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ABSTRACT

The roof is the main element of a building that has much exposure to the sky and
therefore it is the most appropriate location for a nocturnal radiator. High mass roof with
operable insulation of concrete provides the functions of cold coliection and of storage 1n
one element. Roofs are usually insulated (0 minimize heat loss in winter and mimmize
heat gain in summer. As the radiant loss takes place at the external surface of the roof, the
insulation minimizes the actual cooling that a building can utilize from the nocturnal
radiation. If these roofs could be equipped with operable insulation that cover the roof
during the day and expose to sky during the night, the roofs would function as effective
nocturnal radiators and cold storage elements. Therefore this type of radiant cooling using,
operable insulation is effective in providing daytime cooling in almost any region,
preferably with low cloudiness at night, regardless of low humidity.

The impact of solar radiation affects the thermal behavior of roof more than any other
part of the structure especially in Tropical countries. In Bangladesh most of the burldings
in urban area have flat concrete roof. This roofs as exposed to direct solar radiation
elevates indoor temperature usually above the local comfort level in summer. Active
means of cooling is generally very expensive and in high ambient temperatures usefulness
of ceiling fan is greatly reduced, particularly on top floor of the butldings. Thus, the thests
investigates the potential of using Operable Roof Insulation over concrete roofs as an
alternative method of passive cooling by studying the thermal performance and its
influence on energy use in the context of Dhaka during hot months of the year.

The problem was approached first by a survey of published information that provided the
knowledge base for the research and inform about the state of the art with regard to
passive cooling systems followed by Problem Modeling, which was a combination of
Simulation study and Field study. The studies were conducted during the month of Apnl,
May and June of 2002 representing hot-dry and hot-wet period; which are obviously most
significant in terms of climatic severity.

The simulation studies were performed to appraise the effects of msulation and other
parameters over time and to investigate aspects, which could not have been derived from
the field studies. In the course of field work, a test room was selected at the top floor of a
four storied building to establish a base case on which the proposed roof system was
applied and performance evaluated mn relation to local comfort temperature range. The
study involved simultaneous recording of covironmental data, such as air temperature,
radiant temperature, humidity, ceiling temperature and rooftop temperature for two
situations, [irst without operable roof insulation system and then with insulation by
programmable real tifne ‘Data Loggers™.

The significant findings of the thesis are concerned with the effect of operable roof
insulation in the test room i terms of indoor comfort by nocturnal radiative cooling and
thermal performance of operable roof insulation. Results indicate that there is a
considerable potential for noctumal cooling and the thermal performance of operable roof
insulation -significant with respect to uninsulated test room condition. Simulation studics
and the Fieldwork jointly provide the basis for design guidelines for operable roof
insulation. It 1s expected that these guidelines will reduce effect of solar radiation and
promote radiative cooling option Lo create a comfortable indoor space.

XV
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1.1 INTRODUCTION

The roof is the building component most exposed to the climatic clements. The impact of
solar radiation particularly on clear days, the loss of heat by long wave radiation ‘dunng
the night, all affect the thermal bel';avior of roof more than any other part of the structure.
Under warm ambient conditions in the tropics, the indoor air temperature is affected by
the roof, to an extent dependent on certain details of thickness, density, type, color etc. In
hot countries, it is popularly believed that the roof is the main heating element of a home.
This is so in the majority of cases but only because the roof is incorrectly designed

(Givoni, 1963).

Most of the buildings in the urban areas of Bangladesh (speéialiy in Dhaka) usuaily have
flat concrete roof and generally fixed insulation is apptied over the roof. Throughout the
day the roofs are exposed to direct solar radiation from the high summer sun elevating the
indoor temperature often above the local comfort (Ahmed, 1995)(Mallick, 1994) level. -
Mechanical cooling is a very expensive option to counter this problem and the commonly
used ceiling fans do little to improve comfort in high ambient temperatures. In such a
context the need to develop passive means of solar contro! is important for comfortable

living and higher productivity in hot seasons of the year.

Any ordinary surface that ‘sees’ the sky looses heat by the emission of long wave
radiation towards the sky aﬁd can be regarded as a heat radiator. Although the radiant heat
loss takes place day and night, the radiant balance is negative only during the night.
During the daytime the absorbed solar radiation counteracts the cooling effect of the Jong

wave emission and produces a net radiant gain.

The simplest concept of radiant cooling is that of a heavy and highly conductive roof
exposed to sky during the night but highly insulated externally during daytime by means
of operable insulation. Such roofs can be very effective in losmg heat at night, both by
long-wave radiation to the sky and by convection to the outdoor air, which cools down
faster than the massive roof. During the daytlme the installed external insulation
minimizes the heat gain from solar radiation and from the hotter ambient air. The cooled

mass of the roof can then serve as a heat sink and absorb, through ceiling, the heat '



penetra\ating into and generated inside the buildings interior during daytime hours (Givoni
1998)(Goulding et al, 1992).

Therefore, the concrete roofs, which are very common in our context, with applied
operable insulation, can provide effective radiant cooling and maintain the indoor

temperature well below the outdoor level.
1.2 STATEMENT OF THE PROBLEM

Along with the high outdoor temperature, solar radiation is a major source of heat gain for
buildings in Bangladesh. If we draw a general comparison between rural and urban
houses in our context it will be evident that these rural houses consist of one storied (often
single cell) units around a courtyard. They are based on low investment and high
maintenance and the general construction materials mud, bamboo, thatch etc. These
houses are exteﬁsively protected from effect of solar radiation by trees, which produce its
own microclimate. In rural areas most of the activities are performed in outdoor and
indoor comfort is mainly important during night time ('Mallfck, 1993). Moreover, the
traditional built forms of the rural areas often include sound solution of climatic
problems. Given technological limitations and the always-overriding considerations of
safety, some of these solutions must be considered ingenious (Koenigsbefger et al, 1973).

On the contrary, life is different in the cities, where a good number of activities take place
in the indoor. Buildings are constructed with permanent materials, closely packed and
often without the benefit of trees 10 provide protection. This problem is more intensifies
in top floors of the buildings where roofs are exposed to direct solar radiation.

Modern construction in urban areas of Dhaka is characterized by extensive use of brick
and concrete. High-tise buildings are being constructed to accommodate ever-increasing
population. Although air flow is an important consideration but duc to heavy
concentration of the buildings this is not always successfully achieved and the concept of
prevailing wind direction doesn’t work in many instances. Mutual shading protects the
wall of the buildings in closely placed buildings but roofs are exposed to direct solar

radiatton in association of sol-air- temperature’ heat up the interior of the upper floor well

! For building design purpose it is useful to combine the heatmg effect of mdiation ipcident on o building with the effect of warm air.
This can be done by using (e sol-air-temperature concept. A temperature vatue is foumd which would create the same thermnd effect as
the mvident radiation i question, and is added to the air tempemture Ykoemigsberger et al, 1973): T, =T, + (Ha¥ fp

where T, sol-gir-temperature in °C, T, = outside air temperature in °C., [= mdiation intensity in w/im’. a = absorhance of surface,

f» = surfzoe conductance (outside) in Win® dog C

PamitN



above the comfort level. Scope of shading provided by trees is limited and not beyond
two story heights. '

There are no standards for roof insulation in the building codes of Bangladesh but there
are some practices. In manj cases flat concrete roofs as cast are not graded properly for
water runoff, therefore some roofs have a 7Smm layer of lime terracing to grade it. This
provides some degree of insulation but may deteriorate substantially afier a number of
years and its insulating property may reduce. Moreover, the cost of lime terracing is also

going up and the process is time consuming (Mallick, 1993). -

Some attempts have been made by roof gardening but no scientific data is available
regarding its performance. There are one or two examples of double roof in Dhaka,
although they are effective from thermal point of view but few can afford it as it involves

substantial amount of money.

So, a system is'required, which can be effective in 24-hour cycle. An operable Roof

[nsulation utilizing radiant cooling potential can be an answer.
1.3  APPROACH TO THE PROBLEM

Previously some attempts were made to improve roof insulation. A study by Imamuddin
and others using hollow blocks plastered over concrete roof has found differences of
about 4-5 °C between the ceiling surfaces of such an insulated slab as compared to a
standard concrete slab for flat roofs. The difference was more for inclined roofs. The
difference in room temperature was however less, 2 maximum of 2 °C (Imamuddin et al,
1993). But the study is incomplete, as it did not record temperature data for 24 hours.
Another study was conducted by F.H. Mallick by using earthen pot Jaid over concrete
-roof. The room temperature 61‘ insulated roof was found to be 2.5-3.4 °C lower in
comparison with uninsulated roof at around 3 P.M. (Mallick, 1993).

It is evident from both ekperiment that using fixed insulation on the roof top, day time
temperature can be reduced to a level but these methods reduce the potential of radiant

cooling as in both cases the indoor temperature is higher than the outdoor.



Roofs are usually insulated to minimize heat gain in summer and heat Joss in winter, but
it minimizes the actual cooling potential that a building can utilize by the nocturnal
radiation (Martin, 1989)(Clark, 1989). If these roofs could be equipped with operable
insulation that cover the roof during the day to decrease the heat gain from solar radiation
and from the hotter ambient air and during nighttime the insulation can be retracted to
expose the roof slab to the night sky to lose heat both by long-wave radiation and by
convection, the roof would function as an effective nocturnal radiator (Givoni, 1994).

This thesis approaches the problem from this point of view.
1.3.1 Objective of The Research

The purpose of this study is to identify alternative means and devices of passive control
compatible with the contemporary building technology and discover new methods and
systems to make a building itself an energy modifying instrument towards a conceptually
coherent approach for a low energy, environment friendly and sustainable architecture.
The study aims to investigates the potential of using Operable Roof Insulation over
concrete roofs as an alternative method of passive cooling specially in hot- dry and hot-

wet season of the year with the following objectives:

* To study the potentiél role of Nocturnal Radiative Cooling technique in Dhaka.

= To evaluate the thermal performance of the Operable Roof Insulation in Dhaka.

1.3.2 Simulation Study

Simulation studies were conducted to evaluate the effect of insulation and other

paramelers over time and to investigate varations in parameters not covered by

i . L Lot L] - . o '




local comfort temperature range. Temperature data (ambient and radiant ternperature)
were collected for two situations, first without operable roof insulation system and then
with insulation by programmable real time ‘Data Loggers’ installed inside the room and
also at outside over a period of time. Based on the findings of the experimental study,
further parametric studies were conducted by simulation to evaluate the effect of operable
roof insulation on indoor air temperature, which were not covered by field study. The
survey involved the simultaneous recording environmental data such as air temperature,
radiant temperature, humidity, ceiling temperature, and rooftop temperature. The study
focused on evaluating the performance of operable roof insulation in the test room in
terms of indoor comfort. Such an understanding would enable to aiter the characteristics
of the physical environment 1o create comfortable indoor space.

The simulation studies and the fieldwork jointly provided the basis for design guidelines.
1.4 STRUCTURE OF THE THESIS

The second chapter presents the microclimate and the environmental factors of Dhaka.
Seasonal characteristics of the climate are presented based on published information and
published data. Impact of urbanization on microclimate is also discussed in this chapter.

The third chapter develops the theoretical background for the fieldwork on thermal
comfort. Issues like definitions, factors influencing thermal comfort, relationship between

insulation and comfort etc, are discussed.

The fourth chapter deals with the radiative cooling, the process which is utilized by the
insulation system. In this chapter basic sky radiation is explained, different methods of

radiative cooling process especially with operable roof insulation is discussed.

Fifth chapter illustrates the performance of roof insulation and its impact in the test room
by simulation study. Here a détailed description of the software used for simulation 18
. given. Furthermore detailed descriptions of the test room including material thesmal
properties are described. Discussion of results of insulation with various heights and their

comparative study are also included in this chapter.

Sixth chapter demonstrates the performance of roof insulation and its influence in test -

room by field study. Objective and methodology of the fieldwork is discussed. Field




results in three different conditions arc also presented with comparative study among
them. Chapter seven is the final chapter of the thesis. This chapter is based on the
summary of findings drawn from previoﬁs chapters. Thermal performance of operable
roof insulation based on simulation and field study are evaluated and discussed which
provides the basis for recommendations. Based on this work suggestion for further
research are also identified in the later section of this chapter. The overall outline of the

research work is ilfustrated in Figure 1.1.

1.5 SCOPEIS AND LIMITATIONS

The main limitation (but also the opportuniiy of the rescarch) is the lack of systematic
studies in this particular field of knowledge with regards to Bangladesh. While a number
of studies have becn carried out in hot and dry tegions exploring potentials of nocturnal
cooling, little work in warm humid regions has been done.

Study on fixed insulation (specially lime terracing) is beyond the scope of the research as
study on thermal performance and nocturnal cooling potential of operable roof insulation

is the main theme of the research.

There are some other limitations in the research such as:

« Some degree of uncertainty may be present in the data collection during field
investigation due to leakage of air flow between the roof and the insulating
membrane as the whole instailation was not airtighty)

» In field investigation environmental data for the test room with different heights of
operable roof insulation was not collected simultaneously. They were conducted
in different months of the year. However thermal behavior of the test room was
evaluated with respect to the ambient climate, therefore simultaneous data
collection was.not mandatory and had little bearing on the results.

» The effect of temperature drop between upper and tower skin of the insulating
membrane was not measured in isolation due 1o the consideration of composite
effect of the insulating membrane, air layer beneath and the reinforced concrete
slab.

With these opportunities and constrains, research on thermal performance of operable
roof insulation with special reference to Dhaka was carried out and described in the

following chapters.

T
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2.1 INTRODUCTION

Now-a-days. urbauization is taking place at an extremely rapid rate because of mereasing
population. This rapid urbanization sometimes may lead to severe problems associated
with environmental deterioration, unhealthy living conditions, shoriage of energy, water
and increased exposure of the population to floods or extreme winds specially in the
counirics where natural calamities arc recurring phenomena.  If climatological
information, principles and experiences were incorporated in the planning of rapidly
growing urban areas, most of the above problems could be solved. (Karmakar and
Khatun, 1993) Urbanization has impacts on urban climates (Oke, 1979) (Landsberg,
1981); rapidly growing buildings, industrics, roads etc. in urban areas have eflects on
Radiative cooling/heating, precipitation, fogs, visibility, wind direction etc. The type of
materials and design of buildings, the dramage system all depends very much on climatic

clements and their extreme values.

The elements and components formulating the landscape of cities affect the regional
climate through a complex interaction generating distinct microclimates. The changed
climate due to the pressure of the city can be broadly termed as the microchmate. of the
city. The city with all its built form and anthropogenic activitics having own mechanistic
interpretation creates peculiaritics within the climatc substantially different from the
regional climate (Ahmed, 1994). Proper environment evaluation at an urban scale can be
made possible by appr0pﬁate appreciation of the environmental characteristics at a
regional scale. Based on the human comfort issue, the following chapter analyses the
climate of Dhaka in terms of its problems and potentials. Furthermore this study will help
in identifying local environmental particulars having strong local deviations and af the
same time those, which are congruent with that of the regional patterns. The designers
and planners must consider the climatic factors and the extreme values of climatic

elements before conunencing any construction procedure.
22 MICROCLIMATE OF DHAKA CITY

The city of Dhaka lies between longitude 90°20° E and 90°30 E and between Jatitudes
230" N and "23°55 N at the southem extremity of the Pleistocene Terrace of the .
Madhupur Tract. The city 1s surrounded on three sides by rivers and low flood plains of



10

these rivers. The river Buriganga, on which stands the Dhaka river port, flows along the
south of the city. The river Balu and Turag are to the east and west respectively. A small
channel known as Tongi khal connects Balu with Turag to the north of the city (Figure
2.1).

The climate of Dhaka is tropical and greatly influenced by the presence of Himalayan
mountain range and Tibet plateau in the north and Bay of Bengal in the south. The
climate is characterized by four main meteorological seasons, namely Winter (December
to February), Pre-Monsoon (March to May), Monsoon (June to September) and Post-
Monsoon (October to November). Season;al characteristic of winter is cool-dry, pre-
monsoon is hot-dry, while monsoon and post-monsoon is -characterized by hot-wet

environment.

Due o the physical development and location, the climate characteristics of one city
differs from others and further modified in different locations within the city depending
on difference in surface qualities, density, heights (three dimensional objects) and other
related factors (Koenigsberger et al, 1973); as a result climate characteristics of Dhaka
city differ from other citieé of Bangladesh. This fact is more pronounced in developed
nations where physica] features of urban areas have more difference with surroundings,
than tropical environments of developing countries (Jauregui, 1993). However, several -
investigations have been conducted to assess Dhaka’s urban climate characteristics
(Asaduzzaman, 1992) (Hossain and Nooruddin, 1993) (Ahmed, 1993). The following
review of urban climatic factor is based on those investigations and on data from

meteorological sources of the city (also see Appendix 5 for more detail).

2.2.1 Temperature

-

The temperature profile of Dhaka city based on meteorological data shows a clear
congfuity with the regional pattern and according to data accounts for 1950 to 1980
exhibits monthly maximum average temperatures recorded in March, April and May (pre-
monsoon period) are relatively higher; reaching the highest at 34.5°C in Apnl. During
June to September (monsoon period) mean maximum temperaturc swings between 25°C

to 26°C and average temperature remains steady at 28.6°C. ln winter the temperature



. _ ¥

"drops to an average. of 18.6 °C while mean minimum_is 11.7 °C recorded in January

(Table2.1).

BRTRS

pHaiR CtTY

AORTH

T 7 e

—u——— Cuy Corporahan
Thana Boundary
Ward Boundary e

i Roaa . £ i e Prradie

Figure 2.1 Dhaka City with its Surroundings
Source: wwiv deshimaps.com

Table 2.1 Air Temperature Profile of Dhaka City (Ycar 1950-1980)

Mar | Apr | May | Jun [ Jul IAué[ Sep [ Oct | Nov Dee [ lan | Feb AN
Pre-Monsoon - | - Monsoon Post-Mon -~ Winter

Mean Max- )6 1 ags [ 33.0 [ 314 | 3101360 | 314 [ 3081 287 1 26.0 | 25.5 | 28.5 | 30.4
Temp. (°C)

Mean Min. 11651 9351 248 | 25.8 | 262 | 260 | 259 | 237 1182 [ 133 | 11.7 | 145 | 211
Temp. (°C) . ] .

A"C('OE};“‘P' 262 1290 ] 289 | 28.6 | 286 | 28.6 | 2861273 | 235 197 | 186 | 215 | 258

Source: Climate division. Bangladesh Meteorological Department, Agargaen, Dhaka, 2002
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The temperature profile of the nexl dccndc (1981-1990) shows a slight fall of highest
moﬁthly mean maximum temperature by 1 °C in April.  Fluctuation of average
temperature in monsoon period is observed. Mean minimum and a-\?cragc lemperature in
January has increased by 1.5 “C and 0.9 °C respectively. Again increase of annual

temperatures in all three categories should be taken into account.

Tatde 2.2 Air ‘Temperature Profife of Dhaka City (Year 1981-1990)

Mar 1 Apr | May | Jun [ Jul I Aug | Sep | Oat [ Nov | Dec | Jan | Feb |-Ann
Pre-Monsoon Monsoon Post-Mon Winter

MeanMas. | 40 ol 345 1330 [ 324315 | 319|319 31.8 | 299 | 267 | 25.8 | 28.4 | 308
Temp. ('C)
MeanMin. | 5 51 945 1 246 1263 | 263 | 265 [ 260 | 240 | 193 | 147 ] 132 | 158 | 217
l'emp. ("C)
A""(‘.,é‘;"l"' 26512851289 | 29312801202 | 2891279 246|207 | 195221} 265

Source: Climate division, Bangladesh Meteorological Department, Agargaon, Dhuka, 2002

The more current data for Lhe _yciu' 1991-2000 indicates some changes in magnilude of
data from the previous scts of data. Pre-monsoon period accounts for higher maximum
average lemperature, while in April it is highest (34.0 °C) and the overall temperature
profile of April has increased by .4 °C as compared to temperature profile of the previous
decade. Mcean maximum temperature -in- monsoon period indicates relatively higher
lemperature regime of over 31 °C as compared Lo previous one. In cold season, especially
in January the average temperature is recorded as 18.8 °C and the mean minimum is 12.7
°C for the same month. Annual lcmpc-mturc profiles for both decades are of same

magnitude (Table 2.3). -

Table 2.3 Air Temperature Profile of Dhaka City (Year 1991-2000)

Mar [ Apr | May | Jun | Jul | Aug [ Sep | Oal [ Nov [ Dec | Jan | Feb | Amn
Pre-Monsoon Monsoon Post-Mon Winter

326 (34401332 1327|318 | 319321320298 (2661}250(280]308

Mean Max.
Temp. (°C)
Mean Min,
Temp. (°C)
Ave. Temp.

$9)

206 237 | 24.7 | 263 1 264 { 26512591239 192 140 12.7 | 159 | 21.7

26612891290 (295291 1292}290]280|245]203]|188] 219|262
Source: Clunate division, Bangladesh Meteorological Departinent, Agargaon, Dhaka, 2002

Figure 2.2 shows the monthly mean maximum and minimum temperalure profile for three
ttme spa-n as 1950-1980, 1981-1990 and 1991-2000; wha is important is the fact that the

annual average temperatures of last two decades has increased by .5°C from 1950 to 2000



13

Temperature (deg C)

T T T T ! T 1 T T Y
= b o) [ - = o o - > 3] [
o 2 G} 3 2 3 @ Q *) @ @ )
= = S < 1) O =z s - w

—+— Mean Max. Temp. for 1950-'80 (deg C ) —o— Mean Min. Temp. for 1950-'80 (deg C )
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Figure 2.2 Monthly Mean Maximum and Minimum Air Temperature Profile for the Year 1950-1980, 1981-
1990 and 1991-2000.
Source: Climate division, Bangladesh Meteorological Department, Agangaon, Dhaka, 2002

Based on the supplied data by Met. Office, highest ever maximum temperature in Dhaka
was 42.3 °C, occusred on 30 March 1962_and the lowest ever minimum temperature was
4.5°C recorded on 18 February 1953.

Overheating is a growing environmental concern for Dhaka. The problem is best
iliustrated by the probabilistic estimates based on data collected over a number of years.
Probabilistic Extreme estimates' for Dhaka predicts monthly highest maximum
temperatures in April as high as 39.1°C, 40.2 °C, 41.0°C (in 1 year out of 4 years, 10
years and 25 years respectively), while the lowest minimum temperature in January are
74 °C, 6.4 °C, 56 °C (in | year out of 4 years, 10 years, 25 years respectively.)
(Karmakar and Khatun, 1993). Recent meteorological observations in the pre-monsoon
period a temperatlire of 36.5°C (1995) indicating a possible trend towards increased
overheating due to Dhaka’s inexorable urban growth. Furthermore observations made by
Karmakar and Khatun (1993) and Hossain and Nooruddin (1993) indicates a noticeable

variation in temperature in different parts of the city.

¥ The period of observation is from 1961-"90. The probabilistic extremes arc based on the equation X2 X120 where X' is

probabilistic estimate of the climatic vaniables, X is the mean value of the climatic variable, 7 is the standard deviation and represent 7.
score or factor for the time scale. See Karmakar and Khatun (1993} for detail,
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2.2.2 Rclative Humidity

Relative humidities being a function of prevailing temperature are found to be inversely
related to the urban heat island’ wlensity. Higher temperatures yield lower relative
humidity level (all other conditions remaining the sume). Humidily also varies depending
‘on the density of the surrounding built form c.g, in Motijheel area, a major commercial
district, a pocket of low hunndity was observed i January 'whcrcAlhc heat island cffect
was maximumn (Ahmed, 1995). The inverse relationship between relative humidity and
temperalure exists in heat island and warm pockels located away from walter bodies.
Warm pockets adjacent to Buriganga river have found high relative humidity.
Investigation done by Hossain and Nooruddin (1993) indicates 2-4% in annual average
relative humidity between [Dhaka and adjacent rural areas. ‘Another study indicates that
with 50% impervious cover, runofl increases 200% compared with rural conditions
concludes that urban humidity near the surface decreases due 0 the rapid run-off

(Ahmed, 1994).

Urban, suburban and rural relatuve hunndity exiubits a marked diumal vanation and
generally  decreases lowards cily center. Duning the aflernoon in the dry scasons
_difference may be as high as 12% (Oguntoyinbo, 1984) and nocturnal ditference can be

as high as 13% n the same scasons.

Table 2.4 Monthly and Annual Mean Relative Humidity of Dhaka City for the Year
1950-1980, 1981-1990 and 1991-2000

Mar | Apr | May [ Jun ] Jul | Aug [ Sep | Oct [ Nov | Dec | Jan | Feb | Ann
Pre-Monsoon _ Monsoon Post-Mon Winter

Mean 1T ‘
for 50-80 610|700 | 790 | 26,0 | 6.0 | £6.0 | 85.0 | 81.0 | 75.0 | 71.0 | 69.0 | 63.0 | 76.0
(*o)
Mean
RH for 81- 650 | 73R | 787 [R40 [ R6.4 | RID | R4G | 7R6 | 731 TAR | 71.7 | 64.3 | 76.6
90 (%) .
Mcan RH
for 21-00 636|709 | 784 | 823 R40 | 836 | 8IS | 80T | 7571744 | 724|670 | 76.5
(%)

Source: Climate division, Bangladesh Meteoralogical Depasriment, Agairgaon, Dhaka, 2002

2 Hoat island pheanomena ane the cesnlt of ilanmal enerpy balanee and aability diffeences, whicls m tom produce dilferont tatos of
newr surlice coohng and wanming (tee, 19797 (Oke and Maxwell, 1975) (Unwing, 19800, The air i the uthbon conopy is usually
warmer than (hat in the swronnding countryside. This wban heat island efect is probably both the clearest and the best-docimented
éxample of madvertent climate modification. The exact form and size of this phenomenon varjes in 1.'u||o arkl space as a result of
meteorological, loc.nllon.ll anndd urbian chamacteristics,
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According, to dala provided by the meleorological office of Dhaka, it has been found that
the mean annual relative humidity between years 1950 to 1980 is 76%. Relative humidity
15 laghest in monsoon season (86%) and comparatively low i wmlter season, while
lowest heing in March (61%). However, data lor (he next decade indicates rise of annual
relative humidity by .6%, while dunng monsoon it decreasces by almost 2%. Mean rclative
humidity is lowest for the month of IFcbruary. From other set of data for the period
between 1991 10 2000 the same source shows anmial drop from the previous deeade by
1%. The highest and lowest monthly mean values are 84% and 63.6% designated (o July
and March respectively. Interestingly except the middie period in other instances the
lowest value of relative humidity is observed in March, which is in Pre-monsoon S¢ason
(Tablc 2.4). The humidity profile of all these three time-span iliuslmtcs the magniude in

almost same nature (I'igure 2.3).

3
o

o
o
Percentage (%)

3
o

S
w

D Mean Rel. Hum |d|ty for 1950-'80 (percent) o) M—:-an Rel. H.lmldlty for1981 'éO(ﬁé;c;m)
& Maan Rel Hum ndlty for 1991-'00 (percent)

_Figure 2.3 The Relative Humidity Profile of Dhaka City
Jowrce: Climate division, Bangladesh Metearological Depeutment, Agargaon, Dhaka, 2002

2.2.3 Rainfall

Afler a relatively dry winter, Dhaka remains under the grip of monsoon from June to
Seplember, a period that brings torrential rains. More than 75% ol annual rainfall occurs

in this period (Hoessain and Nooruddin, 1993).
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Table 2.5 Monthly and Annua) Mean Rainfall of Dhaka City for the Year
1950-1980, 1981-1990 and 1991-2000

Mar [ Apr l May | Jun [ Jul | Augl Sep | Oct l Nov | Dec [ Jan [Feb
Pre-Monsoon Monsoon Post-Mon Winter

Mean Rainfall

' 397 | 386 | 326 | 26 6 | 8 | 12| 20 | 2044
o 5080 (mmy |9 | 120 | 258 | 397 | 386 | 326 | 264 [ 158 | 26 |

Mcan Rainfall
for 81-90 ()

&1 199 | 302 | 357 | 377 209 | 348 | 159 52 12 6 23 | 2200

Mean Raindall

. ' 3 371 [ 335 {293 f 197 26 | 13 | 11 | 27 | 2003
for 0100 (mumy | 67 | 120 | 342 | 267 [ 371 | 335 107l 26 | 13 |1

Source: Chimate division, Bangladesh Meteorological Department, Agargron, Dhaka, 2002

The total annual average rmnfall for above three-time span exceeds 20(X) nlm, where
highest rainfall (2206 mm) occurred between 1981-1901(Table 2.5). According o the
monthly average total ranfall data (1950 - 1980), rainfall vanies between 397 ml.n lo 264
mm during the month of June and September respectively, while the minimum is
recorded in December (8 mm). The next set of data lor the time span bcl‘ween 1981-1990
indicates (he same pattern of rainfall with lughest intensity in monsoon period with
highest monthly average i July (377 mm) and lowest in January (6 mm). In both cases
one inonth shafling is observed. From more current data compiled between 1991-2000 it
has been observed some fluctuation in rainfall between May and September (Figure 2.4).
The magnitude of highest monthly average rainfall has changed but the time hasn’t
altered; where the maximurn precipitation level in Phaka city is in the month of July (371
mm) and the minimum 1n January (11 mm). So.in three instance monscon accounts for
heavy rainfall which is Car above than olher scasons and clearly evident in Figure 2.4,
Some of the extreme values can be presented here- the ever highest rainfall of 24 hours
occurred on 14 July 1956 where the magnitude was 326 mm, while the heaviest rainfall of
1 hour was 85 mm recorded in 3March 1961.

Higher precipitations in comparison with the rural surroundings have been reported in
Dhaka. This has been attributed (o a phenonmenon often observed in large urban arcas. In
such circumslﬁnccs the air rises (duc 1o increased buoyancy of the heated urban sir) to the
upper layer of the atmosphere, where the parcel of air cools untl it can no longer hold
moister and precipitates (Hossain and Nooruddin, 1993) (Padamanbhamury and Bahl,

1984) (Geiger, 1961),
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" Figure 2.4 The Rainfall Profile of Dhaka City
Source Chimate division, Danglidenh Mclcum!ogicul Departiment, Agnrgaon, Dhaka, 2002

Ranfall 15 onc of the most important causces of inlernal Mooding in Dhaks city and

requires serous attention. This 1s due to the {act that large impenmeable surfaces of the

city create substantial runoll, while the existing drainage systems are incapable to cope

‘with such magnitude of precipitation.

2.2.4 Wind Speed and Direction

The nereases in surface roughness willliﬁ cilies cause reduction of wind speeds; mainly
during the day (Jaurcgui, 1984). The variation in wind speed between meteorological
‘station and site will (.Icpéml targely on ground cover and topography. The wind speed is
usually measured 1n flat open location (e.g. airport) at a height of 10 meter above ground
level. To convert this Lo an cquivalent wind speed at 3 meter in fal urban or sub urban
locations, the wind‘s;wcd must be multiphied by a reduction factor as shown in Table
2.6.This table illustrates the average reduction factor within dwellings with open windows
facing the wind. These reduction factors will only give an approximate indication of the
likely variation and will not be applicable in heavily built-up arcas, close to high-risc

butldings or major obstructions.
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Table 2.6 Average reduction factors for Wind in different localions

Height Location _ Terrain
e e s s e e e s e e e s Openﬂal R o e
. unobstructed Wooded

10m In the open 1.0 0.5 0.3
In building with cross ventilation : 0.4 0.2 0.12
In building with ventilation 0.15 0.67 0.04

In In the open : 07 0.3 0.15
In building with cross ventilation - 03 0.12 0.06
In building with vent ilation (.1 ' 0.04 0.02

Source; Bvang, M., "Housing Climale nayd Comfont”. The Architoctinl Prosa, Lovdon, 1980

In Dhaka where humidity ranges between 80% and 86% during hot-wet peniod, air flow
plays an waportant role i thermal comlort. The meteorological data (1950-1980) based

on conditions measured an open location (Table 2.7) shows that prevailing wind speed in
Dhaka is comparatively high in monsoon period starting, from June to September where !
the value is over 3 m/s and the highest being 1 July (4.2 m/s). ‘The prevailing wind
dircction 1s south-casterly -during this scason; while the lowest speed is recorded in
November and January (1.4 m/s) and wind direction is predominantly north-westerly for
both months. l

Table 2,7 Monthly Mcan Prevailing Wind Speed and Dircction of Dhaka City for the
Year 1950-1980, 1981-1990

Mnrl Apr | May { Jun l Jul [ Aug I Sep | Oct | Nov | Dec 1 Jan ] Feb
Pre-Mongsoon Monsoon Post-Mon Winter

Mean Wind speed (or
50-80 (m/s) 28 [ 2839 133 |42 39 31|17} 14 |19 1417

Mecan Wind speed flor

81-90 (m/s) 24 129 )24 12312222 121 (21 13| 16| 14119

Prevailing Wind

Dircction SW | 5W S SF | SEE | 81K | SE N [NW | NW I NWI| N

Source: Clanite division, ddmgladesl Meteorological Depuartment, Aggargron, Diukas, 2002

The prevailing wind direction in this period is south-westerly and south. Data for the next
decade 1llustrates signiﬁcanl.ly low magnitudes of wind speed (Table 2.7). From March to
October there is no signilicant variation in wind speed (2.1-2.9 nvs). Highest wind speed §
oceurred 1n April (2.9 m/s) while lowest in November (1.3 m/s). Prevailing wind direction

is same as for last (hirly years.
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As mentioned carhier that wind speed measurement vanies considerably from: place 1o

place depending on orientation, 3 dimensional characteristic and vegetation and on Jevel

of measurement. Wind specd measurement n adjacenl rural area has been found 10 be.

higher than Dhaka. Moercover wind speed and direction in open countryside is predictable,
but in urban conlexl these ctlects are almost totally unpredictable; becsuse numerous
obstructions are constantly modifying the prevailing wind direetion and speed. The

- 4

W oW
[4) ]
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[8]
‘Wind speed {m/s)

¥ T T T I T T T T T 0
Mar Apr May Jun Jul Aug Sep Ocl Nov Dec' Jan Feb

| ——Mean Wind speed for 50-80 (m/s) —s—Mean Wind speed for 81-90 (m/s)

* Figure 2.5 Wind Speed Profile for Dhaka City
Sawrcs: Clinitle division, Banpladesh Meteorological Depatment, Agargaon, Dhaka, 2002
average wind speed 1s much lower in cities; Figure 2.5 testfy this fact where the later
data illustrates much lower average wind speed than data collected between 1950-1980.

Rapid urbanization afler 1980 plays a vital role in reduction of wind speed.
2.2.5 Solar Radiation

The microchmate or site climate s characlenized by the amount of solar radiation

reccived by that site and surrounding. Therefore, it s the single most deciding factor for

assessing the climatic eflects of the sile due to its influence on temperature and density of

air hence air speed and direction and humidity as well. The amount of solar radiation

recetved by the sife depends on the following factors (Koenigsberger of al, 1973):
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) Angle of incidence, i) Atmaspheric depletion i.c. iii) The absorption of radiation by
ozone, vapors, 1v) Duration of sunshine i.e. the length of daylight period, v) The material
characteristics of the surroundings and vi) the site itself, i.e. absorption, reflection etc. of

the site and surrounding,

Before 2000, radiation data were not collected regularly by the meteorological department
of Dhaka and the raw data are not processed yel. {lowever, radiation data recorded for 5
years al Joydevpur Agromel Pilot Slation and lor 7 years at Bangladesh University of
Lngmeering and Technology by Mechanical Engineering epartment are only available

source o evaluate urban cllect on incoming radiation (Hluq and Hassan, 1993).

Data recorded at BUET is in urban. contexl while meteorologicsl dala were collected
rural context. Higher diffused radiation usually observed in urban areas due to
surrounding built form and hard surface quality. Therefore BUET data represent higher
magnitude of global solar radiation. The comparison (Table 2.8) indicates that the
diflerence between two measured values varies between 13% and 21%, which 1s m fact
vm'_y.hig,h (Mojumder, 2000). Another reason high solar radiation in BUET may be that
the air over the city being more polluted, resulls in a nﬁliccuble decrease in atmospheric

clanity, causing a higher proportion of diffused radiation.

Table 2.8 Comparison of Monthly Global Solar Radialion hetween
BUET and Meteorological Department of Dhaka

Mnrl Apr I May | Jun I Jul l Aug] Sep | Oct | Nov | Dec I Jan ] Feb
Pre-Monsoon Monsoon Post-Mon Winter

Global Solar ‘
Rodiation ot BUET | 4.66 | 5.05 ; 455 | 4.01 | 3.65 | 3.75 | 3.75 | 3.60 | 3.61 | 3.15 | 3.25 | 4.0
(kWh/m’day) '
Global Solar
Radiation at Met.
Ollice
(KWIVm'day)

34113531304 [279]261 256|248 (269|249 230 2.51 2.61

Diflerence (%4) 15 1] 20 [} 16 19 20 14 18 15 13 21

Sowrca: Mojpumsder, ALL, Thermal Performance of Brick Residential Buildings of Dhoka City,
M. Arch. thesis (unpubhishied), BUET, 204X},

Data provided by Ahmed (1994) indicates that horizontal surface receives highest amount
of solar radiation (5329 Wh/m?) in April and this value is fuirly ulchulucs of rest

of the months. Intensity of solar radiation is also affected by angle\i)’f incidence (as
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mentioned carlicr) and oricnlation; therelore it is reduced in vertical surfdace (Table 2.9).
Table also shows that the direct radiations in the east and the west are higher than the

north and south, while the north receives the lowest radiation, which is very negligible.

Table 2.9 Direct and Diffused compenents of Global Solar Radiation in Dhaka for the month of April.

Global Radiation DifTused Radiation Direct Radiation
(Wh/in®) ‘ (Wh/m") (Wivm')

Hour Horizonlal North | South st West Nodh | South East Wesnt
6 - oM i3 13 13 13 0 0 0 )
7 167 Gl 6l 61 6l 12 0 251 0
R 120 108 - 108 108 108 0 16 277 0
9 475 151 151 151 151 0 49 266 0
10 607 185 . 185 185 185 0 #2 208 L]
11 : 697 207 207 207 207 0 105 115 0
12 729 215 215 215 215 0 111 0 0
13 . 697 207 207 207 207 0 105 0 115
14 607 185 185 185 185 Q0 82 0 208
15 ' 475 : 151 I51 | 151 151 0 49 0 266

16 o 320 . 108 108 108 108 ] 16 ] 277
17 167 61 61 61 6l 12 0 0 251
18 34 1 '1_ I3 13 I 1 ) 0 0 0

Total 5329 1665 1665 1665 1665 24 617 1117 1117

" Somrce: Ahmed, 7. N, Assvexsment af lesidential sitey in Dhaka with respect to Salar Radiation gain, Ph.D. theses (unpablished) 1994,

According to BUET data, in pre-monsoon period, particularly during the month from
March o May, solar radiation on a honizontal surface 1s mgher as compared to rest of the
year and is maximum in April (5.05 kWh/m*day). Higher ambient temperatures in these
months indicate the causal link with such level of msolation. The insolation level is fairly
constant between July to November, while the minimum is recorded in Decembcr .15
KWh/mzcluy)(’l'al)lc 2.8). Although there 15 o wide vanalion in monthly average
extraterresinal radiation during-monsoon and _post-monsoon period, cloudy atmosphenc
condition during these scasons result i the reduction (Figure 2.6). The clecamess index
during the month on June and July is considerably lower (0.35) wmpare) to other months
(highest  obscrved in February around 0.5} as the incoming solar radiation is absorbed

and reflected by the particles in the atmosphere and by clouds (Figure 2.6).

Therelore the diffused component of the radiation 1s signitficantly large and it is clear
from the laet that in spile of a wide variation of sunshine hours, the tolal radiation

meident on a horizontal surface has a comparatively marginal vanation (Figure 2.7).
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Another aspect of high cloud cover during those moenths over the city is that the long
wave lerrestrial radiation o the space is obstructed, particularly because of low and

medium cloud formation. Moreover, the prevalence of low cloud that are most elfective
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layer in obstructing terrestrial long wave radiation o the sky dome, are faurly constant.
The potentiality to act as a thermal sink by the night sky is severely reduced by such

cloud cover, hence during these months thesc diurnal difference in temperature arc small.
23 THE IMPACT OF URBANIZATION ON CLIMATE

People are atiracted to urban areas because they offer a host of socio-economic and
cultural opportunities. This is especially truc in many tropical and subtropical countries
where urbanization is growing at an ﬁncontrollablc rate, which,; in tum, detenorates
atmospheric environment (Taesler, 1991). Growth of cities introduces a profound
modification of climate by human activities, which is not to be found any place else

(Barry and Chorley, 1982).

The process of urbanization involves the construction of bridges, roads, underground
drainage system, and factories, which radically transforms the radiative, thenmal, moisture
and aerodynamic characteristics of the pre-existing landscape, and thus creates climate of
~its own. As a result, more energy is received and retained, greenhouse elements {carbon
dioxide, dust and other pollutants) are increased, and evaporative flux is lowered and
sensible heat flux increased. Studies show that many large cities have experienced
significant changes cloudiness, precipitation, radiation and energy balance,
temperature, air quality and visibility (Fortak, 1930) (Yonetani, 1982) (Cleugh and Oke,
1986) ( Oke, 1982) (Nkemdirim, 1988). The extent of urban climate change vanes from
city o city, and it depends on the site and size of a city, landuse patiern, structure and
density of buildings, traffic, industry, and other activities (Ahmed, 1993-b)

While the change in the global climate s likely to have grave implications for the rate of
nrbanization in devéloping countries like Bangladesh, urbanization will have somc
implications for the climate uﬁange itself thus reinforcing some of the factors giving rise
to fast urbanization. The ways of urbanization as mentioned above can affect the chimate,
whether locally or globally. Urbanization gencrally leads to a drastic change i land use
converting farmland into residential and commercial arcas generally devoid of vegetation

cover and thus increasing the albedo.
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Urbanization leads to very high spatial concentration of energy use. Analysis by (Jones,
1992) using global data showed that a 1% rise in the per capita GNP leads to an almost
equal 1.03 percentage increase in the consumption of energy. However, if the urban
population increases by 1% the growth in consumption of energy is found to be 2.2%, i.e.
the rate of change in energy use is twice the rate of change in urbanizaﬁon. These results
clearly indicate the effects that urbanization may have on energy use (Asaduzzaman,

1993).

In the developing countries, much of the energy is obtained from biomass for cooking
purpose. With urbanization the pattern of energy use may not change substantially for the
cooking purpose, but the use of other forms of energy, generaily derived from fossil fuels,
increase tremendously. These happen because urbanization and industrial concentration
and the use of motorized vehicles is almost co-terminus. Such a change in the form of
energy in use and their levels lead to a positive correlation between urbanization and
emission of GHGs’, a primary cause for global warming. Although the lifestyle of the
people of Bangladesh is not energy-intensive as compared to developed nations,
nevertheless the reduction in the consumption of non-renewable energy would entail a
significant economic saving whilst having environmental benefits, among others a

reduction of carbon-monoxide emission in the atmosphere.

Possible Climate Changes in the region: Definitive analysis of the future climate change
in. Bangladesh is lacking. But the scanning of the [PCC reports particularly the one
prepared by the working Group I indicate {on the assumption of a doubling of CO; by the
year 2030) the following effects on the climate of the region in and surrounding
Bangladesh (Asaduzzaman, 1993): -

There will be a general rise in surface air temperature, which is likely to be greater in
percentage terms in winter than in summer.

Precipitation forecasts for Win-ter seem to have a wider range from a reduction to an
increase while during summers there may be up to 15% rise in rainfall.

Soil moisture forecasts seem to be quite uncertain but are likely to increase somewhat (up

to 10%) during summer.

! Green House Gases
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Thus in general, the summers are likely to be somewhat more warm, more humid due to
higher rainfail and the soil may be more moist. Winleré are likely to be warmer, possibly
drier and with possibly less soil moisture. There are also indications that the range of
changes may be quite large especially for temperature. In fact the [IPCC Working Group
predicts that the changes may take place at the upper and lower ends of the range keeping
the mean values roughly the same as before. This means large year-to-year and inter-

seasonal changes and increased frequency' of both droughts and heavy rain and floods.

The City of Dhaka: Dhaka flourished as a center of commerce and administration in the
Mughal period (1608-1764). During this period an early trend in the influx of population
set in and continues to this date. Dhaka was a provincial capital of the then East Pakistan
in 1948. After independence from Pakistan in 1971, Dhaka became the capital of
Bangladesh, which is one of the most densely populated countries in the world. In 1948
Dhaka compnsed of an area of appfoximate‘SO sq. km and a population of approximately
250,000. By 1979 the population had grown to 3.5 million, considerably exceeding the
capacity of the 1959 master plan. The area of the city now has grown to approximately
300 sq. km, with an estimated population of 7.4 million, thereby making it one of the top
twenty most populated cities in the world (Linden, 1993). In spatial terms, the growth of
the city did not match such unpredicted population growth, particularly after the
independence. The trend continues with projections of 13 million by the year 2010
(Ahmed, 1995). Old Dhaka is characterized by very dense contiguous buildings usually 3-
6 story tall, narrow streets, and very few open spaces or parks, while new Dhaka is
characterized by a congested downtown with high-rise buildings, 5-6 story tall residential
buildings, interspersed with newly constructed high-rise apartment buildings, relatively
wider roads and more open spaces and some pockets of low-lying areas with perennial
stagnant water.

The construction activities associated with roads, pavements and buildings increase
radiation of heat. The high concentration of population and the nature of economic
activities are generally higher levels of income also lead to high-energy consumption per
capita and per unit of area. As a result heat island effect develops and in turn leads to
higher use of energy to counter its effects (Asaduzzaman, 1993). Heat island intensities
for Dhaka have been found to be 2.5 °K in January (winter), while it is insignificant in
July, 0.6 °K (summer) (Ahmed, 1995). Ur-bzm Heat Island intensities are usually found to

be highest early in the moming, when urban and ruraf surfaces are adequately cooled by
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means of long wave radiation cvufmraﬁou and convection, hence temperature difference
between urban and rural are most pronounced. During sumsmer, the sky dome over Dhaka
and its surrounding remain overcast with cloud, thercfore in both cases the nocturnal
cooling potential of the sky sink is reduced. Furthermore high surface winds in the city
during summer have been identified as thc major causc of Low Heat Jsland Intensity
(Hossain and Nooruddin, 1993). While in the dry winter sky remains fairly clear and the
rural areas cools down to a lower temperature as compared to urban area. Urban heat
island investigations in mid latitude cities (Landsberg, 1981) (Oke, 1982) where urban
geometry has been found to obstruct nocturnal cooling were in climatic regions marked
by cloudless night skies. In such conditions the open rural arcas cool down rapidly by
" long wave 1adiation. The complicated urban surfaces with reduced sky view cannot cool
down at the sane rate as adjacent rural areas, hence leading to heat i;slands. However
mean annual temperature, Mean maximum and minimum temperaturc indicates that
Dhaka has an urban heat island effect s shown in Table 2.10 The table reveals that the
urban heat island affects the mimimum temperature more than the both mean annual and

the mean maximurn temperatures.

Table 2.10 Comparison of Air Temperalure between Dhaka City and its Suburbs (1961 -1990)

Mean Minimum Mean Maximum Mean Amual Temperature

Location Tempexature (°C) Temperature (°C) O
Temperature | Difference Temperature | Difference Temperature _{ Difference
Dhaka City
(urban) 21.4 30.6 253
0.5 0.4 0.4
Tangail
(rural) 20.9 302 254

Soanoo: Hossam, MLE., Nooruddin, Md., “Some dspects af Urban Climate of Dhaka City". Report of the Technical Conference on
Tropical Urban Climates, World Meteorologicn! Organization, Dhaka, 1993 ’

24 CONCLUSION

-

Although for most of the period overhcating is a major environmental concemn for Dhaka,
the nature of the problem is dictated by the combination of the environmental factors in
the ambiance during those period, Le. overheating with humid or dry condition. The
pature of the overheated condition of Dhaka can be identificd from the discussion
presented in the preceding chapter on urban climatic factors and their magnitude different

time of the year.
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Table 2.11 compares the environmental variables for the whole year and illustrating their
potential impact on the climate. It is observed that pre-monsoon period (March to May) 1
characterized by very high air temperature ‘and solar radiation where potential for
nocturnal cooling is also high, while June to October with very high relative humidity and
precipitation associsted with high temperature and in the months July to August due to
high cloud cover noctumal cooling potential is reduced considerably. In case of the
former, reducing the impact of solar radiation can substantially moderate overheating
condition and in case of the later, optimizing airflow can play a vital part towards
moderation. Humid condition with high ambient temperature is often the most lasting

environmental condition in wet tropics like Bangladesh.

The scope of this thesis in terms of the issue raised in the environmental agenda is
limited, and this work focuses on the thermal performance of operable roof insulation
where performance is accessed by thermal comfort and partieularly comfort of the indoor.
The primary concern of lhis- chapter is to develop an understanding of the urban chimate
of Dhaka and the basis for other relevant environmentalconcerns and also for simulation

studies and ficld work (discussed in the later chapters of this work).

Table 2.11 The Environmental Matrix of Dhaka

Air Temp. Radiation R. Humidity NM;:;I[);?O“@

January X
February ‘ X
March n a o
April a (s | e (4]
May [+ ] B ] o
June ® O s | @
July @ O n .
August ® O a Q)
September ® O o
October O O o o
November . X
December X

Legend: I¥ very high @ high O moderate, blank cells indicate low value X not required
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3.1 INTRODUCTION

The ambient environment has both a physical and emotional effect on human being and is
therefore of principal importance in building design. One of the architects/designers rmain
tasks is to create a comfortable environment inside the building, which is appropriate for
all the human activities likely to take place there. It is a challenge for the designers to
strive towards the optimum of total comfort, which may be defined as the sensation of
complete physical and mental well being (Koenigsberger et al 1973) (Goulding et al
1992). Thus defined, 1t 1s only to a limited extent within the control of the designer. The
occupants’ physical, biological, and emotional characteristics also come into play. Hence
if a group of people is subjected to same climate, the individual members are unlikely to
be satisfred coneurrently. Although, the notion of a comfortable environment for all
would encompass the consideration of individual preferences, still there are a set of
general conditions in which a majority of people would feel comfortable; where the
determinants are air and radiant temperature, humidity, airflow etc. A number of attempts
have been made to determine the values of these variables. Developing and understanding
of the 1ssue of comfort, the following chapter appraise these conditions on the basis of

existing knowledge.
3.2  DEFINITIONS AND CONCEPTS

Comfort is not completely a senso-ry phenomenon but largely one of perception (Fisher,
1978) (Bansal, 1994). While sensations like smell, sound, light, temperature and pressurc
being at physiological level, the experiences do not conclude at sensory level, but at the
level of perception. Perception of these individual sensations arc often subjected to short
as well as long term conditioning, caused by a wide range of influences. These influences
may be developed from psycho-physical to socio-cultural framework of an environment.
Therefore dispanties in cornfbrl perception are observed among the rural and urban
popﬁlation and among developing and developed countries (Ahmed, [995).

Comfort 1s gencrally defined in terms of a number of environmental factors like air
temperature, radiant temperature, air flow, relative humidity and their effect is

synergistic.
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Thermal comfort can be defined operationally as the range of climatic condilions
considered comfortable and acceptable inside buildings. It implies an absence of any

sensation of thermal (heat or cold) discomifort (Givoni, 1998).

- The dcﬁnilions of thermal comfort emphasis on the notion of thermal neutrality i.e. the
conditions under which the human body is in a state of thermal equilibrium with its
surroundings (inngcr, ]970)‘. (Burberry, 1983)"' (Fdholme et al, 1985).. But attaininent of
thermal néuﬁalily doesn’t necessarily cnsure comfort. FFor cxamplc,r a person who 1s
cxposed to an asymmetric radiant ficld may well be in thermal neutrality but is unlikely to
_ be comfortable. In most situations encountered in buildings, however, the two conditions

will coincide (Goulding et al, 1992).

According to American Society of Heating, Refrigerating and Air-conditioning Engineers
(ASHRAE) after an extensive study defines thermal comfort as that condition of mind,
which expresses satistaction with the thermal environment (ASHRATL, 1958). Factors
assoclated with olfactory, acoustic and visual environment can considerably mnfluence

thenmal comfort judgm(:nl (Nanda, 1989yreportied by Ahmed, 1995)

In terms of occﬁpmng m a building 1t is best defined as the conditions where most of the
people are unaware of the thermal conditions around them and do not feel the need o
adjust to it (Mallick, 1994). Comfort is influcneed by geographic location and long-term

acclimatization to a particular environment. Cultural difference account for different |

preferences (Carmona, 1986 5 Fathy, 1986;reported by Ahmed, 1995)

With regard {0 the human body’s thermo-regulation, comfort is defined as the state where
the body maintains a thermal equilibrium without restore to the regulatory mechanisms.
Thus 1L 1s a state, which accompanics minimal encrgy use to maintain thermal equihibrnium
Lowry, 1991). The thermal equilibriurn is observed with respect to the almost constant
temperature of 37 °C, within +/- 1 °C and usually designated as *set-point” temperature.
This temperature is maintained in the brain, heart and in the abdominal organs. The skin
temperature maintains a lemperature range belween 31 to 34 °C, which varies with

respect to ambient conditions and metabolie rate.
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- Comlort in the larger and real sense, embrace aesthelic and psychological factors such as
quality of light, vegetation, landscaping, safety, prestige etc., all the more so because
these are determined historically and are often the delermining factor i choice which

" could otl'lenviser'bc incomprehensible Mojumder, 2000).
3.3 FACTORS INFLUENCING THERMAL COMFORT

Among the faclors that inf]ucncé thermal comfort, some of them depend on the condition
of the environment and their effeet can be directly perccived by the human body and can
also be expressed in quunliﬁable terms; thercfore they can be controlled. While other
factors are mnate or deductible from socio-cultural point of view and for that matter
dcsigncrs' cannot control them directly. Followings arc the calegorics of faclors that
influcnee thermal comiort:

= Physiologteal lactors

= Behavioral factors

» Environmental faclors
. 3.3.1 Physiological Factors

- Metabolic rate: Heal 1s continuously Pl‘()(hl(.‘.(:d by the body. Majonty of the biochemical
- processes invﬁlved in Ussue building, cnergy conversion and muscular work are
exotherm, 1.e. heat producing. All energy and matenal requirements of the body are
supplied from the consljmpl'ion and digestion of food. The process involved in converting,
foodstuff into living matter and . uscful form of energy are known -as mctabolism

(Kocnigsberger et al, 1973).

The metabolic rate of the body, that is the rate al which it produces cnergy, mcreases with
the body’s activity. [t can be measured in walls per square meler or in mets, where 1 mel
is the metabolic rate of a person sitling, inactive, in o room with still air; it 1s
approximately 58 W/m®. The metabolic ratc of various activitics are given in Table 3.1

and Figure 3.1

The metabolic rate varics with the surlace arca of a person’s skin. This is determined by

an empirical formula dcﬁvcd by D. and E.I*. DuBo1s (Dul3o1s, 1915).
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T'able 3.1 Typical metabolic heat generations for various activitics

Activity Wim' met
Resting ' ,
Sleeping 40 0.7
Reclining 45 0.8
Seated, quict 60) 1.0
Standing, relaxed 70 ' 1.2
Walking (on the level)
0.89 m/s ‘ 115 2.0
i.34mfs ' 150 2.6
1L.79m/s ' 220 38
Office Activities , . ,
Reading, seated : 55 ' 1.0
Writing : 60 1.0
Typing : 65 ' i1
Filing, seated : 70 1.2
Filing, standing 80 1.4
Walking about 100 1.7
Litting. packing ‘ 120 : -2
Driving/Flying
Car 60-115 1.0-2.0
Aircrafl, routine 70 i 1.2
Aircrafl, instrumental landing LOS 1.8
Aircratl, combat 140 2.4
Heavy vehicle ' 185 : : 32
Miscellancous Occupational Activities - -
Cooking ' S ' 95-115 . 1.6-2.0
House cleaning ' : 115-200 2.0-3.4
Seated, Limb movement 130 22
Machine work - o

Sawing (light table) o L5 1.8

Light (clectrical indusiry) .115-140 2024

Heavy : 235 _ 4.0
Handling 50 kgbags 235 4.0
Pick and shovel work ' 235-280 4.0-48
Miscellaneous Leisure Activitics s
Dancing, social : 140-255 2.4-4.4
Calisthenics/cxercise 175-235 , 3.0-4.0
Tems, singles 210 ) 3.6490
Basketball ' 290-440 - 5.0-7.6
Wrestling, competitive 410 7.0-8.7

Source: Energy in drchitecture (The European Passive Solar Handbook), B.T. Bata Ford Limited, 1992

Higher heat production is the result of higher metabolic rate, which help the ahlity to feel
comfortable during cbld, while increasing the scensation of discomfort at higher
temperatures. The metabolismis of aped people are slower, for that matter they usually
prefer higher temperature. In warm climates when thermal discomfort 13 felt with the
increase of metabolic rate, reciuircmcnl of lower skin temperature 1s imcreased (Givoni,
1989). Mechanisins of excess heat production within the bbdy arc inhibited in overheated
situgtions. According lo the studies conducted n vanious climatic zoncs show  that
metabolic rates arc much as 10 o 20% lower in the subjects of the tropical regions than

that of arctic regions (Guyton, 1991) (Bray, 1985).
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Figure 3.1 Melabolic rate of different activities
Sourae: Energy in Architecture (The European Passive L\olarﬂandu'nmk) I3.T. Bats Fard Limited, 1992

Acclimatization: Acclimatization to ambient environmental condition is a major [actor as
it appropristcly adjusts the thicshold of relative temperature tolerance of a person
(Mclntyre, 1980). Therclore heat acclimatization, namely physiological adaptation to a
Lot climate or to “arificially” induced heal stress, has an important role in the
susceptibility to the physiologically harmiul clleets of heat and to the rscnsor_y discomfort
caused by hot environment (Givont 1998). A pcrsoﬁ when exposed to hot environment
generally acelimatizes within | to 6 weeks. This adaptive mechanism results in abundant

sweating and lowering metabolic rate which in turn increases the potential of heat loss by

evaporation. As a resull sweating often increases (o a maximum of 2 litter/hour and has

the heat removal potential of more than 10 times the production of the normal basal rate

(Guyton, 1991).

Givoni and Goldman (1973) have studied the gquantitative physiological mechanism of

heat adaptation. The main physiological manifestation of improved heat tolcrance ate a
higher sweat rate (providing more evaporative cooling) and lower inner body temperature

and heart rate, indicating lowering of the physiological strain imposed by a given heat

stress (Givoni, 1998). Although this form of adaptation happens alter long exposure to a -

sct of climatic conditions, It is not static. In other words, the influcnce of acchimatization

on thermal comfort. may change with the change of scasons within a same climatic region.

e
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Statc of Health: Statc of health influcnces thermal requirements, During illness the
metabolic rate may increase, but the proper functioning of the regulatory mechanism may
be impaired. The tolerable range of temperature will be narrower and irregular in this

siluation.

Food and Drink: Metabolic rate can be alfected by certa kind of food and drink. This.

may be a cause for difference in diet between tropical and arctic peoples.

Skin Color: This may influence radiation heat gain. The darker the skin color, the higher
the radiation heat gains. The albedo of black skin is about 0.18 while for white skin it is
0.35. With a black skin, '.the penetration depth ivl’ solar radiation. (short wave band) in
‘maximum of 0.4 mm (i.c. it is contained near the surface where it is lost casily) and in
case of while skin il penetrates 2 mm (1.c. taken into the Blood and contributcs lowards
heat storage). For the former, it doesn’t cross the depth of the dermis and in the later case

1t penetrates well into the dermis (Oke, 1978).
3.3.2 Bchavioral Factors

Behavioral control or ‘psychological adaptation® (Baker, 1994) (Nicol, 1994) (Berger,
1990) to the thermal conditions 1o achieve cbml‘orl is one of the most important avenues
and it is the only c[chlivc path for controlling body temperature in scverely cold
environments. Whenever the body temperature crosses the controllable limit, a ‘physic
- signal” of being ovetheated is transmitted from the brain, which compels a person to

make necessary ad) ustment Lo recover comfort (Ahmed, 1995).

~ Clothing: Thermal comfort is greatly aftected by clothing, which is an important mode of

behavioral control of temperature. Social and religious conventions unpose limitations on
the amount of clothing, that can be rshcd in hot weather, and practical considerations inflict
limits on the prolcclién that ¢an be given to the face, the hands and the feet in very cold
weather. However, clothing can be of enormous help in creating comfortable conditions.
By changing the type of cloth er by bultoning or unbuttoning a person ean adjust 1o

- thermal stress to a certain limit,
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Clothing is laken as an insnlating medium next 1o skin i human encrgetic evaluation. [t
impedes heat loss through conduction and convection by entrapment of air next to the
skin and in its weave. Radiation loss 1s also affected by weave of the clothing and it ¢an
occur through the intervening spaces of the fabric or be obstructed by a closely-knit fabric

and re-radiate to the skin (Ahmed, 1995). |

The thermal resistance of clothing can be expressed in terms of m?*K/W or clo units. 1 clo
comresponds roughly 1o the thenal resistance of o winter business suit, i.e. 0.155 m?’K/W
(Goulding cl al, 1992) (Cowan ct al, 1983) (Melntyre, 1980). ln tropical environments
typical clothing varies approximately between 0.35 to .5 clo. This clothing expedites
evafJoralivc hcat loss by acting as a mess and also atlows win(i action directly on the skin
in hot humid environment (Ahmed, l.‘).‘)S). The thermal insulalii)ﬁ properties of various

types of clothing are given tn Figure 3.2 and Tablc 3.2

o 0.1 0.3 0.5 o8 1.0 1.5

Figure 3.2 Thermal insulation properties of typical combinations of clothing
Source: Yinerev in Architecture (The Euroncan Paxsive Solar Handbook). DT, Bais Ford Limitod. 1992

The maximum clothing, which could be worn tn the house without restricting movement
for normal houschold activities, is just over | clo unil. A reasonable range (o ensure both

decency and pnrcslriclcd movement is between 0.5 to 1.0 clo (Mojamder, 2000).
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Social factors: An cnvironment may be pereeived comfortable to a particular social class
or a.society, while the same environment may seem to be uncomfortable to other society
or social class. The reason for this phenomenon is thal- the expeclation of comfort level
varies from society to society with changing in aflordability, e.p. expectation range of
thermal level of higher income group of people vanes with the lower or muddle-income
social groups. It has been observed that people from higher income .gmup olten
demonstrale more exacting comfort requirements than a group from lower income strata.
People’s expectation increases as the mcans to achieve comfortable environment come

within the reach (Mojumder, 2000).

Table 3.2 Thermal insulation provided by various combinations of clothing.

S e ELCRMAL RESISTANCE |
. m? K/W clo
Nude 0 0
Shorts : - 0015 . 0.1
Typical tropical clothirg ensemble: 0.045 03

Bricfs, shorts, open-neck shirt with short slecves, hight
socks and sandals )
Light surnmer ensemble: ' . 0.08 05

Briefs, long hght-weight trousers, open-neck shirt with
short sleeves, light socks and shoes.,

Light working enscmble: 0.11 0.7

Light underwear, cotton work shirt with long sleeves,
work trousers, woolen socks and shocs.

Typical indoor winter ensemble: : 0.16 : 1.0

Underwear, shirt with long slecves, trousers, jacket or
sweater with long sleeves, heavy socks and shoes,

Heavy traditional European business suit: 0.23 1.5
Cotton underwear with long legs and slecves, shirt, suit '
including trousers, jacket and waisicont, woolen socks
and heavy shoes.

Source: Energy in Architecture (The Furopean Paxsive Solar Handbook), B.'T. ata Ford Limite], 1992
3.3.3 Environmental Factors
The primary environmental factors that aflect thermal comfort are Air Temperature,

Radiant Temperature, Relative Humidity and Air Flow. ‘These environmental factors are

quantifiable individually unlike some physiological or behavioral factors. Their effect on
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comfort perception is synergistic. Therefore in case of indoor environment all these
factors may contribute to a thermal perception and therefore control or regulation of one

or two of them can considerﬁbly modify the impact of others.

Air Temperature: Temperature is the main criterion of human comfort. It is difficult to
be comlortable al a lcmpéralurc higher than the central body temperature of 37 °C
(Cowan ct s, 1983). In order to maintain body temperature at this level, all surplus heat
needs to be dissipated to the environment. If there is some form of simultaneous gam of
heat from the environment, that must be dissipated also. The air temperature determines

the convective heat exchange between skin and ambient air,

The average skin temperature in indoor situation is about 33 to 34 °C. With lower air
temperature the body looscs heat and with higher temperature body gains heat by
conveetion. The rale of convective heat exchange depends on atrspeed (roughly
proportional to the square root of the speed). 1t is greatly affected by the insulation value
of the clothing (the clo value).

Radiation and Mean Radiant Temperature (MRT): All thermally excited surfaces in
an cnvironment cmit radiation (for more detail sce chapler four) in different directions
and the radiant lemperature indireetly indicates the radiation field and its intensity. The
thcrmal receplors of human body are dircetly excited by short as well as long wave
radiation. For that matter radiation level is a factor to be considered in comfort evaluation.
Although all bodies exchange heat by radiation continuously, heat gain or loss by this
prtﬁess 15 determined’ by the net effect of all the losses and gams. Thus heat loss by
rédiution is ncgative when the surrounding surface  lemperatures are above  skin
temperature, accordingly a person emits less heat in comparison lo the amount gamed

from the surrounding surlaces.

Another aspect of radiation on comlort is the possible effect of asymmeltric radiation or
radiant asymmetry. Results obtain for long wave radiation 1in studies conducted by Fanger
ct al for interior suggests that a radiant asymmetry at a warm wall causc less discomfort
than a cool wall. A cool cerlling causes less discomfort than warm ceiling al ([‘anger et al,
1985) (Olsen et at, 1973). This phenomenon 15 important when the radiation from the

underside on an overhead shading plane 15 considered (particularly roofs).
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" Mean radiant temperature 1s defined as follows- if all surfnces in an environment were
uniformly at this temperature; it would produce the same net radiant heat balance as the

given environment with its various surface temperatures (Koemgsberger et al 1973).

The mean radiant temperature . 1s an average lemperature of the surmundihg surfuces
(Figﬁre 3.3). It includes the effect of incident solar radiation and has a great impact on
human comfort as air 1én1pefatu:c (Goulding ct al, 1992). Mean radiant temperature of the
indoor determines the radiant heat éxchange beiween skin and the environment. Low
radiant lemperatures can contribule 1o the cooling of the body even if the air temperature

15 high (Mallick, 1994).

A1)
“25C

Tigure 3.3 the coneept of Mean Radiant Temperature (afler Goulding et al, 1992)

Relative Humidity: The iﬁ]puct of relative hunudity on human thermal balance and on
comiort 15 complex. Hunudity doesn’t directly affect the heat balance and the sensory or
physiological responses to the thermal environment, except for the evaporation within the
lungs. The role of relative humidity s 1 its clfeet on the environmental polentiat for
evaporation and the process by which the body adapts to changes in the evaporative

potential. The evaporative capucity of the air is a function of air humidity and air speed.

Very low humidity may causc irritation where the skin becomes too dry and cracks may

appear in some membranes like hips. At higher humidity level its eflect on human comfort
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and physiology is indirect, although its effect on the evaporative capacity of the air. A
higher humidity reduces the evaporative cooling potential from a given surface area of the
skin, but the body can counter this reduction by spreading the sweal over the skin and
thus increasing the fraction of the skin surface from which cvaporation takes place. As a
result of this phystological control mechanisin the same amount of sweat cvaporation, and

of evaporative cooling can be obtained over a wide range of humidity (Givoni, 1998).

Air Flow: The effect of air flow on comfort depends on the environmental temperature
and humidity as well as on clothing. At temnperature below about 33 °C, increasing air
flow reduces heat sensation due to higher convective heat loss from the body and the
lowening of the skin temperature. A tm1peﬁ1me between 3% and 37 °C, air flow doesn’t
affect significantly the thermal sensation, although it might have very significant effeet on
discomfort from excess skin wetness, depending on the humidity level and the typc of
clothing, At temperature above 37 °C, increase air velocity actually increase the thermal
sensation of heat, although 1t still reduces skin wetness and so might be desirable.

Alleviation of discomfort due to skin wetness 1s best achieve (without dehumidification)

by maintaining a high-enough air flow over the body, so that the required evaporation can

be achieved with a smaller wetted area of the skin (Givoni, 1998). _
Apart from the thermal eﬁ'eci, air flow has certain mechanical effects, wluch can be
described, by discomfort levels. Table 3.3 provides a summary of effects produced by air
motion based on extended Beaufort scale (Koenigsberger, et al, 1973)

Table 3.3 Velocity effects on people, tabulated at 10 meter height.

Beaufort Description Air velocity Effect

Number (m/s) o o

2 Light Breeze 1.6-33 Pressure feft on face

3 Gentle Breeze 3.4-5.4 Hair disturbed, clothing flaps, newspaper difficult

) 1o read

4 Modcrate Brecze  5.5-7.9 Raises dust and loose paper, hair disarranged

5 Fresh Breeze 80-10.7 Pressure felt on body, possible stumbling when
entering windy zone

6 Strong Breeze 10.8-13.8 Umbrcllas used with difficulty, hair blown straight,
difficolt 10 walk steadily. wind notse on ears
unpleasant

7 Near Gale 13.9-17.1 Inconvenience felt when walking

g Gale 17.2-20.7 Generally impedes progress. great difficulty with
halance in gusis

9 Strong Gale 20.8-24.4 PPeople blown over
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34 THE COMFORT ZONE

The concept of comfort zone within an ambicnce is described with respect to a
combination of environmental variables where a majority of people may feel comfort. By
virtue of this zone, comfort conditions can be expressed in terms of combination of
factors like temperature, relative humidity, air flow etc. instead if a single parameter

(Ahmed, 1995).

The ASHRAE comfort zone is drawn on a conventional psychometric chart. It specities
boundaries of air temperature and humidity for sedentary people. It was constructed
mainly for use in airconditioned office buildings but is also used in evaluating indoor
climates I residential buildings (Givoni, 1998). Although the psychometric is suitable to
describe comfort condition where skin “-fetness 13 important factor. It has limitation in
humid conditions where higher velocity of air is accepted and acclimatization is an
important determinant (Ahmed, 1995). Olgay (1963) first developed a bioclimatic chart
(Figure 3.4) where the notion of comfort zone is defined in terms of dry bulb temperature
as ordinate and abscissa respectively. The comfort zone is plotted on a chart. It is
bounded by a fixed Jower temperature (21°C) and by a humidity dependent upper limit.
At relative humidities below 50 % the upper comfort limit is 27.8 °C. At relative
hurmdities above 50% the upper- temperature imit drops down gradually, until it
intersects with the lower limit at 90 % relative humidity (Givoni, 1998). Later the chart
was modified by Szokolay (1984), Arens (1980) and Givoni (1982). Sharma and Ah
(1986) (Figure 3.5) in their study of Indian subject suggested temperatures above 30 °C
for comfort although upper limit of relative humiditics are restricted to 70 %. Mallick
(1994) has developed summer comfort zone for Bangladesh '

Summer Comfort Zone:

The evaluation of cémfort conditions is based on the analysis of air temperature and
relative humidity values. Accbrding to the research conducted by Mallick (1994) air
temperature for comiort with no air movement and for people wearing normal summer
clothing, engaged in normal household activity indoors are within the range of 24 °C and
32 °C and for relative humidities between 50% and 95%.

In still air condition people feel comfortable even in higher humiditics, which is expeoted
response in a location where humidity is generally high for most of the year. With the

introduction of air flow relative humidity up to 95% is tolerated.
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Figure 3.4 Olgyay's Bio-Climatic chart
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Figure 3.6 Summer comfort zone for Bangladesh (after Mallick, 1994)
Little or slow air movement up to 0.15 m/s makes very litlle difference to comfort

temperatures. The mean comfort temperature for this range is 28.9 °C. For higher
velocities of 0.3 m/s to 0.45 m/s the upper and lower limits of comfort temperature
increase between 2-3 °K and mean comfort temperature increases to 31.2 °C.

Summer comfort zone for Bangladesh is derived from the above findings, which taken
into account the climatic features like air temperature, relative humidity and air
movement. The lower and upper limit of comfort temperature is 24 °C and 32 °C while
humidity ranges between 50% and 95% in a condition with no air movement. The regime
of comfort temperature increases (higher limit) with the introduction of airflow. Pcople
feel comfortable above 34 °C with the introduction of air flow at the rate of 0.30 m/s.
Tolerance temperature can further increase 10 near 36 °C with air flow at the rate of 0.45
m/s. The summer comfort zone (Figure 3.6) as developed by Mallick (1994) is adopted as
a reference for comfort judgment and evaluation of thermal performance of operable roof
insulation in the following chapters like five, six and seven of this research work.

Comfiort Vote |

Comfort Vote Analysis is based on scven-category thermal sensation scale after Bedford
and ASHRAE (Mallick, 1994). It rclates to the sensation of comfort as in the Bedford
scale (Bedford, 1936) and bomows from the ASHRAE scale (ASHRAE, 1966) for
description of outer categories. The middle three categories accommodate the comfort

range.
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Regression analysis using comfort votes yielded the best relationship with globe
temperature. Following is the formula used for regression line:

C.V.=TgX 29 - 8 (Mallick 1994)

Where C.V. is the comfort vote, and T, is globe temperature. When using the cquation to
calculate the votes for values of globe temperature, fractions were rounded to nearest
whole number (e.g..... -1,0,1,2....). This equation is applied in chapter five, six and seven
for comparative study of comfort perception for the test room with respect to uninsulated

and insulated mof
35 ROOF INSULATION AND COMFORT

The term insulation is normally used for light weight matenals such as glass wool,
expanded polystyrene, or urea formaldehyde foam, that significantly reduce transfer of
heat by conduction due o their very low thermal conductivity. For most insulating
materials & is between 0.02 and 0.05 W /mK (Cowan et al, 1983). All insulating
materials contain pockets of trapped air (occasionally of other gas). Still air is a very poor
conductor; therefore the porous insulating malerials are also very poor conductor. So the
inclusion of a relatively thin layer on rooftop or in a composite wall reduces its thermal

transmittance (U ), that 1s greatly increases 1ts therinal resistance (R).

Because of the porosity and lightweight nature, insulating materials have little or no
strength. Usually they need additional support to be mstalled. Insulation can be added to
most buildings after their completion, and this is one of the simplest and cheapest
methods of improviné thermal eﬂicicncy of a building. The msulation 1s most eflective 1f
it 1s placed on the ‘outside of the building, specifically above reof in tropical countries
where horizontal surface receives highest amount of radiation and therefore the fabric of
the building is then kept close to the nearly uniform indoor tempémture instead of varying
with the outdoor temperature and thus possible 10 achicve thermal comfort. The position

of isulation relative to the high thermal capacity mass has a very significant effect on the

g
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‘time lag and decrement factor’'. With a 100 mm concrete roof slab, the placing of a 40
mm glass wool insulation indicate the following variation (Koenigsberger et al, 1973):

time lag: (hour) decrement factor

Under the roof 3.0 0.450
On the 1op of the roof 1.5 0.046

Insulation on the outside reduces rate of heat flow into the mass. Less heat will enter into
the mass or it will take much longer time to “fill up’ the thermal storage capacity while
insulation on inside will not affect the “filling up’ process but it will reduce heat cmission
to the inside space. The term insulation is also used for reflective insulation that reflects
radiant heat and effective for reducing radiant heating during day and increasing radiant
cooling during night and thereby can significantly improve indoor thermal condition. For
thermal comfort in hot climates, aim is not only to store during day as much of the heat
that has entered the outer surface as possible, but also to dissipate during night most of
this stored heat, so that by the moming the thermal capacity of whole structure becomes

empty to absorb the next heat wave; insulation can play a vital rolc in this context.

3.6 CONCLUSION

The issue of defining the boundaries of acceptable indoor comfort conditions m buildings
may have major implications for building design and also may have economic
consequences. It is a fact that factors influencing thermal comfort descnbed in this
chapter does not necessarily mean they are preforred rather they are result of long-term
exposure to such conditions thus become tolerable. There is probzibiy a difference
between tolerable and desired conditions and if air conditioned buildings are measures of
it, cooler temperatures are desired for. The study is limited to the urban context only,
where people are conscious of bepefits of devices, which endorse comfort; for rural
people the' tolerance” level may be higher as they are not awarc or experience such
conditions. Findings of this .chaptcr will help in later chapters to understand the
performance of operable roof insulation with respect to comfort issues and help to

formulate conclusions and recommendations.

! Tine lag and decrement factor are two quantities chamcterizing this periodic heat flow. Time lag (¢? } 35 phase shift that 15 tane
difference between T; mmx and T, max. Decrernent, factor { ;1 ) is the mtio of the maximm outer and inner surlhee temperature

amplinides takoen from the daily mean ‘ T‘ max
# =

(Koenigsberger ¢t al, 1973)
T max
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4.1 INTRODUCTION

Almost two hundreds years ago, Sir Benjamin Thompson (Count von Rumford, 1753-
1814), the renowned Massachusetts bomn British diplomat and Physicist has given a good

instinctive description of radiative cooling.

The excessive cold which is known to reign, in all seasons, on the tops of very high mountaiis and in the
higher regions of atmosphere, and the forests a1 night which so frequently take place on the surtace of the
plaims below in wiy clkear and still weather in spring and autumn, scem to indicate that frigorific rays armve
continually at the surface of the earth from every part of the heavens. )
May it ot be the action of these rays that our planet is cooled continually, and enabled to preserve the same
mean temperature for ages, notwithsianding the immense quantities of heat thal arc gencraled at iy surface,
by the continual action of the solar rays?
If this conjecture should be well founded, we should be led to conclude that the inhabitants of certain hot
countries who slesp at night on the tops of their houses, in order to be more cool mnd comfortable, do wisely
in choosing that silation 10 pass their houses of rest!
Radiative cooling is & common event at the earth surface and the only mechanism by
which mother earth can release heat. Considering the impact of sun energy on carth at a
rate of about 1.5 X 10" KJ (1.42 X 10" Btu) per day, and over a number of years, the
average surface temperature is constant; it is obvious that a similar amount of energy
must escape per day. Some of this plentiful energy is reflected back as visible light into
the space and a small fraction is converted to chemical energy by the process of
photosynthesis. But the largest part heat up the earth’s surface, atmosphere, and occon
and is eventually emitted into the space m the form of thermal infrared radiation. It is a
very complex process and many paths can be followed by the energy flow onginating

from the sun and ultimately cscaping from the earth into space (Martin 1989).

Any object emits energy by electromagnetic radiation with a spectrum of wawvelengths,
which depends on its temperature difference. A net radiation heat loss from hotter
clement will occur if two elements of different temperature face each other. IF the colder
clement can be kept at a fixed temperature, the hotter element will tend to cool down to
the same temperature to form an equilibrium state. This phenomenon is the basic

principle of radiative cooling process (Goulding 1992) (Givoni 1994). If there was no

This quote iy from the closing paragraphs of “An Inguiry Concerning the Nature of heat and “The Modes of s Commumication,” as
first published in Philosophical Transactions of the Royal Society of London. 94, (London, 1904) and reprinted m the collected winkz
of Count Rimford, volumre 1, pp 323-433, Harvard University Press (Cambridge, MA. 1968). as cited by Marlo Martin m his article
Radiative Cooling, 1989,
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atmosphere, the buildings would ‘see’ the deep space — an extremely cold resource, the
radiative cooling would be ideal, but the sky is an intermediate heat sink' with which the

external envelope of the building exchanges heat.

In urban areas, high reflectance of vertical surfaces may increase the solar inputs for
adjacent buildings but this disadvantage sometimes improve daylight factor in other
buildings. But night radiation from vertical surface is small, whereas roof surfaces radiate

intensively with less interaction to other buildings (Goulding 1992).
4.2 BASIC PHYSICS OF SKY RADIATION

The fundamental physical principles ensure that each object emitting energy also absorbs
it. People radiate and absorb heat at the same time generally at different rates, likewise
buildings aiso emit infrared energy in the form of heat and absorb at different rate from
surrounding buildings, trees, clouds and even from the clear sky. Although human beings
possess sensitive optical sensors in the visible regions of the spectrum, we have no
equivalent way of directly detecting currents in the ocean of infrared radiation in which
We are engrossed. At best we feel these effectsas warm or cool sensation on the skin, but
this nonspecific thermal feeling could equally arise from the convection of warm or ¢ool
air (Martin 1989)

4.2.1 Radiation Emitted by Material Objects

All material objects emit heat in the form of infrared radiation where temperature and
emissivity of the object regulates the intensity of solar radiation. A high reflective or
transmissive material has an emissivity near zero, with infrared emissivity for clean
polished metal surface Being typically £ ~0.05. Most ofien common materials illustrate
high emissivities in the infrared part of the Spectrum, including water concrete, glass,
paints, woods and vegetation (£~ 0.9 ) (Sellers 1 965) (Givoni 1 994).

The total amount of radiation emitted by such a substance can be calculated using.the
formula
R=¢,07" (Martin 1989) ... (D)
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Where o is the Stefan-Bolizmann constant (5.6686 X 10 ™ W/m?K™), T is the absolute
temperatuce in degree Kelvin, and &, is the hemispherical emissivity of the radiator,

which can have values between zero and onc.

According to Givoni the above formula is perceived as
R, =S8*L *1." (Givoni 1994)
Where § is the Stefan-Boltzmann constant, T, is the absolute temperature of the radiating

surface E, is its emissivity.

In equation (1), the hemispherical emissivity &.is taken as a constant but is derived from
a general wavelength-dependent optical property of a material ¢ (4). The limiting case of
blackbody radiation imnplies that £(A)= 1 for all wavelength and. A nonspectral “gray”
body has a -uniform emissivity less than .unity over all wavelengths. Emissivity may
behave very differently in the infrared part of the spectrum th%it does in the visible
region. The possibility of making matcrials having different infrared and visible
emissivities has been used in developing sclective absorber coating for solar collectors,
and for temperature control of satellites and spacecrafls. It has also been investigated for

application to radiative cooling systems in buildings (Catalanotti et al., 1975).

. The emissivity (A ) represent a great deal of physics and is different for each material.
The transparency, reflectivity, opacity and color of a body are determined by the form of
£(A). On the other hand in equation (1) the more general analog for the factor o T
expresses a ﬁroperty, which is applicable for all materials interacting with
electromagnetic radiation at a wavelength A . This cxpression was first derived by Planck
- and gives the power radiated per solid angle over a unit wavelength interval by a
blackbody (Martin 1989):

B(A)=C A exp(C, /AT =11 i (2)

Where two consiant C, and C2 have the fo[lowing values:
C;= 3.7405 X 10" W/m’
C,-1.43879 X 10* gmK

The wavelength A 1s expressed in micrometers (1 z£m = 10° m), and the temperature T is

~in degree Kelvin. At very small and very large wavelength this function approaches zero



51

and reaches a maximum value at a wavelength that depends on the temperature of the

emitting body.

The temperature of a radiator especially its relation to ambient air temperature depends on
its mass and process of utilization. Therefore its performance is affected by the ‘design
factors. For most of the time at night, high mass radiators (e.g. concrete roof or water
bags above a metal deck) attain higher temperature than ambient air temperature.
Consequently, its radiant heat loss is augmented by convective heat loss to the ambient
air, which further increases its total heat dissipation. The temperature of an insulated
lightweight radiator (metallic or asbestos cement) is generally below ambient air
temperature and the radiant heat loss is counterbalanced by convective heat gain. Thus in
determining total energy loss from the radiator (combined radiant loss and convective
heat exchange), the type of the radiator plays a very significant role. The temperature of
the radiator and its overall, efficiency may also affected by the thermal contact between
the radiator and the building that to be cooled (Givoni 1994).

4.2.2 Thermal fnfrared Radiation from the Sky

A horizontal radiator approximated by a blackbody at a temperature of 27 °C radiates 460
W/m’ towards the sky dome. This illustrates a substantial energy flux, which is almost
half the incoming solar flux on a day with the sun overhead. Without the presence of
atmosphere (as is experienced in the moon), this immense radiative cooling rate could
cause to pull down the earth’s temperature well below the freezing point soon after the
sunset (Martin 1989).

Our atmosphere is composed of mainly nitrogen (78%) and oxygen (21%) with only
minute quantities of water vapor, CO, and dust. Oxygen and Nitrogen are mostly
transparent to infrared part of the spectrum. CO, is a very strong emitter and absorber of
infrared radiation, which is around 15 4, comprises only about 0.03% of the atmosphere
by volume. The net outgoing radiative flux from a terrestrial object is equal to its emitted

flux [equation (1)] minus absorbed incident flux from the atmosphere (Givoni 1994),

Figure 4.1 shows intensity of sky radiation increases with the increase of atmospheric

humidity, therefore the net radiative cooling capacity is reduced under high humid
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condition. Water vapor emits and absorbs radiation at wavelength of 6.6 and 18 4. As

the water vapor
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Figure 4.1 Calculated spectral sky radiance for clear mid latitude summer atmospheres containing different
amounts of water vapor. The total amount of water vapor in a vertical column is expressed as the height of an
equivalent column of the condensed liquid. (Source: Berdahl and Mantin 1978}

of the air increases, the cofresponding increase of the intensity of atmospheric back
radiation is observed, which results in strong total atmospheric back radiation towards the -
earth. Clouds play another dominant role in the net cooling rate. Clouds, especially Idw :
clouds emit radiation through the whole long-wave spectrum, thus under an overcast sky
the phenomenon of sky window practically disappears and atmospheric radiation reaches
its maximum. Undcr clear sky condition and low humidity, the atmospheric radiation is in

distinct wavelength bands — the 3 to 8 g and the 8 to 13 x4 bands. Between 13 t0 20 u
the atmospheric back radiation (radiation emitted by the atmosphere downward towards
the_ earth) is weak and 8 to 13 u b;mds is designated as “atmospheric window™ greatly
affects the rate of radiant heat transfer from terrestrial objects. (Martin 1989} (Givoni
'1994).
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4.2.3 Heat Balance for a Horizontal Exposed Radiator

When the sky is clear, the radiative sky temperature in the region of zenith is jower than
that of Horizon. Therefore, at low angles, a horizontal radiator picks up less radiatioﬁ,
which is emitted by the atlnosi—)hcrc and attains a good radiative contdct with the coolest
part of the sky dome. This type of oricntation is optimal for the emitter element and is
usually preferred to hsing tited emitters. The net radiative heat flux from such a
(blackbody) surface is simply described by the t'oliowing cquation in the absence of

convective heat gain:

R,, =48,00 ar(AT gy = AT py) oo (30)
or 7 | -
Ry = 46,00 (g =Ty} covv oo eeeccscan e (3D)

This formulation is useful in calculating the cnergy incident on a black or gray surface if
the sky temperature or the sky depression is known. The factor 4g 0T’ 4 appearing in
thesc cxpressions is the cquivalent lincarized radiative heat transfer coeflicient h .

((Martin 1989).

In a real system heat gained by convection from the ambient air can take on the same
orders of magnitude similar to net radiative loss. Clark and Berdahl (1980) suggested
using an equation for the turbulent heat transfer coeflicient h ¢ based on the refationship

for airflow over a rough horizontal surface:
A =[0.054Re®* Pr' W/ L ..o (4)

Where k is the thermal capacity of air, Rc is the Reynold’s number, Pr is the Prandtl
number, and L is the characteristic length (here 20 ft is used). They find that this equation

can be linearized with respect to the free stream air velocity to give

b, =(0.5+03v)Buhr™ ' ™ A5)
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in which v is the air speed in mph. This cquation predicts values for h . that are too large
when v < 3 mph, due to the onset of laminar flow. The value of h .-0.13% Btu .hr'i ft? °F!
should be used under such condition (Clark and Berdahl 1980).

Based on further detailed investigation on heat transfer measurement carried by the same
;roup of Investigators recommended that the air specd in convection calculation be 0.1
times the mcleorollogical valuc (Clark ct al 1983b). A {lat roof surface located on topof a
building with parapet wall (as in their experiment) will expericnce a substantially
different flow pattern from that of a flow plate suspended in an air stream, because of the
flow scparation occurring at the top cdge of the wall. This shiclding effect is hclpful for
the performance of a radiative cooling system whenever the night air is warmer than the

radiator, since the heat gain by convection is reduced.

4.2.4 Conductive Heat Exchange with Ambient Air

Radiant cooling process is always associated with convective component of heat
exchange. The convective cxchange is a function of convective coefficient, which
depends on thc wind specd near the exposcd long-wave radiators. It is proportional to the
temperature difference between the radiator and the ambient air. The convective
coefficient is very difficult to estimate accurately. The factors on which it is depended is
the wind speed next to the radiating surface and the type of airflow, whether it is laminar
or turbulent. P'ractically ahy value assumed for air speed should be considered only as
rough estimate, because the wind speed direction that comes through meteorological
stations may not match 100 % for a particular site for local factors and deviations (e.g.
parapet wall), Thus, there is no way to know accurately the nature and speed of the wind

next to the radiating surface (Givoni 1994).

In radiating cooling system, where it can be expected that for most of‘the period at night,
the radiating surface will be above ambient air temperature (e.g. heavy concrete roof);
coolf ng rate is increased by high wind speed as the wind speed increases convective heat
loss. On the contrary, in thosc radiant cooling system, wherc the radiént temperature s
planned to be below the temperature of ambient air (e.g. lightweight air-cooled radiator),
infrared windscreens can be applied to minimize convective heat gain from the warmer

air {Givoni 1994).
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The general formula for convective heat exchange between the radiator and the ambient

air is;
Q. =l * (T, =T eeeeovereieiin e (6)

where T,% absolute tcmperature of radiating surface, A, = convective coefficient, T, =

ambient temperaturc.

Various authors have suggested different formula to evaluate this coefficient (Duffie and
Beckmann 1974), (Hansa and Yeliott 1978), (Clark and Berdahl 1981), (Mostrel and
Givoni 1982). Based on the analysis of various experimental data involving exposed and

wind screen radiators has suggested formula:

For an exposed radiator

h, = O.6+3.5(V)°".,..:.. e e e (D)

: lFor a radiator covered by a sing]e Polyethylene layer
A -0 +1_.2(V)"-’......'.... e (®
Fora dou?‘le covered radiator

h=03+08(K)% oo (9

When a radiator is wind-screened by polyethylene layers, both the absorption of sky
radiation (Rubs) and the emittance of radiation to the sky (Reui) are modified by the long
wave transmission of the wind-screens, trans, and thc cmissivity of the radiator E; (Givom
1994): '

R

abs

R _,=E *trans*oc*(1.)*

L)

(1D
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Where o is the Stgfan-Boltzmann constant.

The values of trans are assumed to be 70% for a single layer and 60% for a double layer.
' The net radiant loss can thus-be evaluated under different cloudiness by the following
formula (Mostrel and Givoni 1982):

R, =C,*trans*E,*0.554% (I, =T} .coovooereeie v (12)

Where C, is the (Clark and Allen 1978) formula for the cloudiness coefficient:

C,=1-0.056*rn (nis the cloud cover index).

By balancing the‘ net radiant loss and the convective gain-(R,.= Q.) the following
linearized formula predicts the stagnation temperatures (Tgg) of a metallic radiator as a
‘function of the air and sky temperatures, cloudiness and the wind- screen transmittance

(Mostrel and Givoni 1982).

0544 C *trans* kL, *T 4,0, +H.*T, ,
0.544*C *trans* FE_+h,

4.2.5 Infrared Emissivity for Clear and Cloudy Skies

Clear sky has been recognized as a source of radiative cooling from long, which is
generally well understood in terms of the vibrational-rotational emission band of

atmospheric gas modules (Kondratyev 1965), (Wolfe ct al 1978).

Numerous attempts were made to corrclate a more limited set of experimental
measurements with cominoﬁly available weather parameters since Angstrom’s empirical
equation was first introduced in 1916 (Sellers 1965). More recent measurements of clear
sky emissivily can be obtained equation (Berdahl et al 1984)

Eaear = 0.7+ 0.56(7,,, /100)+0.73(7,, /100)* ....oovii i (14)

where T, is the dew point temperature expressed in degree Celsius. This equation is

- obtained from monthly averaged clear sky mcasurcments. If instantancous emissivities
‘are to be estimated, a small diumal variation term should be added to the equation

(Berdahl et al 1984)
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2
Ag, =0.013cosd—> .ooiiviii e (15
€4 = 05{24} (15)

where ¢is the hour. A small pressure correction is set up to correct for the observer’

elevation (Staley et al 1972)
Ag, = 0.00012(/>-1000). P is expressed in millibars.

On the other hand infrared emission from cloud is stronger than that from the clear sky, as
cloud dropi'ets closely approximate blackbody radiators. The strongest are dense low
strata formation consisting high cloud base temperatures. High thin cirrus clouds
contribute only slightly td the atmospheric radiation, which is downward directed. In
radiative cooling applications, the methods for calculating the total downward—dircc;ed
sky radiation is preferred, in view of the fact that net radiation strongly depends on the

temperature and emissivity of the radiator surface which is being used (Martin 1989).

T hc-quantity of infrared radiation received irom clouds depends on their temperature and
the fraction of the sky dome filled by them. Cloud based temperature generally reduce
with height, with the exception where an atmospheric inversion layer exists. A method to
estimate the total sky emissivity has been proposed by Martin and Berdahl (Martin et al

1984a), which is based on, observed cloud amounts n, for clouds at various heights. The
cloud emissivity £_,is assumed to be 1.0 for opaque and 0.4 for the cirrus clouds. The

total sky emissivity can be expressed as

£=£,+(1-6,)3 MET) oot (16)
here g, is the calculated clear sky emissivity, 7 is the cloud based temperature, the factor
(7. )contains the cloud temperature dependence, which'can be estimated if the height of

the cloud is lower, based on typical lapse rates.
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43 RADIATIVE COOLING PROCESS

Emission of long wave radiation is a continuous process, which takes place day and might
(24 hour cycle). But during daytime, surfaces radiating long wave radiation are subjected
to solar radiation, which eventually prevail over thc cooling effect produced by emission
of long wave radiation. For that matter, cooling can only be obtained during nighttime;

therefore radiant cooling is often recognized as ‘nocturnal radiation’.

The long wave radiation emitted by the building is continuous over the range of 5 to 30
_ﬁ_('ﬁfi&oﬁ.)" with peak radiation at about 10 u(Gray-body radiation). The spectrum of
radiation depends on moisture content of the air and particularly on the condition of
cloud. The net radiant heat loss from a radiator placed on a rooftop of a building is the
balance between the energy flux that is emission of long wave radiation from the radiator
surface and at the same time absorption of incoming atmospheric radiation by the
radiator. In calculating the net radiant heat loss, two components are important, the
‘effective sky temperature’ the ‘sky emissivity’. Givont defines them as follows
“The effective sky temperature is defined as the temperature of a black body that
radiates towards the ground with a continuous spectrum at the same energy flux as
the measured atmospheric radiation under given climatic conditions, The sky
emissivity assumes that the-same radiant flux is emitted from an atmosphere with
the same temperature as that of the air near the ground but with a emissivity”.

(Givoni 1994)

Not all the net radiant heat loss isutilized as cooling potential for building. Nocturnal
radiator can gain heat by convection if its temperature is below the temperature of
ambient air. Some cold energy is lost during the process of transfer from radiator to the
building and the effective cooling (of building) is less than radiant net loss. Then again
when the temperature of the tadiator is above the temperature of ambient air, the effective
radiant cooling takes placé, moreover convection to the ambient air also becomes a

cooling resource.
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According to Givoni (Givoni 1994) there are three basic types of nocturnal radiators that
utilize the physical process of radiant heat Joss as cooling resource of buildings. They are

as follows

a) A high ‘mass roof with operable insulation, where insulation panels expose the
roof mass to the sky during night time and close the roof mass during day, serving

as a combined radiator/cold storage element.

b) A lightweight, usually metallic radiator that cools ambient air below initial
temperature and then directed into the building to provide instantaneous cooling

during night.

¢) Unglazed water type solar collector, where cooled water is circulated in pipes
embedded within the concrete roof or wall and thus making a heat sink for

absorbing heat into the building during day time.

More detailed discussion of the implementation details of these options is presented

below.

43.1 High-Mass Roofs with Operable Insulation

If a roof of high thermal mass is exposed to the sky during the night, it is cooled down by
long-wave radiation, and frequently as well by convection to the cooler outdoor night air,
making the roof mass into a cold energy storage. As soon as the cooled mass that 1s
insulated from the ambient air during the daytime is thermally coupled with the cooled
mass, it absorbs heat from the space below. For that matter, to work as a cooling system,
the roof has to be insulated from the sun and hotter ambient air during daytime hours
resulting in minimization of heat gain from the outdoor environment. Therefore, the system
has to incorporate movable or retractable insulation above the roof, which exposes it
during the night and insulates it during the daytime. A high mass roof with the provision
of operable insulation can perform as an. efficient combincd radiator/storage cooling
element. A high-mass structural dense concrete roof, when equipped with operable
insulation, is a simple implementation of the concept. (Figure 4.2). The thermal mass

cools down at night at a lower rate than the ambient air. During some or most of the night,
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Figure 4.2 Concrete Roofl with Operable Roof Insulation as a noctumnal mdiator. (Source: Givoni 1994)
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its surface has a higher temperaturc than the air. Conscquently in addition to radiant heat
loss, it is also cooled down by convection. So a higher wind speed increases the cooling
rate of a high mass roof. With a suitable design it is possible to cool the storage mass to a

temperature below the daily average of the outdoor temperature. (Givoni 1994)

4.3.2 Lightweight Nocturnal Radiators

A thin plate above the roof and insulated underneath, does not store much solar energy
nor does it gain heat from the space below the rool. Temperature of such lightweight
radiator is lowered by emission of long wave radiation below the ambient air level.
Consequently convective heat gain-from the air counteracts the radiant heat loss until the
equilibrium is established betwcen heat gain and loss, and the radiator’s temperature is
stabilized at some level below the ambient air. As wind speed increases the temperature
of the cmitting surface, the convective héat gain depends on it near the ;:milting surface.

The net heal loss al the external surface of the roof with conventional insulation cannot be
utilized directly for cooling the building, due to thermal resistance of the roof. To utilize
cooling effect of nocturnal radiation, the cold cnergy produced by the radiating surface
should be transferred into the interior of the building. At night, When ambient air is
sucked by a fan through a “channel” between cold radiator and insulation layer beneath, it
is cooled by ‘the radiator (convectivc cooling). To cool the interior mass and the
inhabitants in the space, the cooled air can be directed into the space. Nocturnal Radiative
cooling thus can be stored in the interior structural mass of the building, with the cooled
mass acting as a heat sink during the following day. Alternatively, the cold energy can be
stored in a specialized mass (for cxample in a gravel bed under the building), Figure 4.3
illustrates a building with a metallic nocturnal radiator and cold storage in the interior
structural mass of the building as daytime utilization of radiant cooling is possible only in
high mass building or in low mass building with suppicmental specialized storage mass.
(Givoni 1994) ‘
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Figure 4.3 The Cooling process of Lighiweight nocturnal radiator. {Source Givoni 1994)

4.3.3 Unglazed Solar Collectors as Nocturnal Radiators

[t is possible to install unglazed solar collectors over the roof and to circulate water

lhrough them at night during summer. One of the following ways, the cooled water can be

utilized:

i) | The cooled water can l_bc circulated through the roof material- the concrete. In
this way roofs serves as thermal storage and cciling as a radiant cooling panel
above the space to be cooled (Figure 4.4). _

i) The cooled water can be circulated through a water pond over the roof and

below the collectors (Etzion 1989). The pond then serves as the main thermal

element.
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4.4 CONCEPTS AND SYSTEMS OF RADIATIVE COOLING
a) The “Skytherm” Systems and its Variants

The “Skytherm™ is the first roof system utilizing nocturnal radiation for cooling a
building and only commercially available developed by Hay (1978). In this system the
structural roof consists of a horizontal metal deck where thenmal mass is provided by
lérge plastic bags, filled with water and placed above the metal. Horizontal insulating
panels, which arc moved by a motor, insulate the water bags during the daytime and
.expose them to the sky at night, when they slide aside and stack over a porch or garage.
The metal ceiling serves as a cooling panel for the space below. _Figurc 4.5 shows a
scheme of the Skytherm System. The process is reverscd during the winter and the system
acts as a passive solar heating systein. This system offers an cfficient cooling mechanism
due to the good thermal coupling between walls and the indoor space and the high heat
capacity of water. Several rescarchers have de(relopcd and tested various modifications of
Hay’s original design with a view io overcome some technical difficulties that were
experienced with the horizontal panels. The following are the buildings with the

Skytherm System which have been tested for their cooling performance:

. The Phoenix Prototype

* The Atascadero Building

= The New Mexico State University Building

« A building with the modified roof pond in Pala

The Prototype in Phocnix, Arizona

The Phoenix prototype was a 10 by 12 feet room with vermiculite filled concrete block
walls and -insulated by 1.5-inch rigid polyurcthane. The roof was built of corrugated steel
sheets. A polyethylene liner formed three water-proved ponds. The insulation over the
- pond consisted of 1.5 inch thick polyurcthane pancls, manually operable by nylon
clothlines with help of pulleys. The pancls were stacked atop the carport when retracted.
In summef, the pond was exposed during the night and insulated during the day. In winter

the process was reversed.
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As reported by Marlett et al (1984), the watcr was exposed on the roof (that is, it was not
contained in bags). Therefore the cooiing was mainly by evaporation, not by radiation.
The interior temperature was maintained in a range between 68 and 82 F. During the
- summer months, with maximum temperatures upto 110 °F and high humidity, a fan-coil

unit circulated the p_bnds water through the unit.

The House in Alascadero, California

The Alascadero house built and originally owned by Hay, was the first building of full
size,'which utilized the Skytherm system. it s a singlc story building with threc bed room
and madec of hollow lightweight concrete and insulated wood _framc walls. The structural
roof consists ol curfugalcd stecel deck plates. ‘Thermal storage is in large water filled

plastic bags. Insulating phncls are movable by the help of a motor and stacked over the

carport when rctracted, cover the water bags.

The performance of this house was monitored and evaluated by the California
Polytechnic State University (1975). Most of the Marlett report (Marltt ct al 1984) deals
with the heating performance of the building in winter, but some information is also
provided on the summer cooling performance. The interior temperature was kept within
the range from 20 to 23 °C throughout the summer by the roof pond. In evaluating the
performance, it should be noted that in sumuncr the outdoor average temperature in
Alascadero is within the comfort range. So in practice just the thermal mass of the water
and the walls, even if insulated by fixed insulation, could mainlair) a comfortable indoor

temperature for most of the time under the climatic condition of the site.

The New Mexico Slatc Universily Building (NMSU), Las Cruces

The building built and tested by the NMSU is a single story three-bedroom house in
which walls are of 15 cm thick load bearing R.C.C. and the floor too. Las Cruces has a
more severe summer climate than Alascadero; thus, it could provide more realistic
conditions tor evaluating the cooling performance of the skythcrm system.

The Marlett (1984) report indicates cxccllent cooling perlormance of this building.
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Figure 4.5 The Skytlierm System. (Source Givoni 1994)
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T he Pala Roof Pond Variant

The Pala passive solar facility, owned by the San Diégo Gas and Electric Company has
eight test buildings but out of them only two are related to radiant cooling. Each building
“is cqually divided into two rm)lﬁs by an internal wall and has a floor area of 25 m’. The
ceiling height is 2.4 m. The roof pond building has a flat steel deck structural roof that
supports large wﬁtcr filled plastic bags similar to skytherm system. But the operable
insutation panels were of different in design, Instead if pancls stackinig horizontally, they
mover accordion-stylc and hinged together with standard door hinges. They shide on
tracks mounted vertically on the top of the parapet of the roof (Figure 4.6).
The indoor temperature of the roof-pond building was that of the conventional throughout
that time, especially with respect to the maxima. In July the maximum temperatures of the
roof pond buildings were about 6 “C below the maxima of the conventional buildings and
in October the difference was about 9 "C. These figures indicate a very important point
regarding the interaction between building design and passive cooling, appropriate for a
" given climate. The rclationship between outdoor and indoor temperatures was rather
similar in July and in October. Solar gain through the smail-unshaded windows and solar
absorption tn the building’s envelope have raised the indoor temperatures so that in July
the éveragc' temperatures of both buildings was above the outdoor average. The
temperature of the conventional building was almost always above the outdoor level and
its maximum was about the same as outdoors. But the témpernture of the roof-pond
building was 100 high relative to the outdoor situations, indicating that the total direct and
indirect solar heat gain was more than the cooling provided by the roof pond, although its

area was the same as the loor arca (Givoni 1994),
b) Concrete Roof as Nocturnal Radiators

In many countries, roofs are generally constructed as flat (horizontal) and has become a
standard practice unless 10 mect very specific rcqluircmcnts. If such roofs could be
equipped with one form or another of opcrable insulation that could cover the roof during
the daytime and exposc it {rool) to the sky during the nighttime, then the roofs would

function as cflective nocturnal radiators.

[T
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Figure 4.6 The Pala version of the Skytherm system

The performance of this concept was tested by Givoni (1981) at the Institute for Desert
Research of Ben Gurion University in Scde Boger, Israel, with small lightweight test cells
measuring 55x55x50 ¢cm with walis of Polysiyrenc sandwiched between plywood sheets
with a 10 ¢cm thick concrete roof. A 5 cm thick Polystyrene plate was used to cover the
roof during daytime and during the nighttime 11 was cxpnsed. ‘The experimental cell was

compared with a “control” of a similar ccll with a super insulated roof.

"The average results are summarized in the following table:

Minimum Maximum Average
Outdoor Temperature 145 270 207
Indoor-Experimental 14.0 21.3 17.2
Roof Surface (EExp) 12.0 {9.3 - 152

Indoor-Control ‘ 194 25.0 ' 225
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Thus it is evident from the above table that the concrete nocturnal radiator has lowered
the indoor maximum temperature by 5.7 °C (46% of the outdoor range) and the average
by 4.3 and 5.4 "C respectively below the temperature of a similar cell with well-insulated
roof.

|ater this concepl was tested by Etzion and Dover (1989) at the same institute with larger
test cells measuring 136x136x108 cm with walls made of 6 cm polystyrene inscried
between two sheets ol plywood, painted white. ‘The rool was constructed of 10 cm thick
concrete with a movable insulation panel of 10 cm polystyrene. The roof insuiation was
installed during daytime and removed during nighttime. The relative heat gain through
~ the walls was increased duc 1o higher height of floor arca ratio while the better daytime
insulation lowered the heat gain through the roof during daytime relative to the.smaller
cells of Givoni’s (1981} experiment. Figure 4.7 shows diurnal patterns of the outdoor and
indoor t'emperaiures during a scquence of four days in July 1987. With averages of the
outdoor maximum air temperature of 38, minimum of 19 and average of 29 °C, the
respective indoor air l§111pcralu1-cs were maximum 295, minimum i7.5 and average 24
% So, the concrete nocturnal radiator with daytime insulation lowered the indoor
maximum temperature by 8.5 "C (45% of outdoor range) and indoor average by 5 °C
below the outdoors’ respective level. Figure 4.8 illustrates the performance of a test cell
with concrete nocturnal radiator over a period of seven days in September 1987, Again,
the indoor temperatures were maintained well below the outdoor and the indoor
maximum was lowered below Lhe outdoors™ level by about 50% of the outdoor range.

-It 1s interesting to ndtc that in above three cases thc indoor maximum temperatures were
lowered below the outdoors’ maximum by a similar fraction of the outdoors’ range (45-

50%).
<) Metallic Lightweight Radiators

Operable insulations arc ncccssary' if’ high-mass roofs arc used as nocturnal radiator,
which arc ol coursc'tcchnic:ll!y a problematic item. However, instead of cooling the mass
of the storage medium itself, it is doable to cool a specialized long-wave radiator, placed
over an insulated roof, to temperatures below those attainable when the storage mass is

cooled directly.
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The radiator should preferably be a metallic one to minimize thermal resistance between -

the upper surface (where radiant loss takes place) and lower surface (where cooling of
flowing air occurs). To pfcvcnt heat flow to the radiator from the roof below, it should be

insulated underneath with a cavity.

The net radiant heat loss and the heat gain by the convection from jhe ambient air are
balanced when radiant heat loss from a iighleighl radiator is not utilized by airflow
under the radiator (stagnation condition). This balance makes a temperature depression of
the Rad:atwc surface below the ambient air when heat Joss by radiation equais heat gain
by convection. Under thesc conditions the temperature difference between ambient air
and Radiative surface is highest (if stable condition in wind speed and cloudiness are
assumed) (Givoﬁi 1994). '

The temperature thus attained is termed as ‘Stagnation Temperature Tr,” and example of

measuring the temperature of Lightweight metallic radiators by Givoni in two climatic
| regtons of Israel:

The Haifa Study: Effect of Radiator Color: In Haifa (Givoni 1976) the stagnation

temperature was mcasured with exposed radiators made of asbestos cement sheet

without a polycthylene windscreen. Lot of dew formed over the radiators in

almost every night during the experimentation. In clear nights, in spite of heat

- gain from condensation of the dew, the surface temperature dropped significantly

below the ambient air. Figure 4.9 illustrates patterns of stagnation temperature of

gray and white horizontal panels of insulated asbestos cement measured in Haifa

~in midsummer ol 1964 for three clear days (Givoni 1994).

It can be seen in both cases (cven though the climate 1s humid) that the mighttime
temperaturcs havé dropped by about 5 to 6 "K below the ambient air. The figure indicates
two points of practical s_igniﬁcancc:

1. As long as the sky is clear, radiant cooling has an cffective potential cven in

humid regions.

2. The color of the radiators docs not affect its performance for nocturnal radiant

cooling but during daytime 1t would result in very different temperatures.
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Figure 4.7 The cooling perfonmance of concrete roof with operable insulation, scrving as a noctumal radiator
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Figure 4.9 Surface Temperatures of gray and white lightweight radiators. (source Givoni 1994)

Conscquently, an exposed dark radiator (over well msulated roof) can be used n winter
during daytime as a low cost low cflicicncy air heating and in summer as a radiant

cooling system. [n both cases, the interior structural mass will provide thermal storage.

The Sede Boger Study: LEffecl of Polycthylene Wind Sereens: In Sede Boger,
which is in arid climale, the cxperiment was done to examine the cflect of
polyethylene windscreens on the stagnation temperature of mctallic radistors. The
fcmpcmturc drop under stagnation conditions was about 5 o 8 °C for exposed
radiators and incasc of screen radiators the drop was about 9 to 10 °C. However,
when dew was precipitated over the polyethylene the eflect of the windscreen
practically disappeared. The experiment also indicated that there 1s no significant

difference between single and double layers of polyethylene.

Effeet of Radiator’s Utilization on its Temperature: When outdoor air flows under

the radiator while insulation restricts heat flow to the air stream from the roof
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below, its temperature drops towards stagnation level. The potential cooling of air

is always lower than the depression of stagnation temperature.

The heat transfer from flowing air to the radiator is increased by higher airspeed
under the radiator and higher flow rates per unit area of the radiator. Thus more
heat 1s actually dissipated by the radiant toss and further improvement of thermal

condition can be achieved by installing an electrical fan for moving the air.

d) Screened Asbestos-Cement Sheets as Nocturnal Radiators

Givoni and Hoffman (1970) have studied the possibility of using corrugated asbestos
cement sheets, which are a very common roofing matenial in many developing countnies.
They have measured indoor temperatures of a room, which is rooted by asbestos-cement
sheet and covered with polyethylene windscreen functioning as a nocturnal radiator. The
research took place in the hot desert town of ‘Eilat’ in Isracl. A 6x3 m room was build
specifically for the study. The walls and roof was constructed with 20 cm concrete and
insulated externally by 5 em polystyrene and white corrugated asbestos cement sheet. The
roof sloped down from a height of 2.8 m at the north wall to a height of 2.0 m at south
wall. It was shorter than the fength of the room by 1 m in north and south (vﬁtmfalit)n,
creating a gap in which hinged operable insulation panels were installed. A polycthylenc
sheet was stretched 10 cm above the asbestos-m:menlt so that indoor air could exit through
northern gap ay night when roof panels were open, thereafier flowing down the sloped
roof by gravity between polyethylene and asbestos sheets these air were cooled down by
tadiant loss to the sky and reentered the room through the open southern gap (Ifigure
4.10).

With the closer of the roof opening in the moming, there observed a quick increase of
mdoor air temperature (about 1 to 2 °C) due to equalization of the temperature of the

indoor air and element of concrete surface around it

During daytime, the increase of air temperature after the initial jump was very moderate
(around 3 °C for the whole day). This indicates the effectiveness of the lugh mass of in

storing the nocturnal cold energy.
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Figure 4.10 The test room, cooled by an asbestos-cement radiator in Eilat, Israel.
{Source Givoni and Hoffman 1970)

It can also be seen that around 3A.M. the outdoor {cmperature became lower than the
indoor. Actually when' the windows were open with roof openings, there was a sharp rise

of indoor temperaturc.

it should be noted that the performance of this system deteriorated with time. Part of the
deterioration was due to dust accumulation on the polyethylene, which reduces sts
transparency to long wave radiation and in part 1o a higher humidity level. Ths study
faced the practical problem in the use of polyethylene windsereen. The screen has to be
cleaned frequently due to dust accumulation which is very troublesome cven for a single
room and 1n case of full sized building, cleaning 1s not a practical proposal. Even with the
cleaning the thermal performance of the system as well as the [xvlycﬂlyicnc material

gradually deteriorated.
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¢) Unglazed Solar Collectors used as Nocturnal Radiators

The idea of utidizing unglazed solar collectors as nocturnal radiators for summer cooling
and as solar collectors for winter heating was suggested - by Me Cormic and Landro
(1980). The system comprise of a radiator/collector and a rock pile thermal storage with
ducting and fan for the control of airflow. At night, the cooled air can be directed to the

rock store or can be drawn direetly into the rooms.

A Roof Pond cooled by Unglazed Solar Collectors: Etzion and Erell, at instilub
for Desert Research of Ben Gurion University, Isruel have used copper tube
attached to a copper plate as unglazed water heaung solar collectors (Etzion and
Ercll 1991).

‘The test chumber measuring 2 x 2 m (extemnal), 1.6 x 1.6 m (internal) x 2 m lngh
(intemal) structure with conerete loors and walls made of hollow concrete blocks.
The structure was insulated with 5 em thick polystyrene and plastered. The
concrete rool was 10 thick with a water pond over it, serving as thermal storage
with floating insulation pancls over the waler. |

During the night hours ‘in summer, (the pond water was circulated through the
unglazed collectors, cooling the pond and the concrele roof beneath it. In winter
‘the process was reversed, and the water circulation ook place during, daytime,
thus heating the water. Heat tlow between the pond and the room below was by
conduction through the roof Figure 4.11 (Etzion and Erell 1991) illustrates
diurnal patterns of outdoor air, indoor air and cetling waler temperature of three
days in August 1988, The outdoor mmimum and maximum temperatures were
“about 19 °C und 33.5 °C respectively. The daily average indoor lemperature was
about 23.5 “C, which was about 2.7 °C below the outdoors average. The average

maximum temperature was aboul 24.2 °C.

The temperature of the water circulating through the unglazed collectors was
higher than the outdoor between about 22.00 and 6.00 hirs. Thus conveetive

cooling accompanied the radiant heat loss most of the night.



76

e 0BT proi— PR 3 R e emnia  Coliing
LY o~
R '.. > .‘
32 P — Al ——
: i F Y
4 H < : 4
0 |-—fp—3 I Lk
28 b¥ : # 3 H I
- H K N H : H
(%] s . . . -
. K . N H H
S : Ky s v H ': )
w I3 3 ? : ; 3
5 : 3 H B : 5
g 243 | ™ g i e f 1
o e """--n::""-' P My e g et e ey .
"-—"" o - ."'-Ib-'(" \\ "‘-n’-—-"’ -
E H T . 1.§~ H L e, . 'lf ‘\\
22 {pm” LI R .
il . “, H “~ 3
: v | s | .
g L |: . | *
] L B d
20 L) 6_:
k14
1
18 :
[ 12 18 24 & 12 18 24 G i2 18 24 A
HOURS

Figure 4.11 Indoor air, ceiling and pond temperatures in a test cell cooled by unglazed solar collectors acting
nocturnal radiators. (Source: Etzion and Erell 1991)

The measured average total radiant and convective cooling rate of water was
about 55 W/m?, which is lower than expected in a desert area from a radiator at a

temperature higher than the ambient one. Cause was due to resistance lo the heat
flow from tubes 10 the cooler radiating areas in betweer, but the large collector to

floor area ratio apparently has ﬁlﬁﬁrc‘n’u:ded a total c&lihg rate sufficient to:

achieve remarkable temperature reduction.

f) The Roof Radiation Trap
Based on the ﬁndin’gs of Eilat buildings showing impracticality of using polyethviene
windscreen and 10 incorporate passive solar heating in the system for winter, Givoni
(Givoni 1977) has proposed a system called. “Roof radiation Trap” which is a passive solar
heating and nocturnal radiant cooling system for the bwildings with concrete roofs. The
radiation trap has an inclined fixed insulation layer on the south above the concrete roof.

Painted corrugated metal sheets (nocturnal radiators) are placed above the roof msulation
acting as a channel for outdoor air flow under radiator during mght time. The southern
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gap between conerete ool and nsulation 1s glazed and & hinged insulation pancl 1s

attached to 1t to serve mn winter as a solar radiation trap (Figure 4.12)

In summer when radiation trap is used for cooling, prevention of incoming solar radiation
through southern gap 1s done by closing the gap with the help of hinged insulation pancls.
At might the painted metal layer 1s cooled by outgoing radiation and the air under the
corrugated sheet 15 driven into the building. In winter, the hinged panels in the southem
gap 15 kept open during daytime allowing solar radiation to penctrate through the glazing
and 1s absorbed in the black painted conerete roof. The panel 13 closed during night and

the concerete roof serves as a radiant heating pancl for the space below,

‘The performance of the radiator under stagnation condilrions and when air flows under 1t
was lested by Givom at the institute for Desert Rescarch of Ben Gurion, Universily in
Scde B(l)qcr, Isracl. A small lightweight model (internal dimension 50 x 100 ¢m) was
constructed with 50 mm polystyrene plate sandwiched between plywood sheets. The roof
was inclined at the height of 50 cm and was covered by light gray painted corrugated
aluminum as noctumal radiator with 3 mm air gap between the roof and radiator. Outdoor

air 1s sucked during night by a small exhaust tan installed inside the model.

Diumal temperature pinlicn'n of DB3T and radiator under stagnation condition shows even
before the sunset around 4 PM the radiator’s temperature fall below the ambient
temperature as the long wave radiation began to exceed the convective gain. The
temperature diflerence increased until, at about 9 PM, a stable temperature drop of aboul
7 lo 8 °C was cstablished. Afler midnight temperature drop fuctuated, probably because

of change 1n the wind speed and /or cloudiness.

Before the start of the fan operation (4 PM ull 8 'M) the drop of lcm}x:rull.iré was similar
(o stagnation experiment. owever with the start of the foreed air flow, the rate of cooling
by the radiator decreased and the temperature drop afler the inittation of the flow was
about 3 to 4 °C until 1 PM when probably passing clouds markedly reduce temperature

drop. ' : -
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Figure 4.12 The working principle of Roof Radiation Trap. (Source Givani 1994)
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The staked air was cooled by the radiator and as the fan was rather small producing low
flow rate, at the exit the air reached a temperature very close to the average temperature
of the radiator. Thus, the air tlowing under the radiator was cooled about half of the

stagnation emperature depression.
2 Metallic and Asbestos-Cement Roof in Develeping Countrics

Corrugated metal or asbestos-cement roofs are widely used in many devcloping countrics.
The low mass roof cools down rather quickly during might hcting as noclumal radiator,
located directly above the living space. The intemal might condition of these kinds of
buildings are often more comfortable than buildings with high-mass roof. But dunng
dziyiime the indoor climatic condition of these buildings are often uncomfortably hot as
the uninsulated lightweight roofs arc heated up to much ligher temperature than the

congcrete roofs.

Installing centrally hinged parallel insulating pancls under the roof can largely reduce
daytime heating, without interl';cring too much with cooling cffect of such roofs at night.
) During the daytime when the insulating panels are n horizontal position (closed), they act
like a continuous insulation layer under the roof resisting heat flow to interior space.
During night as the panels are tumed mto vertical position cﬁabling radiant and
~ conveclive heat flow from the interior spa;:c to the ceiling, which is cooled by the long -
wave radiation to the sky (Figure 4.13).

As the internal insulating panels arc nor exposed to rain and wind, it can be simpler in
construction and lighter and less expensive than external insulating panels. Position
change of these interior-insulating pancls can be done manually by means of rope (which
is not always convenient). A major potential hazard with interior insulation that is made
of expanded plastic materials is fire. However designing with noncombustible operable

interior sulation can reduce the nisk.

During the nights in hot-humid regions, indoor water vapor may condense on the interior
surface of the metaltic roof. This 1s most likely when the radiator is metallic, but may also

happen when thin asbestos-cement sheets are used.
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Design detail of collcction and drainage of the condensate can actually lower the interior

humidity level and enhance the comfort of the occupants.

45 CONCLUSION

The applicability of radiant cooling as a major method of heat dissipation from a building
depends on the type of the building, especially on the structure of the roof. The thermal
pcﬂbrmancc of radiant cooling and cxpediency of its applicalibu depends greatly on the
climate. As radiant cooling takes place only at night, for buildings that are occupied
during the evening hours in regions lacking night wind with high ambient t'cmpcrutures
(above comfort level), the method’s benefit is almost instantaneous. However, in order to
get benefit from noclumal radiant cooling during the following daytime hours the cold
generated by the radiator has to be stored in a thermal-storage mass. By ventilating the
building with the cooled air, the cooling process also cooling down the stractural mass of
the building. The c&iuled mass scrves, during the following day, as a passive sink for heat,
which is, generated inside the building or that go through the building’s envelop (Givoni

1994).

From the information presented in this chapter, it is cvident that the best prospect of
radiant cooling happens in arid regions with clear skies and low wind speed at mght

during summier. In this situation the potential for radiant cooling maximized for all the

different systems, where it is possible to reduce the indoor temperature 3 to 4 °C below .

the ambient air temperature. However in humid regions with predominantly clear skies

and still air during night, radiant cooling can be regarded as practical option where

ambient night air can be cooled by about 2 10 3 °C by nocturnal radiation. Situation can be
T ———

further improved by-dcllumidil'iculi(m ol air introduced 1nto the building,

On the contrary, in regions with predominantly cloudy skj and/or high wind speed at
-night the net radiant loss is too small (usually 1 °C below the ambient air temperature)
and hard to justify the cooling system based on radiant heat loss. This situation is
dlﬂ'crenl when radiant heat loss |<; supplemented by convection (in case of high mass-
rool), coupled with ()pbl'dblb maulalmn serves Lthe radiator. With hlgh mass radiators the

temperature of the radiating surface is above the ambient temperature most of the night.

2
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Radiant heat loss is thus increased by the higher temperature of the radiator, in addition to

the convective cooling of the thermal storage that is an integral component of the system.

When examining building types, 1t should be noted that due to the low intensity of radiant
heat loss, a building requires a large area of radiator for significant cooling. As the root 1s
the most reasonable location for noclumal radiator, radiant cooling is applicable almost

entirely o single story building or top tloor of multistory building.
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51 INTRODUCTION

The thermal performance of Roof Insulation and its impact on indoor environment cah
precisely be identified by simulation study. Because in reality, due to the simultaneous
influence of many different conditions it is difficult to isolate the exclusive effect of one

single aspect or the changes of it. Thermal simulation allows study of the cffcct of
| changes in one aspect keeping other factors constant. The observations of simulated
behavior that occur due to changing parameters allow the ldentlﬁcatlon of elements, the
reduction or 1ntroduct10n of which in thc design contribute to indoor comfort.
~ Furthermore, this study will narrow down the options of insulation parameter among a
wide variety of combinations for most effective result (which would be very time
consuming and troublesome to work with all options of insulation in rcal situation).
Another significant acﬁicvemenl of simulation study is that, it is possible to analyze the
thermal performance of operable roof insulation for any period of the year simply by
assigning simulation parameters (like temperature, radiation, wind speed & direction
relative humidity cloud cover). A dynamic computer simulation program named A-Tas
(versmn 8.30) has been used for-this simulation study. The interpretation of sunulated
tempcraturcs 1s related to measured conditions of empirical comfort criteria (chapter
Three).

52  OVERVIEW OF THE SIMULATION PROGRAM

A-Tas is a program', which simulates the thermal performance of buildings. The main
applications of the program are in assessment of environmental performance, natural
ventilation analysis, prediction of energy consumption, plant sizing, analysis of energy

conservation options and energy targeting,

A-Tas is linked to the 3D modeller, 3D-Tas. Together these two programs go by the name
Tas Lite. The fundamental approach adopted by A-Tas is dynamic simulation. This
technique traces the thermal state of the building through a series of hourly snapshots,
providing the user with a detailed picture of the way the building will perform, not only

under extreme design conditions, but throughout a typical year. This approach allows the

The details of the simulation program is based on the reference manual provided with the soflware

Eaa
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nfluences of the mumerous thermal processes occurring i the building, their timing,
location and interaction, to be properly accounted for. These processes are illustrated
schematically in Figure 5.1, which shows the movement of heat in various forms as 11 1s

conveyed into, out of and around the building by a variety of heat transfer mechanisms.

Conduction in the fabric of the building is treated dynamically using a normal co-ordinate
method®, This efficient computational procedure calculates conductive heat flows at the
surfaces of wails and other building elements as functions of the lemperature histories at
those surfaces. Constructions of up to 12 layers may be treated, where each layer miay be
composed of an opaque material, a transparent material or a gas. Convection at building
surfaces is treated using a combination of empirical and theoretical relationships relating
convective heat flow to temperature difference, surface orientation, and, in the case of
external convection, wind speed. Long-wave radiation exchange is modelled using the
Stefan-Boltzmann law, using surface emissivities from the materials database. Long-wave
radiation from the sky and the ground 15 treated using empincal relationships. Solar
radiation absorbed, reflected and transmitted by each element of the building is computed
from solar data on the weather file. The calculation entails resolving the radiation info
direct and diffuse components and calculating the incident fluxes using knowledge of sun
position and empirical models of sky radiation. Absorption, reflection and transmission
are then computed from the thermophysical properties of the butlding elements. Extemnal
shading and the tracking of sun patches around room surfaces may be included at the

user's option

2 ‘Tane-varymg comduction Ireat, transfer and heat. storage in the building falwic is modelled i Tas wsimg the nomml co-crdinate
method with a thne-step of 1 hour. The method iz closely related to methods based om Response Factors and Conduction Tramsfer
Functions® bt offers substantial ron-time and storage savings relative to these methords. The foltowing summary i Lrken from Ref '™

The basis of the method is a deseription of the thermal stape of the wall in terms of a set of normal co-ordinate variobles. These
variables, which defime a decomposition of the temperature and fTux distributiony in the wall in termy of cigerfunctions, are updeted af
each time increment, and are ured. in combination with recent input data, to calcalage alf oulput qrumtities. The method this possesses
elements in comtmon with the two most widely used of existing methods for the analysis af wail heat flows, combining an economical
Stele-represontation resembling that emploved by finite difference methods with  fast and accurate techniques borrowed [ from response
Jactor theory. : .

The methad?:smmes linear, uni-dimensional heat flow, and velies an anafytical technigues developed by Pipes and Stephensan and
Mitalas®. Daia iy accepted in the Jorm of regularly sampied surface temperatures, and values are generaled for the temperature or
heat flice at any desired paintwithin the wall, Minor modifications, reported elsewhere®. allow for boundury conditions imofving the
specification of heat flux in Place of temperature at cither surfuce. Other extensions of the method, described in reference d, inchufe
provision for altcrnative interpolation procodures, the calculation of time integralys of ontput variobles, and methody for dealing with
non-linear surface characteristics. The method can also be adapted fo model Yarying Hime-steps.” (after A-Tas reference manual)

a. M Geugh A new method for the cateutation of heat transfer in walls and rools. CII3 Internation:l Symposium on System
Sanulation i Buildings, Liege, Beigium, Dec 6910982, .

b. LA Pipes. Matrix artalysis of heat transfer prablems, Franklin Institute Jowrnal, Vo). 263( 3), Mawch 1957,

¢ D.G. Stephenson, G.V. Mitalas, Caleulation of heat conduction tansfer functions for owlti-layer slabe, ASHRAE Trang. 1971, Vol,
77,00

d MCB. Gough. Modelling heat. low m buildings: en eigenfimetion approach, PhEY dissertation, Uhniversity of Cambmidge. 1082,
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Figure 5.1 Schematic Representation of Heat Transfer mechanism in a'Building (after A-Tas)
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53 THERMAL SIMULATION STUDY

5.3.1 Test Room Modelling
The criteria for site and building selection was based on the following factors:
»  The site should be urban in nature and capablc of represcnting the general urban
fabric of Dhaka city:
» Test room should be a single storied building or should be located on the top floor
of a multistoried building. '
.According to the above criteria the Test room on the top floor of a 4-storied building was

selected at was selected at Monipuri Para (near national assembly complcxl)ﬂ E

The Test room dimension is 4.19 m X 3.68 m. located at the north-east comer of the sitc
in which north and east wells are exterior walls, while south and west is blocked by other
functions. Actually the test room is a part of a complete residence with other bedrooms,
living room, dining, kitchen, toilets etc. but they are deducted to simplify the simulation
operation. Only the functions (identified as zone) that have direct bearing to the test room

are considered for test room modelling in simulation program (Figure 5.2).

w2 W4
A ;
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. -
W3 J‘ Verandah W s
d2 Zone 7
W1 Test Room m‘:ﬁﬁ d2 =
Zone 6 i LA -
Zone 8§
__| d2 w2
e | -
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T dl
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/"/’ kkkkkk - Ny

—_——1 ) .

Figure 5.2 Test rog;ﬁ_Tn’odeling by A-Tas where unnecessary zones
(which has no bearing to test room) have been removed.
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5.3.2 Preparation of Databases

The Tas databases contain data, which is regularly required for building model
preparation and evaluation. There are databases of 1) Climate if) Internal Conditions iii)
Materials iv) Constructions. Climate and Internal database have to be prepared on the
basis of site parameters and Test room condition while Materials and Construction

database are in built with the program and can be arranged in different combinations.

i)  Climate

The Climate Database stores ﬁles- containinig hourly weather data. The weather files
supplied with Tas cover different regions of the world and each represents a typical year's
weather for the region in question. The name of each weather file is prefixed with a
cbuntry identifier (for example '‘Ban_' for Bangladesh). Facilities are provided to allow

creating own weather files and can be added to the Climate Database.

A weather file consists of a group of parameters relating to the weather site and hourly
valués of seven weather variables. The weather file ‘Ban_Dhaka.wfl®> has-been prepared
for the research purpose, where three hourly weather data has been collected from
Climate Division, Bangladesh Meteorological Department Agargaon, Dhaka. Due to the
simulation program requirements all three hourly data hasl been converted to hourly data
by interpolation method. _ [/ '

The site parameters of weather file arc as follows:

Parameters Details
Latitude (degrees North) : 23 Deg. 46 mts. N
Longitude (degrees E) 90 Deg. 23 mts. E
Time Zone (hours ahead of GMT) GMT + 06.00
Ground Temperature (deg. C) 25.8 degrees Celsius

Hourly weather variables for Dhaka has been collected for the year 2000 on the basis of

following categories:

? Hourly climatic data for the year 2000 were sent to the product support manager of Environmenta! Design Solution Limited and
EDSL programmers developed this weather file for the specilic research. .



90

Hourly weather variables  Details

1. Global Radiation Total solar radiation intensity on a horizontal plane.
("global™) :

2. Diffuse Radiation Diffuse sky radiation intensity on a horizontal plane.
("diffuse")

3. Cloud Cover ("cloud”) A number varying from 0 for a clear sky to 1 for overcast
conditions. This quantity is used to estimate long-wave sky
radiation during simulation.

4. Dry-bulb Temperature ~ The dry-bulb temperature as measured in a Stephenson

("t screen. :

5. Relative Humidity - The relative humidity as measured in a Stephenson screen.

("rh")

6. Wind Speed ("wspeed") The wind speed measured at a height of 10 meters above
the ground

7. Wind Direction The direction from which the wind blows (degrees east of

("wdirec") north).

The combination of site parameters and hourly weather variables forms the weather file,
with which the simulation program (A-Tas) is able to analyse any climatic characteristics

of the selected site.
i) Internal Conditions/ Test Room Conditions

Internal conditions include room gains from lights, equipment and occupants as well as
infiltration rates and plant operation specifications are grouped together in profiles, which
are applied to the various zones of the building. Internal Conditions profiles may be
stored in a database for Jater retrieval. Gains are modelled by resolving them into radiant
and convective portions. The convective portion is injected into the zone air, whilst the
radiant gains are distributed amongst the zone's surfaces. Infiltration, ventilation and air
movement between the various zones of the building causes a transfer of heat between the
appropriate air masses which is represented by terms involving the mass flow, the
temperature difference and the heat capacity of air. Tas offers the capability to calculate
natural ventilation air flows arising from wind and stack pressures. Solar -radiation
entéring a zone through transparent building components falls on internal surfaces, where
it may be absorbed, réflected or transmitted depending on the surfaces' propertics.
Distribution of reflected and transmitted solar radiation continues until ail the radiation
has been accounted for. Tas solves the sensible heat balance for a zone by setting up
equations representing the individual energy balances for the air and each of the

surrounding surfaces. These equations are then combined with further equations
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representing the energy balances at the external surfaces, and the whole equation set is

solved simultaneously to generale air temperatures, surface temperatures and room loads.

This procedure is repeated for each hour of the simulation. A latent balance is also

performed for each zone, which takes account of latent gains, moisture transfer by air

movement and the operation of humidification and dehumidification plant. (for specific

internal condition of the test room see scction (h} & (i) of Appendix 3.1)

The following are some of the factors, which influence the thermal behaviour of a

building, and whosc influences A-Tas allows the user to investigate:

Thermal insulation

Thermal capacity ("thermal mass")

‘Glazing properties

Buiit form and orientation

Climate

Shading from nearby buildings and self-shading |

Infiltration ‘

Nat\ural ventilation

Mechanical ventilation

Solar gain '

Gains from lighfs, occupants and equipment {both sensible and latent)

Control setpoints & bands, optimum start, [Tost protection

. Available plant capacities for heating and cooling

Plant schedules
Plant radiant/convective characteristics

Performance of boilers and heat pumps

A-Tas provides output in graphical and tabular form showing the effects of these factors

on:

Air temperature

Mean radiant lemperaturc
Resultant temperature
Surface temperatures

Humidity

Condensation risk
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»  Sensible and latent loads
= Energy consumption

= Required plant size
ili) Materials

The Materials Database stores data on the thermophysical properties  of building
[materials. Data on a wide selection of materials is supplied with the Tas program.
Materials are used as constituents for construction types i the Constructions Database.
Each material is identificd by a Material code, which consists of two parts: the matcnal
category and the item number. The material category is characters identifying a class of
materials (for example insulating materials). The item number is an nleger, which
jdentifies an individual material within the category. (See section (d) of Appendix 3.23

for the matetials specifically used for the test room and roof insulation)

iv)  Constructions

The Constructions Database stores construction typbb for walls, floors, etc. built up from
layers composed of matcrials from the materials database. No construetions are supplicd
with the Tas program.

Each construction type is identified by a eonstruction code, which consists of two parts:
the construction category and the item number. The construction category iS @ name
identifying a class of construction types. The item aumber is an integer that identifies an
individual construction type within the category. (also see section (d) of appendix 3.23 for

the construction details of the lest room and roof insulation)

54 DISCUSSION OF RESULTS: THERMAL PERFORMANCE OF ROOF
INSULATION

Significant findings of eqvironmmﬂal condition of the Test room (which is located at the
top floor of a 4 stoned building in Dhaka) are discussed in this section (o evaluate thermal
performance of roof insulation (sec also Appendix 3). The section is divided nto
following (1) Simulation Qutput: Uninsulated Roof (2) Simulation QOutput: Roof with

Insulation. The aim of this investigation is to study the thermal performance of roof
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insulation Thercfore uninsulated roof has been considercd as a base case to which
insulation on roof at different height can be compared. In evaluation process certain
environmental criteria like Indoor Temperature, Mean Radiant Temperature and Ceiling
Temperature in the test room, which are directly mfluenced by roof insulation, have been
considered Insulation top temperature has also been taken mto account as roof insulation

1s influenced by this factor.
5.4.1 Simulation Qutput: Uninsulatcd Roof

In order to evaluate the thermal performance of roof insulation a base case situation was
established by studying the uninsulated roof during the month of June. June 15 selected
because it sepresents the Monsoon or hot-wet period and characterized by high humidity,
high temperatare, and high cloud cover and high radiation. The clearness index 1s low.
Moreover in the context of Dhaka Monsoon is the most prolonged season among others

(for more detail see chapter Two and appcndif; 5).

a) Indoor Air Temperature

Indoor temperature of a room depends on certain external factors, where roof insulation
can play an important role. The significant findings of temperature data recorded from

sirmulation program for the test room without roof insulation case are described below:

The average temperature recorded during data generation by the computer snnulation was
32.74 °C, which is just above the comfort level with still air situation. The max
temperature was logged as 36.1 °C while the minimum was 29.9 °C making a difference
of 6.2 K. The highest outdoor temperature was recorded on the same day as 33.6 °C and
testifies 1t’s bearing on indoor temperature. Diumal difference of maximum and minmum
temperature ranges between 2.6 °K to 6.2 °K, while the time lag, between them varies by 8
to 9 hours. (Figure 5.3.1, 5.3.2 and 5.3.3)

I ;s evident from the logged temperature profile for the selected days that they follow
almost identical trends spe;cially the time of attainment of day maximum and minimum
temperature. The indoor temperature was over the comfort range for most of the peniod .
during data collection
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b) Mecan Radiant Temperature (MRT)

MRT 1s an average temperature of the surrounding surfaces. It includes the effect of

incident solar radiation and has as great an umpact as air temperature.

The average MRT generated in the test room s 36.27 °C, which is way above comfort
range even in this situation air flow at the rate of.45m/s is unable to create comfortable
environment. The maximum temperature was registered over 40 °C and the mimmum
near 33 °C. The difference is 7 °K. Temperature difference between daily max and min
ranges between 4.6 °K to 7 °K and the time lag was always 10 hours between them.,
(Figure 5.4.1, 5.4.2 and 5.4.3) |

From the observation of the simulated data it is evident that MRT always reaches to its
peak afler cutdoor temperature, thus creates a time lag of 1 to 2 hours. As the mummum
temperature 1is above the comfort range in still air condition, a warm condition prevails in

the test room.

c) Ceiling Temperature

As ceiling 1s closely associated with the roof and also due to its physical positioning, any
temperature fluctuation on roof directly and immediately affects ceiling temperaturc. A
wammn ceiling increases indoor temperature of the room below by convection and radiation

process, therefore it 1s a significant factor to be considered.

According 10 the logged data, the maximum ceiling teinperature was recorded as 44.9 °C,
while the minimum was 32.2 °C, thus creating a difference of 12.7 °K. Diurnal difference
of maximum and minimum temperature ranges between 7.4 °K to 12.7 °K and the time

lag ranges between 7 to 10 hours. (Figure 5.5.1, 5.5.2 and 5.5.3)

The temperature profile indicates that it increases the indoor temperature of the test room

thus creating an uncomfortable situation.
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d) _Suﬁacev Tem peré'tul;é_o-_i' Insulation (T 6}))
It is most directly related with the thermal profile of the roof insulation. According to the
simulation data, the average insulation top tempéralure was recorded as 38.74 °C, while
the maximum and minimum are 54.5 °C and 29.4 °C during the period of data collection,
The diurnal variation between maximum and minimum temperature ranges by 19 °K to 29

°K and the time lag of daily maximum and minimum temperature occurrence varies

between 7 to 9 hours. (Figure 5.5.1,5.5.2 and 5.5.3)

It is evident from the recorded data that diurnal temperature difference is significant and a
quick rise of temperature is observed during noon and prevailed for couple of hours. This

phenomenon obviously increase the indoor temperature of the test room



96

5.4.2 Simulation Output: Roef with Insulation

With operable insulation system data were collected at two different height (also to study
whether there 1s any impact of herght), first at 500 mm above the roof which is the close
to the minimum height of parapet generally used in Dhaka and then at 200 mm above the
roof which comes from the width of the Styrofoam panel, used as insulation material for

the roof (se¢ also chapler six).

i) At 500 mm above the Roof

Simulation study was perfoﬁned i the test room, with insulation for the month of April,
which falls in pre-monsoon or hot-dry period. Temperature pattern is most pronounced
during this season. In the case of Dhaka it is evident from solar radiation data and
atmosphernic cleamess index (see chapler two) that during this month high radiation influx
1s the major factor contributing to the difference in temperature observed. Thus it is the
most cniical among all other months of the year and chosen for investigation. Significant
findings of environmental data collected from simulation study for the test room wifh roof

insulation at 500 min above the roof are described below

a) Indoor Air Temperature

Indoor temperature of a room bank on certain external issues, and roof insulation is one of

the significant factors. The major findings of temperature data are as follows:

The average temperature recorded during data collection was 27.24°C, which is well
within the comfort level with still air situation. The max temperature was logged as 33 °C
while the minimum was 22.2 °C making a difference of 10.8 °K. The highest outdoor
temperature was r@r&d on the same day when indoor temperature reached to its peak
as 33 °C and testifies it’s influence on indoor ternperature as other days of data recording,
there observed lower temperature profile. Dinmal difference of maximum and minimum
temperature ranges between 7.7 °K to 8.4 °K, (much higher diumal differcnce than
uninsulated roof) while the time lag between them varies by 5 to 8 hours. (Figure 5.6.1,
5.6.2 and 5.6.3)
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A gradual decrease of diurnal average temperature 1s observed, as the temperatures are
29,48, 27.65 and 24.6 °C respectively. It is evident from above facts that roof insulation
has profound impact on indoor temperature. It prevents the increase of temperature by

reducing incoming radiation from the roof, hence increase thermal comfort.

b) Mean Radiant Temperature (MRT)

MRT is an important factor to be considered in thermal performance evaluation. It
includes the effect of incident solar radiation and has as great an influence as air

temperature.

The average MRT recoded in the test room is 30.50 °C, which is within comfort range
and much lower than uninsulated roof. The maximum temperature was registered as33.7
°C and the minimum as27.3 °C. The difference 1s 6.4 K. Temperature difference between
daily max and min ranges between 3.5 °K 10 6.4 °K (Figure 5.7.1,5.7.2 and 5.7.3).

During all the measured days MRT as-a major descriptor of thermal comiort, except
couple of hours was always within comfort temperature range in still air condition.
Above circumstances testify that roof insulation has influence on MRT as it obstructs the
major passage of incoming heat through roof and help reducing radiant temperature Lo

ensure thermal comfort.

c) Ceiling Temperature

Due to close proximity any temperature fluctuation on roof directly and immediately

affects ceiling temperature, so it is a significant factor to be considered.

According 1o the logé;cd data, the maximum ceiling temperalure was recorded as 32.9°C,
while in the case of uninsulated roof it was 44.9 °C. the min .temperature recorded as 28.9
°C, thus creating a difference of 4 °K with insulated situtation. The time lag ranges
between 7 to 13 hours Diumal difference of maximum and minimum temperature ranges
between 1.9 °K to 3.1 °K , whereas for uninsulated roof it was 7.4 °K to 12.7 °K. So
temperature {luctuation is greatly reduced which ensures better thermal environment and

at the same time performance of roof insulation. (Figure 5.8.1, 5.8.2 and 58.3)



98

The daily average ceiling temperature for data recording days arc 31.49, 31.46 and 30.20
°C respectively, which is within comfort range. It should be noted that the average
temperature is decreasing from starting day-to ending day of data collection with the
introduction of roof insulation. It is obvious from the all above facts that roof insulation

has profound bearing on ceiling temperature.

d) Surface Temperature of Insulation (Top)

It is most directly related with the thermal profile of the roof insulation. According to the
simulation data, the average surface temperature of mnsulation top was recorded as 35.09
°C, while the maximum and minimum are 60.1 °C and 20.3 °C during the period of data
collection. The diurnal variation between maximum and minimum temp&ature ranges by
30.9 °K to 37.9 °K and the time lag of daily maximum and mimmum temperature

occurrence varies between 4 10 6 hours. (Figure 5.8.1, 5.8.2 and 5.8.3)

It is evident from the recorded data that diumal temperature difference 1s significant and a
quick rise of temperature is observed during noon and prevailed for some hours, which
should have major influence on the thermal cnvironment in the test room hence the
thermal comfort. But with the introduction of roof insulation, we experience a much

better situation in the test room
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ii) At 200 mm above the Roof

Simulation study was performed in the test room, with insulation for the month of May,
which 1s representative of hot-dry season and characterized by high temperature and
radration. Cloud cover is over five ocla and longer sunshine hour is observed (sce chapter

two and appendix 5 for morc detail). This month 1s also climatologrcally very important.

a) Indoor Air Temperature

Significant findings of weather data received from simulation study for the test room with
roof insulation at 200 mm above the roof are descnbed below

The average temperature recorded during data collection was 31.86 °C, which is within
the comfort level with still air situation. The max temperature logged as 36.4 °C while the
minimum was 254 °C making a difference of 11 °K. The magnitude of the Highest
outdoor lemperéture was same as the indoor on the same day. Diumal difference of
maximum and minimum temperature ranges between 6.8 °K to 9.4 °K, while the time lag

between them is 8 hours in all instances. . (Figure 5.9.1, 5.9.2 and 5.9.3)

A gradual increase of average temperature is observed m above circumstances, as the
average temperatures are 30.73 °C, 32.05 °C and 32.82 °C respectively. It is evident from
above facts that performance of roof insulation is reversed as compared to situstion of

msulation at 500 mm height from the roof .

b) Mcan Radiant Temperature (MRT)

The average MRT recoded in the test room is 34.97 °C, which is above comforl range.
The maximum temperature was registered as 37.7 °C and the minimum as 30.9 °C. The
difference is 6.8 °K. Temperature difference between daily max and min ranges between
4.3 K to 5.1 K aI;d the time lag varies between 2 to 9 hours between them. . (Figure
5.10.1,5.10.2 and 5.10.3),

- From the observation of the recorded data it is cvident that MRT always rcaches to its
peak at the same time when outdoor temperature reaches to its peak, thus creates no time

lag. During mecasured days MRT as is major descriptor of thermal comfort, except couple



100

of mormng hours in starting data collection -day was always above comfort temperature

range in still air condition.

) Ceiling Temperature

As a significant factor to be considered .the major findings are:

According to the logged data, the average temperature was recorded as 35.55 °C and
maximum ceiling temperature was recorded as 38.4 °C, while the mmnimum was 32.3 °C,
thus creating a difference of 6.1 "K. Diumal differcnce of maximum and minimum
temperature ranges betwecn 3.6 °]( to 4 °K as compared 10 7.4 °K to 12.7 °K for
uninsulated roof, testifying a much stable condition. The time .Jag ranges between 9 to 11
hours. (Figure 5.11.1, 5.11.2 and 5.11.3) |

The average ceiling temperature for simulated days arc 34.4, 3567 and 3657 °C

respectively, which is above comfort range of previous mentioned criteria.

d) Surface Temperature of Insulation (Top)

According to the simulation data, the average surface temperature of insulation top was
recorded as 43.93 °C, while the maximum and minimwn are 73.9 °C and 25.3 °C during
the period of data collection. The diumal vanation between maximum and minimum
temperature varies over 40°K and the tume lag of daily maximem and mimmum-

temperature occurrence varies between 5 to 6 hours. (Figure 5.11.1,5.11.2 and 5.11.3)

It is evident from the recorded data that diumnal temperature difference is significant and a
quick rise of temperaturc is observed during noon and prevailed for couple of hours,
which could elevate indoor thermal condition way above the comfort level, but because of
- the insulation on the rooftop a much belter thermal environment is attained in the test

TOOITL.
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Figure 5.5.1 Surface Temperature of Roof in Test Room without Roef Insulation (18 June, 2002)

Page JBuilding Nams Bulltding Lata File Yeralon|Tiae Date Consul Lank Progran
49 | 12Roon 12Roon.bdf. 81 84 | 20:30:53 | 03: Jul: 02 f-Tas 8.31
SURFACE TEMPERATURE Line igpe
TeNP, (reg 0
SS.GG ] L \ H ] i i i3 i 1 l.“.l—.“l--"l".‘l.‘ Y 1) L 1 1 1 1 Internal ﬂlr‘ e
53,90 Y L | | Internal Surface | -----
45.00 ,.-" N L | |External Surface RRREEReS
w0 “,-"‘ ..l .. External Air e
ECTECIE il SR ; ‘ '.-—"’ == _"“‘““'“—._"_l teeeen -
wae | TR T T 1 LOCATION
25.60 T T 1‘“‘ l‘f‘l T T T T T T T T T T T T T T T Zone: B. Test Roon
1 2 3 4 3 7T 8 3 10 11 12 13 14 15 16 17 i€ 13 20 21 2 23 24
Surface: 2
Tima €24hr clozk)
Builelng Etemant:
Tine Internat Extsrnal Tine Internal External Cattlng
Surface Tamp. Surface Temp. Supface Tawp. Surface Temp.
24 e cioek? | tdeg [} (g2g ) (24 hr clock) | cdeg © (deq C Butialng Festurs: Exposed
L 35.6 32.2 13 40.4 52.% Grientatlen; Ceiling
2 35.0 31.8 4 41.8 33.9 Gres (2 16.38
3 34.3 31.8 1% 42.9 54.90 :
4 33.7 30.4 18 44.0 54.5
> 33.2 29.9 i 44.8 31. 4 Day 169; Tuesday, Jun 18 (UEEKDAY)
& 32.8 29.4 1€ 4.3 46.3 Usather; Ban_Dhaka.uf)
7 32.2 29.7 19 44,1 41.6
8 32.7 37.8 20 42.8 38.4
8 33.8 41.5 2l 41.4 36.3
1o 35.°2 46.9 22 40.0 34.5
L 37.6 50.7 23 38.7 33.7
i2 38.8 32.3 24 37.6 33.1

LO1



Page 1Buildlng Wams Butlding Data File Warsion|{Tine bate Conauktent Progran
41 | T2Roon T2Roon.hdf. 01 84 | 20:31:39 { 03:Jul:02 A-Tas 8.31
SURFACE TEMPERATURE Line Type
TERP. (deg )
54,00 U | LI TS RO SR RN N W | L U TR NN NVUUN VOR S | T
52.00 A [ N I Interngi fiir
506.00 -~ .. - | | Internal Surface | ~----
.00 - Internal Surface
45.00 ;. N PR,
oo ] P External Surface ‘
42.00 : - . i —————
prarrdiy .- R [ | |External Air
38,08 4 PR -, F
.00 -o - - e ~ A
34.80 - e i N
.00 4 =5 L e ~—. -~
;;‘Dg  BISGERE e ere sl T T e - L LOCATION
20000 4 e - e ]
26.00 — T | B e | T T T e Zona: 6. Test Room
L2 31 4 5 5§ 7 08 9018 11 12 17 14 15 1B 17 18 19 26 21 22 29 A4
Surface: 2
Tina (24nr ciock)
Building Elenant: 7
Tina Intarnal Extarnal Tine Ikarpal External Ceiling
Surfate Tenp. surizce TemD. Surfata Tamp. surface Temp.
(24 hr clack)  [ddeg ©) (deg 1 (24 hr ctockd  [(98g €3 (dsq L2 Butlding Feature: Exposed
1 366 31.8 13 40.3 51.6 orientation: Ceiling
2 35.7 3t.3 7 41.5 51.8 iea e 16.38
3 34.9 30.9 15 42.6 52.9
4 3.2 30.7 16 43.4 51.4
? 33.6 30.4 L 4.9 4.3 Day L73: dednesday, Jun 13 (WEZKDAY)
Z 23. 1 36,1 - 18 43.6 1.7 Yeather: 3an_bhaka.uf)
? 32.3 3.3 19 42.4 37.6
3 33.4 36.4 20 40.9 35.4
9 34.2 39.9 21 39.6 34.4
18 35.5 45. 3 22 38.4 33.7
i1 3.1 . 49.4 23 37.3 32.8
12 38.8 51.2 24 36.4 31.9

Figure 5.5.2 Surface Temperature of Roof in Test Room without Roof [nsutation (19 June | 2002)

801



Fage |Building Name Butfaing bata Fiie Verslon |Time Date Cansul tant Progran
42 | T2Roon T2Roon.bdf. Q1 84 1 20:32:28 {1 83:Jul:02 A~fas 8.31
. SURFACE TEMPERATURE Line Type
TEMP. (geq T}

50.80 — 1 SR L ! 1 1 i L 1 L 1 ) 1 L 1 13 1 L L Intel‘na i H ir
48.90 4 N .
46.00 | AN Interpal Surface | ~----
44.00 e N L
42.00 - RPN || {External Surface cesemeeean
10,00 4 ; LTl - i ————s
38.00 / P AT External fir
/.00 4 ; ke Tmea }
39.00 4 7T~ e P N S Tr
32.00 oo .._.____:_h - ‘;A;:-.f— e T —rrmea. L
.00 4 TTTTreeeel i e T T - LOCATTON
20,00 Ao e et —f
25.00 T T T T T T T T T T T T T T T ¥ T T T ¥ T Zone: s_ Test ROUN

7 0% 9 16 1f 12 1) 14 15 16 17 13 13 20 21 22 23 24

Surface: 2

Building Element: 7
Cailing

Building Festura: Exposed
Ceiling
16.38

Crientation:

Ares (n2):

bay 1712 Thursday. Jun 20 CYEEKDAYS

Weather: Ran_Dhaka.ufi

Tine (24hr ciock)
Tina Internal Extornal Tire Intarnal Extarnal
Surface Terc. Surfaca Temp. Surface Tenp. Zurface Tenp.

(24 hr clgok) fdeg O (deg £ (24 hr clagk) (deg C2 tdeg €3
1 33.5 31.7 13 37.8 43.4
2 34.8 31.3 14 38.5 43.5
3 34.2 30.7 15 38.5 45.3
4 33.6 30.3 16 38.7 48. 4
5 33.1 30.0 17 33.6 42.3
B 32.6 29.6 18 39.7 40.5
i 32.3 6.1 19 38.1 35.4
2 32.3 32.0 20 38.9 33.8
3 32.8 37.4 pal 37.8 33.1
18 33.9 42.5 22 36.2 32.5
1 35,2 44.9 2 35.4 32.0
12 36.9 47.3 24 34.7 31.5

Figure 5.5.3 Surface Temperature of Roof in Test Room without Roof Insulation (20 June 2002)

601



Page [Buiiding Mame

Bullding Date Flta

Version [Tina

bate

Consultant

Pragram

23 | T1Room

T1Roonm.bdf .01

8l | 13:06:25

29:Mar: 02

A-Tas 8.31

33.90
32,00
71,90
30.08
29,06
28,06
27,08
26,80
25,08
24,08

AIR TEAP. tdag ©)

] L A 1 ] i 1

AIR TEMPERATURE

L il il L. ] i L

- A

¥ T T T T T T

9 i@ 11 12 13 14 15

Tima (24br Clock)

T T T T

18 17 19 19

23 24

Zone

Heating
(kHh)

B Test Roon

Outsida

6.00

“Zone

Looling
(kWh)

16.0e
6.89
5.00
4,08
2.88
0.98
-2.00
-4.68
-5.08
-8.88
-10.08

PLANT LOAD (k\) % L8°

1 L l 1 b1 1 L

; SENSIBLE LORD

L i L i ] i 4

T T T T T T T

2 03 4 %5 5 7 8

T T T T T T

319 1% 12 13 14 15

Ting (24hr tlock)

T T

T

16 17 13 13 28 21 22 ¥ UM

§ Test Roon

9.00

Day 113! Tuesday, Agr 23 (HEERDAY)

Weathar: Dan_Ohaka.wfl

Figure 5.6.1 Temperature Profile in Test Room with Roof Insulation at 500mm (23 April, 2002)

0t



Fage

Buitding Nana Buyilding Date File Version|Tins Date

tonsuitant Progrem

33 [ T1Rcom

T1Roon. bdf. 01 81 | 13:24:46 | 29:Mar: 02

fi-Tas 8.31

AIR TEMPERATURE

AIR TEAP. (dag C3

L i 1 L 1 4 ! 1} i 1 i 1 1 ! 1 ! L 1 L 1 1 L

32.00

Zone

Heating
(kWh>

31.00
30,09
29.00
28.00
27.80
26.00
25,00
24.00
23.80
22.00

A}

6 Tost Roan

Dutside

0.00

T T T T T T A3 T T T T T T T T T T ¥ T T T T

s 3 4 % 6 7 B 3 18 11 12 13 14 35 18 17 48 13 20 2t 22 23
TiRe (24nr €10CK3

24 Zone

Cooling
(k¥h)

6 Test Roan

SENSIBLE LOAD

PLANT LORD CXW) % 1077

10.00

1 1 1 L 1 il L 1 1 L L 1 1 1 L hd 1 1, L 1 i) H

B.60 A
6.80 o
4.00 A
2.00 4
0.08

Qutatde

0.60

D3y 119: Wednusday, Apr 24

-2.08 <
-4,80
-5.00 A
-8.00 A
-i0.00

L Wgatnar: Ban Ohaka.ufl

(HEEKDAY}

T T T T T T L T T T T ¥ T T T ] T T T T T T

2 3 4 % § 7 8 9 t8 11 12 13 14 15 1B-17 18 13 20 21 2% 23

Tip (249he CIOSKY

24

Figure 5.6.2 Temperature Profile in Test Room with Roof Insulation at 500mm (24 April, 2002)

BE



Fage |Builelng {ELL]

lBqumg pata File Ver'alnnirma

\Data Consultant Frogran

41 | T1Roonm

' T1Roon. bdf. 01 g1 | 13:30:41 | 29:Mar: 02

A-Tas §.31

36.
29,
28,
27,
5.
25,
24.
23.
22.
21.

RIR TEMP. (deg ()

o i L 1 1l

AIR TEMPERATURE Zone

Heating
(kMh)

7N 6 Toat Roon

LT L futatas

0.00

¥ T Y T T T T T T T T T T T T

N Zon
6 8 10 iL 12 13 14 13 18 17 13 13 26 21 & 2 24 €

Cooling
(KMR)

Tima (24nr ciock) AAJ 6

.60
a0
.98
a9
.40
.09
a9
.0a
.49
.20
.20

PLANT LORD (k¥

L ] L i 1

« 1877

SENSIBLE LOAD

H 1 L1 1 1 1 1 i L . H 1 1 1 L L

Outsida

Test Roam

0.00

Day 115: Thursday, 4pr 25 (WEEKDAY
F ysather: Ban_Uhaka.uf)

T T T A T T T T T T T T T T T

8 9 18 1l 12 13 14 15 1§ 17 18 19 20 22 22 23 &

Tima (24hr clock)

Figure 5.6.3 Temperature Profile in Test Room

with Roof Insulation at 500mm (25 April, 2002)

[4]!



Fage |Building Mame Buiiding Data File version)Tine Date Conguttant Frogras
25 | T1Roon T1Roon. bdf.01 81 | 13:08:41 | 29:Mar: 02 f-Tas 8.31
MEAN RADIANT TEMPERATURE Tono
TEWP. (deg O3
aa'un' i 1 ] /1 1 i | [l 1 1 1 L 1 1 ] | 1 1 L I 1 1
R T R 6 Test Room
2.0 4 /.,--M“—---“ P e L
3100 o g ~, e
. o e N,
30.00 S I - ™~ -
e e < Fa ~.
28.00 o m'_‘-w.ﬂﬂ" /’ - . L
18.00 A~ Y. L
2r.e0 -« ~.. / -
26.00 4 N ’ L putside
25,00 ~ ,«‘f |
- N ™
24.00 T T T T T ¥ T T T 2 T T T T T T T 3 T T T
1 2 * 4 5 5§ 7 § 4 18 1l 12 13 14 15 18 17 13 19 20 28 22 23 2
TiLRe {24hr tlock)
RESULTANT TEMPERATURE
1EHP. (deg ©)
33‘0[] L 1 3 1l I3 3 1 A i 1 1 i L ], 14 1 1 i i 1 1 i
32.00 T
. - = .r”_;.:—', - ,L_‘_?“"-\‘ b
31.00 - Paitte TN ]
.00 - e /,f e e &
19.00 P L ,
e ——— /_,« / . Day Li3: Tuezsday, Apr 23 (REEKLAY)
26. - . N
oo AR . s Yeather: Ban_Dhaka.wfl
v.00 ST / S
26.90 - N K !
75.10 NS L
~ 7
24'00 T T L4 T T .l T T T T T T T T T T T T T T T T
t 2 : 4 5 § * 0§ § 190 it L2 13 14 IS 16 17 1§ 13 20 21 22 23 24
Time (24hr clock)

Tigure 5.7.1 MRT and RT in Test Room with Roof Insulation at 500mm (23 April, 2002)

€Ll



Page |Building Nama Butiding Data Filg version|Tine Date Consuttant Frogram
35 | T1Roon T1Room. hdf. 01 81 | 13:25:54 | 29:Har: B2 A-Tas 8.31
MEAN RADIANT TEWPERATURE Tone
TEWP. {dag £}
33.60° k R T | i i 1 L t 3 ) Lok L 1 1 1 1 | 6
e 4 O AN T L Test Room .
3160 . F T e — !
30.88 4 T - e 1
29.00 ha e i
8.0 / e b
2108 e .”' L
sl / |
. 4 ‘ ’ s
24,80 A ., ; ! Ouistde . _ .
23.88 A A, - L
22.00 T T T T T 4 T T L ¥ T T T 4 T T T T T T T 3
1 2 3 4 8 £ 7 8 9 19 f1-12 i3 t4 15 16 17 1B 13 20 2L 22 23 24
Tisa {24dhr ciock?
RESULTANT TEMPERATURE
TER®. fdeg <)
32.89 AU S TR SRS SN SN WY NN T UUNUN VS U RN NN VIR SRS NE SUUUY U VIS R |
3L.00 4 »"”_,,«-"‘““‘ﬁ"::'?-—___q_ r
30.60 A T L
e e . 7 T T ———— _-
23.00 - .. yay ' ~.
28.80 4 . .~ et ~-e}
22,80 e R, S K L | ]bag trq: yodnesday, Apr 29 (HEZKDAY)
26.00 N T g L | | veatnar: Ban_Onaka.uFl
25.00 - . / L
24.68 ‘\\ ! L
27.00 4 e 2 L
az'GB Ly T T 1 L] H T T ] b T T T 1 1 T T i F L} T 1
L 2 3 4 5 € 71 8 -9 i@ 11 12 13 f4 15 168 17 15 19 20 21 22 23 M
Time (24hp clock)

Figure 5.7.2 MRT and RT in Test Room with Roof Insulation at 500mm (24 April, 2002)
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Figure 5.8.1 Surface Temperature of Roof in Test Room with Roof Insulation at $00mm (23 April, 2002)
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Figure 5.11.1 Surface Temperature of Roof in Test Room with Roof Insulation at 200mm (12 May, 2002)
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55 COMPARATIVE STUDY

In preceding sections the thermal environment in the test room with respect to uninsulated
and insulated roof has becn discussed individually. A comparative study is made to
evaluate the performance of roof insulation hencc to understand their impact on the

internal environment of the test room based on the following parameters:

a) Temperature Differcnce (Globe Maximum vs. Indoor Maximum)
6 - - "
B 5.4 1
5 | 4.80
45 45
4 | 38
_-
X
34
":,_,‘ 25
ﬁ 27 1.8 £l 177
E 1.5
[
=4
1 -
0 . . ,
A Day 2 Day 3 " Awerage
-1
EUninsulated g Insulated {500 mm) @ Insulated {200 mm} __J

Figure 5.13 Temperature difference between daily Globe Maximum vs. Indoor Maximum in Test room with
Uninsulated and Insulated roof.

Temperature difference between daily Globe maximum and Indoor maximum clearly
indicates that a much higher temperature regime was observed in the test room when the
roof was uninsulated. Magnitude of Globe temperature reaches over 40 °C at times. Not
only the magnitude "of both temperature is higher but their difference is also greater
(Figure 5.13).0n the other hand when the roof of test room is insulated a lower
temperature prevails as compared to previous one. Actually insulation reduces the proccss
of heat transfer from r;)of to the interior, it increases thermal time constant (TTC)
(Givoni, 1998) of the material therefore radiant gain becomes slower and in one instance
Globe temperature is lower than indoor temperature. In uninsulated case, the average

temperature difference is 4.8 °K while with insulation (both at 500 and 200 mm) it is



below 2 °K. All these testify that a better environmental condition exists in the test room

with insulation.

b) Temperature Difference (Indoor Maximum Vvs. OQutdoor Maximum)
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Figure 5.14 Temperature Jifference between daily Indoor Maximum vs. Outdoor Maximum in Test room
with Uninsulated and Insulated roof.

Temperature difference between daily Indoor Max, and Outdoor Maximum is another
indicator by which thermal performance of uninsulated toof and insulated roof can be
judged. Figure 5.14 clearly illustrates that temperature difference between them is more
pronounced with the uninsulated roof, where it is almost negligible with insulated roof.
Moreover in former case indoor temperature is always much higher than the outdoor.
These phenomena testifies the facts that the introduction of insulation over the roof not
only reduces the indoor ambient temperature to a comfortable level but it also obstructs

the main passage of heat gain (as walls and windows are uninsulated) to the interior.

) Temperature Attenuation

Temperature attenuation between daily Globe Maximum and Minimum in the test room
with uninsulated and insutated roof describes certain thermal conditions. F igure 5.15

illustrates temperature attenuation for 3 days for the tcst room with and without insulation

on the roof.
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Temperature attenuation in the Test room with insulation at 5300mm i1s comparatively
lower than all other conditions except for the Day 3 due to high indoor temperature. The
. average of Temperature attenuations js also presented: they are 6.4 °K for uninsulated
roof and 4.4 °K and 4.67 °K. for insulated roof at 500 and 200 mm height. It is evident that
temnperature fluctuation higher in uninsulated situation, while it is more stable in insulated
toof situation. It is established fact that people’s thermal tolerance is increased in more

stable thermal condrtion, therefore later condition if desirable for thermal comfort.
d) Comfort Vote Analysis

Comfort Vote Analysis is based on sevcn{,ategory thermal sensation scale after Bedford
and ASHRAE (Mallick, 1994). It relates to the sensatton of comfort as in the Bedford
scale (Bedford, 1936) and borrows from the ASHRAE scale (ASHRAE, 1966) for
description of outer categories.

Figure 5.16 lustrates that for the test room with uninsulated roof, there are no vote in
comfortable and comfortably warm category while 36 votes m warm and 36 votes in hot

' category.
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Figure 5.16 Frequency distribution of Comfort Vote in Test room with Uninsulated and Insulated roof for
June, April (500mm) and May (200mm)

Test Room with' insulated roof (at 500mm) receives 19 votes in comfortable, 50 votes in
comfortably warm and only 3 votes in warm category, while insulated roof at 200 mm
there are 40 and 23 votes in warm and hot category respectively. So it is obvious that roof
with insulation gets majority of voles for comfortable category. Therefore Test Room

with insulated roof exemplifies its better performance.

€) Comfort Zone Analysis

Comfort zone (see further details 1n chapter three) is based on indoor air temperature,
relative humidity and air flow, particularly devised for summer comfort (Mallick, 1994).

In still air condition, the boundary conditions for air temperature are between 24-32 °C
and upper limit 15 increased to slightly over 34 °C with 3m/s air speed and nearly 36 °C
with .45 m/s air speed. Figure 5.17 is a scatter diagram showing the relationship between
Relative Hurmdity bﬂnd Indoor Temperature of the test room with uninsulated roof. After
superimposing summer comfort zone 01; the figure cerlain thermal information can be
traced out. All points are concentrated between 52%-78% RH and 30-36 °C. Majority of
~ the points are located outside the comlfort zone (still air condition). However with the

increase of air flow comfortable condition can be achicved.
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Figure 5.17 Plotting of Indoor Temperature and RH of Test Room with Uninsulated Roof on Summer
Comfort Zone .

In the diagram for insulated roof for the test room at 500 mm (figure 5.18), different

condition occurs. Instead of concentrated points here they scatter within the comfort zone
but majority of portion towards higher relative humidity (80-90%) and between 24-30 °C
temperature. Some of the points are located outside the lower level of comfort zone and
very few over the zone. A much better environmental condition exists here as compared

to uninsulated condition.

When the height of the roof insulation is reduced to 200 mm then points scatter towards
higher regime temperature. Two major concentrations are evident; one is low humidity
(40- 55%) and high temperature (over 32 °C) and another is between 65-75% Reclative
Humidity and 29-30-°C temperature. This is a condition slightly uncomfortable than

previous insulated situation (Figure 5.19).
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5.6 CONCILUSION

The above-mentioned findings show that the thermal simulation program can be used to
investigate the effect of certain changes in the internal thermal environment of the room.
It is quite clear that a much better thermal condition prevails in the test room with the
introduction of insulation over the roof. It actually cuts down the cffect of sol-air-
temperature (sce chapter six for detail) on the roof, which is the main source of heat gain
in'Dhaka. Walls and windows (through which solar radiation penetrates inside the room)
don’t contribute heat gain as much as through roof. This is particularly true for siﬁgle
storied buildings and top floor of multistoried buildir;gs. Moreover globe temperature is
reduced with roof insulation that also brings a thermally agreeable condition. Thus the

performance of the roof insulation is positively judged.
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61 INTRODUCTION

Dhaka with its arrangement of urban conditions distributed over a combination of natural .
and man-made landscape provides abundant opportunities 10 study the complex and
dynamic process of urban microclimates; bt their cflcots arc largely cmﬁrollcd by local
events. Therefore it 15 not po'ssible by regional climatic studies to register such transient
phenomena. A study at a local scale has the potential for a broader understanding of the

qature and the mechanisms of the climatic process-taking place in such conditions.

As the thesis deals with the thermal performance of operable roof insulation with special
reference o Dhaka, a ficld study was essential 10 evaluate this phenomenon with a view
of to establish a causal relationship between insulation and comfort. Because if a roof of
high thermal mass is exposed 10 the sky during the night, it is cooled down by long-wave
radiation, and frequently as well by convection to the cooler outdoor night air, making, the

* coof mass into cold encrgy sLOTAge.

The following sections preéent the results of a fieldwork on thermal performance of
operable toof insulation carried out i 3 Test Room located at Dhaka as a part of this
work. The findings in this section provide the basis for the development of design

" guidelines in the later section of the work.

6.2 OBJECTIVE OF FIELDWORK

The fieldwork and the subsequent analysis of the field results were based on the followng

objectives:

= To record primary environmental data in a test room in reference to a TICTO-
dlimate of thecity.

« To understand the thermal performance with uninsulated soof and with operable
roof insulation.

« To evaluate the ndoor cnvironments 10 terms of indoor comfort requirements to

judge the performance of operable roof insulation for the test room.
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6.3 METHODOLOGY

The ficldwork was conducted in a test room located on a top floor of a four-stoned
bulding in Dhaka. Climatic data were collected with the help of Data Loggers and
sensors (details will be discussed later in this chapter) for couple of days for the test
room. Prior to data collection for insulated roof a Pre-Run period continued for seven
days to reduce thermal inertia of the roof With operable insulation system data were
collected at two different h;iéﬂt; (also to study whether there is any impact of height),
firstly at 450 mm above the 1oof which is the minimum height of parapet generally used
in Dhaka and secondly at 300 mm above the roof which comes from the available width

of the most economic Styrofoam panel.

Period of observation was in the fnonths of April, May and June (2002) representing, Pre-
Monsoon and Monsoon period and the general climate dunng these periods are hot-dry
and hot-wet respectively (Ahmed, 1994) (Ahmed, 1995) (Mallick, 1994). The former is
characterized by low humdity and low cloud cover, high temperature, high radiation,
while the later is characterized by heavy ramfall, high humidity and temperature (sce
chapter Two for details). These two periods are most persistent and dominant; at the same
time most extreme climatic value\ are registered during (hese period. Hence addressing
environmental issues of these periods in terms of studying themmal performance of

operable roof insulation is of considerable importance.

Observations on cnvironmental factors made during the fieldwork are categorized into
wo groups,

I. Some factors relate directly to thermal  behavior, such as “Indoor Air
Temperature’, “Globe Temperature” and ‘Ceiling Temperature®. These factors are
directly influehced by roof insulation

2. Some factors relatc 1o thermal impact, such as ‘Roof Top T empemture Roof

insulation 1s influenced by this factor.

Among other observations on environmental factors made during the fieldwork were on

precipitation, radiation and cloud cover,




140
6.3.1 Instrumcntation

Data loggers were installed in the test room for collection of vanous climatic data. The
remote data loggers recorded indoor air temperature and relative humidity with the help
of built in sensors, while emtdoor air temperaturc, globe temperature, ceiling temperaturc
and roof top temperatures were recorded with the help of external sensors. Data were
recorded at interval of one hour'. The loggers are initiated by software named BoxCar Pro
4.0 (BCP4.0-ON) supplied with the h}égm, which is also required to download data
from the logger for viewing and analysis. The nstruments used in field study (sce
Appendix 1 for detail specification) were as follows:

1. Programmable Data Logger (HOBO HO8-00702) 02 Nos.

2. Extemal Sensor TMC6-HA 02 Nos.

3. External Sensor TMC20-HA 02 Nos. '
The sensitivity of and the manufacturers calibration of the data loggers were compared
with the metrological recording (under similar conditions) in Agargaon Meteorological

office and found to be satisfactory.
6.3.2 Installation of Data Loggers

The data loggers were installed in the test room at two points at a height of 1.62 meter
(which is average minimum man height in our context) from the floor level of the test

room (Figure 6.1). Loggers were mounted on the wall with the help of hook and loop tape
(Figure 6.2).

f—Operoble insulation Panet
T
-
¥
— *“ Logger-trr—
e : H—eTo
logger-2 i1g fi Description of External Sensors:
T;: Indoor Temperature
T,: Outdoor Temperature
Ty: Globe Tentperature
T,: Ceiling Temmperature
] ‘ ‘ T,: Rooflop Temperature
Figure 6.1(a) Positions of Data Loggers and External Sensors in the Test Room

' Ramige of logger mterval 1s assigned by the controlimg, software.
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Figure 6.1(b) Positions of External Sensors in the Test Room

black (matte finish) housing a sensor inside and suspended from the wall by means of a
support (Figure 6.3). (Humphrey, 1978) (Busch, 1992). External sensors werc shielded
from direct radiation and from rain (Figure 6.4). Sensor collecting ceiling temperature

was insulated from outside to avoid radiation gain (Figure 6.5).

6.3.3 Construction and Installation of Operable Roof Insalation
Certain criteria were followed for selection of insulation matenak:
s Materials, which will be selected for insulation, should have low thermal
conductivity, preferably between 0.03 W/m deg C (Koenigsberger et al, 1973).
« Color should be light, preferably white and should have reflective quality lo
reduce solar radiation penetration (Givom, 1963) (Geiger, 1961).
= Materials should be capable of resisting weathering effect and lightweight.
» Materials should be easily available in the market and inexpensive.
Considering all above circumstances a composition of three materials werc chosen to
fabricate operable insulation. Main insulating material is 12.7 mm thick Styrofoam pancls
sandwiched between PVC sheet. Styrofoam 1s low conductive material, widely available
and inexpensive, but can’t withstand weathering effect. Therefore white colored reflective
PVC sheet is used‘ for protection, additional insulation and making the panels operable.
The Transmittance value® (U value) of this compositc membranc 1s 0.646 Whn® deg C.

2 u-1R,

External surface resistance 14 =015 dcg C/W {heat flow downward)
PVC (Top layer} . bk =0.003/0.16 = Q01875 m’ dog C/W

Styrofiam Wk =0.0127/0.01 =1.27 m® deg C/W

PVC (Bottom layer) bk = 0.0015/0.16 = 0.0093 m® deg C/W

Irternal surface resistance HE; = 0.1 m* deg C/W (still air conditton)

Total resistance R, = 1,548 w’ deg C/W =U= 1/R, = 0,646 Whn' dog C
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Figure 6.3 Mcasuring Globe lemperature with the

Figure 6.2 Mounting of Dala Loggers on the wal
help of black painted table tennis ball

by hook and loop tapc

Figurc 6.5 External sensor rccording ceiling

Figurc 6.4 External sensor recording outdoor temp.
temp. is insulated to avoid radiant gain

is inserted into a Styrofoam box o protect from rain
and dircct radiation

»

PVC sheet used at the top cover of Styrofoam is 3mm thick, white colored and reinforced
by threads at thc back, whilc the bottom cover is 1.5 mm thick PVC sheet. Thesc two
sheets are sewed together on three sides to form an envelope to a length similar to the
length of thedest room. The combined shegt is again sewed transversely at the interval of
355 mm to form a serics ofpockéls. Styrofoam pancls, which are available at 305 mm
width, are inserted within the pocket to form the complete insulation (Figure 6.6 and 6.7).

4

Following arc the accessories to install the insulation pancls over the roof of the Test

Room: _
"« Galvanized Iron Wire  ~ ' o S .
= Rawl Bolt - " "
*  Angle & Eyclet

»  Turn buckle & wire clamp
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Pockel to house

50mm Styrofoam Panel
R el R PR o e —
4— 355mm —p
v
c x;____?
o Sewing Line
= < >
o
URTH) AN 30
Open End . —Eyeiet

{2.7 mm Styrofoam Panel 3mm PVC Sheet

A
1.5mm PVC Sheet
Figure 6.6 Partial Plan and Scctionof rool insulation membrane showing detail construction techmique
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FFigure 6.7 Details of the Roofl Insulation

a) 12.7 mm thick Styrofoam pancl is sandwiched between two layers of PVC shect
b) Upper layer of PVC sheet (3 mmy) with thread reinforcement at the back

For installation of the insulating pancls, sufficient numbers of L shaped angels were fixed
to cast and west parapet wall with the help of Rawl bolts at 450 mm and 300 mm height
(Figure 6.8). Metal cyclets were fixed to longitudinal sides of the insulating panels
(Figure 6.9) and GI wirc was inscrted through the cyelets at iwo sides of cach pancl
(Figure 6.10). End of wires were fixed to the angels on cither side with the help of wire
clamps and turn buckles (Figure 6.11 and Figure 6.12). Turn buckles were specially used
1o stretch the Gl wires for smooth operation of retraction and expansion of the insulating

Panels (Figure 6.13). Figure 6.14 shows the working principle of opcrable roof insulation

for most effective use.



IFigure 6.8 L shapcd angles arc fixed to wall with Figurc 6.9 Mclal eyclets helps in'retracting the
the help of rawi bolt insulaling pancls :

“igure 6.10 GI wircs arc uscd as channcls Tor Figure 6.11 Turn buckles arc assigned to stretch
operable operalion. : the insulating pancis. : :




a)

Figure 6.12 Fixing details of turn bucklc and wirc clamp for streiching GI wirc to make insulation operable

a)
b)
c)
d)

b}

d)

Figure 6.13 Operable roof insulation in action
During daytime, roofl of the test room is fully covered by insulation to protect from solar radiation
Retraction begins with the sun set
Process of retraction going on
Insulation pancls arc lully retracted and expose the roof to night sky for nocturnal ceoling
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a) Roof is covered by operable Insulation soon afler the sunrise to protect the roof from solar radiation

Roof Insulation

Test Room

b) Roof insulation is retracted after the sun set to facilitate nocturnal cooling

Figure 6.13 (¢) Working Principlc of Operable Roof insutation
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6.3.4 Description of the Test Room

The primary criterion for selecting the test room is that,

1. 1t should be either single storied building or should be located at thb top floor of a

multistoried building in Dhaka.

2. The roof is not overshadowed by surrounding built form.
Accordingly a 4-storied building was selected at plot no 26, Monipuri Para (cast side of
national assembly complex). A 4.87-meler wide road passes on the east of the building.
The building is situated in urban context, surrounded by walkup height residential
buildings (Figure 6.15). As mentioned earlier, the test room is located at the top floor of a
multistoried building occupying north-east corner. It 1s a bedroom measuring 4.19 m X
368 m. A 1.67 m wide glazed window is located on the east side while the north side
window is 1.21 m wide (Figure 6.16 a). The height of the room is 2.89 m (Figure 6.16 b).
The room is approached through a corridor and connected to a verandah at south-east
corner. There is a toilet on west and liviﬁg room on the south side of the test room. Walls
of the room are constructed with .254 m brick wall, plastered and light-cream colored
plastic painted in the interior. Furniture in the room consists of a double bed, a table, a
wardrobe, a steel cabinet and chair. White cust in situ mosaic with brown and ash stone
chips on the floor. There arc four incandescent lights each with 40 —watt (occastonally

used), one florescent light 40 watt (regularly used) and ceiling fan in the test room.

oot 4

O stone
7 stored | |4 stolied
4 stolied 1 sidried
S B A

4.87 mwide road

.

i
5 sthrled vagant L | 2 storig
. L SITE
. S— "
1 stared
e. \) s 2 stodied
P o .

Figure 6.15 The site and the surroundings of the building in which the test room for the experiment
has been selected
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Figure 6. 16(&). .Floor Plan of the Test Room with its surrounding functions
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Figure 6.16 (b) Sectional detail of the test room showing north-south and east-west section

There are other considerations in selecting the test room. It is Jocated at the north- east
comer of the building while Bed-1 and Bed-2 are located on north-west and south —west
comer respectively; therefore impact of solar radiation from low altitude sun aflecting, the
west wall was thus avorded (Figure 6.16 a). During the period of field investigation
further construction was made over Bed-2 and Dining but without ant parapet, for that
matter there was no provision of fixing operable insulation on roofiop. Due to this
construction significant aﬁomt of shadow casted on roof of Bed-1. Although Living
room is surrounded by parapet wall but due to some breakage, there is more possibility of
air leakage to this space. Finally shadow simulation study’ (Figure 6.17) illustrates that

roof of the test room 1s less affected by the parapet and other surrounding structures.

} Shadow simulation was generated by a software named 3D Studio MAX, Release 3.1 with the following parameters:
Latitude: 23°46N

Longitude: 9"23'E
Date: 23 April, 12 May, 18 June (2002)
Tone: B AM, 1] AM, 2 PM, 5 PM



April 23

May 12

June {8

Test R(Lom

11 AM

Figure 6.17 : Shadow simulation study on the roof of the Test Room

(latitude: 23°46' N, longitude: 90°23' E)

e-6v1
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6.4 FIELD INVESTIGATION

Miajor findings of environmental condition of the Test room are discussed in this section
to evaluate thermal performance of operable roof insulation The section 1s divided nto
following (1) Field results: Test Room without Roof Insulation (2) Field Results: Test
Room with Operable Roof Insulation The intent of this investigation is to study the
thermal performance of operable toof insulation Therefore uninsulated roof has been
considered as a base case to which operable insulation on roof at different height can be
compared. In evaluation process certain environmental criteria, which are direcily
influenced by roof insulation like Indoor Temperature, Globe Temperature and Ceibing
Temperature in the test room, have been considered Rooftop temperature has also been
taken into account as roof insulation is influenced by this factor. (see Appendix 4 for

more detail).
6.4.1 TFicld Result: Test Room without Operable Roof Insulation

Field study was carried out in June as a base case to evaluate the performance of roof
insulation. This month is selected because it represents the Monsoon or hot-wet period
and charactenized by high values of humidity, temperature, cloud cover and radiation.
But the clearness index is low. Moreover in the context of Dhaka Monsoon is the most

prolonged season (for more detail see chapter Two and appendix 3)
a) Indoor Air Temperature

Indoor temperature of 4 Toom depends on certain external factors, where roof insulation
can play an important role. The significant findings of temperature data recorded from

field investigation for the test room without roof insulation case are described below:.

The Iaverage indoor air temperature was 31.38 °C recorded during the period of ficld data
collection which is almost near to the upper limit of the comfort mhge in still air situation
(Mallick, 1994). However day maximum temperatare in all instances exceeded the
comfort range. The diumal difference of maximum and mimmum temperature ranges

between 2.05 °K 1o 3.66 °K Time lag varies between 6 to 7 hours (Figure 6.18). According
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to average temperature profile for the representative day” (Fgure  6.20), indoor
temperature ranges between 30.04 °C to 33.04 °C creating a difference of 3 °K. While the
average outdoors temperature ranges between 28.05°C to 34.29 °C making a difference of
above 6.24°K. The general relationship between outdoor temperature and relative
hurmdity is that when one reaches the peak other goes to the bottom and vise versa. For
majonty of the hours the average indoor air temperature was over the outdoor
temperature. It 1s evident from the logged temperature proﬁle‘ for the selected days that
they follow almost similar trends specially the time of attainment of day maximum. The
indoor temperature was in a higher regime with respect to indoor temperature with

operable insulation hence the performance is inferior.

b)  Globe Temperature (GT)

Globe Temperature is an average temperature of the surrounding surfaces. It includes the

effect of incident solar radiation and has as great an impact as air temperature.

The average GT during the field survey was recorded as 31.57 °C, which is near to the
upper limit of summer comfort zone in still air situation. The Globe maximum
temperature was registered as 34.43 °C (over the comfort range) and the minimum as 29.1
°C, creating a difference of 5.33 °K. The diurnal difference of maximum and nunmmum
GT was recorded between 2.05 °K t0 4.07 °K and the time lag between them varics by 6 to
9 hours (Figure 6.19).

The representative day (Figure 6.21) illustrates that Globe Temperature ranges between
30.04 °C to 33.45 °C. It should be noted that for majority of the hours average Ceiling and
Rooftop temperature was over GT. As there was no insulation on the roof there was no
obstruction to the major passage of incoming heat through roof and couldn’t help
reducing radiant temperature 10 ensure thermal comfort. As a result a warm condition

prevailed in the test room.

* Emvironmental data during field investigation period is summnrized within a singte dzy (24 hour cycle} as representative day. This
representative day illustrates the average values of the envirmumentat variables considered for the evaluation of thenmal performance of
operable rool invulation. :
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<) Ceiling Temperaturc

As ceiling is closcly related with the roof and also due to its physical positioning, any
temperature fluctuation on roof directly and immediately affects ceiling temperature. A
warm ceiling, increases indoor temperature of the room below by convection and radiation

process, therefore it is a significant factor to be considered.

According to the logged data the maximum ceiling temperature during the field
investigation was recorded as 42.46 °C. The situation will be worse if air flow 1s
introduced to achieve thermal comfort. The minimum ceiling temperature was recorded
as 27.91 °C and generating a massive difference of 14.55°K. Timc lag between day
maximum and minimum was registered by 6 to 9 hours. The diurnal maximum and

minimum {emperature varies between 5.77 °K to 12.96 °K (Figure 6.19).

The representative day ceiling temperature profile (Figure 6.21) indicates a sudden rise of
temperature during, afternoon. Average temperature ranges between 29.10°C to 38.54 °C
(generating high temperature fluctuation) causing discomfort

d) Roof Top Temperature

It is most directly related with the thermal profile of the roof insulation. The average
rooflop temperature recorded during the field study was 33.81 °C, which is above the
limit of the comfort temperature with still air situation. The maximum temperature was
recorded as 46.4 °C while the minimum was 2831 “C. The. diumal vanation between

maximum and minimum tclhp. ranges by 8.3 K to 18.09 °K (temperature fuctuation 1s
substantially high) (Figure 6.19).

The representative day ternpcrﬁhne (Figure 6.21) shows rapid increase of temperature at
noon (42.27 °C) and from evening temperaturc starts to fall down below ceiling
temperature. Both the magnitude and fluctuation of rooftop temperature are high, as there
is no roof insulation, which obviously has decp impact on the thermal cnvironmentrin the

test room hence the thermal comfort
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6.4.2 Ficld Results: Test Room with Operable Roof Insulation

Envirommental data were collected for the test room with operable insulation system at
two different heights, 450mm and 300mm. The reason behind selection of former height
is that it is close to the minimum height of parapet generally used in Dhaka, whilc the
later height comes from the width of the Styrofoam panel, used as insulation matenal for

the roof
i) At 450 mm abeve the Roof

Sirmulation study was carried out in the lest room, in April, which is in hot-dry period.
Temperature pattern s most pronounced during this phase. Solar radiation data and
atmospheric clearness index (see chapter two) testifies that during {lus month lugh
radiation influx is the major factor &)nu'ibuljng to the high temperature in Dhaka. Thus it
is the most critical among all other months of the year and chosen for investigation.

Significant findings of weather data are described below:
a) Indoor Air Temperature

Indoor air temperature of a room is influenced by certain external factors. Operable roof
insulation is one of those factors, which is quite capable of regulating indoor air
temperature profile. The significant findings of lemperature data recorded from field

investigation for the test room with operable roof insulation are described below:

The average indoor air temperature was 29.97 °C recorded during the period of ficld data
collection which is well within the comforl range in still air situation. However there was
only one instance when day maxirum temperature exceeded the comfort range (32.34
°C). The diumal difference of maxirmum and minimum temperature ranges betwecn 2.84

°K to 3.23 °K Time lag varies between & to 10 hours (Figure 6.22)

- According, to average températu.re profile for the representative day (Figure 6.24), indoor
temperature ranges between 28.57 °C 10 31.39 °C creating a difference of 2.82 °K. The
ternperature fluctuation s minimum indicating a better thermal environment in the teat

room. While the average outdoors temperature ranges between 25.05 °C to 34.29 °C
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making a difference of above 9 °K. The Figure 6.22 establishes a general relationship
between outdoor temperature and relative humidity. When one reaches the peak other
goes 1o the bottom and wvisc versa. But due to the roof insulation the indoor air
temperature aiways in between summer comfort range with respect to no air condition. It
15 evident from above facts that roof insulation has profound impact on indoor
temperature. It prevents the increase of temperature by reducing incoming radiation from

the roof hence increase thermal comfort.

b) Globe Temperature (GT)

Globe Temperature is considered as the average temperature of the surrounding surfaces.

It includes the effect of solar radiation and has great impact on comfort perception.

The average GT dunng the field survey was recorded as 30.15 °C, which is within
summer comfort range in still air sitvation. The Globe maximum femperature was
registered as 32.76 °C (just over the comfort range) and the minimum as 27.12 C,
creating a difference of 5.64 °K. The diurnal difference of maximum and minimum GT
was recorded between 3.190K to 3.26 'K and the time Jag between them varies by 7 to 11
hours. (Figure 6.23).

The representative day summary of* environmental variables (Figure 6.25) illustrates that
GT ranges between 28.44 °C to 31.8 °C (within comfortable range according to Mallick,
1994) Lower temperature regime was observed in the morning hours while the higher
regime during evening hours. It should be noted that average Globe, Ceiling and Rooflop
temperature followed a similar pattem during observation period with maximum
deviation of 2.09 °K among them. Above circumstances testify that roof insulation has
influence on GT as it obstructs the major passage of incoming heat through roof and help

reducing radiant temperature to ensure thermal comfort.
c) Ceiling Temperature

Due to the position, there is a close relationship between ceilimg and roof. Any

temperature fluctuation on the rooftop eventually affects the ceiling temperature.
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According 1o the logged data the maximum cciling temperature dunng the field
investigation was recorded as 32.76 °C. The minimum cciling temperature was recorded
as 24.79 °C; thus creating a difference of 7.97°K. Time lag between day maximum and
minimum was registered by 9 to 10 hours. The diumal maximum and mimmum

temperature varics between 3.91 °K 1o 5.24 °K (Figure 6.23).

The representative day ceiling temperature profile (Figure 6.25) indicates it almost
followed the same track as Rooftop temperature and ranges between 26.48 °C to 31.13°C
(generating moderate lemperaturc fluctuation), which is again within summer comiort

sone. It is obvious from the all above facts that roof insulation has profound beanng on

ceiling temperature.
d) Roof Top Temperature

Rooftop temperature is most durectly influenced by operable roof insulation. The average
rooftop temperature recorded during the ficld study was 28.91 °C, which is almost i the
(md limit of the comfort temperature with still air situation. The maxamum lemperature
was recorded as 32.34 °C while the minimum was 24.79 °C. The diurnal variation
between maximum and minimum temp. ranges by 4.82 °K 1o 5.52 °K (Figurc 6.23). The
figure also illustrates evidénces of lower rooftop temperature than ceiling temperature
particularly at mnighttime. This phenomenon testifies substantially the potemtial of

nocturnal cooling of the roof.

The representative day temperature (Figure 6.25) expresses almost identical thermal
profile between ceiling and rooftop temperature. Both the magnitude and fluctuation of
rooftop temperature are reduced by the introduction of operablc roof insulation as
compared to uninsulated roof indicating the effectiveness and justification of using

operable roof insulation.
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ii) At 300 mm above the Roof

Simulation study was performed in May with insulation, which is hot-dry season and
distinguished by high temperature and radiation. Cloud cover is moderately lugh (5 octa)
and longer sunshine hour is observed (sec chapter two and appendix 5 for more climatic
details of Dhaka). As this month is important from climatic aspects, followings are the
significant environmental findings from field study of the test room with operable roof

insulation at 300 mm above the roof:
a) Indoor Air Temperature

The average indoor air temperature was 29.93 °C recorded during the period of field data
collection which is well within the comfort range in still ar situation. The diumal
difference of maximum and minimum temp. ranges between 2.82 °K to 3.98 °K Time lag

varies between 7 10 9 hours (Figure 6.26)

According 1o average temperature profile for the representative day (Figure 6.28), indoor
temperature ranges between 28.31 °C to 31.66 °C creating a difference of 3.35 °K. The
temperature fluctuation is minimum, which helps to acclimatize qmekly in the test room.
While the average outdoors temperature ranges between 26.35 °C to 35.43 °C making a
difference of above 9.08°K. According too Figure 6.26 when Outdoor temperature
reaches the peak RH goes to the bottomn and vise versa. But duc to the roof msulation the
indoor air temperature measured was always withun summer comfort range with respect
to no air condition. It is evident from above facts that roof insulation has impact on indoor
temperature at this height.

“

b) Globe Temperature (GT)

The average GT during the field survey was recorded as 30.09 °C, which 1s within
summer comfort range in stll air situation. The Globe maximum temperature was
registered as 32.76 °C (just over the comfort range) and the minimum as 27.12 “C,

creating a difference of 5.64 °K. The diurnal difference of maximum and minimumn GT
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was recorded between 3.26 to 3.98 °K and the time Jag between them varics by 4 to 5
hours (Figure 6.27).

The representative day summary of environmental varables (Figure 6.29) illustrates that
GT ranges between 28.44 °C to 31.8 °C (wilhin comfortable range according to Mailick,
1994 and same as 450mm insulation height) Lower temperature regime was observed in
the moming hours while 1hé higher regime during noon and evening hours. The average
Globe, Ceiling and Rooftop temperature followed a similar pattern during observation
period with maximum deviation of 1.44 °K among them. Figure 6.27 also illustrates that
trom 5 PM to 9 PM Globe temperature reading was below the reading of rooftop
lemperature. Above circumstances give evidence that even in ihis height of roof
msulation, it has bearing on GT.

c) Ceiling Temperature

According 1o the logged data the maximum ceiling temperature during the field
investigation was recorded as 32.76 °C. The minimum ceiling temperature was recorded
as 25.17 °C; thus creating a difference of 7.59 °K. Timec lag between day maximum and
minimum was registered by 8 to 10 hours. The diumal maximum and minimum

temperature varics between 2.8 °K to 5.14 °K (Figure 6.27).

The representative day ceiling temperature profile (Figurc 6.29) indicates that it almost
followed the same track as Rooftop tembcmture and ranges between 27°C 10 31.13 °C
(gencrating moderate temperature fluctuation), which is again within summer comfort
zone. It is obvious from all the above facts that roof insulation has bearing on ceiling
lemperaturc at 1his height.

-

d) Roof Top Temperatu&

The average rooftop temperature recorded during the field study was 29.27 °C. The
maximum temperature was recorded as 33.17 °C while the minimum was 24.79 °C. The
diurnal vanation between maximum and minimum temp. ranges by 4.02 °K to 5.52 °K

(Figure 6.27). The figure also illustrales some evidences of lower rooflop temperature
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than ceiling temperature patticularly at nighttime. This is due to the potential of nocturnal

cooling of the roof.

The representative day temperature (Figure 6.29) cxpresses similar thermal profile
between ceiling and rooflop except few hours after evening. Both the magnitude and
fluctuation of rooftop temperature are reduced by the introduction of operable roof
insulation as compared to uninsulated roof indicating the usefulness and validation of
using operable roof insulation. Insulation' also increases Thermal Time Constant® (TTC),

which helps in achieving thermal comfort.

* The TTC is the effective product of the thermal reststance and hicat capacity of an envelope elenyent, Jts unit is time (hours). The TTC
is the sum of the products of heat capacily and resistance values of the diflerent layers, when the resistance of each layer is calculated
from the extermnat sarface. TTC of an element is the twin property, in un-oir conditioned buildings, which determimes the effect ol this
clement on the damping, of the mxlour temperature swing, relative t the outdoor swing (Giveni 1998},
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6.5 COMPARATIVE STUDY

Foregoing sections describe the thermal environment in the test room with resfmt to
uninsulated anﬂ insulated (operable) roof A comparative study is made to Judge the
thenmal performance of operable roof insulation with respect to thermal comfort. The
performance evaluation is made on the basis of Temperature Dispanty, Temperature
Dntference, Temperature Attenuation, Comfort Vote and Comfort Zone analysis. Details
are discussed below:

a) Temperature Differéﬁé(Roof Top Maximum vs. Ceiling Maﬁmum)

6 554 [
5 ]
3

4] 94 374
£ 3
©
3
g 2 161 173. |
,;E \ 1.22

9 \ Tl

0.41 '
Day 1
.41 0.42
-1 !
[OUninsutated & insttated (450 mm)G insuated (300 ma)]

Figure 6.30 Temperature difference (Roof Maximum- Ceiling Maximum) in Tesd roons with Uninsulaied—
and Insulated roof,

According to the field results for uninsulated and insulated roof, considerable amount of
tcmperatﬁre dispanty between maxinum rooftop temperature and maximuam ceiling
temperature is evident in the test rcom when the roof is uninsulated. This temperature
difference contributes to elevate ambient temperature of the (est room and cause
discomfort. But wﬁm the roof is covered with operable insulation, a different situation 18
observed. On the first day heat storage is reduced 1o 1.61 °K while in uninsulated
condition it is 5.54 °K during second and third day of data coliection roof temperature has
gone below the roof temperature when the nsulation is placedlat 450 mm above the roof:
a substantial amount of heat reduction is also evident when insulation is lowered to 300

mm. It testifies the fact that during the daytime, insulation minimizes the heat gain from
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solar radiation and from the hotter ambient air. The cooled mass of the roof then serves as
a heat sink and absorbs through ceiling the heat penetrating into and generated inside the
buildings interior during daytime hours. Again when the roof is exposed to night sky it
looses heat by long-wave radiation and convection that reduces thermal storage capacity
of the roof, therefore ceiling collects heat from the surroundings and may attain higher
temperature than roof. Thus, the concrete roofs, which are very common in Dhaka, with
applied operable insulation, can provide effective radiant cooling and maintain the indoor

temperature well below the outdoor level.

b) Temperature Difference (Globe Maximum vs. Indoor Maximum)

Another way of assessing thermal -performance of operable roof insulation was done by
measuring temperature difference between Globe Maximum and Indoor Maximum As of
all other environmental variables globe temperature is the best indicalor of comfort and
may be the reason why people feel comfortable at low radiant temperature when air

temperature readings are high. (Malliek, 1994)
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Figure 6.31 Temperature difference between daily Globe Maximum vs. Indoor Maximum in Tes room with
Uninsulated and Insulated roof.

Temperature difference between daily Globe Maximum and Indoor Maximum clearly
indicates that a higher temperature regime exists in the test room when the roof is
uninsulated. Not only the magpitude of Globe and Indoor temperature 1s higher but their

difference is also greater (Figure 6.31) in uninsulated situation. On the other hand when
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the roof of test room is covered by means of operable insulation, a lower temperature
prevails as compared to previous one. Insulation reduces the process of heat transfer from
roof 1o the interor, it increases Thermal Time Constant (TTC) (Givomi, 1998) of the
material therefore radiant gain becomnes slower and accelerates nocturnal cooling process.
Therefore in insulated instances we observe almost similar temperature trend between
globe and indoor maximum temperature profile and they are within the summer comtfort

zone in still air condition, while the temperature exceeds the comfort zone in uninsulated

sttuation.

c) Temperature Diffcrence (Outdoor Maximum vs. Indoor Maximum)
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Figure 6.32 Temperature difference between daily Outdoor Maxinmm vs. Indoor Maximum in Test room
with Unitisulated and Insulated roof.

Temperature difference between daily Indoor Maximum and Outdoor Maximum is
another indicator by which thermal performance of roof insulation can be judged. Figun:
6.32 clearly illustrates that nocturnal cooling potential is pronounced with operable
insulation system. Temperatire difference between OQutdoor and Indoor Max, is
neghgible, that means almost. similar temperature prevails outdoors, as well as indoors
with very little cooling potential, whereas with operable insulation system these
temperature difference is much distinet (in one instance 4.18 °K), indicating prospeci of
nocturnal cooling. These phenomena testify the fact that the introduction of operable
insulation over the roof not only obstructs the main passage of heat gain (as walls and

windows are uninsulated) to the interior but also increases nocturnal cooling potential.
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d) Temperature Attenuation

Temperature attenuation between daily Globe Maximum and Minimum in the test room

with uninsulated and insulated roof describes certatn thermal conditions
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Figure g 33 Temperature Aftenuation between daily Globe Maximum and Minimum in Test room
L with Uninsulated and Insulated roof.
Figure 6.33 illustrates temperature attenuation for 3 days for the test room with and

without msulation on the roof. The average of these are also presented; they are 3.41 °K.
for uninsulated roof and 3.36 °K and 3.35 °K for insulated roof at 450 and 300 mm
height. It is evident that magnitude and fluctuation Globe temperaturc is higher in
uninsulated situation, while it is more stable in insulated roof situation. It is established
fact that people’s thermal tolerance is increased in more stable thermal condition,

therefore later condition if desirable for thermal comfort.
e) Comfort Vote Analysis

Similar to simulation study Comfert Vote Analysis is based on seven-category thermal
sensation scale after Bedford and ASHRAE (Mallick, 1994) m the ficld test. It relates to
the sensation of comfort as in the Bedford scale (Bedford, 1936) and borrows from the
ASHRAE scale (ASHRAE, 1966) for description of outer categonies. Comfort Volc is
calculated by the equation CV:T, X .29 - 8(Mallick, 1994). The middle three categories
(-1,0, +1) accommodate the comfort range.
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Figure 6.34 Frequency distribution of Comfort Vote in Test room with Uninsulated and Insulated roof.

Comfort vote for uninsulated roof is 3 in comfortable, 54 in comfortably warm category
and 15 in warm category. Insulated roof (4.50mm) receives 20 votes in comfortable, 48
votes in comfortably warm and only 4 voles 1n warm category, while at 300 mm 19 votes
in comfortable, 47 votes in comfortably warm and 6 votes in warm calegory (Figure
6.34). Only 4% votes are given in comfortable category with uninsulated roof, while it is
over 26% with operable insulation. So it is evident that roof with insulation gets majonity

of votes in comfortable category, which explains its better performance.

0 ‘Comfort Zone Analysis

Comfort zone (further details in chapter three) is outlined on the basis of wdoor ar
temperature, relative humidity and air flow, particularly devised for summer comfort. In
still air situation, the boundary conditions for air temperature are between 24-32 °C and
uppef limit is increased to slightly over 34 °C with .3m/s air speed and nearly 36 °C with
45 m/s air speed.

Figure 6.35 is a scatter diagram showing the relationship between Relative Humidity and
Indoor Temperature of the test room with uninsulated roof. Afler superimposing summer

comfort zone on the figure certain thermal information can be traced out.
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points are outside the comfort zone (still air stuation) and majority of points arc
concentrated between 70%-85% RH and 30-34 °C. Some of the points are found towards
higher relative humidity zone and below 30 °C temperatures. Howcever with the increase

of air flow comfortable condition can be achieved.

The diagram for Comfort zone analysis for the test room with operable roof insulation at
450 mm (F]gar—e 6.36)illustrates that, instead of concentrated points thej-f scatter within the

comfort zone.

40 . ——
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36 | - - . = e _._45mlsr -
34 |- ;,—:—-7——.3Dmls.'“
32 - '
30 -
28
26§ -
24 | - '
22
20 -
18 -
16 | |
14 - . : : ; : _ .
30 40 50 60 70 80 90 100
Relative Humidity (%)

Indoor Temperature (deg C)

Figure 6.35 Plotting of Indoor Temperature and RH of Test Reom with Uninsulated Roof on Summer
Comfort Chart (. . '

A concentration can be traced between 65-70% relative humidity and 30-32 °C. Very few
points are located just outskirt of the higher level of comfort zone. A much better

environmental condition exists here as compared to uninsulated condition.

When the height of the roof insulation is reduced (o 300 mm then points scatter towards
higher regime of relative humidity. Major concentrations occur between 78-82% relative
humidity and 30-32 °C. Some points are outside the upper limit of the comfort zone. Very
few points are located near 100% relative hurnidity. This is a condition shghtly inferior as

compared to insulated situation (Figtirc 6.37).
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6.6 CONCLUSION

The above-mentioned findings establish that test room with operable insulation attains
more comfortable situation. Obviously the indoor environment is better in comparison (o
urunsulated situation. Insulation not only cuts down the effect of sol-air-temperature on
the roof, which is the main source of heat gain in Dhaka and keep Globe temperature
within comfortable range but it also facilitates nocturnal cooling potential. Situations like
Dhaka where majority of the time in monsoon and post monsoon period sky is overcast
with cloud; even in this circumnstances principle of operable insulation works. So this
system of roof insulation can be applied to single storied buildings and top floor of

multistoried buildings as it leads to better thermal environment performance.

..ﬂ_‘_b'-‘ .

a
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7.1 INTRODUCTION

In order 1o arrive al some reasonable conclusion and recommendation regarding the roll
of nocturnal cooling potential and themmal performance of operable roof insulation in
Dhaka, it was necessary to consider how environmental conditions of the test room 1s
influenced by the application of operable roof insulation and compared with the base case
(test room without roof insulation). The following conclusions and recommendations
were derived from the pervious sections of this thesis work where further simulation
study was conducted 1o see the effeot of fixed insulation at different heights that were not

covered by ficld investigation.
7.2  SIGNIFICANT FINDINGS

Significant findings drawn from the performance of operable roof insulation is based on
some performance factors. These factors are derived from certain environmental critena

of the test room for the representative day during field investigation:

7.2.1 Temperature Difference (Rooftop vs. Ceiling)

The exterior of the building envelope is alternately heated during day and cooled at mght.
Part of the heat absorbed dunng the day warms the mass of the building and only
remainder passes to the interior. The ratio between the heat absorbed and that stored m
the materials depends mainly on the heat capacity of the envelope. During the summer
and in warm regions, the external surface (particularly roof) temperatures are above the
internal level (e.g. Ceiling) during day and below it at night. Here, in addition to its
quantitative dumping effect on heat exchange, the temperature difference between
external and internal surface may also have a qualitative influence on the direction of
flow. Therefore the roof slab performance was cvaluated by temperature dispanty
between rooftop and ceiling tcrhperatm‘e. One of the intensions of providing operable roof
insuiation was to reduce storage of heat in the roof slab so that there was less possibility
of heat emission to interior. According to performance summary (Table 7.1), -mean
maximum Rooftop and Ceiling temperature of the test room with uninsulated rool arc
42.27 °C and 38.53 °C respectively. Difference between these two is 3.74 °K.

On the other hand temperature difference of the test room with operable roof insulation at
450mm and 300mm above the roof is .26 K and .57 “K respectively. The magnitude of
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mean maximum Rooflop temperature and Ceiling temperature are 31.39 °C and 31.13 °C
for 450mm height while these temperatures are 31.83 °C and 31.26 °C for 300mm height

of operable roof insulation.

It is evident from the above-mentioned fact that not only the magnitudes of mean
maximum Rooflop temperatore and ceiling temperature is high of the 1est room without
roof insulation but also substantial amount of heat is stored within the roof slab. This may
be a vital reason for elevating the indoor air temperature and create discomfort. On the
contrary with the use of operable roof insulation, magnitude of mean maximum Rooftop
and ceiling temperature are considerably low and within the range of summer comfort
zone (as descrnibed 1n previous chapters) and temperature difference between these two
factors is negligible (below .5 °K). So Rooftop and ceiling temperature maintains almost
similar temperature profile, therefore amount of heat transfer from exterior (roof) to the
interior of the test room is less, indicating a good performance of operable roof insulation

in terms of comfort and nocturnal cooling potentials.

In simulation study mean maximum rooflop temperature is found as 51.47 °C and mean
maximum ceiling temperature is 42.77 °C. When insulation is considered at 500 mm
height from the roof, above-mentioncd temperatures generated by the simulation is 52.50
°C and 31.97 °C. Again when the insulation is considered at 200 mm height, mean
mmumum rooflop and ceiling temperatures are generated as 71.93 °C and 37.27 °C.
Therefore temperature difference is 8.7 °K, 20.53 K and 34.66 °K respectively. These
generated data illustraies that magnitude of mean maximum rooﬁop-tcmperaturc are very
close for uninsulated roof and roof with insulation at 500 mm height. Mean maximum
ceiling temperature is lowest and within comfort temperature in still air condition with
insulation (500 mm height). So test room condition with insulation at 500 mm height

shows better performance among these three conditions.

7.2.2 Radiant Temperature

For a person in an enclosed environment, where the temperature difference between the
body and the surrounding surfaces is small, the heat exchange by radiation depends on the
mean radiarnt temperature. When air and mean radiant temperatures are not the same, the

Globe temperature is a reasonable measure of the resulting environmental temperature.
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Thermal performance of operable roof insulation has also been statistically analyzed by
correlation’  between oeiliﬂg temperature and globe temperature. Comrelation between
these iwo temperatures for uninsulated roof and roof with operable insulation at 450mm
and 300mm height are .95, .98 and .95 respectively. According to statistical analysts 1 18
the highest correlation between two factors, so operable roof insulation at 450 mm above
the roof represents highest correlation between Ceiling and Globe temperature among
other mentioned situations. Here Globe temperature affected by the ceiling temperature.
Therefore if ceiling temperature can be reduced, Globe temperature is also reduced,

which obviously creates a desirable thermal environment in the test room.

7.2.3 Air Temperature
Heat discomfort inside buildings is correlated mainly with environmental temperature and
the airspeed over the body. The environmental temperature expresses the combined cffect

of the air temperature and mean raciant temperature of the enclosure.

Thermal performance of operable roof insulation is also evaluated by analyzing the
magnitude and temperatuse difference between Globe mean maximum and Indoor mean
maximum Air temperature. The performance summary table (Table 7.1) indicates that the
magnitude of both Globe and Indoor mean maximum Air temperature in the test room
without roof insulation is above comfort level in still air situation.

In other cases (with operable roof insulation at different height from the roof) magnitude
of the temperatures are within the comfort tange. Although temperature difference
between above factors is lower in the case of operable roof insulation at 300mm above
the roof in comparison with insulation at 450 mm, bt in later circumstances mean

maximum indoor temperature is lower hence desirable and illustrates better performance.

Mean maximum globe temperature data generated by simulation study for uninsulated
roof and roof with-insulation at 500mm and 200mm height are 39.60 °C, 32.83 °C and
36.50 °C respectively. While the mean maximurm indoor temperature are 34.70 °C, 29.53
oC* and 35.37 °C. The temperature differences are 4.9 °K, 3.3 °K and 1.13 °K_ 1t is evident

t This analysis tool and is formmlas measare the relatiorship between two datn sets that are scaled to be independent of the unit of
mexsurement. Correlation 1ool can be used to determine whether twa ranges of data move together — that is, whether large values of
one set are associated with large valuss of the other (pusitive ecarelation), whether email values of one set are associated with large
values of the other (regative comrelation), or whether values in both sets are wmetated (comrelation rear zerd)
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that magnitude of both the temperatures are above the local comfort level for uninsulated
and insulated (200mm) roof but within comfort range when insulation is considered at
500 mm height above the roof.

7.2.4 Temperature Atichuation

In earlier chapters it was mentioned that Globe temperature is the resultant of radiant
temperature emitted from all surtaces of a room, therefore it is a major descriptor of
thermal comfort in a room. As thermal performance of operable roof insulation is
evaluated on the basis of the extent it can provide thermal comfort, temperature
attenuation between Globe mean maximum and minimum has been considered as onc of

the faetors of assessment.

Performance summary of temperature attenuation illustrates that Globe mean maximum
temperature in the test Toom without operable roof insulation 1s above the summer
comfort zone, while with operable insulation for both heights (450mm and 300mm) it is
within comfort limit even in still air situation, which is obviously preferable than former

instance.

Again the radiant temperature profile generated by sinlation illustrates mean maximum
and minimum globe temperature in the test room without and with insulation conxlition.
The generated mean maximum globe temperatures are 39.6 °C, 32.83 °C and 365 °C
while mean minimum are 33.2 °C, 28.87 °C and 32.2 °C respectively. The temperature
differences are 6.4 °K, 3.96 °K and 4.3 °K. Test room condition with msulation at 500mm
height illustrates best performance as magnitude of temperature is within comfortable
range and temperature fluctuation in minimum, which is more thermally agreeable than

other test room situation.

7.2.5 Comfort Vote

According to Table 7.1, comfort vote analysis for representative day of the teat room
illustrates that test room with operable insulation at 450 mm height gets the maximum
number of votes (27.78%) among all other test room conditions in comfortable category
while uninsulated roof gets highest vote (20.83%) in warm category.

So it is evident that as roof with insulation gets majority of votes in comforlable category,

which explains its better performance.

it
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2.2.6 Nocturnal Cooling
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7.1 Average Globe temperature profile in the test room with fixed and operable roof insulation at different
height from the roof.

Above illustration descnbes the average Globe Temperature (GT) in the test room durng,
night (6.00 PM-6.00 AM) with fixed and operable insulation. Globe temperature in
relation to fixed roof insulation is designated as ‘F.Globe’, while Globe temperature in
relation to operable roof insulation as ‘Op Globe’ (with height of the insulation from roof
in brackets). ‘U Globe’ stands for Globe temperature in the test room with umnsulated
roof.

According to Figure 7.1 Globe Temperature in the test room waith regard to fixed
insulations and without insulation demonstrates higher temperature profile as compared to
operable insulation. For example ‘F Globe (200mm)’, temperature ranges between 33-35
°C and ‘F Globe (S00mm), temperature fanges between 29315 °C. ‘U Globe’
temperature dufing night ranges between 32-33 °C. While both ‘Op Globe’ temperatures
(450mm and 300mm) varies between 29-31.2 °C. An average temperature difference of
3.5- 4 °K is observed between °F Globe (200mm)y and both ‘Ot) Globe’ temperatures and
2-3 °K between ‘U Globe” and ‘Op Globe” temperatures.

It is evident that Globe temperature in the test room with operable roof insulation at night
is within the range of summer comfort zone at still air situation. Furllicﬁuore temperatore
decreases from 6 PM. to 6 AM. These phenomena testify the effectiveness of noctumal

cooling with operable roof insulation over without and fixed roof insulation.
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Temperature Disparity !
Rooftop Temp (°C)  ff Ceiling Temp. ('C) i opy | i i
{Mean Maxinmum) {Mean Maxinum) Difference (K) ) € s f
Uninsulated Roof 42.27 38.53 374 Undesirable |
Insulated Roof . i
0 . . b
(a1 45 height) 31.39 31.13 | 026 Desirable |
Tnsulated Roof : i
(at 300mm height) 31.83 31.26 0.57 Tolerable f
Radiant Temperature
: Ceiling Temp. Globe Temp. .
(“C) ("C) Comments
. . Ceiling Temp. 1 .
Uninsulated Roof Globe Temp. 0.95 L Better Relation
Insufated Roof Ceiling Temp. 1 Best
(at 450mm height) Globe Temp. 0.98 1 Relation
Insulated Roof Ceiling Temp. i ! T
(a1 300mm height) || Globe Temp. 0.95 Iy Better Relation |
! r,._—:-.w"“—ﬂ'-—"‘__———
Air Temperature
Globe Temp. (°C) |l Indoor Air Temp. °C) | . , .
(Mean Maximum) (Mean Maximum) Difference ('K) ®
Uninsulated Roof 33.45 33.03 0.42 Undesirable
Insutated Roof .
(a1 450 height) 31.83 31.52 0.31 Desirable
Insulated Roof
(at 300mm height) 3130 31.66 0.14 Tolerable 1|
Temperature Attenuation
Globe Temp. (°C) Globe Temp. (°C) . .,
(Mean Maximum) (Mean Minimum) Difft (K)  Con
Uninsulated Roof 33.45 30.04 E 341 Undesirable
Insulated Roof i
(at 450mm height) 31.83 28.44 ! 3.39 Tolerable j
Insulated Roof ‘ o ,
(at 300mm height) 31.80 28.44 ! 3.36 N Desirable |
Comfort Vote i
Thermal | g Individual || Cumulative Jf
Sensation Scale? equency (%) (%4) ; |
Comfortable 3 417 4.17 J
Uningulated Roof “‘Comfortable Warm || 54 75 79.17 Undesirable |
Warm 15 20.83 100
Comfortable 20 27.78 27.78
m‘;’“ﬂu Rg o) Comtortable Warm || 48 66.67 94.45 Desirable
Warm 4 5.56 100
. Contfortable 19 26.39 26.39
g‘:‘;“""d[m Rggm) Comfortable Warm | 47 i 65.28 91.67 Tolerable
Warm 6 § 8.33 100 {

! Performance surmmary i based on valuss of representative day whicl is the average hourly enviromnental data collected durnig, field

? Thermal sermation i based on seven-category scale afier the Bedfond and ASHRAE scales of thermal sensation.
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Figure 7.2 Performance evaluation of operable roof insulation for the Test room with different insulation
condition:

7.3  CONCLUSION AND RECOMMENDATIONS

It 15 evident from alf above circumstances that operable roof insulation demonstrates a
better performance with respect to base case situation (Test room without operable roof
insulation), as environmeptal conditions arc better in terms of comfort in the Test room.
Performance evaluation between the operable roof insulation at 450mm and 300mm
height above the roof confirms that roof msulation at relatively higher height performs
better than lower height (F igure 7.2).
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A major purpose of this rescarch work was to testify the feasibility of nocturnal cooling
concept in climatic conditiuﬁ like Dhaka (where except few months in winter, most of the
period of the year the sky is comsiderably covered with clouds). However, the
investigation confirms that even in this kind of climatic condition, the concept of
nocturnal cooling can work to achieve comfortable environmental condition. Morcover

the performance can be further improved in refatively clear sky condition in dry months.

The intention of this research work is to provide an introduction or prehiminary guideline
~ for thermally responsive architecture on the basis of thermal performance of operable roof
insulation. Even though the operable roof insulation at the height of 450mm above the
roof proved to be thermally satisfactory, the following recommendations may improve its

thermal performance even further:

A minimum of 450mm height of parapet is desirable, higher height may be

recommended.

= Solidly constructed parapet wall up to 450mm above the roof is recommended to
prevent air leakage hence convective gain. Perforation on the parapet for aesthetic
purpose can be done over the level of 450mm

= More reflective the envelop for insulating material better the thermal performance
of the operable roof insulation.

= To prevent sagging of the insulation due to its self-weight, twisted stainless steel
cable can be used instead of Galvanized Iron (GI) wire as channel for operability.

» Roofs should be adequately graded and equipped with properly drainage system
so that no water logging occurs after rain.

= In winter to trap the heat in the room the process of exposing and covering the
roof by insulation should be reversed as compared 1o summer situation i.e. roof
should de exposed to solar radiation during day time and covered by operable
sulation during mght time.

. For swnmer condition, to ensure good performance, the operable roof insulation
should be opened (retracted) soon afler sun set and should be covered before
sunrise.

» Application of operable roof insulation may be better in northemn region of

Bangladesh where summer is relatively drier.
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SUGGESTION FOR FURTHER RESEARCH

In order to continue the pursuit of knowledge in the thermal performance of operable roof

msulation, the following areas of research are suggested:

The thermal performance of operable roof insulation can be investigated at
different heights from the roof.

Different type of insulating materials can be experimented to observe the
perforrnance of operable roof insulation.

Possibility of mechanized operable insulation can be explored with the help of
light sensors and motors.

The cost effectivencss of lime terracing and other fixed insulation process versus
operable roof insulation can be done considering maintenance and construction
cost and degradation of insulation.

Performance evaluation can be done with various thickness of roof slab.

A holistic evaluation of thermal comfort needs to consider the behavior of the
people in all types of buildings in both urban and rural areas and in al] seasons.
The use of building materials and methods with regard to their thermal properties
need to be investigated for detailed recommendations for their uses.

Performance of operable roof insulation and s effect in the test room in winter
smwn can be studied.

Keeping in view of traditional use of roof in the country, further research on

social acceptance of roof with operable insulation system can be conducted.
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APPENle Al EQUIPMENT DETA]LS
A 1.1 HOBO® H8 Logger for RH/Temp/zx External

Measure:
Temperature
Relative Humidity
Zx External

Features and specifications

. Capacny 7943 measurements tolal

« User-selectable sampling interval: 0.5 seconds to 9 hours, recording times up to 1
~ year
e Readout and refaunch with opuonal HOBO Shuttle

« Intemal temperature sensor on 4" wire can extend from case

+ Models with cxternal input accept extcrnal sensors for tcmperature, AC current, 4-

20 mA and 0-2.5 Volts DC

« Precision components eliminate the need for user calibration

+ Drop-proofto 5 feet

« Mounting kit included (hook/loop, magnet, and tapce)

o Programmable start ime/date

 Memory modes: stop when full, wrap-around when full

» Nonvolatile EEPROM memory retains data cven if battery faifs

« Blinking LED light contirms operation

» User-replaceable battery lasts 1 year

« Battery level indication at launch

» Operating range: -4°F to +158°T (-20°C 10 +70°C), O 1o 95% rdalwc humidity,

non-condensing, non-fogging (RH sensor range at right)

¢ Time accuracy: £1 minute per weck at +68°F (+20°C)

» Size/Weight: 2.4 x 1.9 x 0.8" (68 x 48 x 19 minyYapprox. | 0z.(29 gms)

» Compliance certificate available

« NIST-traceable iemperature accuracy certification available

@ |
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Measurement Specifications

Temperature (internal sensor)

Range: 4°F to +158°F (-20°C to +70°C)

Range for  internal  sensor when used outside of case:
-40°F to +248°F (40°C to +120°C)

Accuracy:+1.27°F (+0.7°C) at +70°F, see plot below

Resolution: 0.7°F (0.4°C) at +70°F

Responsc time still in air: 15 min. typical with sensor inside case; 1 min. typical

~ with scnsor outside case

- 1 Dashes indicate 21
Ig external temp rangey ’ .

A, ‘ *
\:.\ P "f

S Accuracy | T .~

Accuracy/Resolution (°F)

A e

Re'so ution

0—40 -4 32 68 104 140 178 212
Temperature {°F)

Relative humidity (user-replaceable RH sensor)

Range: 25% to 95% RH at +80°F for intcrvals of > 10 scconds, non-condensing

- and non-fogging, sce plot below

Accuracy: £5%

Response time 10 min. typicai in air

Sensor operating environment: +41°F to +122°F (+-5°C 1o +50°C) non-condensmg
and non-fogging :

40 B0 80 100 120 140
Temoerdhine (°F}
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External input accepts the following sensors:

Wide range of temperature sensors (TMCx-Hx series)
Split-core CTs for AC current (5 Models)

4-20 mA input cable (CABLE-4-20mA)

0-2.5 V DC input cable (CABLE-2.5-STEREQ)

External 2.5-volt input specifications

Wide- rangc'tempcratu;é_ééﬁéar ) 50 ﬂ f TMC50-HA
ﬁ-hgh-accuracv temperature sensor ;LTMC6—HB

2.5 mm jack: external input ground, input, switched 2.5 V output; external input
ground connection is not the same as PC interface connection ground and should
not be connected to any external ground

Inpul range: 0 to +2.5 Volts DC

Accuracy: £10 mV £1% of reading

Resolution: 10 mV (8-bit)

Out power: +2.5 Volts DC at 2 mA, active only during measurements

lAccessones |

(Wide-range temperature sensor - 1 ft iTMC 1-HA

[Wide-range temperature sensor - 6 fi  {TMC6-HA

|
1 $23 [s21] %20
1 %25 [$23| $21

{Wide-range temperature sensor - 20 ft TMC20-HA | $30 [$28 ] %26

|
| $40 1337 ] $34
|

IStarnless steel temperature probe TMC6-HC |1 $70 {$65 | $60

0-20 Amp spl:t-core AC current L. . _' ] R

-i:sensor ECTV-A $84 | %77 | $71

0-50 Amp split-core AC current | N -

lsensor iCT‘v‘-B $84 |$77 $71
10100 Amp split-core AC current e o -

kensor {C rv-C $84 | $77 $71

0-200 Amp split-core AC current e

sensor ICT\J -D $100 | $93 $85

0-600 Amp split-core AC current ,(, ['V-E $100 | $93 $85

sensor

14-20 mA cable (18 inches) ~ CABLE-4-20mA 1 $13 [812 | S11

- o . CABLE-25- ol e ee e
|V oltage input cabic V14
[Voltage input cable (6 feet) STEREO. $6 | 85 $4

[Adapter for old-style temperature

%TMCX— 1T-Adapter

i§ensors ]
i[l_ie;plqgg;geqt batteries (box of 10) HRB-TEMP [ §15 | - | -
[Replacement RH sensor HUM-UPS-500 $16 [$15 | $14

Home | Contact Onset
Copy‘nght © 1996-2002 Onset Computer Corporahon All nights rescn/cd
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A 1.2 HOBO H8 Extcrnal Sensors

All of the cables below can be plugged directly into the external inputs of the HOBO 4-
Channel Indoor Extemal, HOBO H$ Outdoor/industrial 4-Channei, the HOBO HS8
RH/Temp/Light/External, the HOBO H8 RH/Temp/2x Extermal, or the HOBO
Temp/External data loggers. For other cables, batterics and miscellaneous logger
accessories, please see our Replacement Parts & Accessories list.

External Sensors and lnpht Cables

Wide-range temperature sensors
High-Accuracy temperature sensof (TMC6-HB
Stainless Steel temperature probe

Split-core AC current sensors
4-20 mA cable

Voltage input cable
Adapter for old style temperature sensors

TMC6-HA and TMC6-HB temperature sensors

« Range: -40°F to +212°F (40°C to +100°C) in air

e Accuracy: +0.9°F at +70°F (+0.5°C at +20°C), see plot A below (insert probe 0.9"
min.) ‘

o Resolution: £0.7°F at +70°F, (£0.41°C at +20°C), see plot A below

« Response time in still air; 4.5 minute typical

« Response time in stifred water: | minute typical

» 0.2" diameter sensor (fits in 1/4" holes)

» Available in 1, 6, 20, and 50 foot cable lengths

Note: TMCx-Ha temperature probes arc not intended for prolonged use in water or moist environments,
cspecially those with temperatures greater than 90°F (30°C). The stainless steel tip is waterproof, but water
can migrate through the cable jacket over long term immersion,
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Plot A
Temperature Accuracy and Resolution
7
£ e

5

4

3

2 AN

1 NG Accur ‘

0 Resolubion |

40 -4 32 68 104 140 178 212

Termperature ("F)

Orderihg Information
‘Descnphon Part No. , ‘Q‘;]‘ \ ];; | 100+
lWide range tcmperature SCNSOT - 1 P h MCI1-HA o I $2?|$21' ﬁ 520 V “
[Wide-range temperature sensor - 6 fi ITMC6-HA | $25 |23 | $21
lgviilc—rangc temperature sensor. - =20 ‘TM C20-HA l $30 ‘ $28 [ $26 .
g‘f""a"g"' temperature sensor - 50 ITMCSO-_HA I $35. ! $33 :l $30 |
Ingh-accuracy tcmperature sensor !"IMCG-HB - !§4(—)_ [$—3'_7 I $34 _"
[Stainless steol temporaturc probe**  [TMCG-HC [ 870 |s6s | s60
[0 20 Amp spht—core AC cuirent sensor [CT— ’ $84 | $77 I T $7l‘l
l[o -50 Amp split-core AC current sensor [CT-B | 's84 [$77 |  s71
| _ . :
;0 ~100 Amp split-core AC current CT-C $30 | §74 . $68
jsensor . R I ,
i 0-200 Amp spht-core AC curmrent CT-D $30 | $74 $68
: sel]sor Lo - e prme————— 1 L s o a oo =
{0-600 Amp split-core AC current § .
lsensor CT-E $30 | $74 $68
|4-20 mA cable (18 inches) [CABLE-4-20mA | $13 [s$12] $i1
{TMCx-1T-Adapter** ITMCx—I"l-Adnpter 1 os15 |s1a | s13 -
: . " lcABLE-25- 1
Yoltage input cable (6 feet) ]STEREO : $6 $5 $4

Home | Contact Onset

Copynght € 1996-2001 Onset Computer Corporation. All cights reserved.
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APPENDIX A2  THE SOFTWARES USED FOR THE THESIS

A 2.1 BoxCar Pro 4.0 for Windows

Onset offers two Windows applications for logger and data
management. BoxCar Pro 4.0 is a powerful enhanced version of
BoxCar 3.7, offering added featurcs for graphing, data analysis, data
export and stmultancous management of multiple loggers._BoxCar
3.7 provides basic launch, data readout, plotting and data export
capabilitics. BoxCar Pro 4.0 and BoxCar 3.7 support all cumrently
available HOBO and StowAway loggers.

Easy Logger Setup
Launch
HOBO Temp,RH. 2 Extemal (C] 1333 Onset S/N:
Date: 04/21/99 21:20:44 Deplopment
" ’-meﬁort ]Zone 1 Temperatue and RH
([/Intesval (Duatont [1 Mins 2 Days, 18 Hrs, 11 Miny)
([ Measwemers .. | Chonnels | Und | Readng ...
i Temperature 1 F 69.71 ;
A/ Temperature 1 "C 2095
1~ RH 1.2 % 38
7 Dew Point 1.2 F 4492
1) Next to channel identilier denotes Bad o
. & selectable sensor channel Battery: | P S T

LT

‘r :'ﬁraq asound wehen full [ovefwrire_ aldest data)

' DelayedStart: | [oazzze9 =] [1Zooo0 = |-
T Enable/Disable Charnels... R

Fhaau

= Select from predefined sampling intervals (0.5 seconds to 9 hours) or program
your own custom intervals

®»  Set start time and memory modes (e.g., stop when full, wrap-around when full)
*  Verify logger operation before launching
*  Synchronizes logger and data shuttle clocks to computer clock

* Checks battery status (for HOBO H8, HOBO Pro, HOBO Hé6, HOBO Event
and HOBQ Shuttle)
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Graphing
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Powerful new graphing capabilities allow you to compare multiple parameters on one
graph, including data from multiple loggers or successive deployments. Then use the
zoom and axis-control tools to focus in on the data of interest.

. Add new data series from stored files or drag-and-drop from one lot onto
another

. Multiple value axis on onc graph, such as temperature and RH

n View data from successive deployments on one graph to see long-term
trends

. Overlay data from different deployments, to compare month-to-month, or
before-and-afier '

. Focus on data of interest with powerful zoom and drag tools

. Set axis ranges

. Use cursor to display specific plot values

. Display series data and details such as launch parameters and series

. stafistics _
. Add limit lines to the graph
a Copy and paste graphs into other Windows programs

. Control axis, series and legend properties
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Analysis Functions

K Oneet_Co ot

Hourly Compressor Utilization

SR S
5
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06:00:00 m 100,00 . 1220000 140000
07i1197 055703 0714197 165703

The folloﬁn‘ng analysis functions can be used to extract key information from logged data.
These functions actually create new data series, which can be graphed or exported. These
functions filter data over user-specified intervals that can be in seconds, minutes, hours or
days. :

Min, max and average values per interval

Orn/off and State logger data:
Run time and off time (closed time and open time) in seconds
Percent on and percent off (percent closed and percent open)
Number of ons and offs (number of opens and closes)

Event logger data:
Rainfall per time interval
Number of events

Export Data fo other Programs

- Control bar tool for Microsoft Excel export (. TXT format)
Lotus 1-2-3 and custom export
International data format options
Batch export utility

Other Features
Print graphs and series details
Print preview
Multiple logger launch
Long file names (up to 255 characters)
International data format options
Thumbnail view for showing many plots on screen at once
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A 2.2 The Main Mcnu of Simulation Program (‘A-Txs’)

e
Pt ldinn #aito 14ian

Pafeults

| ——
| — DOERTAC——
| | OO

The menu system is divided into the following six sections

Stored Data

Building Data Editor
Interactive Simulation
Simulation Qutput
Batch Simulation
Defauhs

The fird two sections, Stored Data and Building Data iiditor, contain the facilities for model creation and
modification.

The following tlhrec sections, Interactive Simalation, Simulation Quiput and Batch ‘ilmulatlon are used to
do the simulations and nceess the resuling data.

The main purpose of the Defaulis sccliqn is to allow unils to be swilched between Impenial and SL
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SIMULATION DATA

A 3.1 WEATHER DATA inputs for generating Weather File (18 June)

Date;

A

in

tJul G2

Tim=:

Weather File: Ban_Dhaka.wfl

01:24:4¢

Day: 168 12 Jun=
| Glokal | Diffuss } Clzud | Dry Bulb { Relative | Wind | Wing
Hour | Selar | Sclar | Cover { Temparzturz | FKumidity | Speed | Direztion
| Radiation | Radiation | | | i | ideg.
| IW/mE; | W mz) | 09 - 1% | T | %3 Ioim/ s3] i E of MW}
------ il e Kttt e el K e i e Rl
1 iy f O I 1,60 i 27.% | 84, ! 0.0 G
20 G I 0 I 1.60 | 277 ] 24, - 3.3 &0
3 J. } a. | 1,00 f ZF.T ! g4a, i a.7 120,
4 i 0 i G I 1.00 ! Z7.8 | Ha, i 1.9 | isd,
5 . | a f 1.00 ! 2700 | GZ. ! J,& 167,
& g I i | 1.390 I 2.4 [ 54, i 2.7 213,
T 0. | a3, | 1.030 | Z5.% | a7, : G.5 233,
g i SZ%. { 220, I 1.040 i 27.2 | a1, : 0.3 153,
g | TEE. { 223, I i.co | 23.% | B, ! G.2 G
19 I 264, | 1.G5 | 30.0 ] 84, ' Q.0 G,
11 11%s6. | 267, ! 1.00 I 35,6 ] 74, ! 6.5 17
2 1252, I 201. | 1.40 I 317 | &8, i 1.0 33.
13 4 125, I 314. | 1.300 } 3Z.8 i 62, ! 1.5 4 so.
14 111%. I acl. } 1.04 f 3z.& I 6Z. ! 1.6 | 3.
15 | 1347, ! G4, | 1.46 { 33.3 } 8l. 1 5.5 ] 17,
lg | 307, | 313, | 1,064 I 33.8 | 6l. I 0.0 g.
17 628, f agi. ! 1.G4 [ 33.1 | 82, | 0.0 G.
1z 279, | 176, | 1.00G I 32.5 | gz, i 0.0 i g
16 | 7G| a. | 1.00 ) 32.6 | 83, 0.9 | a.
20 | o, I O. | 1.00 ! ag.7 i 5g. } G.3 | €0,
21 | g. | G. l 1.00 | 25.5% | 5, i 0.7 | 124.
22 LI ] G. | 1.G0 | 28.7 [ 81, | 1.3 | 180.
23 | G, | 0 ] 1.00 I 25.1 I 84, | 0.7 | 120.
24 | a. | O. | 1.00 | 27.9 [ 85. | 0.3 | 60,
| I f | | | |

861



A 3.2 WEATHER DATA inputs for generating Weather File (19 June)
Date: 05:Jul:02 Time: 01:25:22 ' ' |

Weather File: Ban_Dhaka.wfl

Day: 170 1% June
i Global f Diffuse | Cloud | Dry Bulb | Relative | Wind | Wind
Hour | Selar | Selar | Ceover | Temperatur= | Humidity | Speed | Direction
| Radiatien | Radiation | I I | | idag.
| W/ /m2} | {W/mZ] | 10 - 1y | {C} | %) | im/ 3} | E of Nj
------ il Bttt e il Bttt B R D EC L LR
1 v | G I 1.24 } 27.0 } 0. I 1.0 | 13%,
z i 0. I J. f 1.0G | 27.2 I %G i G.9 | 147,
3 a. I 0. ! 1.0G I 27.3 I 3§ I 3.7 153,
4 a. J z I 1.0¢ I 27.5 ! 8g I J.5 | 180
s a i G ! 1.04 ! 277 ! 87, I 7.5 | 153.
& ! a. | g ! 1.0 | 27.8 ! g4, i 1.2 | 147.
T 14G. i 57 | 1.G4 I 28.40 i 82, i 1.5 | 133,
5 285, I 1as | 1.03 i 8.8 I 7. I 1.4 | 147,
G FiEL I 202 I 1.00 | 26.7 I 2. I l.2 | 163.
19 1114. f 351 I 1,00 i 30.¢ ! &7, I 1.9 | 1840
11 1z25%. L 314 | 1.00 ! 1.1 I 63, I 1.4 | 185
1z 1328, i 313 i 1.00 t 31.7 I 64. ! 1.7 | 120,
13 1328, I 331. t 1.406 | 32.2 I 62. f 2.1 | 180
14 125&. I 336. I 1.4¢ ! 32.3 ! £l. f 1.5 | 185
15 | 1188, I 344, i 1.G0 i 32.3 | gl. | 1.7 136
15 i 1447, i 366 I 1.00 I 32.4 ! 80, I 1.5 | 156
7o 658, ! 335, ] 1.30 | 3l.8 [ 82. { 1.7 | 150
13+ - 276, [ 176 ] 1.09 f J31.3 I €5, I 1.5 | 184,
15 149, I a. I 1.00 I 30.7 I 67. i 2.1 | 184G,
20 | 0. f Q. | 1.00 [ o1 f 0. ! 1.7 | 183,
21 | G. | O. | 1.00 I 26.¢8. ] 73, J 1.4 | 147,
2z | . I G. | 1.50 I 2§.0 | 7e. I 1.0 | 135,
23 | G. I 0. ! 1.5G i 28.3 I g1. | 1.0 | 130.
24 1 0. I G, | 1.0G ! 27,7 | 85. | 1.0 | 13C.
i i ! t i | |

661



A 3.3 WEATHER DATA inputs for generating Weather File (20 June)

Data: 95:Jul:92 Time: 01:2%:47

Waather File: . Ban_Dhaka.wfl
Daw: 171 20 June

Global Diffuse Dry Bulk | Relativa | Wind

I i ! i I
Hour | Solar | Sclar i Ceovar | Temparature | Humidity | 3peoad | Diraction
| Radiatien | Radiation | I } } | ideg
PoiW/mg) | | (M/m2h g~ 1y (T (%} boimfs) | E of M)
—————— il Rttt Rt B I B et

1 G. I O. ! 1.00 | Z8.0 | 85, | 0.5 | 156G,

20 G, ! - 4. [ 1.50 I 27.6 | 28, I 0.7 1L 1384

3 J. ! © 0. I 1.4G ' 7.7 ! 88, I 0.5 i34,

4 ! 0. i a. I 1.94 ! 7.8 I B7. | 1.9 | 184G,

S a | o. ! 1.00 ! 27,8 ' g3. I 1.2 182

g O. | J. i 1.94 I 27.5 i 85, I 1.4 | 130,

T 70, | 33. I 1.54 f 2708 i BS. i 1.5 | 150.

8 208, I 73. I 1.50 | 8.2 I BE. ! 1.4 | ° 1&3.

& £28, I 152 ! 1.4G I £3.8 | 20, I 1.2 | 147,
18 &C7. ] 245. I 1.96 I 28.¢ | 6. I 1.0 | 135,
11 S07 i 227. I 1.300 i 23.5 I TE. ] 1.2 | 117.
1z 115¢&. I 285, | 1.4G i 25.3 I 7. [ 1.4 143
13 688, | 174. { 1.40 ! 26,2 I i [ 1.5 i aa,
14 1328, ! 358, I 1.6G9 I 28.5% ! 76, I 1.4 120.
15 | 894, I 202, | 1.30 | 25.7 i 4. | 1.2 | 15843,
18 274, I 58. | 1.66 i 3.0 I 73. l 1.0 | 130,
17 ) B&8., | 301. I 1.0G ] 25.5 I 4. [ 1.2 | 150,
18 | 414, i 288, I 1.40 | 28.7 | 4. | 1.4 | 120,
1§ ¢ 0. [ 3. i 1.30 I 29.8 { 75, | 1.5 | 54,
29 | 0. I J. ] 1.0G i 29.4 I 76, ! 1.4 | 124,

21 | a. | 0. | 1.0G6 - 28.2 | iR I 1.2 | 150,
2z g. | 0. | 1.00 | 28.0 | 5. | 1.0 1 180,
23 | 0. [ J. { 1.60° | 28.7 i Bl. | O.¢ | 189,
24 | 3. I 0. I 1.60 | 23.3 K g3. i 0.7 | 150,

I i I ! I I I

- 002



A 3.4 WEATHERIDATA_inputs for generating Weather File (23 April)
Date: 04:Jun:02 Tima: 23:57:46

Weather File: PBan_Dhaka.wfl
Cay: 113 23 April

| Glebal

{ Diffuse © | Cloud | Dry Bulk | R=lative | Wind | Wind
Hour | Selar ! Solar | Cover | Temperature | Humidity | Spead | Dirasction -
| Radiation | Radiation | I I | | {deg.
| (W/mZ) | (W mZ) | (0 - 17 | (C: P{%) | (m/s) | E of Hi
------ R R D e B R

1 a. | a. i 0.00 f28.0 | 83. i 1.5 | 129
2 G, | 0. ! 0,00 ] 27.8 I 85, } 1.4 4 184,

3 G } Q. | G, 00 } 27.7 } 8C. i 1.2 | 180

4 i O, | g, i 1.G3 I 27.5 ! g, i 1.9 123
5 G [ g I 1.4G0 } 2e.d ! =l i J.7 | 1243,
O G [ a. | 1.0G i 25.2 [ Sl. | 3.3 | e,
T 206G, | 147 i 1.00 | 24.1 | 493, I Q.0 a.
| 345, I 147. | 1,00 I 2.0 I 84, | G.2 | &0,
9 552, ! 153, | 1.400 I 27 .8 I 75 f 0.3 | 1249.
10 658, } 21la. | 1.54 } 26,7 I EE. 3 0.5 | 1343,
11 | 537. ! 234 | 1.0% | 3G.4 | cd. | 0.5 | 1543,
12 | G07. I 245, | 1.40GC | 31.G | 3. | 1.2 | 1840,
12 | 537. | 234 | 1.G0 I 31.7 | £1. I 1.5 184,
14 Tod. | 238. | 1.00 | 3z.1 | 680. | 1.4 | 1ada,
18 SLE. | 184G, | 1.00 | 2.8 | 60. | 1.2 | 150,
le ¢ 4@, ! 147. ! 1.00 | 3.0 | S5, | 1.6 | 186G,
17 146G, | 71. } 1.04 j 2.8 | ol. | 2.7 | 120G,
15 | G. | a. I 1.GG { 23z.1 S 63, I G.3 &0,
19 G. | 0. | .00 i 31.7 | 63, ] 0.0 a.
20 | a | O. | 0,00 I 30.9% i. TO. i G.2 | 43,
21 | a. | G. | 0.G60 | 0.0 f 75. t 5.3 1 3.
2z a. i Q. | 0.00 I 26.2 i 20, | 4.5 4 130,
23 O. f a. } .00 | 28.8 I a1, [ .G 14%.
24 | G. [ 0. | .00 | 28.4 | 32. | 1.2 ¢t 183.

' I [ I ! I | |

o7




A 3.5 WEATHER DATA inputs for generating Weather File (24 April)
Dat2: 04:Jun:02 Time: 23:58:31 ' '

Wezather File: Ean_Dhaka.wfi
Day: il4 24 April

| Glokal | Diffuse j Cleud i Dry. Bulk | Relative | Wind | Wind,
Hour | Solar | Selar | Cover | Temparature | Humidity | Spesd { Diraction
| Radiatien | Radiation | [ i | i ideg.
bW M2 | {WimZ] | 1o - 1j | {23 | {®: | {mfa] | E of Ni
------ il ettt Rt i i At LA L P L e
1 . ! ] I 1.345 | 27.4 I 3z, ] 1.0 | | 1843
2 g, } a. i 1.54 [ 27.3 i 54. ] 1.0 | 184,
3 G f 2, i 1.40 I 27.1 i 587. | 1.0 | 120,
4 Q. i a. 1.4G 1 27.0 ] 85. ! 1.6 | 1240,
S 0. | G.o | 1,43 [ 28.7 i GG, I 2.2 137,
& G. f G. | 1.03 ] 24.3 i LN ] 3.4 | 93,
T 0. } 35, | 1.00 i 23.% i S1. } 4.5 | S0
8 a, | . 24, ! 1.33 I 22.3 f 6. i 3.8 | 20
9 i S47 ! ga, | 1.40G I 2.8 ‘! 81. I .8 | 5G,
10 | TER, | 238, I 1.09 | 22.8 i e, I 1.5 SG.
11 837 ! 234. I 1.43 | 2B.2 i £4. I 1.2 1+ &3,
1z G907 I Z24%. | 1,00 | 7.8 [ 82. I 1.5 ¢ 137
13 | Sa7 ., f 224, ! 0.00 I IR ! SE. } 1.2 4 123,
14 ¢ 537, i 260, f .00 i 3.3 I ZE. } 1.7 | 180,
1% | 538, t 237. I 0.00 I 07 i Se. | 1.9 | 184,
18 | 416, I 17¢. I .00 { 31.40 i BE. ] 2.1 | 180,
17 | G. I G, | 0.0% f 0.8 ] 59, I 2.1 | 180
15 | a. I 0. ! .00 i 30.2 I 63. I 2.1 | 1890
S . | 0. - 1.90 26.3 | 68. i 2.1 | 180
20 a. ! 0. | T.006 | 25.3 | 0. i 1.7 .| 18d
21 0. | a. I 0.00 I 258,86 | 73. f 1.4 184,
2z | G. | a. I G.0o ] 28.4 ! 7. I 1.0 | 180.
L2301 U I a. i 0.00 I 28.1 | 75, I 1.0 | 180,
24 | G, | 0. 1 1.00 | 27.7 I 56. | 1.6 | 180,
| i t | i f J

(4174
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A 3.6 WEATHER DATA inputs for generat

Weather File t25 April)
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A 3.7 WEATHER DATA inputs for generating Weather File (12 May)
Date: 04:Jun:02 - Time: 23:53:43 |

Weather File: EBEan_Dhaka.wfl
Day: 132 12 May

| Glokal
Hour | Seolar
! Radiation

Wind

bry Bulk
T Sirecti

n

O

| | | g | i
i | ! | ! !
_ [ [ ! | I |
D 03 ey | (W m2i | G - 17 | (T} | (%} | imsa) | B of N}
—————— e el e R B B E LR R e
1 . | e oa.en 5.2 ! 71, ) 1.6 130.
2 S0 S. 19 | 23,7 t e, | 5.7 87.
3 3, [ G. | 3.0 | 23,3 1 80, | 2.3 | 43,
g . i 0. | .96 | 7.5 ! 5. | 9.0 | g
s o, | 3, i 3.0 | 3.8 [ 8¢ | Q.0 | a.
g g | 0. L6.90 5.3 ! 37, ! 8.4 a.
7 CZ9%, | 190, [ 1.00 4.3 | 58, | 5.0 a.
2 488, [ 171. T T 24,3 | 37 | 3.0 a.
g 787 1. 223, | . 0.00 EELE £E. | ¢.0 | o,
19 SO7. | z45. | 9,90 3.3 I 54 ! 0.0 a.
11 11i% ! 27%. ) 0.a0 3.7 i 51. i g.2 | a0

1z | 1i1&. [ 268, | G.00 | 3z.% ! 43, [ 6.2 | 150,
13} 111%. | 275, [ 1.06 32.4 | 45, [ 9.5 . )  270.
14 377, i 284, Pooo0.a00 33.3 [ 44, i 0.3 | 150,
15 - | 223, [ 0.00 | 34,2 i 44. | 0.2 | 35,
16 EEg, | . 1as, | .90 34.8 u 43. | 9.0 | 3.
17 274, ) 134. | 5,80 | 34,2 | 45, | 2.0 ) 0.
18 0. f 45, | G.00 | 32.% | 45 1 G.0 a.
15 a. [ 3. Po9.000 33,9 [ 52, { 5.0 | a.
20 S, | a. | .00 | 32.1 [ cg. [ 9.2 | 43.
21 o, | . R T T B 31,1 | 63, [ 9.3 | 87.
22 . | 0. R eI T B 30,2 ! 5. | 2.5 | 133,
23 . | G, [ . 5.00 i 5.5 | 0. I 5.7 | 134,
24 5. i G. | 0.G6 | 25,5 [ 9. | 0.5 | 139,

| ' [ ! | i ! |

0T
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A 3.8 WEATHER DATA inputs for'generating Weather File (13 May)

54:Jun: 02 Time

:54:59
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23

+

Data:
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A 3.9 WEATHER DATA

Weather File (14 May)
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‘A 3.10 Tabular Output of

Building Mams: TZ2Rcom .
Times: 20:38:5% Date: G3:Jul:0:2

Zone © Test Reom .
Day 14%: Tuesday, Jun 18 (WEEKDAY}

Climatic Data for Test Room without Roof Insulation (18 June)

Building Data File: T2ZRcem.bdf.01 Revision: 84
Consultant: ‘ . Program: A-Tas 8.31

Weather File:  Ban_Dhaka.wfl

]
(3% ]
o

I !
Tima | Temper- | Sengibla
| aturs | leoad
{Zdhr. | |
cleckil {deg 21 | (%W,
________ | [ —— l [ ——
1 | 31.6 | G.00
2 f 31.8 | G.00
3 | 31.% | G.G0
4 { 31.1 I 0.00
S } 3c.7 | Q.50
& ) 3G.3 I 0.00
7 fo ZG.5 ! 0,00
3 } 31.1 i Q.00
g ! 32.G ! 0.490
10 32.3° | 0.0G
11 | 3.z | 5.00
12 i 33,38 . G.00
13 | 34.8 ] 6.04.
14 I 34.7 } 0,00
15 I 35.3 P G.00
18 | 38.1 | .00
17 I 36.1 } 0.490
13 i 3&.4 ! Q.00
16 | 35,5 0.00
20 1 34,8 0.00
21 | 33.8 | 0,04
22 } 2.8 | .00
23 i 32.7 | 0.06
24 } | 0.00
} |

1 ¢

Hean

Humidity Reault-
load radiant ant
tamp. temp.

(%] (kWi t| fdeg Ci {deg T}
0.7 0.00 34.8 33.4
71.1 0. 00 34.4 33.0
71.7 0.00 | 34.1 3z.3
2.7 0.00 3.7 Z.4
4. .00 . 3z.G
75, 0,00 . 3l.8
Te. .00 . 31.8
TZ. 03.00 33.7

-
3
.
L)
)

()
.
It
N

=0 Ay Oy Oy W W)
.

3 33.3

1 32,5

2 . 33,2

5 26,4

= 35.6 3
§7.5 38,6 3
65.3 a 37,2 35,z
§1.4 9 37.¢ 35.¢8
55,8 5.00 38.1 38.5
S5. 4 5.00 38.8 35.8
54.6 0.40 36,4 37.3
83.0 0.00 40,1 35.1
52.6 0.00 40.6 38.3
51.8 5,00 10.3 33.1
52.1 6.00 28.8 37.1
€5.2 0.40 38.2 36.4
53.5 G.05 37.7 35,3
§2.3 0.00 37.0 . 34.9
§4.3 0.00 386.5 34,5
6.3 9,00 38.0 34.2

L0T



A 3.11 Tabular Output of Climatic Data for Test Room without Roof Insulation (19 June)

Building Nama: TZReom . . Building Data Pile: T2Roem.b3f. 01 Revision: 84

Time: 20:37¢36 Date: 23:Jul:02  Consultant: ’ ’ Program: A-Tas 8.131
Zona &  Test Roem

Day 170: Wednssday, Jun 15 (WEEKDAY! Weather Fila: Ban_Dhaka.wfl

! | ! | . ! I
Tim= | Tempar- | Sensitle | Humidity | Latant | Mean ! Result- |
| aturs ! lecas : | lead i radiant | ant i
izdnr | i ' [ ' | tamp. | temp !
clocki! ideg T} kW) Y | (k%W foideg I | ideg T} 0 .
e fmmmmmmmm o fmmrm e e e [mmmmemr e | mmmm—————— fmmmmmm———— !
1 ! al.# I 3,00 65.4 I 0,00 | 3.3 { 1.8 i
z i 31.8 i 0.00 ¢ B%.¢6 I 0.00 23,4 i 33.3 I
3 : 1.5 ! 0,00 | G, 3 [ Q.00 | 34.:% i 2.8 i
4 31.4 ! .00 70,8 I 0,00 | 3.2 1:.8 i
) 31.4 i .00 0.5 I 0,00 i3 iZ.8 I
Q) i al.3 i 0,00 S5, % | G.A% | 33,2 : 3:.4 i
7 i 31.4 I 0,00 27 .4 | 0,00 | 34.3 f 3.0 |
o | az.3 I 2,00 3.8 I G.00 | 6.7 i 34.5 |
4 ! az.8 | .30 BG. A | G.C0 | 3g. 3 f 4.8 I
13 i 33.2 ! 0,00 377 ! G.C0 KiE | 35,3 !
11 ! 33.3 | 2 575 GO0 | i3 i KL I
1z i 3.5 | .00 £7.5 ! G.00 | 38,35 ' 1s.8 I
13 ! i3 ] G009 56.7 } G.00 | 8.z I 8.2 I
14 ! 34.1 } 2,00 =1 } G.00 | 38,2 f 3.8 I
1% i 34.% | G.00 4.1 f G.30 | 36,8 } 7.4 I
18 i 35.0 } G.64 5z.1 b T.00 | 40.2 ! 7.3 [
17 [ 34.7 | C.aa0 32.8 P 5.490 | 0.4 } 7.8 [
18 - | - 34.4 | §5.44a 4.7 | 0.49 | 36,7 } 7.0 |
15 7 33.7 | G.00 ZE.8 | 0,50 | 35.0 : 3&.3 I
20 ! 33.5 | .00 5e.5 I .00 | 37.4 i 5.7 I
21 i 33.5% I Q.00 58.1 I G5.00 | 36.% t 38.2 I
22 | 33.2 | G.00 56,6 i 5.00 | 36.4 P 4.8 |
23 | 32.8 | 0.00 i 83.1 | 5.00 | 35.5 } 34.3 I
24 | 3z.1 I G.00 2.8 | 9.00 | 35.4 33.8 I
! I | I f |

80T
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A 3.12 Tabular Qutput of Climatic Data for Test Room without Roof Insulation (20 June)

Building Mama:
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A 3.13 Performance Summary of Test Room without Roof Insulation
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A 3,14 Tabular Qutput of Climatic Data for Test Room with Roof Insulation at 500mm (23 April)

TlRocom.bdf. 0l

Building Data File:

T1Rcom

Building HName:

Test Room

5

Zone

Chaka,wfl

Ean_

Weather

(WEEXDRY)

X,
i

-
=
-

(a1}

Tt-

Resui
ant

!
f
{

Hean
radiant

-Latent
load

Humidity

f
f
|

n 0O

U oo
0 4

C e

ba

R

i
I

K

L o

1
i
i

PR

2

Mo

T
)

(52
[aY]

- e
i, 20

(r}

W

[F 9
©~)

")
(3]
)

(1)

T
oy

i

'
4

LAl

X
o

u?

i1y
[AY]

o

O

o
€

w

-
-y

IS

m

~

w

©“
w

"y ¢

w
€~}

- - (0

[

b
oy

o

i

)

o

Ty
L8]

L]

1

™~

LA

B

-
Yy
o

oy

™~

)

-
i

~
i,

L}

]
)

A

L]
oy

(48]
-

o~
(L) ]

F

o
s

(8}

o

©~
o]

)

—.

(=]

"y
"

1]

o~
"ty

ey
0,00 |

-

-

[
"y

o

[

oy
W

(o)
L)

o

(18]

oy

ol
ey

Ld 4]

Low]
[

L]

<
o™

uy

(=]
49}

[}
(AN ]

)

L]
45|

o

L ]

[

31.2

o
L]

Lo ]
[}

L]

o

)
©J




212

A 3.15 Tabular Output of Climatic Data for Test Room with Roof Insulation at 500mm (24 April)
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A 3.16 Tabular Output of Climatic Data for Test Room with Roof Insulation at 500mm (25 April)
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A 3.17 Performance Summary of Test Room for Test Room with Roof Insulation

Building Mame TlRcom

Time; 13:35:37 Date: 29:Mar:07
Day 111 to DRY 115

Weather File: Ban Dhaxka.wfl

Building Data File: -

TlRoom.bdf. 3l

[ [ i
[ During | &t i In
o I day I hour | Zaone
| jmmmm———— = fomm=--
| Max. z2ir temperature deg C) | 33.2 | 111 | 15 | 3
I Mirn, z2ir temperature ieg ) | 21.8 | 112 i T B
| #az, humidicy (%) | 92.%8 | 113 13 7
I Mirn. numidity it | 44,8 | 111 ¢ 15 | s
| Max. heating load (kW) - Q.00 | g G )
i Maxz. cooling leoad ik} | G.00 | O G 5
[ Max, latent additiazn ikt | GO0 ] (O oo 2
| Max, latent removal (RWY J,00 0o O i3
-} Max., resultant temperature ey Ty o 35.8 | 111 g i z
| #in. resultant tempsrature ‘deg C) | 24.5 | 115 ¢ 4 7
| Max, mean radiant temperaturs ideg T} | 45.5 | 111 | g | 7
| Mirn. mean radiant temperatures ‘deg Z) | 25,58 | 115 | 24 | 7
| ' | 'a l [
| . I i | |
| EXTEIRMNAL CONDITIONS ! i ; j
| ommmmmmmmmmm e e { ! { |
i : l | | !
| Max. dry pulb temperatures . ‘deg Ci | 33.2 | 111 | 16 i
| ¥in., dry oulb temperaturs ideg C) | 21.2 | 111 | 10
i Max. humidity . ) i%) | 85.0 i “111 | 16 ¢
| Min. humidity %) 45.0 ! 111 4 18 |
| ! i i I

Revisicon:
Frogram:

B-Tas

at 500mm
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A 3.18 Tabular Output of Climatic Data for Test Room with Roof Insulation at 200mm (12 May)
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A 3.19 Tabular Output of Climatic Data for Test Room with Roof Insulatioh at 200mm (13 May)
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‘A 3.21 Performance Summary of Test Room with Insulation at 200mm
Building

Building Caza File: T3.kdf.01
Time: 2 '
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1
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i
i
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1
1
1
[}
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i
i
i
1
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]
i
i,
Fa
>
)
et
a1
I
1
V]
l'l
't
i
ju

H day ! Zone |

T B et | wmm—mm fmm=———- | === i
g ideg O} 38,8 134 i 12 | g
; ideg T 22,1 sz = 7
i idice Ty $2.°7 134G K el
; iidity (% | 42,8 132 15" 5
! neating Lasad fRW: y a] G Ol
~anling laad (kHy G ] S Ot

: : izi (kW) | ;e d o (VI
ikE LG g U 0o

‘deg €0 | 38,7 134 ié T

ideg T1 | "ZTLE 2131 4 7o

‘deg T} | 14.53 133 9 7

ideg Tt | Z9.5 131 & 2 i

I ,

| Max. dry bulbk tempsraturs ideg T} 38.4 134 16
| Min. dry bulb temperature ideg Ci 24.8 (132 7
| Max. humiditgy (%} 4.0 © 130 7
| Min. numidity %) 43.0 132 18
I

0

81T



| A 3.22 Simu!aﬁon Output of Ceiling and Globe Temperature (in deg C) at different height of insulation

Date Time

23-Apr 1:00 AM
2:00 AM

300 AM

4:00 AM

- 5:00 AM

8:00 AM

7:00 AM

8:00 AM
.00 AM
10:00 AM
11:00 AM
12:00 PM
1:00 PM
2:00 PM
3.00~PM
4:00 PM
5:00 PM
8:00 PM
7T:00PM
8:00 PM
9:00 PM
10:00 PM
11:00 PM
12:00 AM
24-Apr 1:00 AM
2.00 AM
3:00 AM

4:00 AM -

5:00 AM
8:00 AM
7:00 AM
8:00 AM
8:00 AM
10:00 AM

Uninsulated
Ceiling

358

s

343

337

'33.2

328

22

327
338
35.2

37
36.8
404
4.8
42,9

4.3
449
44.1
42.8
41.4

38.7
- 378
368
357
349
342
338
X
329
33.4
342
55

Uninsulated
Globe
33
344
3.1
337
333
329
332
36.4
368

®9

373
375
383
383
39.4
401
406
40.3
388
38.2
377
37
385
38
354
34.8
345
34.2
333
335
345
387
389
ar7

S0 mm
Casiling
304
304
303
301
K1)
288
299
302
305
309
31.3
318
32
323
328
329
328
329
328
27
328
324
322
a2z
318
N7
NS
3.4
It
309
08
304
308
30.8

50 mm

~ Globe

284
204
203
293
294
288
05
312
32
321
321
323
324
327
27
327
324
2
318

318 .

<Ny
s
N4
A2
Ch
308

308’

305
30,1
28
28
2.3
328
31.3

100 mm
Ceiling
0.4
0.4
0.3

301

30
2938
29.9
0.2

15

209
3.2
s

2
323
328
328
328
329
3238
27
325
324

322

321
e
N7
I
N4
) |
0.8
08
- 30.4
08
3038

100 mm .

Globe
29.4

204

29.3
29.3
291
288
30.5
3.2

32
21

32
23
324
R
2T
27
324

32
Ne
3.8
M7
NS
N4
k) )
309
308
08
304
301
208
208
203
328
313

200 mm

Ceiling -

304
304
0.3
0.1

0
298
208
30.2
305
0.9
3.2
N6

7

323
e
28
28
328
28
v
325

z2
321

319,

317
35
34
31.1

308
308
303
308
0.8

200 mm’

Globe
284
204
293
283
291
286
305
3.2

2
321
32

323 -

324
327
27
327
32.4
32
318
3138
317
s
314
M2
309
308

" 308
304
20.1
208
2.8
293
328
313

500 mm
Ceiling
30.5
0.4
0.3
0.2
30
298
2.9
0.2
305
309
31.3
318
. a2
323
328
328
3298
329
28
327
325
324

R2 .
K7

3.8
N7
s
314
KN

309

308
304
e
0.8

500 mm

Globe

24
24
24

- 283
201
288
0.8
N2
32

21

a2.1
423
324
327
327
27
324

32
no
318
317
35

e

312

3
308
308
0.5
30.1
208
208
203
328
313

1000 mm
Casiling
04
30.4
03
0.t
30
2.8
289
30.2
S
309
31.2
s
32
323
328
328
328
328
328
327

324
2
321
3te
nz7
s
34
IR
308
28
3303
28
08

1000 mm
Globe
204
204
293
203
201
288
s
32
32
21
32
a3
323
327
327
327
2.4
3z
319
318
3.7
ns

N3y

N2
0.8
0.8
0.8
0.4
301
208
298
293

328
N3

61¢
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Corzinuation of A 3.22,

Date \ " Time Uninsulated Uninsutated
o Ceiling Giobe
1100 AM ari 379
1200PM - 388 38
1:00 PM 403 385
2:00 PM 415 a9
300 PM 428 39.8
4:00 PM 434 a2
500 PM 439 404
8:00 PM 438 -7
7:00 PM 424 38
8:00 PM 40.9 37.4
9:00 PM 398. 389
' 40:00 PM - 384 35.4
11:00 PM 373 35.9
12:00 AM 38.4 as.4
25-Apr 1.00 AM 355 ag
2:00 AM . 348 348
3.00 AM 34.2 342
4:00 AM 338 339
5.00 AM © 331 -
800 AM 326 332
7:00 AM 423 335
800AM 323 341 -
9:00 AM 328 357
10:00 AM - 339 38.2
11:00 AM 352 38
12:00 PM 385 . 3.4
1:00 PM 376 38
2:00 PM 385 37.4
3:00 PM 395 8.9
4:00 PM 397 - 385
5:00 PM 398 37.8
8:00 PM - 397 . 344
7:00PM 391 34.1
8:00 PM 38 355
2:00 PM 37 - 382
10:00 PM 382 348
1100PM . 35.4 344

o 12:00 AM 47 M4

S§0 mm

Ceiling
309
3.2
318
39
322
323
323
321

32
31.8
N7
316
314
M3
3038
304

30
287
295
264
29.6
30.2
309
N

K}
308
30.5
305
30.7
0.9
308
30.5
30.3

30
27
295
29.2
28.8

50 mm
Globe
31
314

nr

32
322
321
311

3
309
308
307
30.8
30.5
303
283
28.8
284

28
28.1
28.2
208
29

337

23

30.9.

287
283

0.1

308
3086
24
28.8
285
28.3

27.7
275
273

100 mm
Cailing
KR
312
35
31.8
321
323
322
321
32
3.9
1.7
318
314
3.2
308

0.4

30
29.7
283
294
298
30.2
e
311

N
308
305
305
0.7
309

%8
05
303

30
287
9.4
2.2

. B8

100 mm
Globe
3
T34
ns
32
322
31
309
303
07
06
0.4
303
292

288.

284

281
28.2

Be .

29
rd
323
309
27
293
0.1
0.8

306

293
287
285
283

277
275
27.3

200 mm
Ceiling
w9
32
315
39
321
323
322
321
32
318
317
35
4
- 31.2
08
04
30
27
2.5
2.4
26
0.2
308
k) I
N
308
0.5
305
0.6
308
i3
05
303
30
2.7
204
29.2
289

200 mm
Glche
T3

314
31.7

322
321
311

3
30.9
308
307
30.8
304
303
pk
28.8
28.4

-2
28.1
28.2
288
329
33.7
323

' 309
298
293
309

308 -

308
2863

287

285
283

28
277
275
273

500 mm
Cailing
309
N2
315
39
321
323
322
Kv |
32
a8
a7
36
-31.4
312
308
30.4
30
27
25
294
286

. 303
09
311
3
308
305
305
306
308

. 308
~305
303
30
29.7
2.4
292
209

500 mm
Globe
- 31
314
M7
2
322
321
KA
a4
309

e -

307
306
305
303

203

283
284
i
28.1
28.2
288
R9
37
R3
'30.9
a7
293
301
306
30.6
284
288
285
283
28
277
275
273

1000 mm

Cailing.

308
3.2
s
ne
321
323
322
21

R
nz
A5
3.4
2
08
304
- 30
267
25
294
208
302
309
311

N
308
305

305

308
30.8
30.7
30.5
- 303

27
284
22
28,9

1000 mm

Globe
31
314
7z
3
322
21
3

N

309

3038
307
308
0.4
303
293

2881

284

281
282
298
29
3387
323
309
206
293
30.1
30.6
06
203
287
285
283

277
275
27.3

0zt
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A-3_23fParticulars of Test Rooms

I
!
|

Particulars of Test Room discussed about the general details if test rooms, how they are
zoned, what building elements are assigned to them, what are the.materials used in
construction, aperture types etc.

a) General Details

hY

Engineer {2): Number of Preconditioning Days: 10

Building Name: TlRoom 7 Building Data File: T1Room.ndf.01 . Revision: g1
Time: 23:58:41 Date: 23:Mar:02 Program: A-Tas 8,31
_ ' , l
Date created: 17:Jan:02 | Date last modified: 15:Mar:02 |
| |
I !
Building Name: T1 Rcom 17:Jan: 02 | 1 Number of Zones: 10 ]
Client: Architecture Dept. BUET | | Number of Building Elements: 19 |
Engineer {(1}: Mozammel H Mridha | | NMumber of Apertures: 24 |
I ]
(I i

Default weather file: Ban_Dhaka.wfl

f

Ground Sc¢lar Reflectance: 0.200 |
) i

Building Height (m}: 5.84 |
Building Height Adjustment Factor: 1.000 |
Mean Height of Surroundings {(m): €.00 ]
Terrain Type: City i
|

Building Description:

"a Test Room on top floor of a 4 storied building with Roof I
Insulation at 500 mm above the Roof” |

i w ? 8

T

17¢



Building Name: TZ2Rcom
Time: 00:14:00 Date: 24:Mar:02

Building Data File:

T2Rocem.bdf.01

Revision:

84

Program: A-Tas 8,31

| ] |

| Date created: 17:Jan:02 | Date last modified: 15:Mar:02 |
I | : |
: I
Building Name: T2 Room - 17:Jan:02 | | Number of Zones: i 10
Client: ' Architecture Dept. BUET ! { Number of Building Elements: 19
Engineer (1): Mozammel H Mridha | | Number of Apertures: 18
Engineer {2): | | Number of Preconditioning Days: 10
: b

befault weather file; Ban_Dhaka.wfi

Ground Sclar Reflectance:

Building Height (m!:’

Building Height Adjustment Factoer:
Mean Height of Surroundings (m):
Terrain Type: :

0.200

5.3%
1.000

€.00 .

City .

Building Descripticn:

| "A Test Room on top floor of a .4 storied building without Roof I

| Insulation®

a



Building Name: T3 Room

Building Data Flle: T3.bdf.01 Revisleon: 84
Time: 23:02:55 Date: 04:Jun:02 Program: A-Tas 8.31
! ‘ | : }
| Date created: '17:Jan:02 | Date last modified: 04:Jun:02 A
! i I~
[ Pl
| Building Name: T3 Room 17:Jan:02 | | Number of Zones: ) 10
| Client: Architecture Dept. BUET [ | Number of Building Elements: 19
| Engineer {1}: Mozammel H Mridha - | | Number of Apertures: 24
| Engineer {2): | | Number of Preconditioning Days: 10
I P

. )
Default weather file: Ban_Dhaka.wfl

Ground Solar Reflectance:

Building Height (m}: )
Building Height Adjustment Factor:
Mean Height of Surroundings (m):
Terrain Type:

0.200

5.84
1.000
6.00
City

Building Description:

Insulation at 200mm above the Roof"

I .

| "A Test Room on top floor of a 4 storied building with Roof
|

I

£€Zt



b) Zone Names & Groups

Building Name: TlRoom ]
Time: 00:02:48 Date: 24:Mar:02

Building Data File: T1lRoom,bdf.01

|
[
|
f
}
|
|
|
|
|
|
I
|
I
[
I
|
|
|
I
I
I
!
I
{
!
!
I
|
I
|
|
|
|
|

Zone Zone Zene Group Membership
Number Name ) : )
absdefghijklmnopgrstuvwxyzABCD
1 Bed Reom Bmm—mmm— e —mm e
2 Balcony R i L
3 Living Room et ittt
4 Foyer R it i
5 Toilet e e L L T
6 Test Rocm R e e L E P R L
T Balcony (TF) e il it
8 Living Room ({TF)} it
K Foyer I(TF} e it Lt D LD e Dt
10 Toilet (TFE} - e DL L DL R L i

DPHC X ELCC W H,ATO S H mRU TG md O0TW

Revision:
Program:

g1 _
A~Tas 8.31

Zone Greoup
Name

Ground Floor
Test Floor

¥



c) Building Elements

Building Name: TIlRoom
Time: 20:50:5% Date: 23:Mar:02

* Building Data File:

TlRoom.bdf.01

Revision: 81

Program: A-Tas §.31

I : I I | Subst.| Subst. i Shad.
| Building Element i C-Code | Construction name { Bldg. | Sched. | Feat.
I ] | : i El1. | | No.
I b i - | | |

' 1. Ground Floor | ground/1l ] Ground floor no false floor i o | 0 i 0
{ 2. Internal Wall | wall/l f wall i 0 -1 0 i 0
| 3. External Wall | wall/l b wall | 0 | -0 i 0
I 4. Ceiling /Upper Floor | ceilingé/1 | ceiling i 0 | v I 0
! 5. w1 | glass/5 A window glass ! o 1 0 I 1
f €. Ceiling .l ceiling/s I ceiling i o | v I o
I 7. hw - ' | glass/5 I window glass f o | c ! o
| 8. Internal wall-1l -} intwall/1l | wall f o | 0 I 0
| 8. w2 | glass/5 | window glass } o | c I 2
[ 10. di | door/2 | docr ' f 0 | 0 | 0
[ 11, w2 | glass/S | window glass | 0 | 0 | 3
| - 12. w4 | glass/5 | window glass I o | 0 I 4
| 13. wS | glass/5 | window glass f o | 0 I 5
| 15, wé | glass/ | window glass I o | 0 | 6
| 15. dz | door/2 | door : I o | 0 | 0
I | I I ] |

i

i
|
i
i
]
!
]
f
f
I
I
!
|
|
|
I
I
!
|

§TC
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d) Conatruction Details

Time Now Date

}
{
| 12:27:28
I
|
|

DATABASE CONSTRUCTION

24:Feb:02

Program
A-Tas 8.31

| )
{ C-Code: ground/1
I !

i Construction name: Ground

floor no false floor

OPAQUE CONSTRUCTION

Internal

| External | Internal | External | | Conductance | | Time i

! Selar | solar = | Emissivity | Emissivity | | | constant !

{ Absorptance | Absorptance | : [ i (W/m2 ¢y i [ thours) |

I I - I } | I I

I I I l, | , f | |

I 0.780 i 0.500 | 0.91¢ b 0.900 | 0.297 | | 128.0 |

| ! I f | i ] t ]

ILayer | M-Code | Width | Conductivity| Demsity | Specific Heat | Convection | Vapour
INumber| & | ! i | | Coefficient | Diffusion
I ' | Marerial Name | (mm} | (W/m C} | (kg/m3} |} {J/kg C} i {(W/m2 C) | Factor
[~=w——= o e el L e | ====—m——=- o cc e e Lt T fmmmmmmmm -
IInside| amltile/8 | 5.00 | 0.500 | 1050.0 t 837.0 | - t 99.000
| i PLASTIC *3 | ! |

| 2 | amlcened/9 . i 50,00 | 1.280 - 2100.0 | 1000.0 [ - . 34.000
| - CONCRETE SCREED *3 . . | RE ]

{ 3 | amlcencd/1l | 125.00 | 0.870 | 1800.0 | 920.0 t - | 14,800
f | CONCRETE 3% m.c. 8 *3 . o | |

I 4 | amlaggr/4 | 75.00 0.550 } 1580.0 | 1057.0 | - | 12.000
| { CRUSHED BRICK AGGREGATE *1 ! | !

| 5 | amlseil/7 | 1000.00 | 0.32%9 | 1515.0 | 796.0 | - } 93.000
| | - SAND, DRY *2. : t ; {
i | . ! f | | I |

U VALUES (W/m2K): 0.284 (Roof) 0.278 (Internal) 0.285 ({Ground

0.282 (wall)

Floor)

' 97T



| .

| Time Now Date ) Program
| 12:35:32 24:Feb:02 : - A~Tas 8.31
! . . .

| DATRBASE CONSTRUCTION

| :

| ' |' _ ,, |
| C~Code: wall/l | Construction namae: wall o - i
| r : : ' ' !

OPAQUE CONSTRUCTION

| External | Internal ! External | Internal | Conductance | [ Time ;

| Solar | Selar | Emissivity | Emissivity | I | constant

| Absorptance | Absorptance |} | . | {W/m2 C} f | (hours) . |}

f I : ! f I ) I I t

i | . i o ! I I I !

{  0.400 | ©.400 { 0.900 i 0.900 | 2.21¢ | | 5.2 |

I | | I ] I I |

|[Layer | M-Code | width | Conductivity! Density | Specific Heat | Convection | Vapour i
|INumber| & ° : [ I i ] | Coefficient | Diffusion !
! | -Material Name | {mm} | (W/m C ) I {kg/m3) | {J/kg C) | (W/m2 C | Factor i
f=—=me- == ——mmm————— | === | === = m—————— [mmm e m [===—==mmenea | m=mmmm e e |
[Inside| amlplast/1l1 | 12.70 | 0.420 { 1200.0 | 837.0 | - | 11.000 |
f | PLASTER 1 *4 ) | 1 ] 2
| 2 | amlbrick/8 | 254.00 | 0,650 | 1530.0 | 920.0 | - ] 9.600 |
| | BRICK COMMON 1 *3 . | I I |
| 3 | amlplast/11 | . 12.70 | 0.420 i 1200.0 | 837.0 | - | 11.000 |
[ | PLASTER 1 ¥4 ' i | | I
! ] i | | |
| I ] . | i 1 | |
U VALUES (W/m2K): 1.604 [Wall) 1.673 {Roof) - 1.460 (Internal) 1.686 (Ground Floor)

Yiid



|
|
|
|
|
i

!
'
!

Time Now Date

|
. Program |
22:07:05 23:Mar:02 A-Tas B.31
’ |
DATABASE CONSTRUCTION I
]
} [ . ]
C-Code: ceiling/5 | Construction nama: ceiling !
. [ }
QPRQUE CCNSTRUCTION
External | Internal | EXternai | Internal | Conductance | | Time
Solar ! | Solar | Emissivity | Emissivity. | ! | constant
Abscrptancze | Bbscrptance | | i (W/m2 C) [ | {hours} |
! | I t | I [
) ! I | i t I |
0.800 | 0.400 I 0.90¢ i 0.900 { 1.148 | | 5.2 ]
' | I f I | ! f
Layer | M-Code I Width Conductivity| Density | Specific Heat | Convection | Vapour |
|Number! & } ! | - | | Ccefficient | Diffusion |
| Material Mame - | (mm) boW/mC ) I {kg/m3) | {J/kg C) | {W/m2 C) | Factor I
------ R il e B il Bt e Ll e e e L e e e e L ey
Inside| amlplast/11 { 12.70 ! 0.420 j 1200.0 t 837.0 | - ] 11.000 |
| PLASTER 1 *4 : ] |- ! i
2 | amlconcl/1 | 127.00 | 1.400 i 2380,0 | 1030.0 ] - ! 34.000 |
o CONCRETE 1:2:4 *3 | | | !
3 | amlplast/11l. o 12.70 | 0.420 b 1200.0 | 837.0 | = | 11.000 |
| PLASTER 1 *4 | | ! i
4 | amlcav/26 |  %00.00 | - | - | - | 0.050 | 1.000 |
: | ‘300MM AIR (DOWNWARD FLOW) . 2 } |
5. | amlins/18 | 1.50 |  0.045 | 70.0 | 1000.0- [ - | 40,000 |
| PVC, EXPANDED *2 . | | - | §
6§ | amlins/14 ;12,701 0.033 O 25.0 | 1200.0 [ - {  192.000 |
|  POLYSTRENE, EXPANDED, CLOGSED CELL *3 : | | i i
7 1| amlins/18 I~ 3.00 | 0.045 | 70.0 | 1600.0 ! - { 40.000 ¢
| PVC, EXPANDED *2 ' { i i [
1 _ - R I ] | | 7 } | 5 }
U VALUES {(W/m2K): 0.559 (Wall} 0.983 (Roof) 0.505 0.%87 (Ground Flecor)

{Internal)

87T



I
Time Now Date Program
12:40:00 24:Feb:02 A-Tas B8.31
. ' !
DATABASE CONSTRUCTION i
!
I I

C=Code:

glaas/5 . | Construction namm: window glass . o

TEANSPARENT. CONSTRUCTION

External Blind? [ No 1

Internal Rlind? [ No |

! External Sola

| Solar r | Intermal Solar i Light | External } Inzernal | Conductance !

| Traas- | Absorptance ‘| Absorptance i Trans- | Emissivity | Emissiviuy | '

| mittance | {ext. {int. | (int. {ext. ! mittance | | | ) i

| |  surf.,) surf.) | surf.) surf.) ! - I | | (W/m2 C;}

I . i : i ! | I i

I ! I I e ! i . | I . !

i 0.780 | "8.275 + 0.075% | 0.07% | 0.07% ! G,870 | 0.845 | 0.345 | 16€E,667 !

! [ t I | ! ! I | !

| Layer M~Code | width i Soclar| Ext. | Int. | Ext. | Int. |Conductivity| Cenvectien | Vapour
|Number: & : | | Tran.| Solar! Sclar| Emis.|.Emis.| | Ceefficient | Diffusion
| { Material Name | (mm) | | Refl.! Refl,| ! | (W/m T} | {W/m2 <) i Pactor
[=w——=- e ———— frmmm e frmm———= frme——— [ o= [ === | m—r——— R e B it Tl R e
[Inside| amlpiik/2 | 6.00 | 0,780 0.070] ©.270| 9.845] 0.845] 1.000 | - | 98999.352
I | éMM CLERR FLOAT | : | | ! I

} 2 i ] N I | | [ I | |

i i | I i I |

[ t |- I | | -

I f K | | I I | I I

U VALUES (W/mZK!: {Wall)

€.386 (Roof) TOTAL SOLAR TRANSMITTANCZ: 0.820 {Pilkington}

622



! , |

| Time Now ‘ Date , Program

| 12:41:21 24:Feb:02 A-Tas 8.31 |

I |

| DATARBASE CONSTRUCTION !

] : ;

I I |

| C~Code: intwall/l | Comstruction name: -wall !

| - [ : ]

OPAQUE CONSTRUCTION

| EZxternal i Internal | Exterral i Internal | Conductance | - } Time |

| Sclar i Selar | Emissivity | Emissivity | . ! constant

| Absorptance | Absorptance | N | (W/m2 ©) } | (haurs}

| - | I f : i | |

I i , ! I ! | I |

| .0‘400 i 0.400 b 0.90C | 0.500C 1 3.908 | ] 1.7 |

|- i | | i ] [ | |

iLaver | M-Code | Widtch { Conductivity!| Density | Specific Heat | Cenvection | Vapour
INumber| & I } ’ - i . ‘ ] Ccefficient | Diffusion |
i | Material Name I {mm) i (W/m <) I {kg/m3) | {3/kg C) I (W/m2 C) | Factar
fr——m—- o e jommm————— [==memmm—m———— fmmememm——— fmmmr e | =w=me i ———— I i
|Inside! amlplast/1l i 12.70 | 0.420 j1200.2 | 837.0 | - - 11.000 !
| | PLASTER 1 *4 l | ! !
| 2 | amlbrick/8 | 127.00 | 0.650 | 1530.0 | 920.0 | - i 9.600 |
| | BRICK COMMON 1 *3 ‘ | S | | |
| 3 | amlplast/11 - | 12.70 | 0.420 [ 1200.0 | &37.0 | - - 11.000 |
] B PLASTER 1 *4 - . | | | : |
| | ! | | N
| i ] I j | ' !
U VALUES (W/m2K): 2,337 (Wall) 2.486 (Roof) 2.042 {Internal) 2.515 (Ground Floor)

»

0£T



) |

| Time Now Date Program. |

| 12:42:32 24:Feb:02. A-Tas B.,31 |

| . , ' : I

f DATABAST CONSTRUCTION i

[ |-

| I i

| C~Code: door/2 | Construction nama: door l

! : ! : }

OPAQUE CONSTRUCTION

| External ! Internal | External | Internal | Conductance | | Time |
‘i Solar | Solar | Emissivizy | Emissivity | i | censtant

i Absorptance | Absorptance | [ | W/m2 C) I | thours) f

| : f | i ! I ! : I

[ f | . ! ! | t I

|  0.800 i G.e00 | 0.90C | 0.8CC | 4.105% | [ 6.0

- o | | I ] I |

|Layer | M~Caode i Widzh | Corductivity| Density | Specific Heat | Cenvection ° | Vapour
|Number! & . [ ] i oo | Cocefficient | Diffusion .
! | Material Name [ (mm) | (W/mC) I (kg/m3) | {(J/kg C} | {(W/m2 C) { Factor '
fm—m——- e ettt by oo formmm e === e e iy jmm e ———— J oo i
1Inside| amlwaod/20 | 38.00 | - 0.156 | 700.0 | 1420.0 | . 11.420 ;
f I MAHCGANY ACROSS GRAIN 10* m.c. *1 | i | !
I 2 | S | ! I | ! g
I ! ’ | | } |
I i ] | ! f
! ! | f 1 | _I { i
U YALUES (W/mZK)i 2.40€ (Wall) 2.5%64 {Roof) 2,095 {Internal) 2.595 (Ground Flicor)

€2



Cate - Program
23:Mar;02 _ ’ : A-Tas B.31

im
21

x

T
2

[ N1

Ner
3:Z

[=3}

I
}
I
I o

! DATABASZ CONSTRUCTICN
i ‘

| C-Code: ceiling6/1 | Construction nama: cailing - : S N
I : ; ] : . i

CPAQUE CONSTRUCTION

i

| Bxternal | Internal | External | Internal | Conductancze | | Time

| 8clar | 8clar | Emissivity | Emissiwity | | | constant

| Abscrptance | Absorptance | 1 o i (W/m2 C) i | {heurs)

I | ] i ! | I I

f I I ! i I ! I

i 0.400 | 0.400 { 0.80¢ | - 0.8CC ! 6.614 | t 2.¢c .

I - ! i | ! | I ]

iLaver -~ M-Cods f wid:ch | Conductivity: Density | Specific Heat ¢ Ccnvection | Vapour }
{Number: % [ f ' j ' g | Cocefficient | Diffusion !
i ! Material Name | imm) | {W/m C ) ¢ {kg/m3) | {J/kg C) | (W/m2 C) | Factor

| = Lt EE L P LS EE DR e | wmmmn e e o= e o= m | 2mmmmmmmmem i
lInside! amlplasgt/l1 | 12.70 | 0.420 I 1l200.0 } B837.0 | - | 1%.000 |
1 © ' PLASTER 1 *4 : B , ; | : | - i
I 2 ' anlecencl/1 ] 127.00 | - 1.400 i 2360.0 1 1030.0 | - i 34.000 !
| CONCRETE 1:2:4 +3 ' o b H i :
! 3 amlplast/11 1 12.70 | 0.420 | - 1200.0 | 837.0 f - I "11.000 ¢
I N PLASTER 1 *4 : T I I i
I ! - [ ' ! | ! i
! f ] I | | [
| i i 1 ! i | | ]
U VALUES (W/m2K): : 3,094 (Wall) - 3.380 (Roof) 2.597 {Internal} 3.413 (Ground Floor!}

[22



G)AApefture Typas

Building Name: T1lRoom
Time: 22:56:55 Date: 23:Mar:02

_ Building Data File:

TlRoom.,bhdf.01

Revision: 81
Frogram:

A-Tas §.31

Building Element

Window Window Window Shel- Sched- Openable

Aperture factor file name

2.133 1.916

- Ne-

| i I
t | Height Width Area - tered? ule Prog. | {for imported aperture factors)
I bo(my: (r) - {m2) B ' [
| 5. wl | .371 1.270 1.741 N2 a 0.500 |
i 7. hw | C.457 0.308 0.232 Mo a 0.500 |
| 9. wZ I 1.371  1.778  2.438 No a 0.500 !
| -0, di f 2,133 0.762 1.625 No a 0.500
I 11, w3 | 2.371 0.50¢ 0.69¢ Na a 0.500 |
P12, wg | Z.371 3.683 5.048 No a 0.500 |
i 13. w5 | -.37 1.324 2.089 No a 0.500 |
| 4. w6 i Z.371 1.831 - 2.284 No a ‘5.000 |
I 15, dz | 2.167 a 1.000D |
! I I

€€T



f) surface Geometry

Buiiding Name:
Time: 23:01:44

TlRocm
Date: Z23:Max:02

Building Data File:

TlRoom,bdf.01

Revision: 21
BFrogram: A-Tas 8.231

ZONE 6 Test Room -
I : | : ! : I
i Internal | Internal | Relative | Optional Fixed i
i volume | Floor Area | Crientation | Convection Coef<t. |
ind) I im2) | fdeg.) 1 {W/m2 C) i
------------ el e et BT
£1.2 | I I 2.0 | |
! i ' ! A
| I I I I ! . | !
sur-| Bullding | <rient~ - Slope | area | Shad.| Mean ! Plan | Aper-| Building Elemenrt
face| Feature | ation i T | Feat.| Alti- | Hydr | ture | :
No. | | | } | No | tude ! { no. |
! { ideg.) | /deg.)| ‘m2) b I [ i '
j } i - f | I i ]
' [ : I i ] o [ '1 : '
1| -»>Zone 1| fFlecer i 180.0] 15,38 0 |  2.92% [ i =5, Ceiling. /Upner Floor
2 | Erposed | Zeiling 0.0} 16,39 0 | 5.841 | | 7. Ceiling
3 | Transp. | 90 (Ei - 90.0| 2.44] 2 | 4.37§ 0.00] 13 | 13, w2
4 | Exposed | 90 {E) © . 9G.0]| 7.68] 0 | 4.38] | | 4, External Wall
5 | Exposed | 45 (NE;: 30.0] 3.2¢| o 4.38| ! ! 4. ExXternal Wall
& | Transg. | 0 N} ¢ 80.0] L.74] ER 4.37| G.00| 14 | €. wl .
7 | Exposed | 0- (N} 1 90.0¢ 65.33] 0 4.38| ’ | | 4., External Wall
8 |- ->Zone 13] 270 (W)} i  90,0! T.13) 0 4.30] | | 11. Internal Wall-l
9 | ->Zone 9] 270 (W) | 80.0| 2,174 o | 3.99} 0.004 15 | 19, dz2 .
10 | ->Zone 9] 270 (W) ! 90.0| .77t 0 | 4.69| I | 11. Intermal Wall-l
11 | ~>Zone 8| 180 (S) | 90.0| 5.349] 0 | 4.30] i "1 =-3. Internmal Wall
12 | =>Zone 7| 180 (8) | 90.0]| 0.70] 3 1 4.37] 0.00} ~16 { =15, w3
13 | ->Zone 7] 180 ¢8) | 90.0| 1.63}4 o | 3.99¢ 0.00| =17 | =-14., 41
14 | -»Zone 7} 180 (8) | 90.0] 2.141 0 ! f | <3, Internal Wall
| { I I

4 T4



g) Internal Conditions

Revision: 81
Frogram: A-Tas

Building Name: T1Room
Time: 23:45:28 Date: 23:Mar;02

Building Data File:  TiRoom.bdf.01

B8.31

! l |

| Zone . | Day type | IC -~ Code I Internal Conditions Description i

! . : I _ : i ' |

{ - ' I ' ! | Test Room :

I 6. Test Room | W+5+& DAY | room / 11 i

I ' | | | i

i Tenmp. | Temp. | Prop'l | On-off | Humidity | Humidity } Plant Max. | Elant Dff |

| Upper ! Lower ! Fcn:rol | Control | Upper | Lower | Qutside | Cutside |

| Limit Limit ! | | Limit | Limit | Temp. | Temg. | lInclude solar}

| ideg Cy | {deg C) | ideg ) | {deg 2} | %) Io{% I {deg ) { {deg C) [ fin. MRT {y/n)?|

i i L D LT fommmmmme [—=====m=me = foewmmmm e = [====————- b [==~mmmemmem e J

! 5.0 0.0 | 0.0 | .0 | 0.0 i 0.3 [ 0.0 | 0.0 | ! Yes ]

I ! i | | ' ! | I { |
| Radiant | View |

| OCperating Time Plan:t | Time Plant | Heating [ Cooling I | Prop. | CoefZr. |

|  Period ’ on t Off N (kW - (ki) o | : i f

i R TR I et T S R | | Heating | 0.CC0 & 0.24% |

| o I t f {| | Zocling | 0.000 | G.51%9

f 2 M I | { 1 Lights | 0.450 | 0.490 |

I 3 [ i ! -} { | Occupants | 0.2G0 | 0,227 |

I 4 | [ ! | | Equipment | 9.150 | 0.372 |

i ‘ I I I I I I i

lOccupation|Occupation|Infiltr. |Vertil. |Lighting [Occupancy |Qeccupancy JEgquipment ' |Equipment |

Period jDuration |Air fair |Gain | Sensiple |Latent |Senaible |Latent P
' I Y | . I |Gain |Gain [Gain © {Gain

] | {(hrs) | {agh) ] {achj | {W/m2} | (W/m2) | (W/m2) | (W/m2 ) | {W/m2 ) |

[==mm e | e e e e R = ————— e e T T e e L R L LS L e [ o=

| 1 ] 10. f 2.000 | 0.000 | 3.200 | 3,500 ! 0.000 | 0.000 | 0.000

] 2 | 5 | 0.500 1~ 0.000 | 0.000 | 2.000 [ ° 0,000 | 0.000 | 0.000

I ] 9 ! 2.000 | 0.000 | 3.000 | 3.500 | 0,000 | 0.000 | 0.000 |

] [ | ' I I | ! | {

SET
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k) Output Specification

Rel. Humidity
Oce. Latent Gain
Equ. Latent Gain
Latent Load

Hum. Load

Dehum. Load

Ext. surf. Temps
Int. Surf. Temps
EXt. Surf. Solar

Building Name: TlRoom Building Data File:- TlRoom.bdf.01 Revision: &7
Time: 13:07:02 Date: 24:Feb:02 Frogram: A-Tas 8.3l
|
Zone: f 1 2 3 4 5§ 8 7 8 91011
| : .
Rir Temperature | R )
Mean Rad. Tenp. | L R N I T
Resultant Temp.. | L N L T
Sensible Load | L T « & & w® x &«
Heating Load |
Cooling Load i
Solar Gain | = % ¢ v ek F ok
Lighting Gzin [ T v ok o+ v o=
Occ. Sens. 3zin | * <+ ¢ L T T
Equ. .Sens. 3ain
Inf./Vent. Gain
Air Movent, Gain |
Bldg. H.T. Gain | * + * * » * & & v
ExXtl. Cond. Cpag.|l * * * * * [+ * + x
EXtl. Cond. Glaz.] * * * * x + & + =z =
Humidity Ratio T B R N . A
I B I S A
f
[
I
I
I
|
i
|
;

Int, Surf. Sclar

9t¢C
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_APPENDIX A 4

. AdA Climatic Data fvom Field Stu‘dy {in deg C) for Test Room without Roof Insulation

* Date Time
18-Jun02 12:33 AM
1:33 AM
2:33 AM
333 AM
433 AM
533 AM
6:33 AM
7:33 AM
§:33 AM
2:33 AM
10:33 AM
11:33 AM
1233 PM
1:33PM
2.33PM
3:33PM
4:33PM
5:33 PM
6.33FPM
7:33PM
8:33FPM
9:33PM
10:33 PM
11:33 PM
12:33 AM
1:33 AM
233 AM
3:33 AM
433 AM
5:33 AM
6:33 AM
733 AM
B:33 AM
9:33 AM
10:33 AM
11:33AM
1233 PM

19-Jun-02

133PM

233 PM
J33PM
433 PM
533 PM
6:33 PM
TI3PM
8:33PM
9:33 PM
10:33 PM
14:33PM
1233 AM
1:33 AM
233 AM

. 333AaM
4:33 AM
5:33 AM
6.33 AM
733 AM
8:33 AM
9:13 AM
-10:33 AM

20-Jun-02

M:33AM

12:33 PM
1:33 PM
233 PM
333 PM
433 PM
5:33 PM
6:33 PM
733 PM
8:33 PM
933 PM

10:33 PM

11:33 PM

FIELD DATA
Indoor RH (%)
209 8938
205 R9.8
295 917
204 917
20.4 97
201 917
29.1 938
29.1 938
20.1 93.8
289 398
299 83
30,71 826
31.12 785
3152 79.4
3193 76.8
32.34 7186
3278 752
3276 - 715
3276 78.4
32.76 79.3
3234 81.4
3193 81.4
3152 825
3193 825
3152 825
3112 85
3071 851
30.71 865
3031 865
30.31 865
3031 86.5
30.31 83
30.39 88
3071 85.1
3112 826 .
3193 79.4
31.92 7786
3278 759
3317 737
3359 724
3359 718
3359 707
3317 697 -
33.17 69.2
3276 725
3234 752
3193 776
31.03 785
31.93 794
3152 80.4
312 80.4
31.12 815
31.12 815
307 826
30.71 826
0N 8338
3079 815
31.12 815
31.42 795
3152 776
3152 80.4
3193 76
3234 78.4
3234 76
3276 76.7
3234 745
3234 732
3193 715
3152 746
3152 76.8
3142 785
3142 795

Quidoor -

2791
. 2752
27.52
2752
2752
2752
280
299
303
3112
3193
3317
33.59
34.43
3401
33.59
3359

287
2831

- 28.31
281
28.31
281

3031
3112
3071
3317
3234
392
3152
3485
34.85
3485
3193
30.31

295

29,1

287
28.7

Rooftop
205
291
28.7
287
28.7

2831
287
29.1
285
289
3527
g2
41.05
43.42
43.42
41.99
41.05
38.77
37

3527

34.01
3276
3193
30.71
303

209
295
291
287
263
287

"30.31
3112
24.01
3657
4152
3.9

46.4
24.89
43.42
4152
3967
37.44

357

"34.01
3276
3152
31.92
30.31

299

295

28.7
287
291
30.31
31.93
3276
35.7
37
3443
37

3T

357
37
357
3404
3234
31.52
3071
299
295

3276
32.34
3234
31.93
31.52
352
352
31,12
3112

'30.71

0.7
3031
k)
AN
0.7
.12
3112
3192
3347
3359
o
3443
3143
1.0
3317
17
3276
3234
319

3193 -

EAR:x]

3.52 .

52
31.12
31.12
31.12
3112
DM

e -

3112
31.52
31.93
3234
3234
32.34
3234

‘3276

3234
324

. 3152

31.12
31.12
0.7
3112

4246
42.46
42.48
4152
967
3768
3657
3527
34.01
3347
32.24
Nns3
3192
30.71
30.71
30.31

2090

299
30.71
3193
3278
34,01
35.27
35.27
3527

3527

sz7

3485 -

3401

3276
3112 .

3031
299
295
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. A 4.2 Climatic Data from Field Study (in deg C) (ot Test Room with Operable Roof Insulation at 450 mm

Date Time
23-Apr02 12:08 AM
1.08 AM

2:08 AM

308 AM

4:08 AM

508 AM

6:08 AM

7:08 AM .

8:08 AM
9:08 AM
10:08 AM
11:.08 AM
12:.08 PM
108 PM
208 PM
308 PM
408 PM
5:08 PM
608 PM
7:08 PM
8:08 PM
9:08 PM
10:08 PM
11.08 PM
24-Apr-02 12:08 AM
' 1:08 AM
2:08 AM
3.08 AM

| 4:08 AM
508 AM
6:08 AM
708 AM
8:08 AM
9:08 AM

" 10:08 AM
11.08 AM
1208 PM
1.08 PM

C 208 PM
308 PM

. 4:08 PM
508 PM
5:08 PM
7:08 PM
8:08 PM
9:08 PM
10:08 PM
11.08 PM
25-Apr-02 " 12:08 AM
1:08 AM
2:08 AM
-3:.08 AM
4:08 AM
508 AM
6.08 AM
7:08B AM
8.08 AM
9:08 AM
10:08 AM
“11:08 AM
12:08 PM
1:08 PM
2:.08 PM
3.08 PM
4:08 PM
5:08 PM

- 6.0 PM
708 PM
8:08 PM
908 PM
10:08 PM
11;08 PM

Indoor
2791
2791
2791
2752
2752
2712
27.12
27.52
2712
2752
2791
271

30.31
3031

3o

3112
‘3152
3193
3224
32.34
3234
32.34
31.93
3193
3193
31.52

RH (%)
78
77.2
765
772
773
789
789

762
705
705
715
65.9
627

" 655
66.3
66.7
699
73.9
777
761
769
761
60.3
64.3
658
655
66.6

67
69.2

897

669
685
64.8
62.3
62.3
628
67.4
68.3
703
.72
732

76.1.

769

Cutdoor
2517
2656
2517
2479

244
244
244
2556
2673
2831
295
31.12
3193
3278
3276
34.04
3276
3193
30.71
239
295
291

287"

287
279
2752
26.73
26.34
26.34
26.34
26.73
2712

3031

299
31.52
32.34
337
34.01
3347
34.43
3359
3359
3152
3112
30.74
307

295

291
2831

279N
2752
2595

244

244
2401
25.56

287

295
3071
3276
3347
3401
34:43
3443
3485
34.43
3193
3112
30.71

299

295

291

Rooftop
25.95
2658
2656
2656
2517
2517
2479
2517
25.17
25,56
2595
26.34

27152

28.31
287

Globe
9
2791
2752
2752
2712
T2
2712
2712
712

752

30.31

30.71
3112
3152
3152

L3193

3193
32.34

3193

3183
3193
31.52
31.52
31.12
3112
30.71
30.31
3031

295
295 -

30.3
3031
3071
31,12
352
32,34
3234
3276

. 3276

32.76
3278
3234
3193
31983
31.52

Ceilng
25.56
2517
2517
2517
2517
2479
2478
24.79
2419
2517

2595
2673
27142
2791
28
2831
2834

287

287
281
28.31
2831
281

i8]

‘2752
2752
27.42
27.12
2673
26.73
27.12

279
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A 4.3 Climatic Data from Field Study (in deg C) for Tont Room with Operable Roof insutation at 300 mmn

Date Time
12-May-02 1217 AM
117 AM

217 AM

317 AM

2:17 AM

517 AM

617 AM

717 AM

817 AM

917 AM

1017 AM

1117 AM

1217 PM

17 PM -

2Z17TPM
317 PM
417PM

517 PM-

817 PM
TATPM
8:17 PM
917 PM
10:17 PM
CAEATPM
13-May-02 1217 AM
1:17 AM
217 AM
317 AM
417 AM
517 AM
617 AM
717 AM
8:17 AM
9:17 AM
10,17 AM
1117 AM
1217 PM
117 PM
ZATPM

317PM -

417 PM

517 PM

&17 PM

717 PM

817 PM

© 9T PM
A7 PM

11:17 PM
14-May-02 12:17 AM
, 117 AM
217 AM

317 AM

417 AM

51T AM .

617 AM
TA7AM
817 AM
9:17 AM
10:17 AM
1117 AM
1217 PM
117 PM
ZATPM
317 PM
417 PM
517 PM
617 PM
T:17 PM
817 PM
17 PM
10:17 PM
1117 PM

Indoor
2752
27.12
2712
2712
2673
26.73
26.73
2673
2712
27.52
279
28.31

291
299
0.1
30.31
30N
30.71
303
299
299
295
295
295
291
291

- 291

29.1
29.1
291
287
291
29.1
295
298
30.31
3071
31.12

. 3152

3152
3152
3152
3112
3192
.12
M2
30.71
30.71
30.31
30.31
30.31
30.31

299
295
295
295
29.0
30.31
30.71
3142
3152
3193

1 32.34
3234
3276
3276
32.34
32 34
3112
3112
31.12
30.31

RH (%)
789
828
!
866
as2

.89.8
89.8
2.7
838
993
893
983

963

82.8
89.7
ga
ga
887
g8
898
865
839
881
8s8
89.8
917
aty
1.7
AW
C91.7
M7
238
938
917
89.8

85.1
81.5
76.8
L7716
76.1
793
727
77.7
795

775
793
814
721
74.7
804
795

Outdoor
23.24
244
244
244
2479
2479
2517
2595
2791
291
289

32

32.76
33.17
3359
34.01
33.47
32.76
30.31

201
28.31
27.91
27.91
27.91
27.91
27.91
2752
27.52

2752
2752
2752
27.91
30,31
31.12
3183
3276
3317
34.01
3443

357
3443
3359
3112
3031

299

295

291 -

287
28.31

2791 .

27.52

2752

27.12
2673
279
28.31
30.31
3276
3276
3101
35.27
3527

357
36.57
3485
3359
3152
312
2752
27.12

291
27.91

Rooftop
2517
2479

2479

24.79
2479
2479
2479
2597
25.56
2634
26.73
271.52
2791

Globe
2752
2712
2712
28.73
7673

2673

2873
2673
2112
27.91
2831

287

3031

3071

303t

3031 -

299
295
29.1
291
29.1

287

287
287
28.31
283
281
2791
27.91
28.31
281
295

30.71
31.12
3193
3234
32.76
32.76
32.76
32.34

e

3152
30.71
299




APPENDD( AS METEOROLOGICAL DATA OF DHAKA
‘ . Source: Bangladesh Meteorological Department, Agargaon, Dhaka

A 5.1 Monthly and Annual Ave, Maximum Temperature in Degree Celsius
Year: 1991-2000 '

Year Jan Feb  Mar Apr May Jun J Aug Sep  Oct Nov Dec . Annual

1991 243 289 325 339 318 - 315 321 318 306 31.0 28.3 24.7 - 30.1
1892 240 255 = 325 36.1 335 337 N5 . 319 32.2 31.8 29.4 260 307
1993 245 288 309 33.0 316 317 31.4 309 315 315 - 295 271 30.2
1994 26.1 265 324 332 336 319 320 320 328 32.8 29.9 277 309
1965 25.4 28.0 338 365 346 328 318 325 32.4 328 29.8 263 31.4
1996 25.8 29.7 344 4.9 346 325 328 . 318 338 323 303 27.3 31.7
1997 25.1 27.8 33.1 31.1 337 333 317 327 315 321 304 - 250 30.6
1898 - 2238 28.4 307 327 334 343 317 318 325 331 30.7 28.1 30.8
1999 26.9 312 348 36.0 328 325 - 315 317 316 318 304 271 315
2000 246 = 255 30.9 328 323 325 318 321 32.0 31.1 296 264 30.1
Mean 25.0 280 328 34.0 33.2 327 31.8 31.9 321 320 . 298 26.6 30.8

A 5.2 Monthly and Annual Ave. Minimum Temperature in Degree Celsius
Year: 1991-2000 : .

Year Jan Feb . Mar Apr ‘May Sdun 0 Jdl Aug Sep Oct Nov.  Dec ~ Annual
1981 13.8 175 219 24.4 233 259 26.7 264 257 245 190 150 220
1982 ° 135 16.0 221 - 250 242 265 259 264 - 2641 238 - 186 12.4 217
1993 12.0 167 . 181 227 235 257 262 = 264 256 238 19.2 13.7 212
1994 131 141 21.0 228 253 26.4 26.7 264 258 233 18.8 125 - 214
1995 11.3 15.7 19.3 246 263 26.8 263 . 285 263 240 19.9 13.3 21.7
1986 - 121~ 152 222 240 257 254 287 262 262 . 229 182 - 140 216
1997 11.5 145 211 21.1 246 258 264 266 255 222 1889 14.5 ‘ 210
- 1998 127 1681 18.3 229 253 2841 264 268 26.3 254 206 148 220
1998 12.7 165 210 26.0 251 - 265 26.2 264 259 245 19.0 149 - 2241
2000 14.0 16.2 20.7 235 241 255 265 264 258 244 202 15.1 219

Mean 127 16.9 20.8 23.7 247 - 283 284 265 269 - 238 192 140 a7

1) 74



A 5.3 Monthly and Annual Ave, Maxim'um Temperature in Degree Celsius
Year: 1881-1990

Year . Jan ‘Feb - = Mar Apr May Jun

1981 251 269 304 30.6 319 327
1982 263 273 30.8 328 3486 318
1983 245 . 267 - 314 329 323 329
1984 249 278 345 344 314 309
1985 2622 29.2 340 338 323" 317
1986 265 294 35.0 33.4 338 334
1987 26.7 30.4 331 - 338 349 337

1588 27.2 301 326 35.3 331 320
1989 254 28.8 338 - 36.1 344 329
1990 255 275 288 < B 7 323
Mean 258 284 324 .33.5 33.1 2.4

A 5.4 Monthly and Annual Ave. Minimum Temperature in Degree Celsius
Year; 1981-1990 ‘ '

Year Jan = Feb . Mar . Apr May Jun
19881 133 154 19.8 219 236 26.4
1982 12.2 15.0° 19.1 25 25.0 259
1983 128 14.4 206 226 244 26.1
1984 13.1 15.0 21.0 245 244 258
1885 145 16.1 27 2486 24.1 26.1
1986 13.9 16.3 20.7 227 238 266
1987 13.1 16.4 20.7 239 246 272
1988 136 163 20.7 24.4 248 257

1989 113 15.4 203 250 259 26.3
. 1990 143 17.3 197 227 250 . 267
Mean 132 . 158 20.5 236 248 283

Jul

305
320
319
309

307

31.9
31.3
32.2
321
31

315

Jul

260

26.8
269
26.0

259 -
261

26.4
266

263

26.0

'26.3

Aug

324
309
311
313
318
33.0
319
318

329

321
s

Aug

264

26.1

26.2
26.2
268

266

265

269
269

269

26.5

Sep

317
32.1
311
314
3138
312

322

330
32.0
320
319

Sep

261

258
262
254

259

252
265
287

261
263

26.0

323
320
306
318

325

31.4
324
327

- 35

30.2
31.8

Qct

235

233
23.8

" 2586
1238

23.2
243
23.8
245
236
24.0

Nov

30.0
280
303
208
302
29.5
302
305
302
298

. 299

Nov

181

179

194

18.5

118.9

19.8

201 .-
18.6 -

18.8
216
193

25.5
256
259
26.8
28.0
271
273
27.4
26,6
26.5
26.7

13.6
13.7
141
14.7
15.3
16.2
15.2
18.0
13.3
16.0
147

Annual

300 -

30.3
30.1
35
31.0
313

35 |

31.5
314
30.0
30.8

Annugi

21.2 -

21.1
21.4
21.7
220
21.7
22.1

© 224
21.7
222
217

74



A 5.5 Monthly and Annual Ave. Relative Humldity in Percent
Year: 1991-2000 :

Year . Jan Feb Mar Apr

1991 71.0 66.0 66.0 71.0
1992 76.0 71.0 63.0 69.0
1993 730 69.0 620 . 700
1994 730 69.0 680. 710
1995 67.0 700 580 66.0
1996 730 87.0 67.0 70.0
1997 70.0 64.0 67.0 75.0
1998 770 88.0 840 750
1999 720 - 850 58.0 69.0
2000 72.0 61.0 630 730
Mean 724 67.0 63.6 709

A 5.6 Monthly and Annual Ave. Relative Humldlty in Percent
Year: 1981-1890

Year Jan Feb Mar Apr

1981 - 7.0 68.0 66.0 77.0
1982 69.0 630 64.0 73.0
1983 73.0 64.0 70.0 730
1984 69.0 62.0 570 - 710
1985 710 60.0 70.0 75.0
1986 720 590 56.0 75.0
1987 730 65.0 86.0 75.0
1988 720 680 9.0 74.0
1989 9.0 640 580 680
1990 780 700 730 770
Mean 7.7 843 650 738

May

85.0
76.0
80.0
77.0

. 76.0

780
770

-78.0

79.0

780 -

784

May

. 790
740

80.0
84.0
790
76.0
75.0
81.0
79.0
80.0

78,7

Jun

86.0
80.0
83.0

- 830

820
83.0
820
81.0
83.0
80.0
823

Jun

81.0

86.0 .

85.0
86.0
85.0

83.0 -

83.0

85.0 -

82.0
84.0
84.0

Jut

840
84.0
85.0
80.0
84.0
84.0
86.0
87.0
86.0
80.0
84.0

Jul

890

BS.O
850

- 870

86.0
850
89.0

85.0

85.0
88.0
864

Aug

840
- 820

85.0
82.0
83.0
85.0
84.0
86.0

. 840

81.0
83.6

Aug_

84.0
86.0
87.0

- 86.0

840
83.0
85.0
85.0

80.0

83.0
84.3

Sep

890

80.0
84.0
79.0
84.0
83.0
86.0
85.0
84.0
81.0

835

Sep

84.0
84.0
88.0

-83.0

84.0
B6.0
84.0
820

860
850

848

Qct

83.0
790

820

77.0
81.0
80.0
780
82.0

. 830

820

- 80.7

Oct

- 71.0

78.0

' 85.0
£ 79.0

750

81.0°

780
78.0
82.0

- 79.0

78.6

Nov

720
740
79.0
75.0
79.0
76.0
750
780
76.0
730

78.7

Nav

67.0
- 76.0

70.0
69.0

710

79.0
740
75.0
74.0
76.0
73.4

Dec

76.0

75.0
750
720
77.0
720
80O
770

70

63.0
744

Dec

720
740 -

73.0
720
710

'76.0

76.0

79.0 -

730
720
738

Annual

78.0
76.0

77.0 -

760
76.0
77.0
77.0

- 780
76.0
74.0
765

Annual

76.0
76.0
78.0
75.0
.76.0
76.0
77.0
78.0
75.0
79.0
76.6

e



A 6.7 Monthly and Annual Rainfalt in Millimeter
Year; 1991-2000 .

Year Jan Feb Mar Apr
-1891 . 270 8.0 460 - 53.0
1692 10 47.0 00 250
1893 ~ 00 520 88.0 113.0
1994 130 54.0 115.0 201.0
1995 80 310 0.0 B8O
1996 0.0 21.0 . 540 189.0
1997 20 7.0 136.0 133.0
ige8 49.0 4.0 83.0 - 1780
1908 0.0 0.0 0.0 21.0
2000 13.0 44.0 172.0 '189.0
Mean 1 27 ' 69 120

A 5.8 Monthly and Annual Rainfall in Millimeter
~Year: 1981-1990

Year  Jan  Feb Mar Apr

1881 100 420 1080 2740
1982 00 150 . 810 104.0
1983 70 610 138.0 3180
- 1984 130 10 5.0 1240
1985 8.0 1.0 195.0 176.0
1988 220 0.0 230 247.0
1987 40 0.0 330 2300
1988 00 440 740 2820
1889 00 = 320 0.0 -85.0

1980 . 00 360 1510 1540

Mean K 23 B1 . 198

May

529.0
153.0
556.0
254.0
2640
208.0

21310

405.0
428.0
471.0

342

May

2720
154.0
3480

7070 -

000
191.0
109.0
513.0
228.0

202.0
302

Jun

320.0

1320

-504.0

266.0
237.0
343.0

2480

91.0
3480
183.0

267

Jun

168.0
5140
300.0
637.0

399.0 .
3040

3160
580.0

319.0

29.0
357

- Jul

318.0
386.0

4210

153.0

3540
2570
- 549.0

521.0
5583.0
200.0

N

Jul
356.0
136.0
179.0

694.0
262.0

' 443.0

526.0
255.0

3470 .

567.0
377

‘Aug

345.0.

182.0
432.0
246.0
360.0
361.0

- 2300

552.0
282.0

363.0 -

335

Aug-

188.0
346.0
437.0
311.0
317.0
171.0

462.0 -

169.0
59.0
2270

268

Sep

6920

158.0
417.0

169.0

205.0
2440

4400

26.0
361.0
214.0

293

~ Sep

320.0
258.0
3220
478.0
306.0

' 687.0

363.0
186.0
305.0

. 247.0

348

Oct

392.0
83.0

2170

55.0
91.0
357.0
300
100.0
368.0
2720
197

Oct

820
146.0
253.0

58.0

1790

237.0

1040

213.0
240.0
181.0

158

Nav

14.0
20
19.0
14.0
1120
0.0
1.0
83.0
13.0
0.0
26

Nov

- 9.0
510
25.0

0.0
0.0
172.0
183.0
0.0

103.0
62

70 .

106.0
0.0
00

© 00
1.0
0.0

220
0.0
0.0

.00

13

Decr

350
0.0
18.0
0.0
100
30
330
3.0
12.0
8.0
12

Annual

2850.0
1168.0
2818.0
1540.0
17510

20440

1950.0
2312.0
23740
2121.0

2093

Annuai

1865.0
1805.0

24140

3023.0
2053.0
2500.0
2187.0
2482.0

' 1627.0
2103.0

- 2208

£V



A 5.9 Bright Sun Shine Hour

Year: 1987-2004

Year

2001

2000
1999
1998
1997
1996
1995
1994
1993
: 1992
1991
1990
1989
1988
1987
Mean

A 5.10 Monthly Prevailing Wind spead and in meter/second and Direction

Year: 1981-19980

Year

1981
1982
1983
1984
1985
1986,
1987
1988
1989
1990
Mean

Direction

Jan -

7.94
6.14
7.21
4.14
5.19

7.24

7.16
6.92
6.30
6.24
6.60
7.50
8.40
8.10
8.50
6.91

Jan

1.4
1.4
1.7
1.2
13

12

1.6
1.3
1.8
1.3
14

NW

Fab
7.19
5.99
7.47
6.11
7.45
9.54

821
~ 7.60

7.40
6.88
7.80
B840
8.0
8.10

8.80
-7.60

Feb

1.8
17
2.7
1.7
2.1
1.5
1.7
1.5
23
1.8
1.9

N

Mar
8.75
8.52
8.28
8.14

LT.74

8.77

7.33

1 7.80

7.02
7.7
6.2
8.4
8.2
8.3

7.93

Mar

28
14
31
2.1
2.5
24
23
25
1.8
32
24
sSW

Apr
8.55
8.49
8.36
7.32
7.34

.. 872 .
7.73

B.49

738
- 7.80

7.74
7.03
7.30
8.40
7.60
7.50
7.87

Apr

25
a2
26

29°

2.4
3.0
27

27

33
33
2.9

SW

May

6.07
5.20
5.49
5.79
7.64
7.48
6.62
7.21
6.20
7.14
374
6.50
6.90
6.70
9.10
6.52

May

2.2
3.0
1.9
2.2
2.2
1.8
2.5

3.2

3.1
2.0
24

S

Jun
3.85
4,56
497
6.84
5.57
450
4.74
4.51
5.50

- 6.08
- 316

4.50
§.90
3.80
5.80

498

Jun

2.0
25
2.4
26
2.1
1.7
23
22
2.5

25
23
SE

Jul
455
5.03
3.85
2.81

- 4.13

373
4.01
5.08
4.10
4.01
3.99
3.90
4.70
4.50

3.10.

4.10

Jul
2.1
2.4
2.4

- 241

1.8
22
2.2
23

C 2.2

23
22
SE

Aug
5.08
478
3.85
3.66
4.84

. 3.58

4.37
537
3.60
4.80
4.92
500
6.90
3.90
4.90

4.64

Aug

1.4
2.5
2.5
24

56
20 -

21
23
1.9
2.2
2.2
SE

Sep
465
4.55
3.54
4.30
4.60
5.40
3.86
6.18
4.70
566
272
4.80
4.10
6.10
5.50
4.7

Sep

1.9
21
22
1.9
1.7
29

1.9
20
22

2.4
24
SE

Oct

560

5.75
5.24
5.81
8.48
7.82
6.85
7.08
5.80
6.40
5.42
6.40
6.10
8.30
8.30

- 8.62

Cct

1.8
1.1
20
1.8
35
1.3
1.7

18

1.9
3.9
2.1

N

Nov
6.19
7.99

8.02

7.15
8.04
8.30
6.61
6.14
7.40

7.20

7.41
7.30
8.80
7.70
7.60
7.32

Nov

15
12
1.8
1.3
1.5

1.0

1.4

12
13
13- .

1.3
NW

2.0

Dec
7.19
8.18
7.39
9.10

562 .

6.55
6.87
7.30
7.50
7.00
576

"7.30

7.10

" 7.40
8.30 -

7.24

Dec

1.4

1.5
1.9

1.8
1.5
1.2
1.4
15
1.5
1.8
NW

Annual
T 6.30
€.26
€.14
5.93
6.22
6.80
6.13
6.51
6.18
6.36
5.53
6.26

7.05
6.70.

7.15
8.37

Annuat

1.88
2.00
2.24
2.01
210
1.89
1.96
2.03
2,15
2.31

2.06

vz
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