495 2974 13.72 23.53 3.140
40.01 10.06 29.95 40.82 1.51 3930 2.70 4.95 29.80 13.50 22.99 3.070

5  40.02 1991 20.11 28.22 159 26.63 2.70 3.27 19.87 9.15 15.51 3.085
40.01 1993 20.08 27.85 149 2636 270 326 19.84 9.12 15.25 3.038
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Table 3.14 - Fluctuations and standard deviations of air temperatures for Sample WV

Test 5t U-val #a};mtl.lm Maximum random  Average Standard
©s o -vajue tuctuations fluctuations in air U-value 5 2ndar
no. ("C)  (W/m’K) allowed as per BS temperature (W/m?K) deviation

EN ISO 8990:1996 P
Tup 4ir Tepair
“°C) (°C)
1 40.03 3.215 0.40 0.049 0.153
3219  0.00385
2 39.99 3.223 0.40 0.053 0.153
3 29.97 3.140 0.30 0.056 0.156
3.112  0.02785
4 29.95 3.070 0.30 0.071 0.169
5 20.11 3.085 0.20 0.077 0.174
3.047  0.00908
6 20.08 3.038 0.20 0.087 0.134
4.0
35
Bol—— ——
)
g 2s
ik E— —
= e U-value in Wim?K for Samplw WV
sl Linear Fit Curve .
=T
1.0
05
0.0
15 20 25 30 35 40 45

8T, (C)
Regression equation for Sample WV: Y =0.0087 * X + 2.8659
Fig. 3.27 Variation of U-value with differential air temperature for Sample WV
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Fig. 3.28 Variation of air and surface temperature in metering box and cold box for Sample

WV
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Fig. 3.29 Real-time view of the variation of the various temperature profile as recorded in

Agilent VEE program.

Table 3.15 - Test Report for DGU Air filled with conventional aluminium spacer

gf.n’ra (W)
U-value
(W;’mgK)

Testno
Tus 4ir (°C)
T('B Air (OCJ
at{m (QC)
Onearrir (W)
DB Wall Loss (W)
@'1.1"5’ 1o CB, measured
(W)
Or (W)
ATsurpni Suiface (OCJ
ATS'{UJI;J Surfuce (OCJ
@S(U'le'l(’ (W)

40.01 0.1 3991 57.25 132 5594 404 495 3998 18.25 34.86 3.494

2 40.02 946 30.56 4527 295 4232 363 6.67 3048 143 2572 3.367

3 40.01 19.84 20.17 2892 1.23 27.68 2.7 328 1996 926 1653 3.278
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Regression equation: Y = 0.0137 * X + 2.94751

Fig. 3.30 Variation of U-value with differential air temperature for conventional aluminium

spacer based double glazing unit.

Table 3.16 - Comparative analysis of overall heat transfer coefficient of aluminium spacer

based double glazing unit and warm-edge spacer based.

—~ =
: @] = — =
g < T E= s E= S 3
a5 = 527 2°%
3 S8 =28 3
TEE - e
- & -~ & =
1 4001 3.494 3.219 7.87
2 2996 3.367 3.112 7.56

3 20.10 3.278 3.047 7.06
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3.5 Uncertainty Analysis

As per BS EN ISO 8990:1996 the heat flow through the sample in case of guarded hot box

can be summarised as:

O sumpie = Oticar 1P - DMB Wail Loss = Dexira - OF1 - Dsurpni
where,

Otiear 1P = Oreaters + DFuns

OHeaters =TV*TC + PV*PC

OrFuns = FV*FC

QM'B Wall Loss =k* Ame{er{ng box wall * ATS'mﬁweJ" anre(‘en'ng box wall
Oevira = OMB 10 CB measured = DMB 10 CB caleulated

@M'B to CB measured — @.’feumm + Gﬁm.\' = GM'B Avg Wall Loss

OuB w0 B caicutated = K * Asurput * AT surpni Surfice | 0Xsurpnt + K * Asamp * AT sump Surfuce | 0XSamp
ATsurpni Surface = TSurPul Temp Hot Face, Ave = 1 SwPnl Temp Cold Face, Avg

ATSHH:;} Surface — TS;rmrp Temp Hot Face, Avg = TS'ump Temp Cold Face, Avg

U = Osampte | (A * dtair)

The combined uncertainty in measurement of overall heat transfer coefficient can be

expressed (as per GUM Method) as,

ucz(U) = mz(gﬁmrpk) + ucz(A) + ucz(atur'r)
uc2(6tm}') = 1]-(:2(T,HBAE}') + ucz(TCB Af'r)
ucz(GS:mrpfe) = 1102(91'&'“{ )’/P) + uc2(®;1ﬂ? Wall Lt).\'.\') + ucz(gurnu) + ucz(gﬁf) + uc2 (GSW'PJIIF)

ucz(@.’feul f.-"P) = ucz(@.’feu{em) + ucz(@ﬁum')

ucz(gﬂeuler.\') = u-cz(TV) + uc2(TC) + ucz(PV) + ucz(PC)

ucz(@FHH.T) = 'l].cz(FV) + ucz(FC)
uc2(®ar{ru) = 1]-(:2(9.’1&1{313') + ucz(gﬁm.\') + ucz(glﬂi’/lvg Wali Lm‘.\') + ucz(AT)
uc2(AT) = u-cz(ATSurPnF Smjuc'e) + uc2(ATSmnp Smjuc'e)

= 2 2 2
=Uc (TSM'PMI Temp Hot Face, /ivg) + Ug (TSM'PHF Temp Cold Face, Avg) + Ug (T&mrp Temp Hot

2
Face, Avg) + ue (Tﬁlmrp Temp Cold Face, Avg)
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As per JCGM 100: 2008, the uncertainty in measurement can be represented as:

u= s(é_) / \n, where s(é) is the experimental standard deviation of the mean of n number
of observations.
The air and surface temperatures sensors were optimized to give accurate temperature

difference. The measurements were done using temperature sensors which were thoroughly
calibrated using a constant temperature oil bath and proper cold junction compensation was
provided for thermocouples during calibration procedure.

Overall system calibration was performed during estimation of @.w« whereby a calibration
panel of same thickness and material as that of surround panel was used. This further
reduced the uncertainty of measurements. Moreover, during all calibration and thermal
transmittance runs, at least three to four data acquisitions were made to check for
repeatability of the results. The measurements of length and breadth of the sample were
made a number of times to reduce any chance error during measurement. The uncertainty in
measurement of area of sample can be considered as zero. Moreover, the input voltage to the
heaters in metering box (TV, PV) and fan voltage (FV) were measured closest to the heaters
and fans to minimise the error due to line losses in the leads to the heaters and fans.

The uncertainty in measurements for u-value for walls and roofs are summarised as below

(D. Chowdhury et. al 2019).

Table 3.17 - Measurement results and uncertainty analysis.

40.06 2.326 0.016 0.025 - 0.030
WI 29.89 2411 0.033 0.008 - 0.034
20.05 2.488 0.045 0.005 - 0.046
40.13 2,197 0.044 0.033 - 0.055
WII 29.87 2.319 0.039 0.017 - 0.046
20.10 2.378 0.010 0.024 - 0.026
39.91 2212 0.015 0.050 - 0.052
WIII 29.86 2.104 0.019 0.049 - 0.053
20.20 2.052 0.023 0.041 - 0.047
40.07 4.391 0.028 0.009 - 0.029
WIV 30.13 4372 0.028 0.007 - 0.029

20.16 4327 0.010 0.025 - 0.027
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3.6 Conclusion

This chapter presents a detailed experimental analysis of evaluation of overall heat transfer
coefficient of traditional 125mm burnt red clay brick wall-based wall samples. Variation of
overall heat transfer coefficient with differential air temperature between metering box and
cold box for three types of brick wall configurations: 125mm brick wall with plaster on both
sides, 125mm brick wall with plaster and white coloured cement primer applied on both
sides and 125mm brick wall with cement primer and magenta colour applied on one side and
cement primer on other side. Tests were conducted with metering box fan velocity and cold
box air velocity held constant all though the test.

Additional tests were conducted to find the impact of varying metering box fan velocity and
cold box fan velocity on overall heat transfer coefficient on 125mm brick wall sample with
12.5mm plaster on both sides.

A conventional 100mm reinforced cement concrete roof sample is constructed with plaster
on one side and bituminous layer on another side. Effect of variation of overall heat transfer
coefficient with varying differential air temperature between metering box and cold box for
this sample was studied.

A double-glazing unit with 4mm clear float glass and warm edge spacer was constructed and
the impact of variation of overall heat transfer coefficient with varying differential air
temperature between metering box and cold box for this sample was studied. Comparative
study between conventional aluminium spacer based double glazing unit and warm-edge

spacer based double glazing unit was studied as well.
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4.1 Introduction

In this chapter, a three-dimensional model of a building was generated from an AUTOCAD
based 2D plan of a building with the simulation software. The building construction details as
obtained from ASHRAE Handbook fundamentals 2017 were used as input to the software. In
another scenario, the thermal properties of the building envelope (such as wall, roof and
glazing) in form of overall heat transfer coefficient or U-value as obtained from Guarded Hot
Box (GHB) testing was used as input in the simulation software. The monthly overall cooling
energy consumption (in kWh) or the total cooling load (in kWh) was computed for the above
two scenarios using three simulation software: DesignBuilder, ECOTECT and eQUEST. The
orientation of the building was changed and its impact on the overall cooling load / energy

consumption was observed.

4.2 Building Model Description

A building block of dimension 20’ x 20’ x 10” or 6.096m x 6.096m x 3.084m was modelled.
Window had been placed on south facing wall having window to wall ratio of 40% as per
ECBC (2017) standards. The area of window is 7.52m? or 80.94sqft. The window was kept
closed during all the simulation scenarios. The building was selected for office purpose.
125mm burnt red clay brick wall with 12.5mm cement plaster on both sides was considered
as the building wall and 100mm thick reinforced cement concrete with 12.5mm cement plaster
on inside and a bituminous waterproofing membrane on outside was considered as roof of the
building. Floor consisted of 75mm brick layer over 300mm of soil, covered by 100mm thick
plain cement concrete. Ceramic/clay tiles were laid over the concrete layer with 35mm cement
concrete screed below it. Window was considered to be air-filled double-glazing unit made of
4mm clear float glass on either side with 14.5mm air gap between the glass panes. No shading
or overhang was considered for this study. Details of the building construction materials
(ASHRAE Handbook fundamentals, 2017) and glass (Modiguard clear) as used in simulation

have been shown in Table 4.1.

Table 4.1 - Construction details of building block material:

Thermal Densi Specific Heat
Material / Component  conductivity (k g/m?){ Capacity
(W/mK) (J/kg.K)
Cement Plaster 0.72 1860 840
Burnt red clay brick 0.81 1920 800

RCC Slab 1.4 2400 800
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Visible light transmittance (%) - 89

Visible light reflectance (%) - 8
Modigurad make Clear

UV Transmittance (%) - 67
4mm float glass

Solar Heat Gain Coefficient - 0.85

Shading coefficient -0.98
Clay tiles 1900 840
Bitumen layer 1700 1000
Concrete screed 2100 350

4.2.1 Building HVAC, Schedules and internal details
The general h@ing ventilation and air conditioning parameters along with the schedules and

various gains used in the simulation have been summarised in Table 4.2.

Table 4.2 — General simulation inputs:

Parameter

Value

Cooling Setpoint

24°C (Kumar et al., 2018)

Heating Setpoint

N.A.

umidification setpoint

35(BIS, 2016)

Dehumidification setpoint

65 (BIS, 2016)

Lighting Power Density

9.5 (ECBC, 2017)

Cooling COP 1.8 (BEE, 2016)
Working hours 9AM to 6PM.
Lighting Schedule 9AM to 6 PM

No. of people

4 (2 men, 2 women)

Equipment

4 number of desktop computer
320 W (80W * 4)
(ASHRAE Handbook fundamentals, 2017)

Air change rate

0.7 (BEE, 2016)

HVAC

Split no fresh air

Activity

Moderately active office work - 540W
(ASHRAE Handbook fundamentals, 2017)
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4.3 Simulation Engine

Building energy simulation is an important tool for accurate evaluation of overall energy
performance of a building considering the thermal comfort of its inhab'&ts (A. Ajmal, 2012).
Building simulation can help analyse the impact of thermos-physical properties of materials
and the performance of various systems under varying external and internal environments.
Simulation results help designers compare various options related to building form, system
types, energy efficiency at the earliest conceptual design phase. Even post construction of the
building, the impact of various energy conservation measures, the cost benefit analysis along
with their payback period can be simulated beforehand to determine its effectiveness.
Functions of building energy simulation software can be summarised as follows:

e Prediction of thermal behaviour of the building space in relation to the outside
environment.

e Evaluation of impact of daylight and artificial lighting in the building space.
e Modelling of the natural ventilation within the building space.

e Estimation of size or capacity of HVAC equipment for meeting the required thermal
comfort.

e Evaluation of compliance of building energy performance as per building codes such as
ECBC 2017, ECONIWAS SAMHITA 2018 (Part 1), AHRARE 90.1:2007.

Various building energy simulation programs such as Autodesk Green Building Studio, BSim,
DesignBuilder, DOE-2, ECOTECT, EnergyPlus, eQUEST, TRNSYS, ESP-r, EnerCAD are
available (Harish et al., 2016). Attia et al. (2009) M. Jaric et. al (2013) have made a
comparative study of different building performance simulation software in their study.

The present study involves usage of three most commonly used simulation software:
DesignBuilder, ECOTECT and eQUEST. The first step in any energy simulation involves
creation of a virtual replica of the proposed building or existing building. As such a typical
layout of the building (as described in section 4.2) was developed using AutoCAD (Fig. 4.1).
This AutoCAD based layout was incorporated into the simulation software and a three-
dimensional model of the building was developed. Then the details of the building envelope
components such as wall, roof, glazing and floor (Table 4.1), HVAC details (Table 4.2) were
given as input into the software as required. The same weather data file of Kolkata had been
incorporated in all the simulation software used. Table 4.3 and Fig. 4.2 shows the various
orientations of the building taken into consideration for simulation.

Two sets of simulation studies were carried out for each orientation of the building. In one

occasion, the details of the building block materials as obtained from ASHRAE Handbook
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Fundamentals were used in the simulation software and the resultant cooling load was
calculated thercof (Cooling Energy w.r.t. ASHRAE). In another occasion, the overall heat
transfer coefficient of wall, roof and glazing as obtained from Guarded Hot Box testing results
(Chapter 3) were directly given as input to the simulation software and the resultant cooling
load was calculated (Cooling Energy w.r.t. GHB). The percentage deviation of the results

has been calculated as follows:

Percentage (Cooling Load w.r.t. ASHRAE — Cooling Load w.r.t. GHB)

iati %) in = *100 %
Dew.atlon (%) in Cooling Load wr.t. GHB °
cooling load

=
Wi

150
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Figure 4.1 Plan of the simulated building.
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Table 4.3 - Details of various orientation used in simulation.

Name Orientation Name Orientation
(Surface Azimuth of Window) (Surface Azimuth of Window)
NO North facing (180°) S0 South facing (0°)
EO East facing (270°) WO West facing (90°)
NE45 North-East facing (-45°) NW45  North-West facing (45°)
SE30 South-East facing (-30°) SW30 South-West facing (30°)
SE45 South-East facing (-45°) SW45 South-West facing (45°)
SE60 South-East facing (-60°) SW60 South-West facing (60°)
North
(NO)
NW45 NE45
West (W0) East (E0)
SW60 SE60
SW45 SE45
SW30 SE30
South
(S0)

Fig. 4.2 Schematic view of the different orientations
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4.3.1 DesignBuilder simulation

DesignBuilder uses the EnergyPlus dynamic thermal simulation engine at its core to generate
performance data. EnergyPlus incorporates the capabilities of DOE-2 and BLAST software
programs. DesignBuilder software provides a state-of-the-art graphical user interface to
generate the three-dimensional model of the building and input various parameters required
for simulation. Both naturally ventilated buildings and air-conditioned buildings can be
modelled. Users can directly create the three-dimensional model of the building from scratch
by importing the .dxf file of the building plan or any .pdf format or picture of the plan and
generate the model. Fig. 4.3 shows the imported AutoCAD based layout into the software
interface. Building geometry can also be imported from REVIT, ArchiCAD, SketchUP using
gbXML file. Supported weather data files includes ASHRAE weather data files, EnergyPlus
weather data files such as IWEC (International Weather for Energy Calculations), EPW
(EnergyPlus Weather File) and TMY (Typical Meteorological Year) file.

DesignBuilder uses different building blocks to establish different levels and sections of a
building. Various thermal zones of a building are represented by blocks. The timestep also
known as ‘Zone Timestep’ is used for heat transfer and load calculations. The value entered
in the form of “Number of time-steps per hour”. It canbe 1,2, 4, 6, 10, 12, 30 and 60. A Zone
Timestep of 6 means an interval of 10 minutes (sixty minutes divided by six) was used for
numerical solution of the Zone Heat Balance model. The available weather data is usually

hourly data but the EnergyPlus based simulation engine automatically interpolates the weather

data as per the time-step.

e (s T [ T [55 [ipy [ e I

S veawm zoamm

Fig. 4.3 AutoCAD plan as imported in DesignBuilder interface )
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Moreover, there is also another type of timestamp (which the user has no access) known as
HVAC timestamp which governs the driving timestamp for HVAC and plant system
modelling. When the HVAC part of simulation begins it uses the ‘Zone timestamp’ as
maximum length but it reduces the time step as necessary to improve the solution. The
minimum HVAC time-steps per hour while using Finite Difference solution method is 20. No
mechanical ventilation or natural ventilation was considered. The cooling fuel required to
generate the cooling energy was selected as ‘1-Electricity from grid’.
The EnergyPlus (FORTRAN codg,based) simulation engine is based on Integrated Solution
Manager which is composed of Surface Heat Balance manager, Air Heat Balance manager
and Building System’s Simulation Manager. The Integrated Solution manager interacts with
ious in-built program modules (Sky Model Module, Air Loop Module, Shading Module,
Zone Equip Module, Daylighting Module, Plant Loop Module, Window Glass Module,
Condenser Module, CTF Calculation Module, PV Module and Air Flow Network Module) to
calculate energy reﬁired for heating and cooling the building. In this EnergyPlus based
simulation engine, the building zones, air handling systems and central plant equipment are
simulated seguentially and there exists feedback among each other. Here the elements are
linked in a simultaneous solution scheme. All the elements are integrated and controlled
simultanwsly by Integrated Solution Manager. In EnergyPlus, several iterations may be
required within each time zone in order to reach a convergent solution. All these factor results
in a moderate amount of time being required for simulation. The built in HVAC models are
more flexible and robust which can be used to model complex HVAC systems. Modelling of
natural ventilation is built in within the EnergyPlus engine whereas in DOE-2, natural
ventilation cannot be modelled directly.
The various orientation of the model that had been used in the simulation are shown in Fig.
4.4 to Fig. 4.15. The details of the building envelope components such as wall, roof, glazing
and floor were given into the software as per Table 4.1. Table 4.4 shows the comparison
between the U-value as computed by the simulation software and that obtained from
experimental results of Guarded hot box testing. For calculation of overall heat transfer
coefficient using the regression plot obtained from GHB testing (Chapter 3), the average
outside air temperature for Kolkata climate was considered as 35°C and the inside ambient air
temperature was considered as 24°C. The total monthly cooling electricity consumptions /

cooling loads (in kWh) as computed by the software were compared for each condition.




Chapter 4 — Cooling Load Estimation by Simulation Tools 86

Table 4.4 - Overall heat transfer values comparison using DesignBuilder:

U-value obtained from U-value as calculated in Percentage deviation
GHB testing DesignBuilder (%)
Wall 2.549 W/m’K 2.785 W/m*K (+)9.26
Roof 4.332 W/m’K 4.223 W/m*K (-)2.52
Glazing 2.875 W/m*K 2.705 W/m’K (-)5.91

Fig. 4.4 Surface Azimuth angle of Window is 180° (NO) in DesignBuilder (North facing)

Fig. 4.5 Surface Azimuth angle of Window is 0° (S0) in DesignBuilder (South facing)
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Fig. 4.8 Surface Azimuth angle of Window is 225° (NE45) in DesignBuilder
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Fig. 4.11 Surface Azimuth angle of Window is 315° (SE45) in DesignBuilder
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Fig. 4.14 Surface Azimuth angle of Window is 45° (SW45) in DesignBuilder
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Fig. 4.15 Surface Azimuth angle of Window is 60° (SW60) in DesignBuilder

4.3.2 ECOTECT simulation

ECOTECT analysis is a building energy performance and simulation software developed by
Sr. Andrew marsh and Square One Research and owned Autodesk. It is a complete
environmental analysis and building simulation tool which uses ‘The Chartered Institute of
Building Services Engineers (CIBSE) Admittance Method’ at its core to determine ipigrnal
temperatures and heat loads. The simulation is performed on an hourly basis. In the
Admittance Method, the temperature and load calculations are two individual processes. In
the first step, the magnitude of hourly potential heat and losses acting on the building fabric
are computed in form of load factors. The variation in instantaneous load factor is to
determine the relative thermal stress in each zone which in turn helps in determining the hourly
internal temperatures. After this a second calculation is conducted to determine the absolute
heating and cooling loads. In the simulation all the calculations are made on hourly basis.
Latent heat gains are not included in the internal thermal calculations. This way of
computation is similar to that of DOE-2 simulation engine based eQUEST. The Admittance
method is not as much accurate as compared to eQUEST or EnergyPlus. Morcover,
ECOTECT does not compute the values of thermal decrement and thermal lag of the building
structures instead it uses predefined values for the built-in configurations of building masonry
structures. However, the user is allowed to manually input these values otherwise the
predefined values for the built-in configurations matching to the custom configurations are
taken as input. Heat transfer from soil is not considered in ECOTECT. The run time for

simulation is least among the three simulation software used in the study.
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The .dxf file of the input geometry was imported into the interface (Fig. 4.16) and the three-
dimensional model of building was developed. The various orientation of the building models
that had been simulated are shown in Fig. 4.17 to Fig. 4.28. Fully air-conditioned mode of

HVAC operation was selected without any heating parameter input in the software.
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Fig. 4.16 AutoCAD plan as imported in ECOTECT interface
Following parameters were selected among the options available in ECOTECT software.
Clothing — 1.00 Clo (Light Business Suit)
Air speed — 0.3m/s (Barely noticeable)
Lighting Flux - 400 lux (office desk / workshop)
Activity — 65W (Typing)
A comparison of overall heat transfer coefficient values of building components as obtained
from guarded hot box testing and as obtained from ECOTECT simulation has been tabulated
as Table 4.5.
Table 4.5 - Overall heat transfer values comparison using ECOTECT:

U-value obtained from U-value as calculated Percent deviation
GHB testing in ECOTECT (%)
Wall 2.549 W/m’K 2.720 W/m’K (+)6.71
Roof 4332 W/m’K 3.640 W/m?K (-)19.01

Glazing 2.875 W/m’K 2.730 W/m’K (-)5.04
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Fig. 4.17 Surface Azimuth angle of Window is 0° (N0O) in ECOTECT (North facing)

Fig. 4.18 Surface Azimuth angle of Window is 180° (S0) in ECOTECT (South facing)

Fig. 4.19 Surface Azimuth angle of Window is 90° (E0) in ECOTECT (East facing)
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Fig. 4.20 Surface Azimuth angle of Window is -90° (W0) in ECOTECT (West facing)

Fig. 4.21 Surface Azimuth angle of Window is 135° (NE45) in ECOTECT

Fig. 4.22 Surface Azimuth angle of Window is -135° (NW45) in ECOTECT
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Fig. 4.23 Surface Azimuth angle of Window is -30° (SE30) in ECOTECT

Fig. 4.24 Surface Azimuth angle of Window is -45° (SE45) in ECOTECT

Fig. 4.25 Surface Azimuth angle of Window is -60° (SE60) in ECOTECT
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Fig. 4.26 Surface Azimuth angle of Window is 30° (SW30) in ECOTECT

Fig. 4.27 Surface Azimuth angle of Window is 45° (SW45) in ECOTECT

Fig. 4.28 Surface Azimuth angle of Window is 60° (SW60) in ECOTECT
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4.3.3 eQUEST simulation

eQUEST or the QUick Energy Simulation Tool is a building energy simulation software from
James J. Hirsch and Associates which is based on US Department of Energy or DOE-2.3 from
the Lawrence Berkeley National Laboratory. It has a Window-based interface to the DOE-2.3
imulation engine. It performs simulation on an hourly basis. The simulation engine had been
designed to study the energy performance of the whole building during the design phase (5.
Birdsall et. al, 1990). The plan of building geometry was incorporated into the software using
AutoCAD based dxf file in ‘building footprint section’. It can also be done using pdf file of
the building plan. Proper zoning was done using the built-in tool in eQUEST. From the
imported building plan (Fig. 4.29), the thermal zone was traced out. The air conditioning unit
was selected as ‘Packaged Terminal AC’ with provision of heating, air economiser, heat
recovery, outsideéntilation turned off. The condenser was chosen as air cooled. DOE 2.3
within eQUEST performs an hourly simulation of the building based on walls, windows,
glazing facades, people, plug loads, and ventilation and simulates the performance of pumps,
fans, boilers, chillers and other energy-consuming devices installed in the building. eQUEST
uses the concept of shells which is basically a thermal zone. Individual masonry construction
data, glazing data were incorporated into the simulation software and the necessary schedules
were setup as per Table 4.1 and Table 4.2. The various orientations of the building models
that have been used are presented in Fig. 4.30 to Fig. 4.41.
A comparison of overall heat transfer coefficient values of building components as obtained
from GHB testing and as calculated within eQUEST simulation has been tabulated as Table
6.
The Building Description Language (BDL) processor within the engine transforms this input
into a computer readable format which is used by the following subroutines sequentially —
LOADS, SYSTEMS, PLANT and ECONOMICS.
The LOADS subroutine computes the hourly cooling and heating loads for thermal zone of a
building the BDL description and the weather data. It is a two-step process. Firstly, the heat
losses or gains are calculated and then from the space heat losses or gains, the space loads arc
calculated (the effects of the thermal mass of the space are taken into consideration). The
components of the space heat losses or gains include: solar heat gain through windows via
transmission radiation, conductive heat transfer through walls, roof, windows and door (which
are in contact with outside air), any unintended ventilation through infiltrated air, heat

conduction from ground, floors, ceilings and heat gain from occupants, lights, equipment etc.
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37
The resulting solutions, called "response factors" are then used in the hourly simulation

modulated by the actual indoor and outdoor temperatures.

The SYSTEMS subroutine put simply computes ﬂﬁ total heating or cooling loads imposed
upon the HVAC equipment to meet the defined air temperature set points of the zone.

The PLANT subroutine calculates the fuel requirements of the HVAC in order to meet the
calculated performance of the system.

The ECONOMICS subroutine finally computes the costs of energy for the various fuels or
utilities used by the equipment.

The DOE-2.3 uses transfer function method at its core which is an approximation of the heat
balance method used in EnergyPlus engine of DesignBuilder.

Thus, we can see that DOE-2.3 at first calculates the loads in the thermal zone considering the
external and internal loads. Depending upon the temperature difference between the zone in
the questiorﬁnd adjacent space, heat transfer is determined while taking the effect of thermal
mass. Then the resulting loads are used as an input for HVAC calculations. Thus,éle building
response to thermal loads is calculated independently of system operation. There is no
feedback from HVAC system calculation to load calculation. This may affect the accuracy of
the simulation system. However, the runtime of DOE-2.3 based eQUEST simulation is much
faster than EnergyPlus based DesignBuilder but slower than ECOTECT. This computational
efficiency is due to the sequential software structure which does not simultaneously solve the
building thermal dynamics along with HVAC system.
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Fig. 4.29 AutoCAD plan as imported in eQUEST interface
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Table 4.6 - Overall heat transfer values comparison using eQUEST (eQUEST uses imperial

unit system)

U-value obtained from U-value as calculated in

Percent deviation

GHB testing eQUEST (%)
0.449 Btu/(hr-ft*°F) 0.570 Btuw/(hr-fi°F)
+)28.6
Wall (2.549 W/m’K) (3.278 W/m’K) )
Roof 0.763 Btu/(hr-ft*°F) 0.863 Btu/(hr-ft>°F) (+)7.62
00 (4.332 W/m?K) (4.622 W/m’K) :
i 0.507 Btu/(hr-ft*°F) 0.479 Btu/(hr-ft°F) 539
Glazing (2.875 W/m?K) (2.720 W/m?K) )5

Fig. 4.30 Surface Azimuth angle of Window is 180° (NO) in eQUEST (North facing)

N

S

Fig. 4.31 Surface Azimuth angle of Window is 0° (S0) in eQUEST (South facing)
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Fig. 4.32 Surface Azimuth angle of Window is 270° (E0) in eQUEST (East facing)

N
N

Fig. 4.33 Surface Azimuth angle of Window is 90° (W0) in eQUEST (West facing)

5

Fig. 4.34 Surface Azimuth angle of Window is 225° (NE45) in eQUEST
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5

Fig. 4.36 Surface Azimuth angle of Window is 30° (SW 30) in eQUEST

]

Fig. 4.37 Surface Azimuth angle of Window is 45° (SW 45) in eQUEST
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M

Fig. 4.38 Surface Azimuth angle of Window is 60° (SW 60) in eQUEST

S
Fig. 4.39 Surface Azimuth angle of Window is 330° (SE 30) in eQUEST

M

5

Fig. 4.40 Surface Azimuth angle of Window is 315° (SE 45) in eQUEST
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Fig. 4.41 Surface Azimuth angle of Window is 300° (SE 60) in eQUEST

4.4 Results
4.4.1 DesignBuilder Simulation Results

The monthly cooling electrical energy consumptions / cooling load have been tabulated (Table
4.7 to Table 4.18) and presented graphically as well (Fig. 4.42 to Fig. 4.53) for each individual
orientation of the building. Here ‘Cooling Energy w.r.t. ASHRAE’ refers to the scenario
where the simulation was carried out using the thermos-physical properties of the construction
materials as per ASHRAE Handbook Fundamentals, 2017 (Table 4.1). The ‘Cooling Energy
w.r.t. GHB’ refers to the scenario where the overall heat transfer coefficient values of wall,
roof and glazing as obtained from experiment results (Chapter 3) were directly impregnated
into the simulation software. The difference in cooling demand between experimental method
(Cooling Energy w.r.t. GHB) and ASHRAE method scenario has also been calculated and

the resultant percentage deviation has also been shown in tables below.
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Table 4.7 - Monthly Cooling Demand in kWh for orientation NO by Experimental value and

ASHRAE value in DesignBuilder (North facing).

Cooling Energy Cooling Energy . Percentage
Month w.r.t. GHB w.r.t. ASHRAE Dl(flfe\;ince Deviation
(kWh) (KWh) ) (%)
January 138.4 142.6 422 (+)3.05
February 162.7 169.5 6.79 (+)4.17
March 365.2 3735 831 (+)2.28
April 433.6 439.8 6.15 (+)1.42
May 612.5 612.1 -0.44 (-)0.07
June 529.9 529.8 -0.06 (-)0.01
July 391.0 391.6 0.55 (+)0.14
August 456.1 457.7 1ol (+)0.35
September 351.7 356.3 4.66 (+)1.32
October 411.7 415.5 3.78 (+)0.92
November 287.5 292.5 493 (H)1.71
December 181.0 185.8 4.77 (+)2.64
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Fig. 4.42 Monthly variation of Cooling Demand for orientation NO in DesignBuilder

(North facing)
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Table 4.8 - Monthly Cooling Demand in kWh for orientation SO by Experimental value and
ASHRAE value in DesignBuilder (South facing).

v oot B Com iR g Tyrene
(kWh) (kWh) (kWh) (%)
January 197.8 197.8 0.00 0.00
February 180.6 185.6 5.00 (+)2.77
March 378.5 385.8 7.30 (+)1.93
April 436.5 442.4 5.90 (+)1.35
May 611.3 610.9 -0.40 (-)0.07
June 526.6 526.9 0.30 (+)0.06
July 389.7 390.4 0.70 (+)0.18
August 458.9 460.2 1.30 (+)0.28
September 356.2 360.1 3.90 (+)1.09
October 443.9 445.4 1.50 (+)0.34
November 348.6 349.6 1.00 (+)0.29
December 245.0 245.4 0.40 (+)0.16
1000
[ Cooling Energy w.r.t. ASHRAE
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Fig. 4.43 Monthly variation of Cooling Demand for orientation SO in DesignBuilder

(South Facing)
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Table 4.9 - Monthly Cooling Demand in kWh for orientation EO by Experimental value and
ASHRAE value in DesignBuilder (East facing).

Monh wrdGHB weeAsuiap e O
(KWh) (KWh) (%)
January 149.4 152.2 2.86 (+)1.91
February 188.4 192.6 425 (+)2.25
March 408.9 413.5 4.54 (H)1.11
April 474.9 477.6 2.62 (+)0.55
May 639.8 637.7 -2.10 (-)0.33
June 546.9 545.5 -1.45 (-)0.27
July 402.5 402.1 -0.42 (-)0.10
August 473.0 4734 0.35 (+)0.07
September 386.5 387.9 1.46 (+)0.38
October 429.6 431.6 2.04 (+)0.48
November 305.2 308.5 3.24 (+)1.06
December 194.5 197.8 3.26 (+)1.67

:

Cooling Energy w.r.t. ASHRAE
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Fig. 4.44 Monthly variation of Cooling Demand for orientation EO in DesignBuilder
(East facing)
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Table 4.10 - Monthly Cooling Demand in kWh for orientation W0 by Experimental value and
ASHRAE value in DesignBuilder (West facing).

Cooling Energy  Cooling Energy . Percentage
Ditfi
Month w.r.t. GHB w.r.t. ASHRAE l(ki;i:;ce Deviation
(kWh) (kWh) (%)
January 163.1 166.2 3.15 (+)1.93
February 162.3 168.8 6.54 (+)4.03
March 364.9 372.9 8.03 (+)2.20
April 433.8 4399 6.11 (+)1.41
May 644.7 642.7 -1.95 (-)0.30
June 5504 549.5 -0.82 (-)0.15
July 402.3 402.5 0.17 (+0.04
August 473.6 474.5 0.91 (+)0.19
September 351.7 356.4 4.65 (+)1.32
October 4304 433.1 2.74 (+)0.64
November 311.2 315.0 3.76 (+)1.21
December 201.7 205.5 3.75 (+)1.86
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Fig. 4.45 Monthly variation of Cooling Demand for orientation WO in DesignBuilder
(West facing)
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Table 4.11 - Monthly Cooling Demand in kWh for orientation NE45 by Experimental value
and ASHRAE value in DesignBuilder.

Monh  watGRB weeasmiep P DO
(KWh) (KWh) (%)
January 132.5 136.1 3.57 (+)2.70
February 165.0 170.7 5.65 (+)3.42
March 386.9 394.0 7.03 (+)1.82
April 4675 472.9 5.35 (+)1.14
May 641.2 639.9 -1.27 (-)0.20
June 548.5 548.6 0.07 (+)0.01
July 402.9 403.3 0.46 (+)0.11
August 470.3 471.6 1.34 (+)0.29
September 381.6 384.9 3.25 (+)0.85
October 412.1 414.8 2.66 (+)0.65
November 2814 285.3 3.87 (+)1.37
December 1749 179.0 4.02 (+)2.30

1000
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Cooling Energy w.r.t. GHB

800
600 -

:%ngﬂé g |

Months

Cooling Electricity Comsumption (kWh)

Fig. 4.46 Monthly variation of Cooling Demand for orientation NE45 in DesignBuilder
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Table 4.12 - Monthly Cooling Demand in kWh for orientation NW45 by Experimental value
and ASHRAE value in DesignBuilder.

Vo R (IR bt
(kWh) (KWh) (%)
January 133.7 137.3 3.62 (+)2.71
February 160.4 166.6 6.20 (+)3.86
March 372.1 380.3 8.23 (+)2.21
April 445.0 452.1 7.16 (H)1.61
May 645.3 645.5 0.25 (+)0.04
June 552.2 552.5 0.32 (+)0.06
July 403.5 404.3 0.89 (+)0.22
August 472.1 473.8 1.66 (+)0.35
September 362.8 367.9 5.02 (+)1.38
October 412.7 415.5 2.81 (+)0.68
November 282.2 285.9 3.70 (+)1.31
December 175.4 179.4 4.06 (+)2.32
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Fig. 4.47 Monthly variation of Cooling Demand for orientation NW45 in DesignBuilder
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Table 4.13 - Monthly Cooling Demand in kWh for orientation SE30 by Experimental value
and ASHRAE value in DesignBuilder.

Cooling Energy Cooling Energy . Percentage
Month w.r.t. GHB w.r.t. ASHRAE D](f]?;;‘:;ce Deviation
(KWh) (kWh) (%)
January 176.5 176.3 -0.20 (-)0.11
February 195.4 199.4 4.00 (+)2.05
March 411.1 417.2 6.10 (+)1.48
April 462.9 468.7 5.80 (+)1.25
May 626.8 626.6 -0.20 (-)0.03
June 533.6 533.9 0.30 (+)0.06
July 395.0 395.4 0.40 (+)0.10
August 468.9 470.3 1.40 (+)0.30
September 382.4 386.4 4.00 (+)1.05
October 441.7 4429 1.20 (+)0.27
November 331.8 332.7 0.90 (+)0.27
December 226.4 226.6 0.20 (+)0.09
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Fig. 4.48 Monthly variation of Cooling Demand for orientation SE30 in DesignBuilder
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Table 4.14 - Monthly Cooling Demand in kWh for orientation SE45 by Experimental value
and ASHRAE value in DesignBuilder.

Month CNREGHE . wet ASHRA  Difference [
(kWh) (kWh) (KWh) (%)
January 164.8 164.9 0.10 (+)0.06
February 195.0 198.3 3.30 (+)1.69
March 417.5 422.7 5.20 (+)1.25
April 475.4 479.8 440 (+)0.93
May 637.8 637.4 -0.40 (-)0.06
June 542.1 542.4 0.30 (+)0.06
July 400.0 400.4 0.40 (+)0.10
August 474 4 475.2 0.80 (+)0.17
September 391.3 393.5 2.20 (+)0.56
October 438 4 439.7 1.30 (+)0.30
November 321.9 322.8 0.90 (+)0.28
December 214.2 214.7 0.50 (+)0.23
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Fig. 4.49 Monthly variation of Cooling Demand for orientation SE45 in DesignBuilder.
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Table 4.15 - Monthly Cooling Demand in kWh for orientation SE60 by Experimental value
and ASHRAE value in DesignBuilder.

Cooling Energy  Cooling Energy . Percentage
Month w.r.t. GHB w.r.t. ASHRAE Dlgi;il“)ce Deviation
(kWh) (kWh) (%)
January 157.7 158.7 1.00 (+)0.63
February 191.3 194.3 3.00 (+)1.57
March 415.7 419.8 4.10 (+)0.99
April 480.3 484.0 3.70 (+)0.77
May 644.0 642.6 -1.40 (-)0.22
June 546.9 5473 0.40 (+)0.07
July 402.9 403.3 0.40 (+)0.10
August 476.3 476.9 0.60 (+)0.13
September 393.4 3954 2.00 (+)0.51
October 434.8 436.0 1.20 (+)0.28
November 3153 316.7 1.40 (+)0.44
December 206.5 207.8 1.30 (+)0.63
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Fig. 4.50 Monthly variation of Cooling Demand for orientation SE60 in DesignBuilder.
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Table 4.16 - Monthly Cooling Demand in kWh for orientation SW30 by Experimental value
and ASHRAE value in DesignBuilder.

Cooling Energy Cooling Energy . Percentage
Month w.r.t. GHB w.r.t. ASHRAE Dl(f]:i;;"ce Deviation
(kWh) (kWh) ) (%)
January 188.8 189.2 0.40 (+)0.21
February 162.1 168.1 6.00 (+)3.70
March 369.8 3779 8.10 (+)2.19
April 442.6 449.6 7.00 (+)1.58
May 630.5 630.7 0.20 (+)0.03
June 536.9 537.7 0.80 (+)0.15
July 396.4 3974 1.00 (+)0.25
August 469.8 471.3 1.50 (+)0.32
September 360.4 365.1 4.70 ()1.30
October 439.0 4404 1.40 (+)0.32
November 335.8 337.0 1.20 (+)0.36
December 231.3 232.2 0.90 (+)0.39
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Fig. 4.51 Monthly variation of Cooling Demand for orientation SW30 in DesignBuilder.
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Table 4.17 - Monthly Cooling Demand in kWh for orientation SW45 by Experimental value
and ASHRAE value in DesignBuilder.

Cooling Energy  Cooling Energy . Percentage

Month w.r.t. GHB w.r.t. ASHRAE Dl(flii;:;ce Deviation
(KWh) (kWh) (%)

January 182.4 183.3 0.90 (+)0.49
February 162.3 168.7 6.40 (+)3.94
March 372.9 381.8 8.90 (+)2.39
April 4447 451.5 6.80 (+)1.53
May 640.2 640.5 0.30 (+)0.05
June 543.7 544.4 0.70 (+)0.13
July 400.0 400.9 0.90 (+)0.22
August 4752 476.7 1.50 (+)0.32
September 362.5 367.6 5.10 (+)1.41
October 438.5 440.0 1.50 (+)0.34
November 328.6 330.0 1.40 (+)0.43
December 222.2 223.6 1.40 (+)0.63
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Fig. 4.52 Monthly variation of Cooling Demand for orientation SW45 in DesignBuilder.
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Table 4.18 - Monthly Cooling Demand in kWh for orientation SW60 by Experimental value
and ASHRAE value in DesignBuilder.

Cooling Energy  Cooling Energy . Percentage
Month w.r.t. GHB w.r.t. ASHRAE Dl(f]:‘i;:;ce Deviation
(kWh) (kWh) (%)
January 177.6 179.3 1.70 (+)0.96
February 163.6 170.3 6.70 (+)4.10
March 373.9 382.7 8.80 (+)2.35
April 4433 4504 7.10 (H)1.60
May 645.6 645.1 -0.50 (-)0.08
June 547.0 547.3 0.30 (+)0.05
July 4014 402.1 0.70 (+)0.17
August 477.2 478.4 1.20 (+)0.25
September 361.6 366.8 5.20 (+)1.44
October 437.7 4395 1.80 (+)0.41
November 3238 3259 2.10 (+)0.65
December 216.1 2183 2.20 (+)1.02
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Fig. 4.53 Monthly variation of Cooling Demand for orientation SW60 in DesignBuilder.
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From the results (as shown in Table 4.7 to 4.18), it is observed that the percentage deviation
of cooling load is lowest in the months of May, June and July (i.e. during Summer months of
Kolkata climate) for all the orientations. During these months for orientations North, South,
East, West, North-East 45°, South-East 30°, South-East 45°, South-East 60° and South-West
60° the percentage deviation tends to be negative.

For the remaining months, specifically for the months of January, February, November and
December (i.e. during winter months of Kolkata climate) the percentage deviation in cooling
load is always positive. Moreover, the percentage deviation is also larger in these most for
most of the orientations.

The simulated building model has a total wall area of 67.68 m?, roof area of 37.16 m*> and
glazing area of 7.52m>.

During peak summer months of May, June and July the zenith angle of the sun is small during
solar noon as compared to the winter scason when the zenith angle of the sun is higher at solar
noon. Thus, for the summer months, impact of roof heat transfer during solar noon is
predominant while the impact of East and West wall heat transfer during sunset and sunrise
hours is also more. For the winter months, the impact of wall heat transfer is more than that
of the roof during solar noon.

Now from the comparative analysis (Table 4.4& overall heat transfer values obtained from
DesignBuilder and Guarded hot box results it can be seen that the overall heat transfer
coefficient value of wall as calculated in DesignBuilder is 2.785 W/m?K. It is found to be
greater than the experimentally obtained value of 2.549 W/m’K. For the roof material the
experimentally obtained U-value is 2.549 W/m’K and that obtained for DesignBuilder is
computed to be 4.223 W/m’K.

As such during summer season the impact of roof heat transfer is predominant as compared
to wall heat transfer. This results in higher cooling load for experimentally obtained overall
heat transfer coefficient induced simulation (Cooling Energy w.r.t. GHB) for the summer
seasons. Thus, the percentage deviation during these months tends to be negative.

The U-value of wall obtained from DesignBuilder is found to be higher and when this value
is utilised for computing the cooling load through the walls having larger surface area, it
results in higher cooling load (Cooling w.rt. ASHRAE). Thus, for winter season, the

percentage deviation of cooling load difference is also higher.
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4.4.2 ECOTECT Simulation Results

The monthly cooling loads / cooling demands have been tabulated (Table 4.19 to Table 4.30)
and presented graphically as well (Fig. 4.54 to Fig. 4.65) for each individual orientation. Here
‘Cooling Energy w.r.t. ASHRAE’ refers to the scenario where the simulation was carried
out using the thermos-physical properties of the construction materials as per ASHRAE
Handbook Fundamentals, 2017 (Table 4.1) and ‘Cooling Energy w.r.t. GHB’ refers to the
scenario where the overall heat transfer coefficient values of wall, roof and glazing as obtained
from experiment results (Chapter 3) were directly impregnated into ECOTECT simulation
software. The difference in cooling loads calculated with respect to the ‘Cooling Energy
w.r.t. GHB’ scenario has also been calculated and the resultant percentage deviation has also
been shown in tables below.

Table 4.19 - Monthly Cooling Load in kWh for orientation NO by Experimental value and
ASHRAE value in ECOTECT (North facing).

Vb wrkGHbweoasiiar Pt
(kWh) (kWh) (%)
January 653.4 613.6 -39.75 (-)6.08
February 761.0 719.2 -41.78 (-)5.49
March 1364.2 1285.5 -78.69 (-)5.77
April 1592.5 1495.0 -97.46 (-6.12
May 19338 1825.2 -108.63 (-)5.62
June 1704.8 1610.2 -94.59 (-)5.55
July 14743 1396.3 -17.97 (-)5.29
August 1439.7 1364.4 -715.26 (-)5.23
September 12194 11515 -67.95 (-)5.57
October 1343.5 1276.5 -67.01 (-)4.99
November 1073.7 1023.8 -4991 (-)4.65

December 741.1 699.7 -41.40 (-)5.59
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Table 4.20 - Monthly Cooling Demand in kWh for orientation SO by Experimental value and

ASHRAE value in ECOTECT (South facing).
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Table 4.21 - Monthly Cooling Demand in kWh for orientation E0 by Experimental value and

ASHRAE value in ECOTECT (East facing).
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Fig. 4.56 Monthly variation of Cooling Demand for orientation E0Q in ECOTECT

(East facing).

Table 4.22 - Monthly Cooling Demand in kWh for orientation W0 by Experimental value and
ASHRAE value in ECOTECT (West facing).

Cooling Ener Cooling Ener Percentage

Month w.r.f GHBgy w.r.t. fSHng Di(f]fe\;:;ce Deviatioi
(kWh) (kWh) (%)

January 696.1 658.6 -37.43 (-)5.38
February 770.4 726.7 -43.68 (-)5.67
March 1363.6 1284.8 -78.84 (-)5.78
April 1585.9 1488.9 -97.03 (-)6.12
May 1965.4 1857.3 -108.18 (-)5.50
June 1722.9 1629.2 -93.67 (-)5.44
July 1485.6 1408.1 -77.49 (-)5.22
August 1457.0 1381.5 -75.42 (-)5.18
September 1216.7 1148.8 -67.86 (-)5.58
October 1364.0 1295.9 -68.13 (-)4.99
November 1101.5 1049.5 -51.96 (-)4.72
December 769.0 727.3 -41.67 (-)5.42
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Fig. 4.57 Monthly variation of Cooling Demand for orientation W0 in ECOTECT
(West facing).
Table 4.23 - Monthly Cooling Demand in kWh for orientation NE45 by Experimental value
and ASHRAE value in ECOTECT

Cooling Ener Cooling Ener Percentage

Month w.r.E GHBgy w.r.t. fSHng Di(f]fe\;elslr;ce Deviatioi
(KWh) (kWh) (%)
January 6434 601.0 -42.36 (-)6.58
February 751.2 715.4 -35.78 (-)4.76
March 1375.2 1294.2 -81.00 (-)5.89
April 1620.9 1522.4 -98.47 (-)6.08
May 1960.6 1851.8 -108.75 (-)5.55
June 1718.8 1624.5 -94.34 (-)5.49
July 1486.1 1408.3 -77.83 (-)5.24
August 1453.9 1378.5 -75.36 (-)5.18
September 1231.0 1162.3 -68.69 (-)5.58
October 1336.8 1267.8 -69.05 (-)5.16
November 1056.6 1004.3 -52.27 (-)4.95

December 720.1 684.2 -35.89 (-)4.98
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Fig. 4.58 Monthly variation of Cooling Demand for orientation NE45 in ECOTECT.

Table 4.24 - Monthly Cooling Demand in kWh for orientation NW45 by Experimental value
and ASHRAE value in ECOTECT.

Momh  wrtGHE  wet asHmag  Dierence O
(kWh) (kWh) (kWh) (%)
January 644.0 600.4 -43.59 (-)6.77
February 736.1 692.2 -43.99 (-)5.98
March 1365.5 1288.5 -77.04 (-)5.64
April 1599.1 1504.1 -95.07 (-)5.94
May 1979.1 1873.1 -105.95 (-)5.35
June 1732.5 1639.3 -93.21 (-)5.38
July 1493.3 1416.4 -76.89 (-)5.15
August 14614 1387.6 -13.77 (-)5.05
September 1220.8 1153.4 -67.33 (-)5.52
October 1337.7 1270.3 -67.45 (-)5.04
November 1057.0 1005.7 -51.24 (-)4.85

December 732.7 690.2 -42.58 (-)5.81
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Fig. 4.59 Monthly variation of Cooling Demand for orientation NW45 in ECOTECT.

Table 4.25 - Monthly Cooling Demand in kWh for orientation SE30 by Experimental value
and ASHRAE value in ECOTECT.

Cooling Energy Cooling Energy . Percentage

Month w.r.t. GHB w.r.t. ASHRAE D:(flt('t:;;n)ce Deviation
(kWh) (kWh) (%)

January 634.9 583.5 -51.40 (-)8.10
February 769.6 721.7 -47.90 (-)6.22
March 1392.7 1312.2 -80.50 (-)5.78
April 1616.2 1519.1 -97.10 (-)6.01
May 1955.5 1848.5 -107.00 (-)5.47
June 1710.8 1617.8 -93.00 (-)5.44
July 1480.8 1404 -76.80 (-)5.19
August 1454.4 1379.4 -75.00 (-)5.16
September 1233.1 1164.9 -68.20 (-)5.53
October 1364.6 1294 -70.60 (-)5.17
November 1110.1 1053.6 -56.50 (-)5.09

December 7493 691.3 -58.00 (-)7.74
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Fig. 4.61 Monthly variation of Cooling Demand for orientation SE45 in ECOTECT

Table 4.27 — Monthly Cooling Demand in kWh for orientation SE60 by Experimental value
and ASHRAE value in ECOTECT.

Cooling Ener Cooling Ener Percentage

Month w.r.f GHBgy w.r.t. fSHRfE Di(flfi;:;ce Deviatioi
(KWh) (KWh) (%)
January 6204 560.5 -53.90 (-)8.69
February 742.8 689.9 -52.90 (-)7.12
March 1379.6 1297.3 -82.30 (-)5.97
April 1618.6 15204 -98.20 (-)6.07
May 1958 1851.3 -106.70 (-)5.45
June 1715.2 1622.3 -92.90 (-)5.42
July 1484.2 14074 -76.80 (-)5.17
August 1453.9 1378.9 -75.00 (-)5.16
September 1231.8 1162.9 -68.90 (-)5.59
October 1352.7 1281.4 -71.30 (-)5.27
November 1084.7 1028 -56.70 (-)5.23
December 7253 668.4 -56.90 (-)7.85
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Fig. 4.62 Monthly variation of Cooling Demand for orientation SE60 in ECOTECT

Table 4.28 — Monthly Cooling Demand in kWh for orientation SW30 by Experimental value
and ASHRAE value in ECOTECT.

Monh  wrtGHB wrasHRar e

(kWh) (kWh) (%)
January 7133 670.1 -43.20 (-)6.06
February 760.7 720 -40.70 (-)5.35
March 1366.3 1287 -79.30 (-)5.80
April 1603.8 1507.7 -96.10 (-)5.99
May 1968.3 1860.9 -107.40 (-)5.46
June 1719.6 1626.3 -93.30 (-)5.43
July 1486 1408.9 -77.10 (-)5.19
August 1461.8 1386.8 -75.00 (-)5.13
September 1221.1 1153.4 -67.70 (-)5.54
October 1372.8 1302.9 -69.90 (-)5.09
November 1125.9 1070.4 -55.50 (-)4.93
December 783.9 725.6 -58.30 (-)7.44
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Fig. 4.63 Monthly variation of Cooling Demand for orientation SW30 in ECOTECT

Table 4.29 - Monthly Cooling Demand in kWh for orientation SW45 by Experimental value
and ASHRAE value in ECOTECT.

Cooling Ener Cooling Ener Percentage

Month w.r.f GHBgy w.r.t. :SHRfE Di(flfi;e;lr;ce Deviatioi
(kWh) (kWh) (%)
January 711.0 674.1 -36.90 (-)5.19
February 765.5 723.3 -42.20 (-)5.51
March 1372.3 1293.8 -78.50 (-)5.72
April 1608.5 1512.8 -95.70 (-)5.95
May 1979.7 1871.9 -107.80 (-)5.45
June 1727.5 1634 -93.50 (-)5.41
July 1490.9 1413.8 -77.10 (-)5.17
August 1467.4 13924 -75.00 (-)5.11
September 1223.8 1156.3 -67.50 (-)5.52
October 1370.1 1300.5 -69.60 (-)5.08
November 1116.9 1062 -54.90 (-)4.92

December 780.4 734.1 -46.30 (-)5.93
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Fig. 4.64 Monthly variation of Cooling Demand for orientation SW45 in ECOTECT.

Table 4.30 - Monthly Cooling Demand in kWh for orientation SW60 by Experimental value
and ASHRAE value in ECOTECT.

Month ot GHE et asHRap | Diflerence
(kWh) (kWh) (Wh) (%)
January T08.2 669.7 -38.50 (-)5.44
February 7705 728 8 4170 ()5.41
March 1376.1 1298 78.10 (05.68
April 1606.5 1510.8 95.70 (15.96
May 1981.8 1873.6 210820 (0546
June 1728.7 1634.9 93.80 ()543
Tuly 1491.2 1413.9 77.30 (05.18
August 1467.6 1392.4 -75.20 (-)5.12
September 1224.6 1157.1 -67.50 (-)5.51
October 1368.7 1299.8 -68.90 (-)5.03
November 1111.9 1058.4 -53.50 (-)4.81

December 7794 734 -45.40 (-)5.82
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Fig. 4.65 Monthly variation of Cooling Demand for orientation SW60 in ECOTECT

From the tabulated results (Table 4.19 to Table 4.30), it is observed that irrespective of
building orientation, the calculated cooling load while using thermos-physical properties of
building materials (from ASHRAE Handbook) is always lower than the one where
experimentally determined overall heat transfer coefficient values is used. Moreover, the
pattern of monthly variation is almost similar for most of the orientations.

U-value of wall as obtained from ECOTECT (2.720 W/m’K) is more than experimentally
obtained overall heat transfer coefficient value (2.549 W/m’K) and the U-value of roof is
much more in the casc of experimental method or guarded hot box testing (4.332 W/m’K) as
compared to one obtained from ECOTECT (3.640 W/m?K).

Thus it is evident that difference in U-value of roof is much higher (19%) as compared to
difference in U-value of wall (7%). So the cooling load thus calculated (Cooling Energy w.r.t.
GHB) is always. As a result, the percent deviation of cooling load difference is always
negative irrespective of orientations.

In ECOTECT, CIBSE Admittance method is used for determination of cooling loads. In the
software the thermal decrement and thermal lag parameters are not calculated inherently.
Instead the software depended on the user to provide the above mentioned parameters or else

the software will select them its material database. The time step for simulation in ECOTECT
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is one hour. Moreover, the analysis in EOCTECT is sort of steady state analysis the difference
in cooling load remains more or less similar for most of the orientations. All these factor might

result in a similar trend of deviation in cooling load for all the orientations.

4.4.3 eQUEST Simulation Results

The monthly cooling demands have been tabulated (Table 4.31 to Table 4.42) and presented
graphically as well (Fig. 4.66 to Fig. 4.77) for each individual orientation. Here ‘Cooling
Energy w.r.t. ASHRAE’ refers to the scenario where the simulation was carried out using
the thermos-physical properties of the construction materials as per ASHRAE Handbook
Fundamentals, 2017 (Table 4.1). The ‘Cooling Energy w.r.t. GHB’ refers to the scenario
where the overall heat transfer coefficient values of wall, roof and glazing as obtained from
experiment results (Chapter 3) were directly impregnated into eQUEST simulation software.
The difference in cooling energy of calculated with respect to the ‘Cooling Energy w.r.t.
GHB?’ scenario has also been calculated and the resultant percentage deviation has also been

shown in tables below.

Table 4.31 - Monthly Cooling Demand in kWh for orientation NO by Experimental value and
ASHRAE value in eQUEST (North facing).

Cooling Ener Cooling Ener Percentage

Month w.r.f GHBgy w.r.t. fS HRAgE Di (f::;:;ce Deviatioi
(KWh) (KWh) (%)
January 139.3 173.2 33.90 24.34
February 2024 271.8 69.40 34.29
March 306.1 377.2 71.10 23.23
April 434 487.7 53.70 12.37
May 357.5 399.3 41.80 11.69
June 366.5 409.2 42.70 11.65
July 3093 344.8 35.50 11.48
August 3242 363.3 39.10 12.06
September 3339 371 37.10 11.11
October 271.6 311.9 40.30 14.84
November 2233 264.8 41.50 18.58

December 178.8 216.4 37.60 21.03
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Fig. 4.66 Monthly variation of Cooling Demand for orientation NO in eQUEST

(North facing).

Table 4.32 - Monthly Cooling Demand in kWh for orientation SO by Experimental value and

ASHRAE value in eQUEST (South facing).

Monh  wrtGHB  wrtASHRAp  Diffremce UGS
(kWh) (kWh) (kWh) (%)
January 170.2 193.1 22.90 13.45
February 2469 303.7 56.80 23.01
March 3184 384.3 65.90 20.70
April 409.6 463.1 53.50 13.06
May 3523 393.6 41.30 11.72
June 3593 402.1 42.80 11.91
July 303.5 338.7 35.20 11.60
August 320.5 358.6 38.10 11.89
September 3279 364.9 37.00 11.28
October 2832 319.3 36.10 12.75
November 2472 282.1 34.90 14.12
December 2104 242.1 31.70 15.07
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Fig. 4.67 Monthly variation of Cooling Demand for orientation SO in eQUEST
(South facing).
Table 4.33 - Monthly Cooling Demand in kWh for orientation E0Q by Experimental value and
ASHRAE value in eQUEST (East facing).

Mo wneGHB watasumap e it
(kWh) (kWh) (%)
January 360 346.4 -13.60 -3.78
February 540 540.6 0.60 0.11
March 680 677.3 -2.70 -0.40
April 860 813.4 -46.60 -5.42
May 610 613.5 3.50 0.57
June 630 638.7 8.70 1.38
July 560 558.5 -1.50 -0.27
August 590 588.6 -1.40 -0.24
September 660 636.4 -23.60 -3.58
October 510 516.3 6.30 1.24
November 460 464.3 4.30 0.93

December 420 425.3 5.30 1.26




Chapter 4 — Cooling Load Estimation by Simulation Tools

Cooling Electricity Comsumption (kWh)

1000

Cooling Energy w.r.t. ASHRAE
v Cooling Energy wr.t. GHB

800
-
600 g
B 2_7
7
w1 P 2
7% 7
7 4
7 7107
7 7%
200- 7 A
7 717
7 W7
17 n
% 7
O_n 1 1T 1 T 1 LI
c 5T 58 %% 5 55 B
SEERELS LS
= < 2 2 8
52 5° 3 &
Months

Fig. 4.68 Monthly variation of Cooling Demand for orientation EQ in eQUEST

(East facing).

Table 4.34 - Monthly Cooling Demand in kWh for orientation W0 by Experimental value and
ASHRAE value in eQUEST (West facing).

Cooling Ener Cooling Ener Percentage

Month w.r.f GHBgy wr.t. fS HRAgE Di (flf(\’;:;ce Deviatioi
(KWh) (KWh) (%)
January 146.9 174.2 27.30 18.58
February 199.1 263.8 64.70 32.50
March 206.8 362.5 65.70 22.14
April 4043 453.8 49.50 12.24
May 3653 400 34.70 9.50
June 371.1 406.8 35.70 9.62
July 3119 340.9 29.00 9.30
August 328.7 360.6 31.90 9.70
September 320 355.5 35.50 11.09
October 277.8 311.1 33.30 11.99
November 230.2 264.5 34.30 14.90
December 185.2 215.8 30.60 16.52
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Fig. 4.69 Monthly variation of Cooling Demand for orientation W0 in eQUEST
(West facing).
Table 4.35 - Monthly Cooling Demand in kWh for orientation NE45 by Experimental value
and ASHRAE value in eQUEST.

Enf:go;i:%r.t. Cooling Energy Difference Percentage

Month GHB w.r.t. ASHRAE (kWh) Deviation
(KWh) (kWh) (%)
January 272.1 272.8 0.70 0.26
February 427.1 455.5 28.40 6.65
March 581.7 606.0 24.30 4.18
April 784.6 748.6 -36.00 -4.59
May 537.3 547.0 9.70 1.81
June 559.0 566.5 7.50 1.34
July 486.6 490.4 3.80 0.78
August 510.2 516.2 6.00 1.18
September 588.1 576.2 -11.90 -2.02
October 432.6 442.7 10.10 2.33
November 376.8 388.8 12.00 3.18

December 333.0 335.7 2.70 0.81
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Fig. 4.70 Monthly variation of Cooling Demand for orientation NE45 in eQUEST.

Table 4.36 - Monthly Cooling Demand in kWh for orientation NW45 by Experimental value
and ASHRAE value in eQUEST.

Cooling .
Mo Erermwrt Gy Piferenee o

(KWh) (kWh) (%)
January 137.4 172.0 34.60 25.18
February 213.5 291.7 78.20 36.63
March 324.7 410.8 86.10 26.52
April 4453 5134 68.10 15.29
May 367.6 4143 46.70 12.70
June 374.0 4219 47.90 12.81
July 314.5 355.0 40.50 12.88
August 330.7 3749 44.20 13.37
September 349.5 396.5 47.00 13.45
October 273.2 317.0 43.80 16.03
November 222.0 266.6 44.60 20.09
December 176.7 2174 40.70 23.03




Chapter 4 — Cooling Load Estimation by Simulation Tools 135

Cooling Electricity Comsumption (kWh)

1000 -
[ 1Cooling Energy w.r.t. ASHRAE
B Cooling Energy w.r.t. GHB

800
600
400

5 | 115 .

5 X 7

| [k X

X %4 >

* 5% e

e 154 2

ol RS

q y Y D

200+ X 1 | [ %

X e L4 ""

Le ¥ 4 e

] 59 X 4 ]

[ o A ve

< ] X d

e & | KA 5

9 ) 4 e

{3 d +*
0 % R | [k % R

October :
November S
ember

%
2
g
&

Fig. 4.71 Monthly variation of Cooling Demand for orientation NW45 in eQUEST.

Table 4.37 - Monthly Cooling Demand in kWh for orientation SE30 by Experimental value
and ASHRAE value in eQUEST.

Mo weioHs  weossmap DO
(kWh) (kWh) (%)
January 2134 212.4 1.00 047
February 369.7 381.8 -12.10 -3.27
March 455.8 476.5 -20.70 -4.54
April 5556 558.9 -3.30 -0.59
May 4133 426.9 -13.60 -3.29
June 4221 434.1 -12.00 -2.84
July 3014 368.4 -7.00 -1.94
August 3839 392.6 -8.70 -2.27
September 440.3 433.7 6.60 1.50
October 3374 346.5 -9.10 -2.70
November 2955 303.9 -8.40 -2.84
December 258.8 265.5 -6.70 -2.59
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Fig. 4.72 Monthly variation of Cooling Demand for orientation SE30 in eQUEST

Table 4.38 - Monthly Cooling Demand in kWh for orientation SE45 by Experimental value
and ASHRAE value in eQUEST.

Cooling Energy  Cooling Energy . Percentage

Month w.r.t. GHB w.r.t. ASHRAE D:(flfi;:nce Deviation
(kWh) (kWh) ) (%)
January 2543 25220 -2.10 -0.83
February 428.7 43430 5.60 1.31
March 5359 550.20 14.30 2.67
April 679 658.10 -20.90 -3.08
May 470.5 48230 11.80 2.51
June 4829 493.50 10.60 2.20
July 417.6 423.50 5.90 1.41
August 442.6 449.90 7.30 1.65
September 520.6 506.70 -13.90 -2.67
October 3863 394.20 7.90 2.05
November 3403 34790 7.60 2.23
December 303.7 309.80 6.10 2.01
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Fig. 4.73 Monthly variation of Cooling Demand for orientation SE45 in eQUEST

Table 4.39 - Monthly Cooling Demand in kWh for orientation SE60 by Experimental value
and ASHRAE value in eQUEST.

Cooling Energy  Cooling Energy . Percentage

Month w.r.t. GHB w.r.t. ASHRAE Dl(f]?\.';il")ce Deviation
(kWh) (kWh) (%)
January 306.3 300.90 -5.40 -1.76
February 480.6 477.80 -2.80 -0.58
March 6123 618.50 6.20 1.01
April 787.9 750.60 -37.30 -4.73
May 538.1 54740 9.30 1.73
June 556.3 564.60 8.30 1.49
July 4854 489.50 4.10 0.84
August 512.7 517.90 5.20 1.01
September 598.7 578.80 -19.90 -3.32
October 446.2 452.70 6.50 1.46
November 397 403.80 6.80 1.71

December 360.8 366.40 5.60 1.55
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Table 4.40 - Monthly Cooling Demand in kWh for orientation SW30 by Experimental value
and ASHRAE value in eQUEST.

Vo CmeGmnY e Difrace (e

(kWh) (KWh) (%)
January 161.1 19420 33.10 20.55
February 203 .4 27430 70.90 34.86
March 3175 400.20 82.70 26.05
April 4472 515.40 68.20 15.25
May 364.5 411.70 47.20 12.95
June 369.7 418.50 48.80 13.20
July 3123 35330 41.00 13.13
August 330.8 375.00 44.20 13.36
September 346.7 393.40 46.70 13.47
October 284.8 326.40 41.60 14.61
November 2433 284.10 40.80 16.77

December 202.7 238.20 35.50 17.51
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Table 4.41 - Monthly Cooling Demand in kWh for orientation SW45 by Experimental value
and ASHRAE value in eQUEST.

Cooling Energy  Cooling Energy . Percentage

Month w.r.t. GHB w.r.t. ASHRAE Dl(f]?:;il"ce Deviation
(kWh) (kWh) ) (%)
January 156.6 189.40 32.80 20.95
February 2147 292.50 77.80 36.24
March 3255 411.10 85.60 26.30
April 4459 513.50 67.60 15.16
May 367.1 413.60 46.50 12.67
June 3713 419.30 48.00 12.93
July 3133 353.70 40.40 12.89
August 3322 376.00 43.80 13.18
September 3499 396.60 46.70 13.35
October 284 325.80 41.80 14.72
November 239.6 280.90 41.30 17.24

December 196.7 23340 36.70 18.66
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Table 4.42 - Monthly Cooling Demand in kWh for orientation SW60 by Experimental value
and ASHRAE value in eQUEST.

Tl

(kWh) (kWh) (%)
January 150.40 181.60 31.20 17.18
February 218.00 295.30 77.30 26.18
March 319.60 401.30 81.70 20.36
April 421.00 481.90 60.90 12.64
May 363.30 405.90 42.60 10.50
June 366.40 410.50 44.10 10.74
July 308.90 345.20 36.30 10.52
August 327.60 367.30 39.70 10.81
September 338.80 38140 42.60 11.17
October 278.90 318.00 39.10 12.30
November 233.20 27230 39.10 14.36

December 189.30 224.50 35.20 15.68
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Fig. 4.77 Monthly variation of Cooling Demand for orientation SW60 in eQUEST
From the tabulated results (Table 4.31 to Table 4.42) it is observed that for orientations North,
North-West 45°, West, South-West 60°, South-West 45°, South-West 30° and South, the
calculated cooling load is higher while using thermos-physical properties of building materials
(from ASHRAE Handbook). However, for the orientations North-East 45°, East, South-East
30°, South-East 45° and South-East 60° the difference in cooling load is much lower.

This is due to the fact that wall U-value as obtained from eQUEST (3.278 W/m?K) is higher
than the experimentally obtained overall heat transfer coefficient (2.549 W/m?K). Now the U-
value of roof is 4.662 W/m’K as calculated in eQUEST compared to the experimentally
derived U-value (4.332 W/m’K).

Since both the wall and roof U-values as computed by eQUEST is higher than that obtained
from Guarded hot box testing the resultant cooling load obtained by using thermos-physical
properties of building materials (from ASHRAE Handbook) is much higher for most of the
orientations.

During the night cycle the ambient temperature drops leading to drop in building structural
temperature. During the day cycle the structural heat gain by the building system gives rise to

the stored heat. This stored heat actually gives rise to the cooling load during the post noon
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period. Thus, the cooling load is lower in the early hours of the day compared to the rest of

the period.

4.5 Conclusion

The simulation engine in each software calculates the overall heat transfer coefficient using
its own algorithm. In eQUEST, the inside air film resistance for calculation of overall heat
transfer coefficient is taken from ASHRAE 90.1, while that of the external air film resistance
is calculated by the LOADS subprogram as a function of surface roughness and wind speed.
In DesignBuilder there are six main EnergyPlus convection algorithms and seven main outside
convection algorithms. Among them, TARP (Thermal Analysis Research Program) method
for inside convective algorithm and DOE-2 convection model is used for outside convective
algorithm by default. These pre-selected settings were kept unchanged throughout the
analysis. Moreover, in DesignBuilder users are also given an option to input the inside and
outside convective transfer coefficients. In such a condition, these fixed values would be used
to override the default methods for computation of the surface heat transfer coefficients. In
ECOTECT, the internal and film resistances are evaluated according to CIBSE Guide A. As a
result, the overall heat transfer coefficient values calculated in the simulation software
(DesignBuilder, ECOTECT and eQUEST) differs from the values obtained from Guarded Hot
ﬁx testing (Table 4.4, 4.5 and 4.6).
The energy consumption of a building system is determined by the following factors: -

e Shape and footpr'%ofthe building;

e thermal-physical properties of materials used;

e size and orientation of walls, floors, roofs, windows, and doors;

o shading, lighting schedules, occupancy patterns, equipment operation and ambient

conditions.

e operation of primary and secondary HVAC systems.
The CIBSE admittance method based ECOTECT uses mean irradiation values while
calculating the cooling load, while the DOE-2.3 based eQUEST and EnergyPlus based
DesignBuilder uses peak irradiation values.
The DOE-2 program uses weightage factors for computation of thermal loads and air
temperature of room. This is mid-way method between steady state calculation method where
the ability of the building mass to store energy is completely ignored or not computed

dynamically and complete energy balance calculation methods such as Finite Difference
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based solution techniques. Moreover, the calculations are done in hourly basis as compared
to DesignBuilder whereby user has the option to quantify the number of time-steps per hour.
We can see that each computational algorithm uses its own solution technique to model the
heat transfer through the building fabric starting from how the irradiance data is handled to
how the heat transfer coefficients are being computed and how heat transfer through the
building is being handled. In EnergyPlus based DesignBuilder the different inbuilt module of
the simulation process is processed simultaneously and there is feedback among them whereas
eQUEST can be said to have a more sequential type analysis approach.

All these factors result in variation of the overall heating or cooling loads or energy

consumptions.




CHAPTER 5 - RESULTS &
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In this chapter all the findings of the overall work done have been summarised. A brief
discussion on experimental results is presented below.

5.1 Detailed calibration of Guarded Hot Box Testing Facility

In the present work, the Guarded Hot Box test facility was used for evaluation of overall heat
transfer coefficient of masonry samples and warm-edge spacer based air-filled double-glazing
samples respectively. Before actual testing of the sample, a detailed calibration of the test set
up was done to identify and evaluate the various losses of the system (extraneous heat transfer,
OEre and flanking losses @) and later those were integrated into the calculation procedure
to determine the overall heat transfer of the samples with precision.

Detailed air velocity profile of the air space between (a) metering box baffle and surround
panel surface and (b) cold box baffle; and surround panel surface were obtained using hot wire
anemometer. Air velocity was measured at three different planes in the space between
metering box baffle plate and surround panel surface as shown in Fig. 2.15 of Chapter 2. The
air velocity was observed to have varied linearly with increase in supply input voltage to the
fan (Fig. 2.24 and Fig. 2.25). At any given distance from the baffle, the variation of fan
velocity with change in input fan voltage was observed to be smaller in case of metering box
as compared to cold box. This was probably due to the fact that vertical distance traversed by
air in front of baffle is greater in the cold box as compared to that of metering box.

The extraneous heat transfer was determined by using 300mm thick extruded polystyrene
made calibration panel inserted into the surround panel sample aperture and testing conditions
were replicated as would be used during actual testing of the samples.

Orwra Was observed to have increased with increase in differential air temperature between
metering box and cold box in a linear fashion (Fig. 2.27). It was also observed that change in
air velocity of metering box and cold box seemed to have little impact on @ gy, (Fig. 3.28).
This can be due to the fact that with increase in differential air temperature, the total heat flow
from metering box to cold box also increased proportionately resulting in an increased extra
heat trasnfer.

For experimental evaluation of flanking losses, extruded polystyrenc sheets of thickness
25mm, 50mm and 100mm having dimensions of 500mm by 500mm had been inserted in the
sample holding aperture. Firstly, impact of differential air temperature (8t.;;) on variation of
flanking losses () was evaluated (Fig. 2.30). It was observed that the flanking losses seemed
to vary non-linearly with change in sample thickness. Moreover, from variation of flanking

loss with fan velocity, it was observed that the span of the graph is much wider for variation
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of flanking loss with cold box air velocity (Ucs air) as compared to that of metering box air

velocity (Umg air). It implied that variation of cold side air stream velocity had a more dominant
effect on flanking loss heat transfer as compared to metering box air stream velocity.
Moreover, with higher differential air temperature, the heat flow from metering box to cold
box was also found to be increased resulting in increased flanking losses.

When using 300mm extruded polystyrene insulation, maximum fluctuation of air temperature
in metering box was 0.050°C, 0.056 °C and 0.76 °C respectively and that of cold box air
temperature was 0.20°C, 0.18°C and 0.23°C respectively for differential air temperature of
40.10°C, 29.99 °C and 20.16 °C be n metering box air and cold box air temperature. These
results were within the one percent of the air-to-air temperature difference as prescribed in BS

EN 150 8990:1996 (Table 2.4).

5.2 Preparation of masonry samples for experimental evaluation of overall

heat transfer coefficient

Three configurations of masonry wall samples were constructed having dimension of 480mm
by 480mm. 125mm thick brick wall made of burnt red clay brick (using stretcher bonds) were
constructed in a wooden sample holding frame. Thereafter, 12.5mm thick plaster was applied
on both sides of the wall. This was Sample W1 (Fig 3.4 of Chapter 3). Sample WII (Fig. 3.6)
was constructed upon Sample WI by applying two coats of acrylic cement-based primer on
both sides. Sample WIII (Fig. 3.7) was constructed upon Sample WII applying water based
magenta coloured plastic paint on the side which would face the metering box.

A traditional reinforced cement concrete (RCC) based roof structure of thickness 100mm and
480mm by 480mm was constructed. After proper curing of the sample, it was placed in sample
holding frame. Side that would be facing cold side was plastered and two coats of white
coloured cement primer was applied on it while side facing metering box had self-adhesive

bituminous layer member placed on it. That was Sample WIV (Fig. 3.17).

5.3 Experimental evaluation of impact of sample holding frame for masonry

samples on overall heat transfer coefficient
The impact of wooden sample holding frame on overall heat transfer coefficient was

evaluated. This was done by using 300mm thick, 480mm by 480mm extruded polystyrene
sheet as sample placed in sample holding frame. The extrancous heat transfer was evaluated
and was compared to one where S00mm by 500mm extruded polystyrene insulation sheet was
placed in sample holding aperture (i.e., without the sample holding frame). From the results

(Table 3.3 of Chapter 3) it was seen that variation in extraneous heat transfer was from 0.76%
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to 1.19%. As such it would have very negligible impact on calculation on overall heat transfer

coefficient. This was due to fact that area of the wooden frame in the direction of heat flow
(from metering box to cold box) was very small. Moreover, the wooden frame locks onto its
mid-way position in the surround panel aperture (Fig. 2.7 of Chapter 2) which step like
structure. Since the extruded polystyrene insulation has very low thermal conductivity, it acts

as an insulation resulting in reduced heat flow through the wooden sample holding frame.

5.4 Determination of spectral properties of opaque coloured surfaces

Three opaque samples were prepared (Fig 3.8 of Chapter 3) having coloured surfaces similar
to Sample WI, WII & WIIIL. Diffuse reflectance spectra (Fig. 3.9) of the surfaces were
measured using Perkin Elmer make UV-Vis-NIR spectrophotometer LAMDA 950 over entire
solar spectrum using 150mm integrating sphere. From the reflectance characteristic spectra,
absorptance spectra was derived. Reflectance and absorptance over visible spectrum (Table
3.2a) and over entire solar spectrum (Table 4.2b) had been calculated as per ASTM E903-93.
From the results it was evident that, cement plastered sample surface had lowest reflectance
and highest absorptance while white coloured sample surface had highest reflectance and

lowest absorptance over both visible spectrum and entire solar spectrum respectively.

5.5 Experimental evaluation of impact of varying differential air
temperature on overall heat transfer coefficient of masonry samples

The wall samples W1, WII & WIII were placed in the sample holding aperture of surro

panel. The air velocity of metering box was kept constant at 0.920 m/s while the cold box air
velocity was kept constant at 1.931 m/s throughout the duration of the experiment. Tests were
conducted at air temperature differentials of 40°C, 30°C and 20°C. Table 3.4 (of Chapter 3)
showed the detailed testing results for Sample W1. Tests were repeated and standard deviation
of the results were calculated. Table 3.5 showed that the maximum random air temperature
fluctuations were within the limits as per BS EN ISO 8990:1996. Fig. 3.10 showed the
Eiation in metering box air temperature, cold box air temperature, surround panel hot side
average surface temperature, surround panel cold side average surface temperature, sample
surface hot side average surface temperature and sample surface cold side average Wace
temperature. Similarly, detailed test results for Sample W1l and Sample WIII have been shown
in Table 3.6, Table 3.7, Table 3.8 and Table 3.9. The maximum random air temperature
fluctuations in both metering box air and cold box air were within the permissible limits as

per BS EN IS0 8990:1996.
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The variation in over@heat transfer coefficient with change in differential air temperature
has been represented in Fig. 3.14 and Fig. 3.15. From the regression plots, it was observed
that variation of overall heat transfer coefficient w.r.t differential air temperature was linear
for all the three samples. From these regression equations, the overall heat transfer coefficignt
for any differential air temperature could be calculated. Moreover, it was also observed that
the overall heat transfer coefficient had slightly decreased with i e in differential air
temperature for Sample W1 & Sample WII while for Sample WIII, the overall heat transfer
coefficient had slightly increased with increase in differential air temperature. The reason for
such results could be attributed to the fact that the overall moisture content of the sample
changed with the change in differential air temperature across the specimen. Lower the
differential air temperature, higher was the moisture content of the sample and higher was the
overall heat transfer coefficient of the sample. Now Sample WIII had a paint layer on the hot
side which has silicon in the paint. As a result, the hygroscopic nature of the sample surface
was altered and there was hardly any change in moisture content when exposed to varying
differential air temperature. So, the overall heat transfer coefficient increased with increase in
differential air temperature due to increase in thermal properties such as thermal conductivity.
The roof Sample WIV was also loaded in the sample holding aperture and the effect of
differential air temperature on overall heat transfer coefficient was studied. Detailed testing
results have been shown in Table 3.11 and Table 3.12. The maximum random air temperature
fluctuations in both metering box air and cold box air were within ﬁ permissible limits as
per BS EN IS0 §990:1996. From the regression plot (Fig. 4.20), it was observed that the
overall heat transfer coefficient increased slightly with increase in differential air temperature.
Here also the bituminous waterproofing membrane acted as a moisture barrier thereby
preventing any change in moisture content of the sample. Moreover, the U-value of the roof
sample was almost double than that of the wall samples.

The experiments were repeated and the calculated standard deviation values were very low

indicating that the results obtained were fairly accurate.

5.6 Experimental evaluation of impact of varying differential air
temperature on overall heat transfer coefficient of double-glazing air-

filled unit
An air-filled double-glazing unit (Fig. 3.24) incorporating warm-edge spacer (Sample WV)

was built in laboratory using 4mm Modiguard clear float glass and 14.5mm spacer. The

double-glazing unit was placed in a wooden frame (Fig. 3.25) and properly sealed in place.
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Similarly, another air-filled double-glazing unit was constructed with 14.5mm aluminium
based spacers for comparison. The testing was conducted at metering air velocity 0of 0.920 m/s
and cold box air velocity of 1.931 m/s. Detailed testing results have been shown in Taple 3.13
and Table 3.15. It was observed from the regression plot Fig. 3.27 and Fig. 3.30, that the
overall heat transfer coefficient increased with increase in differential air temperature across
the specimen. This was probably due to that fact that increased differential air temperature
had caused more heat to flow through the sample resulting in an increase in overall heat
transfer coefficient.

Moreover a maximum reduction in overall heat transfer coefficient of 7.87% was achieved
while using warm edge spacer based air filled double glazing as compared to traditional

aluminium based spacer.

5.7 Experimental evaluation of impact of varying air velocity on overall
heat transfer coefficient of masonry samples.
The impact of change in air velocity on overall heat transfer coefficient of Sample II (125mm
brick wall with 12.5mm cement plaster and white cement primer coat over it on both sides)
was studied. Tests with varying metering box air velocity while keeping cold box air velocity
constant & vice versa were carried out. The tests were carried out at differential air
temperatures of 30°C and 20°C. Details of testing results have been shown in Table 3.10. In
all the scenarios (Fig. 3.16), overall heat transfer coefficient of the sample has increased in a
linear fashion with increase in air velocity. This was probably due to the fact that with increase
in air velocity, the convective heat transfer increased resulting in an increased heat flow
through the sample. This resulted in an increased overall heat transfer coefficient of the
sample. It was observed that for 30°C differential air temperature, a reduction in U-value by
almost 4% occurred when air velocity in metering box was reduced by 33% approximately
and by almost 8.2% when air velocity was reduced by 32% in cold box. Moreover, for 20°C
differential air temperature, a reduction in U-value by almost 5% occurred when air velocity
in metering box was reduced by 33% approximately and by almost 10% when air velocity

was reduced by 32% in cold box.
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5.8 Comparison between experimentally obtained overall heat transfer
coefficient values obtained from Guarded Hot Box and theoretically
calculated values.

U-values of walls and roof have also been derived theoretically using the equation below:

1
U= —, where,
Rt

Rt = Total thermal reisistance = Rge + Ry + Ro+...... +R, + Ry
Ri,Ra..... R, = Thermal resistance of individual layers of the sample = Axn/ky

Ax, = Thickness of n layer

kn = Thermal conductivity of n™

layer

For direction of heat flow being horizontal i.e. for vertical wall systems (BS EN ISO
6946:2007):

Rse = Exterior surface film thermal resistance = 0.04 m*K/W;

R = Interior surface film thermal resistance =0.13 m’K/W

For direction of heat flow being upwards i.e. for horizontal roof systems (BS EN 1SO
6946:2007):

R:. = Exterior surface film thermal resistance =0.04 m?K/W:

Rsi = Interior surface film thermal resistance =0.10 m*K/W.

Thermal prﬁl‘ties of the building materials used have been shown in Table 5.1.

Table 5.1 - Thermal properties of the building materials used:

Building material Density (kg/m") Thermal Conductivity (W/mK)

Solid Burnt Clay 1440 0.620
(ECBC, 2017)

Cement Plaster

(ECBC, 2017) 1560 0.630
Reinforced Cement
Concrete 2288 1.580

(BIS, 1987)

Using the thermal properties of the building materials, U-values were calculated as per BS EN

IS0 6946:2007 (Table 5.2 and Table 5.3).
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Table 5.2 — Comparison of U-value of Sample W1
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Table 5.3 - Theoretical U-value of RCC roof (Sample WIV)
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The theoretical U-value of both the samples are more than that of experimental values. The

reason for these deviations may be due to fact that in practical scenario, thermal conductivity

of the bricks, plaster used may be different from that mentioned in the standard. Properties of

materials vary widely depending on construction / fabrication and also innate nature of the

ingredients itself. Moreover, the surface heat transfer coefficients used in the standard may

not be a true representation of that used during testing of guarded hot box.

The experimental values are closer to reality as it covers the entire differential temperature as

experienced in various climatic conditions in India.
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5.9 Comparison of overall heat transfer coefficient values of building
components: Simulation Software derived U-values vs Guarded Hot Box
testing based experimental values

For the purpose of simulation, a single zone model plan was prepared in AUTOCAD. Three
simulation softwares were used namely DesignBuilder, ECOTECT and eQUEST. An
AUTOCAD based plan layout was generated and then it was incorporated into the software,
there after a 3-D model of the building was generated. The building HVAC details, operating
schedules and internal heat gain details were entered into the model as per Table 2.2. The
brick wall considered for study was 125mm brick wall with 12.5mm plaster on either side,
glazing considered was a double-glazing unit and roof was considered as 100mm RCC roof
with 12.5mm cement plaster on the inside and waterproofing bituminous layer on the outside.
The results have been listed in the Table 4.4, 4.5 and 4.6 of Chapter 4. At the time of operating
all the three-above softwares, the same thermal properties of the building materials had been
entered as input. The deviation of experimentally obtained overall heat transfer coefficient
from that obtained from simulation software (while using ASHRAE Handbook Fundamentals
based materials as input) are highlighted below:

For wall sample, maximum deviation of U-value from experimental results was observed for
eQUEST at 28.6% while minimum deviation was at 6.71% for ECOTECT.

For roof sample, maximum deviation of U-value from experimental results was observed for
ECOTECT at 19% while minimum deviation was at 2.52% for DesignBuilder.

For warm-edge spacer based double glazing unit, maximum deviation of U-value from
experimental results was observed for DesignBuilder at 5.91%, while minimum deviation was
at 5% for ECOTECT.
The variation of results may be due to the difference in the way the overall heat transfer
coefficient is calculated in each of the software. In eQUEST, the inside air film resistance
value is taken from ASHRAE Handbook Fundamentals 1997, while the outside air film
resistance coefficient is calculated internally depending upon the surface roughness, air
temperature and wind speed.

In DesignBuilder, the values of internal and external surface heat transfer coefficients are
calculated based upon the selected EnergyPlus convection algorithms. In present scenario
Thermal Analysis Research Program has been selected for inside convective algorithm and
DOE-2 convection model has been selected for outside connective algorithm.

In ECOTECT, the overall heat transfer coefficient is calculated using CIBSE Guide A.
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5.10 Comparison of Cooling energy consumptions using DesignBuilder,
ECOTECT & eQUEST. -

From the results obtained in Chapter 4 (Table 4.7 to Table 4.18, Table 4.19 to Table 4.30 and
Table 4.31 to Table 4.42) the following observations have been made.

In case of DesignBuilder, during the summer months the difference is cooling load is very
small and sometimes negative while the difference in cooling load is winter seasons is much
higher and positive. This could be attributed to the fact that U-value of roof as calculated from
DesignBuilder is higher than experimentally obtained value and the U-value of wall is more
for guarded hot method or experimental results. Thus, during the winter seasons, we see the
‘Cooling Energy w.r.t GHB’ is much higher but during the summer season the ‘Cooling
Energy w.r.t. ASHRAE’ is more or less similar, sometimes slightly negative as well.

Now for ECOTECT, the U-value of roof as obtained from guarded hot box is much higher
than results obtained from ECOTECT while the U-value of wall as obtained from ECOTECT
is higher. This results in higher cooling load while using experimentally obtained U-value
results during simulation (‘Cooling Energy w.r.t. GHB’) for all the orientations.

Lastly for eQUEST the overall heat transfer co-efficient values for both wall and roof as
computed by eQUEST is higher resulting in higher cooling load for most of the orientation.
The cooling energy / load deviation range and the annual cooling energy difference with
respect to experimental value (i.e. scenario where experimentally obtained overall heat
transfer coefficient values were used in simulation software) for the entire year for the three
different software are tabulated as below:

Table 5.4 — Cooling energy difference range for entire year.

Cooling Energy

Deviation range for
entire year by

Cooling Energy
Deviation range for

Cooling Energy
Deviation range for

Orientation entire year by entire year by
DESIGNBU.ILDER ECOTECT w.r.t. eQUEST w.r.t.
w.r.t. Experimental . .
Experimental Value Experimental Value
Value
NO (-)0.07 to (+)4.17 (-)6.12 to (-)4.65 (H)11.11 to (+)34.29
SO (-)0.07 to (+)2.77 (-)6.11 to (-)4.86 (+)11.28 to (+)23.01
EO0 (-)0.33 to (+)2.25 (-)7.05 to (-)4.85 (-)05.42 to (+)01.38
WO (-)0.30 to (+)4.03 (-)6.12 to (-)4.72 (+)09.30 to (+)32.50
NE45 (-)0.20 to (+)3.42 (-)6.58 to (-)4.76 (-)04.59 to (+)06.65
NW45 (+)0.04 to (+)3.86 (-)6.77 to (-)4.85 (+)12.70 to (+)36.63
SE30 (-)0.11 to (+)2.05 (-)8.10 to (-)5.09 (+)01.50 to (-)04.50
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SE45 (-)0.06 to (+)1.69 (-)9.31 to (-)5.13 (+)03.08 to (-)02.67
SE60 (-)0.22 to (+)1.57 (1)8.69 to (-)5.16 (+)04.73 to (-)01.73
SW30 (+)0.03 to (+)3.70 (-)7.44 to (-)4.93 (-)12.95 to (-)34.86
SW45 ())0.05 to (+)3.94 (-)5.95 to (-)4.92 (-)12.67 to (-)36.24
SW60 (-)0.08 to (+)4.10 (1)5.96 to (-)4.81 (+)26.18 to (+)10.50

Table 5.5 - Annual cooling energy difference w.r.t. experimental value.

Annual Cooling Annual Cooling Annual Cooling

Orientation Energy Difference in  Energy Difference in  Energy Difference in
DesignBuilder w.rt.  ECOTECT w.r.t. eQUEST w.r.t.
Experimental Value  Experimental Value  Experimental Value

NO 45.26 -840.38 543.70

S0 26.90 -857.50 496.20

EO 20.64 -873.22 -60.70

WO 37.04 -841.34 472.20

NE45 36.00 -839.78 57.30

NW45 43.92 -838.10 622.40

SE30 23.90 -882.00 -94.00

SE45 19.00 -889.40 40.20

SE60 17.70 -892.50 -13.40

SW30 33.20 -863.50 600.70

SW45 35.80 -845.00 609.00

SWe60 37.30 -843.80 569.80

We can see from the results in Table 5.4 that in case of DesignBuilder least difference in
Annual cooling energy occurs for South-East 60° orientation (17.70 kWh) and maximum
difference occurs for North 0° 0rientati0né45.26 kWh). For South-East 60° orientation, the
deviation is within £0.5% for the months May, June, July, August, October and November.
While for the months of January, February, March, April, September and December the
absolute deviation varies within +0.5% to +2% for the same orientation. For North 0°
oriegtation, the absolute deviation is within £0.5% for months May, June, July, August while
for the months of January, February, March, April, September, October, November and

December the absolute deviation varies within +0.5% to £5%.
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For all the orientations, the ‘percentage deviation’ is least for the months of May, June, July
and August where it is less than £0.5%. Morcover, for orientations of North, North-East 45°
and North-West 45°, the pattern of monthly variation of ‘percentage deviation’ is almost
similar.

We can see from the results (Table 5.4) that for ECOTECT the least annual cooling energy
difference among the two methods of simulation occur for South-East 60° orientation (-892.50
kWh) and maximum difference occurs for North-West 45° (-838.10 kWh) orientatiob For
South-East 60° orientation, the absolute deviation is almost within 6% for the months April,
May, June, July, August, September, October and November while for the months of January,
February, March and December the absolute deviation varies within 7% to 9%. For North 0°
orientation, the absolute deviation is within 6% for all months except January (6.77%).
Moreover, for the months of May to November the percentage deviation of results is always
less than -6% for all the orientations considered.

It is evident from the results that for all the orientations, the annual cooling energy is always
lower than ‘Cooling Energy w.r.t. GHB’ scenario. The difference varies from -838 kWh to
-893 kWh.

We can see from the results (Table 5.4) that for eQUEST the least difference among the two
scenarios occur for South-East 30° orientation (-94.0 kWh) and maximum difference occurs
for North-West 45° orientation (622.40 kWh). For South-East 60° orientation, the absolute
deviation is within 4%. For North-West 45° orientation, the deviation is within 14% for
months May, June, July, August and September.

The monthly deviations for various orientations are within +5% for South-East 30°, South-

East 45°, South-East 60°, East, North-East 45° orientations

Using the cooling energy consumption obtained by directly impregnating the experimentally
obtained U-values into the simulation software as reference and comparing it with the scenario
where ASHRAE Handbook Fundamentals based building materials have been used in the
simulation, following observations could be made:
» Cooling energy estimated by using DESIGNBUILDER simulation tool appears to be
lesser than that by experimentally obtained impregnated value.
+ (Cooling energy estimated by using ECOTECT simulation tool appears to be higher
than that by experimentally obtained impregnated value.
¢ Cooling energy estimated by using eQUEST simulation tool appears to be lower to

that by experimentally obtained impregnated value.




Chapter 5 — Results & Discussions 155

e Among the three software, the annual cooling energy difference is smallest for
EnergyPlus based DesignBuilder (i.e. the cooling energy consumption values for both
the cases are very close) followed by eQUEST and maximum for ECOTECT.

¢ However, the cooling energy deviation range is maximum for eQUEST, followed by
DesignBuilder and minimum for ECOTECT.

¢ In case of DesignBuilder, the maximum range of deviation occurs for West orientation
from (-)0.30% to (+)4.03% and minimum range of deviation for South East
45%°%rientation from (-)0.06% to (+)1.69%.

e In case of ECOTECT, the maximum range of deviation occurs for South East 45°
orientation from (-)9.31% to (-)5.13% and minimum range of deviation for South West
60°orientation from (-)5.96% to (-)4.81%.

e Lastly for eQUEST, the maximum range of deviation occurs for North West 45°
orientation from (+)12.70% to (+)36.63% and minimum range of deviation for South
East 45° orientation from (+)03.08% to (-)02.67 %.

Each software uses its own algorithm or method while calculating the energy performance of
cooling and thus the cooling load. Further, it may be mentioned that the CIBSE admittance
method used by ECOTECT uses mean irradiation values of solar radiation while the DOE-2.3
based eQUEST and EnergyPlus based DesignBuilder use peak irradiation values.
DesignBuilder operates simulation, at time steps per hour of 1, 2, 4, 6, 10, 12, 30 or 60 while
simulation for eQUEST and ECOTECT are carried out on hourly interval only.

Heat transfer from soil i.e. ground heat transfer modelling is no considered in ECOTECT,
The DOE-2 program is a sort of quasi steady state analysis while ECOTECT analysis can be
said to more or less a steady state one while Finite Difference based computation analysis in
DesignBuilder is of transient nature and each module of the program dynamically interacts
with each other at each stage of analysis and there is feedback among them. In eQUEST the
approach is more of sequential approach type.

Though the difference in energy consumption seems to be small (as in case of DesignBuilder)
but the model used here is a single zone model. Now in real scenario, a building would be
composed of number of such zones and complex geometry. As a result, the difference in
simulation results would be much higher.

So, it is suggested that overall heat transfer coefficient values obtained from Guarded Hot Box
testing as per local climatic conditions could be used as input to simulation software to obtain

more accurate modelling results.
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After presenting the research work on detailed simulation study to find the impact of
experimentally obtained overall heat transfer values (from guarded hot box testing) in
simulation software as compared to conventional method of entering the thermos-physical
properties of building component materials as input, the following conclusions can be

summarised from the entire work:

Guarded Hot Box test method of experimental determination of overall heat transfer
coefficient is the most accurate one. In the present work detailed calibration of the in-house
developed Guarded hot box was conducted to quantify the various losses (extraneous heat
transfer, flanking losses) associated with the testing setup. The maximum fluctuation of air
temperature in metering box and cold box when using 300m extruded polystyrene insulation
were 0.049°C, 0.056°C and 0.076°C for dtair 2,40.10°C, 29.99°C and 20.16'C respectively.
These values are will the prescribed limit of 1 % of the air-to-air temperature difference
across the specimen as per BS EN ISO 8990:1996. 1t was observed that magnitude of
extrancous heat transfer varied increased linearly with increase in differential air
temperature whereas change in convective heat transfer coefficients had little impact on the

extraneous heat transfer.

Overall heat transfer coefficients of masonry wall and roof samples made from locally
available building materials were evaluated experimentally. The U-value of the samples
decreased linearly with increase in differential air temperature for five-inch brick wall
finished with cement plaster on both sides (Sample WI) and five-inch brick wall with
cement plaster and finished with two coats of white cement primer on both sides (Sample
WII). The plaster finished surface based wall has a higher absorptivity both in solar range
(70.8%) and visible range (68.6%) as compared to white coloured wall (29.2% in solar range
and 31.4% in visible range). Hence the U-value of Sample W1 was more than that of
Sample WII. Overall heat transfer coefficient of Sample WII finished with white colour on
one side and silicon based magenta coloured plastic paint (Sample WIII) was also evaluated
experimentally. The U-value of the Sample WIII increased linearly with increase in

differential air temperature across the specimen.

Overall heat transfer coefficient of reinforced cement concrete with plaster finished with
white cement primer on one side and bituminous layer on other side (Sample WIV) was

evaluated experimentally. The U-value of the sample increased linearly with increase in
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differential air temperature across the specimen (similar to that of Sample WIII). Moreover,

the U-value of the roof sample is almost double than that of the wall samples.

The overall heat transfer coefficient of an air filled warm edge spacer based double glazing
was evaluated experimentally and the results were compared to that of conventional
aluminium spacer based double glazing system. The U-value of the sample increased
linearly with increase in differential air temperature across the specimen in both the cases. A
maximum reduction of 7.87% (at &tair of 40°C) and a minimum reduction of 7.06% (at otair

of 20°C) in U-value was observed while using warm-edge spacer based double glazing unit.
From the regression plot of variation of overall heat transfer coefficient with respect to air

temperature, the overall heat transfer coefficient of the samples can be evaluated
experimentally for any particular differential air temperature as suited for any of the five

climatic zones of our country.

The impact of impregnating experimentally obtained overall heat transfer coefficient values
of common building components (such as wall, roof & glazings) directly into simulation
software, and comparing the same with software-based results, based entirely on embedded
library of materials, their properties and resultant U-value thereof have been explored. Three
simulation software DesignBuilder, ECOTECT and eQUEST have been used. The cooling
energy consumption / cooling load in both the scenarios have been evaluated and compared.
It was found that for DesignBuilder the annual difference in cooling energy consumption
was smallest while it was maximum for ECOTECT.

In case of DesignBuilder, during the summer months the difference is cooling load is very
small and sometimes negative while the difference in cooling load is winter seasons is much
higher and positive.

Now for ECOTECT higher cooling load while using experimentally obtained U-value
results during simulation (‘Cooling Energy w.r.t. GHB’) for all the orientations.

Lastly for eQUEST the overall heat transfer co-efficient values for both wall and roof as

computed by eQUEST is higher resulting in higher cooling load for most of the orientation.
Future scope of work:

(i) The overall heat transfer coefficient of building walls, roof, glazing used in our
country need to evaluated experimentally with respect to the local boundary
conditions to which they belong. The database thus generated, can be used by the

Industry and Academia of the country to optimize its building resources and energy
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consumption through a close climatic understanding in all the possible areas of
application.

(i1) The impact of relative humidity on the overall heat transfer coefficient of building
masonry needs to be evaluated experimentally.

(iii) The simulation study should also be carried for various types of buildings in real

life scenario.
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#1 CALCULATION PROCEDURE FOR EXTRANEOUS HEAT TRANSFER:

Data set for extra heat transfer

159

Air Temperature Difference between

Data Set Metering box and cold box (°C) Extra Heat Transfer (W)

Test 1 44.73 7.55

Test 2 44.72 7.57

Test 3 40.09 6.89

Test 4 39.97 6.26

Test 5 39.95 6.70

Test 6 34.69 5.72

Test 7 3445 5.40

Test 8 29.99 5.22

Test 9 2995 5.18

Test 10 19.97 3.00

Test 11 20.18 3.41
Calculation for extra heat transfer for Test 1:

Metering Box Average Air (Tusair) = 40.001°C

Temperature

Cold Box Average Air (Tepaw) = -4.731°C

Temperature

Differential Air Temperature (8tu) = 44.733°C

(Twms air - Tcs 4ir)

Power Input from Heaters in (Dheaters) = 14463 W

Metering Box

Power Input from Fans in (Drans) = 7.004 W

Metering Box

Total power input from (Duearir) = 21.467TW

heaters and fans installed in

the metering box

Total metering box wall loss (OuBavgwaliLoss) = 1.098 W

Measured heat flow from (OMB 1o CB, measured) = 20.369 W

metering box to cold box

Surround panel hot side (TSurPni Temp Hot Face, 4vg) = 39.722 °C

surface average temperature

S'l].l'l'O'llI'ld pﬂl'lel COld Side (TSurPnF Temp Cold Face, Avg) = -5. 1 10 OC

surface average temperature
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Differential surface ATsurpnt surfuce = 44.832 °C
temperature of surround

panel

Surround panel surface area Asupnl sufice = 2360 m?
Sample hot Side Surface TStm:p Temp Hot Face, Avg = 39594 OC

average temperature

Sample cold side surface TS«mp Temp Cold Face, Ave = -3.517°C
average temperature

Thickness of Sample ox = 300 mm
Differential surface AT samp sSurface =43.111 °C
temperature of sample

Sample surface area Asamp suace = 0.250 m?
Calculated heat flow from OMB 10 CB, caleulated = KFA*AT/ 6x

metering box to cold box
=0.033 * (2.36* AT surpni Surfuce +0.25% AT Sump Surfuce) / 0.3
= 12824 W
Extraneous heat transfer Oertra = DMB 1o CB, measured

- OuMB 1w CB, caleulated
= 20369W-12.824 W
= 7745 W

.. PT.O




#2 CALCULATION OF FLANKING LOSS:

Data set for flanking loss at 8tuir equal to 20°C

Sample

Thickness Flanking Loss at 20°C

(mm)

25 2.626

50 1.542

100 0.800

300 0.000
Tup 4ir = 40.009 °C
Tep air = 19.715 °C
Tus 4ir - Tep 4= 20.294 °C
Otieaters = 6.971 W
O Funs = 6.937 W
ODHear 1P = 13.909 W
DMB Ave Wall Loss = 1.052 W
OMB o CB, measured = 12857 W
Tswent temp Hot Face, Avg 39.94] °C
TSurPnt Temp Cold Face, Ave = 19.948 °C
AT sureni Surfuce = 19.944 °C
ASirPl Surface = 2.360 m®
TSamp Temp Hot Face, dvg = 38.468 °C
TSamp Temp Cold Face, Avg = 21.337°C
AT Samp Surface = 17.131 °C
A Samp Surface = 0.250 m?
Ox = 300 mm
Dsurround Panel =

TSump Temp Hot Face, Avg
TSump Temp Cold Face, Avg
ATS:mrp Surface

A Samp Surface

ox

ga'tmrpfe,meu.\' ured

k* ASurPni Surface * ATsiwpui Surface / dx

5.190 W
38.468 °C
21.337°C
17.131 °C

0.250 m?

50 mm

k* ASamp Surface * ATSamp Surface /8%

2827TW
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@Ernu

Gn'amplfe, Cale

gFlanking Loss

3.298 W
GM’B to CB = GSm'mlmd Panel = GE.(H'H

4369 W

0.\({111;}!{.‘,1’11(‘({.\m'ed = G.umrph‘, Cale

1.542 W
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