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ABSTRACT

The roof is the main element of a building that has much eJl:posure to the sky and
therefore it is the most appropriate location t('r a nocturnal radiator. High mass roof with
operable insulation of concrete provides the functions of cold collection and of storage in
one element. Roofu are usually insulated to minirni7..eheat loss in winter and minimize
heat gain in summer. As the radiant loss takes place at the external surface of the root: the
insulation minimizes the actual C(x,ling that a building can utilize from the nocturnal
radiation. If these roots C(,u1dbe equipped with operable insulation that C(>vcrthe T<x,f
during the day and expose to skl' during the night, the T<x,fswould function as effective
nocturnal radiators and cold storage elements. Therelore this type of radiant cooling using
operable insulation is etlective in providing daytime c(lOling in almost any region,
preferably with low cloudiness at night, Tt.-gardlessof low humidity.

The impact of solar radiation affects the thermal behavior of nx,f more than any other
part of the structure especially in Tropical C(mntries. In Bangladesh most of the buildings
in urban area have tlat C(mcrete fIX'!: lbis roofs as e".posed to direct solar radiation
elevates indoor temperature usually above the local C(,mt(,rt level in summer. Active
means of c(lOling is generally very eXJlCDsiveand in high ambient temperatures usefulness
of ceiling fun is greatly reduced, particularly on top tllx,r of the buildings. lbus, the thesis
investigates the potential of using Operable Roof Insulation over C(mcrete nx,ts as an
alternative method of passive C(X,ling by studying the thermal Jll-"'ft(mnanceand its
intluence on energy use in the conte"i of Dhaka during hot months of the year.

The problem was approached first by a survey of published inlormation that provided the
knowledge base t('r the research and intorm about the state of the art with regard to
passive cooling systems t(,llowed by Problem Modeling, which was a C(,mbination of
Simulation study and Field study. The studies were conducted during the month of April,
May and June of 2002 representing hot-diy and hot-wet period; which are obviously most
significant in terms of climatic severity.

The simulation studies were pert(,rmed to appraise the etlects of insulation and other
parameters over time and to investigate aspects, which C(,u1dnot have been derived from
the field studies. In the wurse of field work, a test nx'm was selected at the top Jloor of a
tour storied building to establish a base case on which the proposed nx,f system was
applied and pertormance evaluated in .relation to local C(,mt(,rt temperature range. lbe
study involved simultaneous recording of envimnrnental data, such as air temJll-Tature,
radiant temperature, humidity, ceiling temperature and .moftop temperature l(,r two
situations, first without operable nx,f insulation system and then with insulation by
programmable real time 'Data Loggers'.

The significant findings of the thesis are concerned with the etlect of operable nXlf
insulation in the test room in terms of indllOr c(lmt(,rt by nocturnal radiative c(xlling and
thermal perl(,rmance of operable T<lOfinsulation. Results indicate that there is a
considerable potential t(,r nocturnal c(loling and the thermal perfhrmance of operable nXlf
insulation significant with respect to uninsulated test rlXlm C(,ndition. Simulation studies
and the Fieldwork jointly provide the basis t(lf design guidelines fhr operable roof
insulatilm. It is expected that these guidelines will reduce ellect of solar radiation and
pn'mote radiative woling option to create a comt(,rtable indlx,r space.
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1.1 INTRODUCTION

The roof is the building component most exposed to the climatic elements. The impact of

solar radiation particularly on clear days, the loss of heat by long wave radiation during

the night, all affect the thermal behavior of roof more than any other part of the structure.

Under warm ambient conditions in the tropies, 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 (specially in Dhaka) usually have

fiat concrete roof and generally fixed insulation is applied 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. ln such a

context the need to develop passive means of solar control 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 and 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 long

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 losing 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 daytime, 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.
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\
penetrating into and generated inside the buildings interior during daytime hours (Givoni

I998)(Goulding et ai, 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 STATEMENTOF 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 .Iow investment and high

maintenance and the general construction materials mud, bamboo, thatch etc. These

houses are extensively 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 (Mallick, 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 (Kocnigsberger et aI, 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 to provide protection. This problem is more intensifies

in top floors of the buildings where roofs are exposed to direct solar radiation.

Modem construction in urban areas of Dhaka is characterized by extensive use of brick

and concrete. High-rise buildings are being constructed to accommodate ever-increasing

population. Although air flow is an important consideration but due 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

radiation in association of sol-air- temperature I heat up the interior of the upper floor well

I For buildJng design purpose it is useful to combine the heating effect of rndiation incident on n building wiUI the effect of wnrm olr.
TIus can be done by using the so)-()ir-tempernture concept A temp ..."mturo wIlle is fmUld which would cre3tc the smnc thermnl elR'd as
the incident radiation in t)1ldtion, and is added 10 the air tempernturc 9kocnig.'lhcrtz,t.-r ct fit 1973): T. =T" + (I+n)/ f"
where T~=-sol-.air-temperaturc in "C. T"=outside nir tempcrnhtre in "C. 1= rndifllilm inlcnsity in \V/ml, 8 = amtl'J'hancc of surface.
Co= surface conductance (outside) in Wlm2 des C
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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 many cases flat concrete roofs as cast are not graded properly for

water runoff, therefore some roofs have a 75mm layer of lime terracing to grade it. This

provides some degree of insulation but may deteriorate substantially after 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

Insulation 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, a maximum of2 °c (lmamuddin et ai,

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 laid over concrete

roof The room temperature of 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 experiment 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.
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Roofs are usually insulated to minimize heat gain in summer and heat loss 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 .insulationcan 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 ROOfInsulation over

concrete roofs as an alternative method of passive cooling specially .inhot- dry and hot-

wet season of the year with the following objectives:

• To study the potential role of Nocturnal Radiative Cooling technique in Dhaka.

• To evaluate the thermal performance of the Operable Rooflnsulation in Dhaka.

1.3.2 Simulation Study

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

parameters over time and to investigate variations 111 parameters not covered by
. : , . ..

•
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local comfort temperature range. Temperature data (ambient and radiant temperature)

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 lield 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 alter the characteristics

of the physical environment to create comfortable indoor space.
The simulation studies and the fieldwork jointly provided the basis for desil,,'nguidelines.

1.4 STRUCTUREOF 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 chapler illustrates the Performance of roof insulation and its impact in the test room

by simulation study. Here a detailed description of the software used for simulation is

given. Furthermore detailed descriptions of the test room including material thermal

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

1-.
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results in three different conditions are 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 previous 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 illustrated in Figure 1.1.

1
1.5 SCOPESANDLIMITATIONS

f
The main limitation (but also the opportunity of the research) is the lack of systematic

studies in this particular field of knowledge with regards to Bangladesh. While a number

of studies have been carried out in hot and dry regions 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 installation was not airtightO
• 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 lower skin of the insulating

membrane was not measured in isolation due to 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.
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2.1 INTRODUCTION

Now-a-days urbanization is taking place at an' extremely rapid rate because of incre.asing

population. This rapid urbanization sometimes may lead to seVl-'Teproblems associated

with environmental deterioration, lU1he.~lthyliving conditions, shortage of energy, watcr

and increased cx'posure of the population to floods or ex1remc winds specially in the

countries where natural calamitie.~ are recurring phcnomcna. If climatological

inll)rmation, principles and ex-perienceswere incorporated in the planning of rapidly

growing urban areas, most of the above problems conld be solved. (KlInnakar and

Khatun, 1993) Urbanization has impacts on urban climates (Oke, 1979) (Landsberg,

1981); rapidly growing buildings, industries, roads etc. in urban areas have effects on

Radiative coolinglheating, precipitation, fogs, visibility, wind direction etc. The type of

materials and design of bnildings, the drainage system all dl.,'pendsvery much on climatic

elements and their ex1remevalues.

The elements and components fonnulating the landscape of cities affect thc regional

climate through a complex interaction generating distinct microclimates. The changed

climate due to the pressure of the city can be broadly tenned as the microclimate of the

city. The city with all its built !l)rmand anthropogenic activities having own mechanistic

interpretation creates peculiarities within the climate substantially different from the

regional climate (Ahmed, 1994). Proper environment evaluation at an urban scale can be

made possible by appropriate appreciation of tlle environmental characteristics al a

regional scale. Based on the human cOrntl)rtissue, the following chapter analyses the

climate of Dhaka in tenus of its problems and potentials. Furthcrmore this study will help

in identilymg local environmental particulars having strong local deviations and at thc

same timc those, which are congruent with that of the regional patterns. TIle designers

and planners must 'consider the climatic factors and the extreme values of climatic

elements before commencing any constructionprocedure.

2.2 MICROCLIMATE OF DHAKACITY

The city of Dhaka lies between longitude 90"20" E and 90"30' E and between latitudes
~ _. -

23"40' Nand ' 23"55', N at the southern extremity of the Pleistocene Terrace of the

Madhupur Tract. The city is surrounded on three sides by rivers and low 1100dplains of
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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). Seasonal characteristic of winter is cool-dry, pre-

monsoon is hot-dry, while monsoon and post-monsoon is characterized by hot-wet

environment.

Due to 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 ai, 1973); as a result climate characteristics of Dhaka

city differ from other cities of Bangladesh. This fact is more pronounced in developed

nations where physical 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

congruity 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 April. During

June to September (monsoon period) mean maximum temperature swings between 25°C

to 26°C and average temperature remains steady at 28.6"C. In winter the temperature
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drops to an average of 18.6"e while Illean IllIIllllllllll IS 11.7 "e recorded ;n January
"," '~."..

(Table2.1 ).
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Figure 2.\ Dhaka City with it'sSurroundings

Source: www,dcshimaps.coll1
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Table 2.1 Air Temperature Profile of DhaKa City (Year J 950-19XO)

Mar.1 Aor I May .iun I .iul I Aug 1 Scp Oct 1 Nov Dec I .Ian 1 Feb Ann

Pre-Monsoon , Monsoon Post-Moil Winter

Mean Max. ,

'Temo. ee) 32.6 34.5 33.0 31.4 31.0 3 1.1 31.4 30.R n.7 26.0 25.5 28.5 30.4

Mean Min. 19.7 23.5 24.8 25.8 26.2 26.1 25.9 237 IB.2 13.3 11.7 14.5 21. 1
TernD. ("C)
Ave. Temp. 26.2 29.0 2R.9 n.6 28.6 n.6 2B.6 27.3 23,S 19.7 1B.6 21.5 25.H

eC)
Source: Clirn<llc division. Bangladesh Meteorological I)cpmtIllCIl!, I\gnrgaon. Dhaka, 2002

~.' :~.,~"."'.. . -.-

http://www,dcshimaps.coll1
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The temperature profile of the next decade (1981-1990) shows a slight fitll of highest

monthly mean maximum temperature by I °c in ApriL Fluctuation of average

temperature in monsoon period is observed. Mean minimum and average temperature in

January has increased by I.S °c and 0.9 °c rcs{X-'Ctive\y. Again increasc of annual

temperatures in all thrce categories sh(luld be taken into account.

T:l:.k~ 2.2 ,Air Temperature PrnHic of Dhak:1 City (Y car 19NI M 1(90)

-------
~Ial' I Aol' I May .lUll I Jul -fA.;c T Sell 0"1 I Nov Dec I Jail I Feb -}~nll

f----
r'rc-l\iom:oon .Monsoon Po.."t-Mon Wiiller

Mc.m Max. 32.4 33.5 33.1 32.4 31.5 31.9 31.9 31.8 29.9 26.7 25.8 28.4 30.8
Temp. tC)
McanMin. 20.5 23.5 24.6 26 ..1 26 ..1 26.5 26.0 24.0 19.3 14.7 1J.2 15.8 21.7
Temo. (oC)
Ave. Telllp. 26.5 28.5 28.9 29.3 28.9 29.2 28.9 27.9 24.6 20.7 19.5 22.1 26.5

("C)
Source: Climate divi.,ion. Bangladesh Meteorological Department. Agargaon,. Dhaka, 2002

'1l1e more current' <htta for the year 1991-2000 indicates some changes in magnitude of

data Jrom the prcvious scts of data. Prc-monsoon pt.'liod accounts 1•.1r higher maximum

average temperature, while in April it is highest (34.0 "C) and the overall temperature

profile of April has increas •..-d by .4 "c as compar •..-d to tcmperature profile of the previous

decade. Meall maximum temperature in monsoon period indieates relatively higher

temperaturc regimc of ovcr 3 I "c as compar •..-d to prcvious onc. In cold season, cs{X-'Cially

in January the average temperature is recorded as 18.8 "c and the mCllllminimum is 12.7

"c I",r thc same mont11. Annual tcmperaturc pro/ilcs Ji'r both decades arc of samc

I11llgnitude (rable 2.3).

Table 2.3 Air Temperature Prolite "rDhllka City (Yellr 1991-2000)

Mar AIlI' I May JUll I Jul I Aug I Sen Oc1 I Nov Dec 1 J,m I Feb AmI
Prc-M.ono;oon Mon-mon Post-MOll Winter

McanMax. 32.6 34.0 33.2 32.7 31.8 31.9 32.1 32.0 29.8 26.6 25.0 28.0 30.8TClllo. (oC)
Mean Min. 20.6 2.1.7 24.7 26 ..1 26.4 26.5 25.9 23.9 t9.2 14.0 12.7 15.9 21.7
Temp. (OC)
Avc. Tcmp. 26.6 28.9 29.0 29.5 29.1 29.2 29.11 28.0 24.5 20.3 18.8 21.9 26.2

("C)
&mrce: CJuunte divlSlou .•Rmgl.ldes.h Metet.lrologJ(~<lJDqnu1ment. Agargaon, DhaJ...-a,2002

Figure 2.2 shows the monthly nleun maximum and minimum temperature profile for three

timc span as I<)SO-I 'JHO, 1981-1 <)')0 and I<)91-2000; what is important is the Jact that thc

anmml average temperattlres of last two decades has iucrcased by .SoC from 1950 to 2000
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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.

&lI.U'Ce:Climate divi~i~m.Banglade~hMetCt.'lfologica1.Depurtnl\.'Jlt. Ag.lrgatm,. Dhaka. 2002

Based on the supplied data by Met. Office, highest ever maximum temperature in Dhaka

was 42.3 "c, occurred on 30 March I962 and the lowest ever minimum temperature was

4.5"C recorded on 18February 1953.
Overheating is a growing environmental concern for Dhaka. The problem is best

illustrated by the probabilistic estimates based on data collected over a number of years.

Probabilistic Extreme estimates I for Dhaka predicts monthly highest maximum

temperatures in April as high as 39.1 "c, 40.2 "c, 41.0 "c (in I year out of 4 years, 10

years and 25 years respectively), while the lowest minimum temperature in January are

7.4 "c, 6.4 "c, 5.6 ~C (in I year out of 4 years, 10 years, 25 years respectively.)

(Karmakar and Khatun, 1993): Recent meteorological observations in the pre-monsoon

period a temperature 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.

I The period of observation is from 1%1-'90. lbe probabilistic extremes arc bnscd on the ~tion Xl~ x:f:: Z.O' where Xl is

probabilistic estimate of the climatic variables, X is the mean value of the climatic "arinblc. z is the standard deviation and represent 7.

score or factor forthc timc scale. See Karmakar and Khatun (1993) for detail.

•I:
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2.2..2 Rclath'c Humidity

Relative humidities being a function of prevailing temperature are found to be inversely

related to the urban h~t island2 intensity. Higher temperatures yield lower relative

humidity level (all other conditions remaining thc samc). Humidity also varies depending

on the density or the sWHmnding buill 1"lTlle.g. ill Motijheel ar~, a major commercial

district, a pocket of low humidity was observed in January whcre .the heat island elTt:ct

was maximum (Ahmed, 19')5). The inverse relationship bctweell relative humidity and

temperature exists in heat island and wann pockets located away Irom water bodies.

Warm pockets adjacent to Buriganga river have "lUnd high relative humidity.

Investigation done by Hossain and Nooruddin (1991) indicates 2-4% in annual average

relative humidity between Dhaka and adjacent rural ar~s.Another study indicates that

with 50% impervious covcr, runoff increases 200% compared with lTlflll conditions

eoneludes tllat urban hwnidity near the surface decreases due to thc rapid run-on"

(Ahmed, 1994).

Urban, subw'banand rural relative humidity exllibits a marked diurnal variation and

generally decrcases towards city center. During the aflemoon in the dry seasons

.dillcrcnee may be as high as 12'X. (Oguntoyinbo, 19l!4) and nocturnal dillcrencc can be

as high as 11% in the same scasons.

T"ble 2.4 Monthly and Annu,,1 Me"u Uelative Humidity of Dh"lm City ti" the Year
1950-1980, 19111-1990 al\(I 1991-2000

SQurce: CII[n;llc (jI\'L'ilOn, IJanf',lad~h Mc1,eowlogIClll Dcp,ar1mcnt. Agl"ng:Jon., Dflaku" 2002

Mllr I Apr I MIIY .Iun I .Inl I Aug SCt• Oct I Nov Dec I .Il1n I Feb Atln
Prc.:-MoIL~OOII Monsoon _J'o~!--~OI1 Winlcr

- --- . ~._.~. ~..._-- .... _._._,- -_._._--
Me"n Illi
Ii,.. 50-80 61.0 70.0 79.0 86.0 86.0 86.0 85.0 81.0 75.0 71.0 69.0 63.0 76.0

(%) _ ..
Mean

RH for 81- 65.0 73.& 7&.7 &4.0 &6.4 &4.3 &4.6 78.6 73.1 73.& 71.7 64.3 76.6
90 (~'()

Mo.,n nn
Ii" 91-00 63.6 70.9 7&.4 82.3 . 84.0 83.6 83.5 80.7 75.7 74.4 72.4 67.0 76.5

(%) ..

2 Ilmlt i~lmlll p11t"llImll"lll ml1 llll~ n~!I'lllllfllll111l1/Illm1 '~II\~ll',Yll<llarll:~"I1ml ",llIllilily ,IIITI~1111ll:~'1l.wltiell IIlllllll 1;1~}(hWI'~Iini.~l'mll IUII111I,f
lIellt !'Iurlilcc COOllll~ :m.1 wlumlllB (I.A.."C,19791 (l"Jkc IIl1d Ma:",wcll" 197Y, (Unwin., 19~O). 'I1IC "if ill tile urblill CJmopy i.'J u!JUally
wmlm~ IhilJl IIml in the SIUHlIUItl.in~CUlUll'J}'tli~k This lu"hau he,ll isl<lud dT~cf is p:wlMbJy h~,th lhe clearest ami the hest~dl'ICIDlteilted
example l,f illllllvmft.'lll clUll,lle lIlodjficnliou. 1111}eX,lct fllllll and Si7..(lof'this pheIlOllll,,"1lOtIvmics in lime anti space as a result of
tru.1.cowlogical" locaLion~( aud urbml ch.arucLcri.'11ics.
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According 10 dllill provided by Ihe mcleorologiell! oDicc of Dhllkll, il hils been found that

the mean annual relative humidity between years 1950 to 1980 is 76%. Relative humidity

is highest in monsoon SCIlson (86%) and comparatively low in winter season, while

lowest hcing in March (61%). However, data .I(l(' the next d<.'Cadeindicates rise of annual

relative humidity by .6%, while during monsoon it deerCIlses by almost 2%. Mean relative

humidity is lowest .lbr the month of Fehruary. From other set of data Ibr the period

between 1<)<) I to 2000 the same souree shows annuli I drop l'Tom the previous decade by

.1%. '(be highest and lowest monthly mean values arc 84% and 63.6% designalt-'t1 to July

lind March respectively. Interestingly excepl the middle pl:riod in othermstllnccs the

lowest value or relative humidity is obseTV<.'t1in March, which .is in pre-monsoon season

(Table 2.4). "111ehlID1idity profile of all these Ihree time-spall illustrates the magnitude in

almost same nature (Figure 2.3).
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2.2.3 Rainfall

Aller a relatively dry winter, Dhaka remam$ under the grip of monsoon .lrom June to

Seplember, a period that brings torrential rains. More than 75% of lllJlllllll minfil1l occurs

in thi$ period (Hos$ain and Nooruddin, 1993).
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Table 2.5 MonOlly and. Annual Me"n Rainf:,ll o[Dhaka City for the Year
1<)50-1980,'1981-1990 and 1991-2000

Mar I Apr I May Jun Jul Aug Sep Oct Nov Dec Jan 11'00 Ann
J>rc~MoJtwon Mon~oon Post-MOll Winter

Mean Rain/all 69 120 25g 397 3g6 326 264 158 26 g 12 20 2044Ii,. 50-80 (mm)
.

Mean Rnii1lilll 81 1')9 :102 :157 :177 2(lf) 34K 159 52 12 (, 23 220(,li)f 1(I.~)()(mm)
..._ ....__ ._-""., ..._. - . .... ..~.-.,--- . - .. -- .... __.. ... "_ ... _ .._ ...•._' .. -'"' -.-- ..- ---.--- -

Menu 1~~linti.'11 69 120 342 267 371 335 293 197 26 13 II 27 2093li,r 9 I-<JO(mm)
Source: (.'IIn-al,e dIVl!UOn,. nanghulc~11MelcorologlclIllkpar1mcnt,. Agargnon.. Dhaka,. 2002

TIIC 10wl anmwl average rainfil1l for above thrce-time span exceeds 2000 mm, where

highest rainlall (2206 mm) oecurn,-d between 1981-1901(rable 2.5). According to the

monthly average total rainfall dala (1950 - J 980), rainlilll varics bctwet-"tl397 mm to 264

mm during the lllonth of June and September respectively, while the minimUlll is

rccorded in DI.,'Ccmbcr(8 mm). Thc ncxt sct of data for thc time span between 1981-1990

indicates the same paHem of rainlilll with highest intensity in monsoon period with

highest monthly avefllge in July (377 nl/n) and lowest in January (6 mm). In both cases

one inontil shilling is observed. From more current data compiledbetwcen ]991-2000 it

has becn observed some fluctuation in rainllill belween May and Scplcmbcr (Figw.c 2.4) .

.nle magnilude of highest monthly average rainfall has changed but the time hasn't

altcred; wherc thc maximum prceipitation level in Dhaka eily is in thc month of July (371

nIDI) and the minimum in January (II mm). So. in three inslI.lnce mOnSlX11laccounts tor

hcavy flIinfall which is far above than other scasons and c1carly evident in Figure 2.4.

Some of the extreme values can be presented here- the ever highest rainfall of 24 hours

oceurrcd on 14 July I'.156where the magnitudc was 326 mm, while thc hCl.lvicstflIinfaU of

1 hour was 85 mm recorded in 3Mareh 1%1.

Higher prccipitations in comparison with thc rural surroundings havc been reported in

Dhaka. 11lis has been attributed 10 a phenomenon onen observed in large urban areas. In

such circumslances the air rises (due to inereascd buoyancy of thc hCl.ltedurban air) to the

upper layer of the atmosphere, where the parcel of air cools until it Can no longer hold

moister and prceipilatcs (Hossain and Nooruddin, 1993) (PadamanblullllUrty and !Jahl,

I,)X4) (Cleiger, I% I).



17

...... _._ ..__ . ---, ---_._.~'_._--,

r.-- _- .
I

Mar Apr May Jun Jul

450
400

.350

300 E
250 .s
200 ~

150 ~

100

50
o

Aug Sep Oct Nov Dec Jan Feb'l I'~Me.anRainfall for 1950-'80 (mm) -0- Mean Rainfall for 1981-'90 (mm)
-A- Mean Rainfall for 1991,'00 (mm) ,

.,......:.-- .....: i:igi';;:'; i4';ii,~.ii;,i;;li,III;;;)iii~i;i'.i)i;~i.;;.~ii:~:...:-.::::=:.::=:.:==-...::::=-...::::.:__ ._-

Source- Climate divi910Tl, HIJIII;lmlc~hMcI~"(,lOlogic/lll.>epartmclll. Agltrguon,. Dhaka. 2002

Rainfall IS one of the most important causes of internal flooding in Dhaka city and

requITes serious attention. This is due to the laet that large imperrneable surfaces of the

city create substantial runolf, while the existing drainage systems arc incapable to cope

with such magnitude of precipitation.

2.2.4 Wind Speed and Direction

lbe increases in surface roughness within cities cause reduction of wind speeds; mainly

during the day (Jauregui, I ,)S4). The variation in wind speed betwccn meteorological

station and site will depend largely on ground cover and topography. The wind specl1 is

usually measured in nat open location (e.g. airport) at a height of 10 meter above ground

level. To convert this to an equivalent wind speed at 3 meter in /lat urban or sub urbllll

locations, the wind speed mUst be lI1ulliplied by a reduction lactor as shown in Table

2.(':1l1is table illustrates the average reduction ("ctor within dwellings with open windows

lacing the wind. These reduction lactors will only give an approximate indication of the

likely variation and will not be applicable in heuvily buill-up areas, .close to high-rise

buildings or major obstructions.



]8

T;lhlc 2.() AVCnll$ rc(.hl(:lioll nU.~lor~l(lT Wind in dirTCrcI111()c;lli(ln~

. .. . ... __._.._._--.~._..~..~_.,._----_._--------------
Height Location Terrain

10m

3m

,In the open
In building with croo..~ventilation
In'building with ventilation

In Ole (1)(."U

In Imilding with <..TOO"•.• v(.."nlilatiofl
[n building with ventilation

Open, flat
unohstructed

1.0

0.4
0.15
0.7
0.3
0.1

Suhurban or Urban
Wooded

0.5 0.3

0.2 0.12
0.07 O'(J4
0.3 0.15
0.12 0.06
0.04 0.02

In Dhaka where humidity ranges between llO% and ll6% during hot-wet period, air flow

plays an important role in thcmml comfort. '111C mctcorological d.1ta (1950-1980) based

on conditions mcnslUI.--d.in open location (Taole 2.7) shows that prevailing wind spct,-d in

Dhaka is compnrativcly high in monsoon pcriod slarling from Junc to Septcmbcr where

the V'dlue is over 3 mls and the highest being in July (4.2 m/s). 'Ihe prevailing wind

dircction is south-castcr1y during this season; whilc the lowcst speed is. recorded in

November and January (1.4 m/s) and wind direction is predominantly north-westerly Illr

bolh months.

Tahlc 2.7 MonUdy Mcan Prcvailing Wind Speed and Dinx:tion of Dhaka City for the
Ycar 1950-1980, 1981-1990

Ml1r I\pr I May Jun Jnll Aug ScI' 0'" I Nov Dec Jan Feb
J)f( ..••••Mom~oon Mon~oon PO!ll-MOIl Winter

Mcan W inl! SI,,:cd lor
50-80 (mls) 2.8 2.8 3.9 3.3 4.2 3.9 3.1 1.7 1.4 1.9 1.4 1.7

--- ....•- -
Mean Wind ~~cd ttlf

2.4 2.9 2.4 2.3 2.2 2.2 2.1 2.1 1.3 1.6 1.4 1.98]-90 (m/s)

Prevailing Wind
SW SW S SE SE SE SE N NW NW NW NDirection

Thc prcvailing wino dircction in this pcriod is south-wcslcrly and south. Data for the next

decade illuslrates signilieant.ly low magnitudes of wind speed (Table 2.7). From March t.o

October lhcrc is no significanl variation in wind spccd (2.1-2.9 m/s). Highcsl wind speed!

occurred in April (2.9 m/s) while lowest in November (1.3 m/s). Prevailing wind dif\.,'Ction

is samc as J"r last thirty years.

~r'
~.;:,)

I 't'
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/\s mcntioned eurlicr Ihat wind speed meusurelllent vanes considernhly fwm pluce to

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

of measurement. Wind specd measuremcnt in adjacenl rural area has been found to be.

highcr than Dhaka. Morcover wind speed and direction in open countryside is predictable,

but in urban contcxL lhcsc cllccls arc almosl totally unpredictablc; becl:tUSCnumerous

obstructions. arc constanl1y modifying the prcvailing wind direction and speed. ".lbe

I
I
I
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I~~Mea~Wirxlspeedfor50-80 (m/s)__ MeanWirxlSPeedf~r81~~(~/~)]
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Figure 2.5 Wind Speed Pmlile 1,)(Dhaku City
SOIU.CC:CJillllllc divigiorl. 1~<UIl?-hldc~hMclclm)ll~Cnl J)cpmlll1cJlI. AVJ:lry,mrn.Dhnl,l. 2002

average wind Spl-'{,,"(\is much lower in cities; Figure 2.5 testifY this tact where the later

data illustrates much lower average wind speed than dala collccted between 1950-191\0.

Rapid urbani/.,tion aHer I9l\O plays a vilal wle inl'educlion of wind speed.

/
2.2.5 Solar Radiation

Thc microclimate or site climate is characlerizl,d hy the amount of solar radiation

rcceived by that site and surrounding. Thcrefore, it is Ihe single most dcciding factor for

assessing thc climatic cllcets of the silc duc 10 its inllucncc on tcmperature and density of

air hence air speed and direction andhumidily as well. '111C umounl of solar radiation

reccived by the sill' depends on Ihcl"llowiug "'clors (Koenigshcrger cI aI, 1973):



20

i) I\ngle of incidence, ii) I\lln(J.~pheric dcpletion i.e. iii) '111enbsorption of radiation by

ozone, vapors, iv) Duration of sunshine i.e. the length of daylight period, v) The material

characteristics of the surrollildings and vi) the site itself, i.e. nbsorption, reflection etc. of

the site and surrounding.

Before 2000, radintion rulta were not collected regularly by the meteorological department

of Dhaku and the raw data arc not processed yet. I Iowever, radiation data recorded Ihr 5

yeurs lit Joydevpur I\gromcl Pilol SInlion lind Il)r 7 yellrs III 13nnglndesh University of

Engineering und Technology by Mechunical Engineering Department arc only available

source to evaluale urban eITeclon incoming radiation (I-Iuq nnd Hnssnn. 1993).

Dntll recordcd nl BUET is in urbnn contcxl whilc met<...orologiclil rulln were collected in

rural context. Higher dil1used radiutioll usually observed in urban areas due to

surrounding built form and hard surface quality. '1l1erefore SUET data represent higher

magnitude of global solar radiation. The comparison (rable 2.8) indicates that the

dil1crcncc bclween two measured vulues varies between 13% lind 21%, which is in fact

very high (Mojumder, 2000). I\nol1ler rcuson high solar radiation in BUET may he that

the air ov(''f the city being more polluted, results in II noticellble decrcase in atmospheric

clarity, causing a higher proportion of dillused radiation.

Table 2.11Comparison of MonUdy Global Solar Radiation between
HUET lU,d M<"Ieorologieal Department of Dhaka

Mnl'" I\pr Ml.1Y .fun .luI I\ug I Sep (><.1 Nov 0...., Jan Feb
l')n..~Mons()on Monsoon r""'-Mon Winter

Glohal SOlllf

Radinlion at Ill.JI~'I' 4.(,6 5.05 4.55 4.01 3.65 3.75 .1.75 3.60 J.6 I 3.t5 3.25 4.0t
IkWhfm'day)
Global Solar

Radiation at Mel. -

Ollice 3.41 3.53 3.04 2.79 2.6"1 2.56 2.48 2.69 2.49 2.30 2.51 2.61

(kWhfm'd:lV) -- --- ---

Difference (' .•..oj 15 III 20 III 16 t.? 20 14 .Ill .15 t3 21

SOlUW: MOJUlmtt:r. A.lJ.. Thermal Pet:formance (~f Rrh* I?e.tidential Buildings a/Dhaka Cit)'.
M. Arch. l.h~i., (ul1[1ubli.,lled), BUET, 2CX}O.

Data provided by Ahmed (I <)<)4)indicates that horizontal sur/ace receives highest amount

of solllr rudilltioll (532<) Wh/m2) in April lind this vIIlllCis fllirly llbOVe8"lueS of rest

of the months. Intensity of solar radiation. is also aJlt.'Ctoo by angle~' incidence (as
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mentioned earlier) and orientation; lherci()re it is reduced in vertical surfitcc (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 Dirct.1 and ,I)iffuscd component" ol'<..lohal Solar Radiation in I)haka for the month of April.

Glohal Radiation Dif1hscd Radiation Direct Radiation
j.~!'!on') __ _______ .J.~h!~.J......... (W1J1nJ'l

IJour II~lrizt)nIJlI ~~ Soulh Ens. West Nm1h South Em;l W~••t
--- ---6. )4 IJ IJ IJ I) 0 (J (J (J

7 167 61 (,I 61 61 12 (J 251 0
--3. 320 108 . 108 108 108 0 16 277 0

<) 475 151 151 151 151 0 49 266 0
10 607 185 185 185 185 0 82 208 0
II . 697 207 207 207 207 0 \05 115 0
12 729 215 215 215 215 0 II) 0 0
I) 697 207 207 207 207 0 105 0 115
14 607 185 185 185 185 0 82 0 208
15 475 15t 151 151 151 0 49 0 266
16 J20 . 108 108 1118 1118 II 16 (J 277
17 167 61 61 61 61 12 () 0 251
18 34 I) IJ I) I) 0 0 0 0---_._----- --_._-~----_._._--- . __._---- ----_._, ...,._- --_._--

Total 5329 1665 1665 1665 1665 24 617 1117 1117--
Source: Nlmcd. Z N., A.••..\'e.••....-numloIUesMcnlial .••ile.\' in Dha!", K'ilh r~spcd to Solar /(aoialion gain, PIll} tht5n{unpuhI.Nlcd). 19911.

According to HUET data, in pre-monsoon period, particularly during the month II-om

March to May, solar rudiation on a horizontal surface is higher as eOlllpared to resl of Ihe

year and is maximum in April (5.05 kWh/m2day). Hig.her ambient temperatures in these

months indicate the causal link with such levcl of insolation. 11lc insolation level is f.,irly

constanl belween July 10 November, while the minimum is recorded in December (3.15

KWhlm2day)(Table 2.8). Although there is a wide variation in monthly lIverage

extraterrest.rial radiation during-monsoon and post-monsoon period, cloudy atmospheric

condition during Ihese seasons result in the reduclioll (Figure 2.6). 11le c1eamess index

during Ule monUl on June and July .is considerably lower (0.35) compa..Jto other months

(highest observed in February around 0.5) as lhe ineollling solar rudilliion is lIbs()rbed

and rel1ectcd by t.he particles in the atmosphere and by clouds (Figure 2.6).

Thercl()re the dilh,sed component of the radiation is significantly large and it is clear

frolll the li,cl lhal in spite of a wide varialion of sunshine hours, the tolal rudilliion

incident. on a horizontal surlaee has a comparatively marginal wrialioll (Figure 2.7).
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Another as(X-'Ctof hig.h cloud cover during. those months over the city is that the long

wave terrestrial radilltion to the splice is ohstmcted; purticulllrly heCllllse of low and

mediwn cloud Ii.mnation. Moreover, the prevalence of low cloud that are most ellective
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layer in obstructing terrestrial long wave radiation to the sky dome, are fairly constant.

The potentiality to act as a thermal sink by thc night skY' is severely reduced by such

cloud cover, hence during these months these diurnal difference in temperature are small.

2.3 THE IMPACT OFURBANlZATION ON CLIMATE

People are attracted to urb.1n areas because they offer a host of socio-economic and

cultural opportunities. This is especially true in many tropical and subtropical countries

where urbanization is growing at an uncontrollablc rate, which, in turn, deteriorates

atmospheric environment (Taesler, 1991). Growth of cities introduces a profound

modification of climate by hlllllan activities, which is not to be found any place else

(Barry and Chorley, 1982).

The process of urbanization involves the construction of hridges, roads, underground

drainage system, and factories, which radie::.lly transforms the radiative, thennal, 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 e1enlents (e::lrbon

dioxide, dust and other pollutants) are increased, and evaporative nux is lowered and

sensible heat flux increased. Studies show that many large cities have experienced

significant changes in cloudiness, precipitation, radiation and energy balance,

temperature, air quality and visibility (Fortak, 1980) (Yonetani, 1982) (Cleugh and Oke,

1986) (Oke, 1982) (Nkemdirim, 1988). The extent of urban climate change varies from

c,ity to city, and it depends on the site and size of a city, landuse pattern, structure and

density ofhuildings, traffic, industry, and other activities (Ahmed, I993-b )

(, While the change in the global climatc is likely to have gravc implications for thc rate of

urbaniz.ation in developing eolUltries like Bangladesh, urbanization will have some

implications for the climate change itself thus reinlorcing somc of the lactors giving rise

to fast urb.1nization.. The ways of urbanization as mentioned above can affect the climate,

whether locally or globaiIy. Urbanization generally leads to a drastic change in land use

converting farmland into residential and commercial areas generally devoid o[vcgetation

cover and thus increasing thc albedo.
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Urbanization leads to very high spatial concentration of cnergy use. Analysis by (Jones,

1992) using global data showed that a I% 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 cnergy use is twice the rate of change in urbanization. These results

clearly indicate the effects that urhanization 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, generally 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 GHGs1, 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 fPCC reports particularly the one

prepared by the working Group I indicate (on the assumption of a doubling of CO2 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 winter 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.

I Green House Gases
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Thus in general, the summers are likely to be somewhat more warm, more humid due to

higher rainfall and the soil may be more moist. Winters are likely to be wanner, 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 I

predicts that the changes may take place at the upper and .Iower 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 ofthe 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 comprised of an area of appiuximate. 50 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. kIn, 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-ener!,'Y consumption per

capita and per unit of area. As a result heat island eflect develops and in tum 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). Urban Heat Island intensities are usually found to

be highest early in the morning, when urban and rural surfaces are adequately cooled by
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means of long wave radiation evaporatIon and convection, hence temperature difference

between urban and rural are most pronounced. During summer, the skJ' dome over Dhaka

and its surronnding remain overcast with cloud, therefore in both cases the nocturnal

cooling potential of the sk)' sink is reduced. :Furthermore high surface winds in the city

during summer have been identified as the major cause of Low He,.~tIsland Intensity

(Hossain and Nooruddin, 1993). While in the dry winter skJ' remains lairly clear and the

rural areas cools down to a lower temperature as compared to urban area. Urban he,.~t

island investigations in mid latitude cities (Landsberg, (981) (Oke, 1982) where urblm

geometry has been fonnd to obstruct nocturnal cooling were in climatic regions marked

by cloudless night skies. In such conditions the open rural areas cool down rapidly by

long wave radiation. The complicated urban surfaces with reduced sky view cannot cool

down at the sane rate as adjacent rural areas, hence leading to heat islands. However

mean annual temperature, mean maximum and minimmn temperature indicates tlUlt

Dhaka has an urban heat island effect as shown in Table 2.10 The table reveals that the

urban heat island affects the rninimnnl temperature more than the both me,.~nannual and

the mean maximum temperatures.

Table 2.10 Comparison of Air Temperature between Dhaka City and its Snburb>;(1961-1990)

Source: Hossatn, ME., Nooruddtn, Md., "Some Aspects of Urban Climate of Dhaka Cily", Report orthe Technical Conference on
Tropical Urban Climata, World MC\eorological Organization, Dhak"'l, 1993

Mc..1n Minimum Mean Jvt:.t:\.;mum Mean Annual Temperature

Location TemperalnN (C) TemperatUN ('C) ('C)

TemoeratllN Difference Tenmerature Differenc.e T",nnerature Differ",'ce

Dhaka City 21.4 30.6 25.8
(urban) 0.5 0.4 0.4

Tangail 20.9 30.2 25.4
(roml)

2.4 CONCLUSION

Although tiJr most of the period overheating is a major environmental concern tiJr Dhaka,

the nature of the problem is dictated by the combination of the enviromnental factors in

the ambiance during those period, i.e. overheating with humid or dry condition: The

nature of the overheated condition of Dhaka can be identified from the discu~sion

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) is

clli1racterized by very high air temperature and solar radiation where potential for

noctwnal cooling is also high, while June to Octo1x.'fwith Vl;:ryhigh relative hwnidity and

precipitation associated with high temperature and in the months July to August due to

high cloud cover nocturnal cooling potential is reduced considerably, In case of the

former, reducing the impact of solar radiation can substmltial1y moderate overheating

condition and in case of the latcr, optimizing airflow can play a vital part towards

moderation. Humid condition with high ambient ten}{lCIature 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

lirnit~ and this work focuses on the thermal perfOflTh1nceof operable roof insulation

where performance is accessed by thermal comt()rt and particularly comt()rt of the indoor.

The primary concern of this chapter is to develop an understanding of the urban climate

of Dhaka and the basis tor other relevant environmcntal concerns and also t()f simulation

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

Table 2.1 t The Envirornnenlal Matrix of Dhaka

Air Temp. Radiation R. Humidity
NO\.-tumalCooling

Pros_-t

January X

February
--:- X

MardI III III III

April a a • a

May a a • a

June • 0 a e

July ~'. 0 a 0

Augu'1 • 0 a 0

September • 0 a 0

(Mobl,••. O. () • •
November X

. December X

Legend: a very high • high 0 modemte, blank cell" indicate low vahleX not required
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3.1 INTRODUCTION

The ambient environment has both a physic.11and emotional effect on human being and is

therefore of principal importance In building design. One of the architects/designers main

tasks is to ereate a comfortable environment inside the building, which is appropriate for

all the hwnan activities likely to take place there. It is a challenge for the designers to

strive towards the optimwn of total comfort, which may be defmed as the sensation of.

complete physical and mental well being (Koenigs\x,-rger ct al 1973) (Goulding ct al

1992). Thus defmed, it is only to a limited extent within the control of the designer. Thc

occnpants' physical, biological, and emotional characteristics also come into play. Hence

if a group of people is subjected to same climate, the individual members arc unlikely to

be satisfied concurrently. Although, the notion of a comfbrtable environment lor 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 beI.,'I1made to determine the values of these variables. Developing and understanding

of the issue of comfort, the following chapter appraise these conditions on the basis of

existing knowledge.

3.2 DEFINITIONSANDCONCEPTS

ComJorl is not completely a sensory phenomenon but largely one of perception (Fisher,

1978) (Bansal, 1994). While sensations like smell, sound, light, temperature and pressure

being at physiological level, the ex-periences do not conclude at sensory level, but at tlle

level of perception. Perception of these individual sensations are often sul~iected to short

as well as long term conditioning, caused by a wide range of influences. These intluences

may be developed rrolll psycho-physical to socio-eultum! framework of an environment.

Therelore disparities in comJort perception are observed among the rural and urban

population and among developing and developed countries (Ahmed, 1995).

Comfort is generally defined in terms of a number of environmental factors like air

temperature, radiant temperature, air 11ow, relative hwnidity and their eflect is

synergistic.



3]

11u:nnal comfort can be defined operationally us the range of climatic condilions

considered com1iJrtable and acceptable inside buildings. It implies an. absence of any

sensation of themml Ole..~tor cold) discomfort (Givoni, 1998).

111e definilions of thermul comfort emphusis on the notion of thermal neulrality i.e. the

conditions under which the hunlan body is in a state of themlal equilibriwn with its

surroundings (Fanger, 1970) (Burberry, 19S3) (Edho!me et ul, 1985). Bul ullainment of

thermal neutrality doesn't necessarily ensure comli.lrt. For example, a person who is

cxposed to an usynunetric mdiunt field muy well be in thennllineutrnlity but is ll1l1ikely to

be eomti.,rtable. In most situations encowltered in buildings, however, the two conditions

will coincide (Goulding et ai, 1992).

According to Amcrican Society of Heating, Refrigerating and Air-conditioning Engineers

(ASHRAE) aftcr un extensive study defines thennal comfort us that condition of mind,

which expresses satisliJction with the thelmal environment (A.SIIRAE, 1958). Factors

associated with olfactory, acoustic and vislUlI environment can considerably inflnence

thennal comfi.lrtjudgmenl (Nanda, 19lN)rcported by Ahmed, 1995)

In t(:nns of occupants in a building it is bcst defined asthc conditions wherc 1110stof the

people are unaware of the thermal conditions around them and d,; not feel the need to

adjusl to it (MItllick, 1994). Comfort is influcnccd by geographic location and long-term

acclimatization to a particular environment. Cultural ditlen.'Ilee account tor dinen-'Jlt

preferenccs (Cannoilll, 1986 ;Falhy, 19S6;reported by Ahmed, 1995)

With regllrd to the hUlTh~nbody's thenno-regulation, comfort is defined as the slale where

the body maintains a themlal equilibriW11 without restore to the regulatory mechanisms.

'nllls il is a slate, which uccompanics minimal energy usc to IlUlintain themUlI equilibriunl

(Lowry, 1991). Ihe tllermal equilibriwn is observed with respect to the almost constant

tcmpernture of 37 "c, within +/- I "c und usually designuted us 'scI-point' temperuture.

This temperature is maintained in the brain, heart and in the abdominal organs. The skin

temperature maintains a tempemlure range bclween 31 to 34 "c, which varies wilh

respect to ambient conditions and metabolIC rate.

IT
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Comfort ill the larger and real sense, embrace aesthetic 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 determiningf..1etor in choice which

could otherwise be ineomprchensihle (Mojumder, 2000).

3.3 FACTORS INFLUENCING THERMAL COMFORT

Among the iitetors that influence thcnnal comfort, somc of tlll:m depend on the condition

of the environment and their etlcet can be directly perceivl:d by the human body lind can

also be expressed in quantifiable tenns; therefore they can he controlled. While other

laetors are innate or .dl:duetible ITom socio-cu\tuml point of view and lllr that matter

designers cannot control them directly. Followings arc the categories of factors thut

inlluence thelmal eomlbrt:

• Physiological factors

• Behaviorallactors

• Environmental f..1ctors

3.3.1 Physiological Factors

Metabolic rate: Heat is continuously produced hy the Ixxly. Majority of the biochemical

processes involved in tissue building, energy conversion and muscular work arc

cxothcrm, i.e. hc..1t producing. All energy and material requirements of the body are

supplied from the consumption and digestion of food. The process involved in converting

foodstuff into living matter and useful lorm of cnergy arc known. as metabolism

(Koenigsberger et ai, 1973).

-
The metabolic rate of the body, that is the rate at which it pnxluces energy, increases with

the Ixxly's activity. It can bc mcasured in walls pcr sqwlre meter or in mets, where I met

is the metabolic rate of a person sitting, inactive, in a room with still air; it is

approximately 58 W/m2 The metalx)lie rate of various activities arc given in Table 3.1

and Figure 3.1

The metabolic rate varics with the surface area of a person's skin. This is determined by

an empirical tllrmula derived by D. and E.F. DuBois (DuBois, ]915).
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Tallie. 3. J Typical metabolic heat gcncration ..q for varlom& activiti~

W/m1 met
"." .._--~..---"--'-- _ .. --_ .._._---~-_._~---_._--

115
150
220

40
45
60
70

95-115
115-200
DO

1.0
1.0
1.1
1.2
1.4
1.7
2.1

2.0
2.6
3.8

0.7
0.8
1.0
1.2

1.8
2.0-2.4

4.0
4.0

4.0-4.8

2.4-4.4
3.0-4.0
3.6-4.0
5.0-7.6
7.0-8.7

1.6-2.0
2.0-3.4

2.2

1.0-2.0
1.2
1.8
2.4
3.2

105
115-140
235
235
235-280

60-115
70
105
140
185

55
60
65
70
80
100
120

Actl!i9'. __
Resting
Sleeping
Reclining
Seated, quiet
Standing. relaxed
Walldng (on the level)
0.89 mi.
1.34111/.
1.79 mi.
omce Activities
Reading, ..,.,Wd
Writing
Typing
Filing, """ted
Filing, standing
Walking about
Lifting, packing
Driving/Flying
Car
Aircraft~routine
Ain...•.nft. instmmcntallanding
Ain..TS1t. combat
Heavy vehicle
Miscellaneous Occupational !U:tivilics
Cooking
House cleaning
Seated, Limb movement
Machine work

Sawing (light table)
Light (electrical induslry)
Heavy

Handling 50 kg hags
Pick .nd .hovcl work
Miscellaneous Leisure AL.1ivitics
Dancing, social 140-255
Calisthenics/exercise 175-235
Tennis, singles 210
E,'Skethall 290-440
Ww;tling. c<~titivc _. ~ ~~(! ~

Source: Energy in Arl,,~hilCj,;1lm~(The Bllropcan PaS,\'jV(! Solar Ilandhoo~). n.T, ~ l;ord Limited. 1992

Higher heat proouction is 1he result of higher melabolie rate, which help the ability to feel

eomliutable during cold, while increasing the sensalion of diseoml,"1 at highl--r

tl-~npcratures. The mctalx)lisms or aged people arc slower, for lhal muller they usuully

preler higher tempemture. In warnl climates when thermal discomJi)rt is Jelt with the

increase of metubolic rate, requiremenl of lowl--rskin temperature is increased (Givoni,

1989). Mechanisms of excess heat production within the body arc inhibited in overheated

sltuutions. According 10 lhe sludies eondueled in vurious c1imulie zones show lhul

melabolie rates arc much as 10 to 20% lower in the subjects of the tropical regions than

t1mtofarctieregiollS (OuytOll, 1991) (Bray, 1985).
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Figure 3.1 Melnbolic role of different activities
Sour~:Energy in Arc~iI(!Ctun! (I11(! European Pauiw Solar lJandbool). ItT. Bats F•..lfd LimiIOO.1992

Acclimati7.ation: Acclimatiwtion to ambient environmental condition is a major lactor as

it appropriately adjusts the threshold of rclative temperature tolerance of a person

(McIntyre, 1980). Thcrcli.lre heat acclimatiz.ation, namely physiological adaptation to a

hot climatc or to "artificially" induced hellt stress, lUIS lin importllnt rolc in' the

susceptibility to the physiologically harmful ellccts of hcat and to the sensory diseomli.,rt

caused by hot cnvironmcnt (Cjivoni 1998). /\ person when cxposed to hot cnvirOlmlcnt

generally acclimatizes within I to () weeks. This adaptive ml,chanisrn results in abundant

sweating and lowcring mctabolie rutc which in tum inercascs thc potcntial of hcat loss by

evaporation. As a result sweating ol1cn increases to a maximum of 2 litterlhour and has.

the heat rellloval poteutial of more than 10 timcs thc production of thc nonnal lx,slII rale

(Guyton, 1991).

Givoni and Goldman (I973) have studied tlle quantitative physiological mechanism of

heat adaptation. TIle main physiological Illanifestation of improved hellt tolcruncc arc a

higher swcal rate (providing more evaporalive cooling) and lower inner body temperature

and heart rate, indicating lowering of thc physiologielll slrain imposed by a given heat

stress (Givoni, 1998). Although this jbrm of adaptation happens aner long exposure to a

sct of climatic conditions, it is not slatic. In other words, thc inllucncc of acclimatization

on thermal eomli.lrtmay change with the change of seasons within a samc climatic region.

(';
If i
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State of Health: Stille of hellllh influences thenlll.1 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

situation.

Food and Drink: Metabolic rate can bc alleeted by certain kind of food and drink. TIlis

may be a cause Jbr dinerenee in diet between tropical and arctic peoples.

Skin Color: 'lhis may influence radiation heat gain. 'lhe darker the skin color, the higher

the radilltion heat gains. Ibe albedo of black skin is alxmt 0.18 while for white skin it is

0.35. With a black skin, the penetration depth of solar radiation (short wave band) in

mllximum of 0.4 mm (i.e. it is eontainednellr the sun lice where it is lost Cllsily) lind in

case of while skin it penetrates 2 mm (i.e. taklm into the blood Ilnd contributes towards

heat storage). For the fonner, it doesn'l cross thc depth of the dennis and in the later ease

it penetrates well into the dermis (Oke, I'J7S).

3.3.2 Behavioral Factors

Bebavioral control or 'psyehologic.11 adaptation' (Baker, 1994) (Nicol, 1994) (Berger,

J990) to the thermal conditions to Ilchieve comJ(ut is one of the most impc.lrtant aVl.'Ilues

lind it is the only e[[(:clive path for eonlrolling Ixxly temperllturc in severely cold

environments. Whenever the body temperature crosses the controllable limit, a 'physic

signal' of being overheated is transmitted from the brain, which compels a person to

make necessary adjustment to recover comJ(lrt (Ahmed, 1995).

Clothing: Thermal eOml(lrt is greatly all •.."Cted by clothing, which is an impc.)rtant mode of

behavioral conlrol of temperature. Socilll lind religious conventions impose. limitations on

the amount of clothing that can be shed in Iwt weather, and practical eonsidenitions inniet

limits on the protcclionlhat eltll be given to. the lace, the bands and the feet in very cold

weather. However, clothing can be of enonnous help in creating eoml'Jrtable conditions.

By changing the. type of c10lh ()r by bul(oning or unbuttoning a person c.1n adjust to

thermal stress to a certain limit.
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Clothing is taken as an insula ling medium nexl 10 skin in human energelie evaluation. It

impedes heat loss through conduction and convection by entrapment of air next to the

skin and in its weave. Radiation loss is also affeclcd by wcave of Ihe clothing and it can

occur through the intervl,'Iling spaces of thc labric or be obstructed by a closely-knit fabric

and re-radiate to the skin (Ahmed, 1(95).

l11e thennal resislance of clothing can be expressed in 1"'I111Sof m2KIW or elo unils. 1 clo

corresponds roughly to thc thennal resistance or a winter business suit. i.e. 0.155 m2KIW

(Goulding cl ai, 1(92) (Cowan el ai, 19X3) (McIntyre, 1(80). In tropical "'Ilvironments

typical clothing varies approximately between 0.35 to .5 clo. This clothing expedites

evaporative heat loss by acting as a mess and also allows wind action directly on the skin

in hot humid environment (Ahmed. 1995). 1hc Ihermal insulatilm properties of various

types ofelolhing arc given in Figure 3.2 and Tablc 3.2

3 clo1.5

.~

1.0

, I
I [
I .

0,80.50.30.1o

J~
',J'

, " .. .

III
Figure 3.2 Thermal insulation properties of typical combinations of clothing

Source: Ennvv in An:hilL'Cllln! ffhe Eumm.'tm Pm..til'e ,":I"alar //andbt1(Hd. D.T. Dots FUfd Limited. 1992

'Ole maximLUu clothing, which could be WOIll in the house withoul rcslricling movement

lhr normal household activities, is just over I elo unit. A reasonable range to ensure both

decency and unreslricted movmucnl is belwecn 0.5 to 1.0 clo (Mojmuder, 20(0).
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Social factors: An mwironment may be perceived comfortable to a particular social class

or a. society, while the same environment may seem to be uncomlllrtable to other society

or social class. The rcason for this phmlomenon is lhal- the expectation of comfort level

varies from society to society with changing in anc.,rdability, e.g. e""fJCCtationrange of

thermal lcvel of highcr incomc group of peoplc vurics with thc lowcr or middlc-income

social groups. It has been observed that p<....ople Ii-om higher income group onen

dcmonstrnle more cxacting comfort rcquircments thun u group from lower incomc strata.

People's expectation increases as the means to achieve comlbrtable environment corne

w~thin the rcach (Mojumdcr, 2000).

Table 3.2 11,oonal in,ulation provided by various combinations of clothing.

----------------------_._--_._---------------_._---

Nude
Shorts
Typical tropical clothirig cno;cmhlc:

Bric[,,~shorts, open-neck shirt with ~hortsleeves. light
socks and sanwlls .

CLOTIlING THERMAL RESISTANCE---------------------------.-----.------------- .----- .-.-...---.-.--.----..- -.- -.-~l-0W ------.-------.----
o
O.(J t5
(J.045

clo
o

0.1
0.3

Light summer en'lCmble:
Briefs. long light-weight tmuSCffi. open-neck "hirt with
short sleeves, light sock.s and shoos.

Light working ensemble:
Light undcIWcar .. cotton work shirt with long sleeves.
work trousers, woolen socks .md shOl.'S.

Typical indoor winter en<emble:
Underwear .. shirt with long sleeves .. trOlL'icrs. jacket or
sweater with long sleeves, heavy socks nnd shtX.'"t;~

Heavy traditional European busint.."S,c;;suit:
Cotton und.clwcl.,r with long Icg.~ IUIl..t sleeves, Rhirt'~suit
including trousers. jll~ket and wl.1ist~oat,woolen ~ocks
and heavy shoos.

(J.08

(J.1l

0.16

(J.23

0.5

0.7

1.0

l.5

Source: Energy in Arc1r;le~~tllre(71;e lillmp~;;;;[;-;'.••.••ive Sole" II"ndbooJc), H.T. Uab Fonl 1.imiled, 1992

3.3.3 Environmental Factors

The prunary environmental lacttUS that al1cct thermal comlllrl arc Air Temp<..'TIlture,

Radiant Temperature, Rcllllivc Humidity and I\ir Flow. 'l1,cse (:nvironm(:ntal fuelors are

quantifiable individually unlike some physiological or behavioral laelors. 'Their effect on
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comfort perception IS synergistic. Thercfore in case of indoor environment all these

tactors may contribute to a thermal perception and thereti.lre control or regulation of one

or two of them can considerably modifY thc impact of others.

Air Temperature: Tcmperaturc is thc nUlin critcrion of humlln comfort. 11is difficnlt to

be coml"rtable at a temperature higher than the central body temperature of 37 "c
(Cowan ct aI, 1983). In ordcr to maintllin Ixxly tcmperature lit this level, 1111 surplus hCllt

needs to be dissipated to the environment. If there is some li.>rmof simultaneous gain of

heat from the environment, that must be dissipated also. '1l1eair temperature determines

the convective heat exchange between skin and ambient air.

The average skin temperature in indoor situation is alxmt 33 to 34 "C. With lower air

temperature the lxxIy looses heat and with higher temperaturelxxly gains heat by

convection. 111e rate of convective heat exchange depends on airspeed (roughly

proportional to the sqmlre root of the speed). It is greatly aflectcd by the insulation value

of the clothing (the e10value).

Radiation and Mean Radiant Temperature (MRT): 1\11thermally excited surJaces in

an (:nvironment emit radiation (t()f morc dclail scc chllptcr four) in dillcrcnt directions

and thc radiant tempcrature indirl.-'Cllyindicates the radiation field and its intensity. The

thermal receptors of human Ixxly lire dircctly exeitcd by short liS well liS long wllve

radiation, For that mattcr radiation level is a lactor to be considered in eomt"rt evaluation.

Although all lxxIies exehangc heat by radiation continuously, heat gain or loss by this

process is determined by the net etlect of all the losses and gains. Thus heat loss by

radiation is negative when thc surrounding surn,ce Icmperutures lire alx>ve skin

tempmuture, accordingly a person emits less heat in comparison 10 the amOlmt gainl.-'<.i

/i'om the surrounding surfaces.

Another aspect of radilltion on comfort is the possible eOCct of lIsymmetrie radiation or

radiant asymmetry. Rcsults obtain 1,'r long wave radiation in studies conducted by Fanger

et lit for interior suggcsts that a radiant asymmetry at a wann wall causc lcss disc<~mfort

than a C(Xl!wall. A c{xIIceiling causcs Icss discoml,,,t than wam1 ceiling al (FangcI: cl ai,

1985) (Olsen et ai, 1973). This phenomenon is important whm1 the radiation from the

underside on an overhead shading plane is considered (particularly rools).
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Mcan mdiant kmpcruture is dcfined as f()llows- if ull surfi,ces in an cnvironmcnt werc

uniformly at this temperature; it would produce the same net radiant heat balance as the

given envirolUnent with its various surface temperatures (Kocnigsberger et al 1973).

TIIC mean radiant temperature. is an uverage temperature of the surrounding surutces

(Figure 3.3). It includes the etrcct of incident solar radiation and has a great impact on

hU1llllncomfort as air telllpt.'Tature(Goulding ct aI, 1992). Mean radiant temperaturc of thc

indoor determines the radiant hent exchange between skin and the environml.'Jll. Low

radiant temperatures eun contribute to the cooling of the bodyevcn if thc air temperaturc

is high (Mallick, 1994).

"<'S'C

22'C 18'C

• ••••••
t,,,,,22'C --

~L _

I
I
I

I
I

_I

Figure 3.3 the concept of Mean Hadiant Temperature (aller Goutding et aI, 1992)

Relative Humidity: The impact of relative hWllidity on hWllan thermal balancc and on

comfort is complex. Humidity doesn't directly alIcel lhc hc,1t Ix11anceand the SClL~oryor

physiological responses to the thermal environment, except lilr the evapomtion within the

lungs. The role of rcIutive humidity is in its effect on the environmental potential for

evaporation and the process by which the body adapts to changes in the evaporative

potential. llle evuporative ear",eity of the air is u function of uir humidity and air speed.

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

appear in some membranes like lips. At higher hwnidity level its ellect on hwnan comli.lr1
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nnd physiology is indirect, nlthongh its eftect on the evnporntive enpaeity of the air. A

higher humidity reduces the evaporntive cooling potential from n given surface area of the

skin, but the body can counter this reduCtion by spreading the sweat over the skin and

thus increasing the traction of the skin surfuce Irom which cvaporntion takes place. As a

result of this physiologienl control mec111l11ismthe same amount of sweat evajx)ration, and

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

Air Flow; The effect of air flow on eoml()rt depends on the environml.'Iltal temperature

and humidity as well as on clothing. At temperature below about 33°C, incwlsing air

How reduces heat sensation due t6 higher convective heat loss lrom the body and the
o

lowering of the skin tempernture. A temperature between 33 and 37°C, air flow doesn't

aUect significantly the thermal sensation, although it might have very significant efleet on

discomfort from excess skin wetness, depending on the humidity level and the type of

clothing. At templ."'TIltureabove 37 °C, increase air velocity actually increase the thermal

sensation of hC<1t,although it still rednces skin wetness and so might be desirnble.

Alleviation of discomfort due to skin wetness is best achieve (without dehumidifiention)

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

be achieved with a smaller wetted area of the skin (Givoni, 1998).

Apart from the thermal effect, air flow has certain mechanienl effects, which c.1n be

described, by discomfort levels. Table 33 provides a summary of eftects produced by air

motion based on extended BC<1ufortsenle (Koe~jgsberger, et ai, 1973)

Table 3.3 Velocity e!leets on people, tabuillted lit 10 meter height

20.8-24.4

5.5-7.9
&:0-10.7

10.8-13.8

13.9-17.1
17.2-20.7

4 Moderate Breeze
5 Fresh Breeze

6 Slrong Breeze

7 Near Gale
8 C.aJe

9 Strong Gale

Beaufort Description Air velocity Effect
Number 'mis'----_ ..__ ._-----_._--,""""'--~------------~--~._-"--~..._----._- -_ .._-_._. --.._,_ ...
2 Light Bn.'Cze 1.6-3.3 Pressure t\olton t:,ee
3 Gentle BrOO7'" 3.4-5.4 Hair dis1urhed, clothing flaps, news-paper difficult

to read
Raises dus1 and loose paper, hair disarranged
Pres.,me felt on body, possible s1umbliug when
entering windy zone
Umbrellas used with difficulty, hair blown straight,
difficult to walk s1eadily, wind noise on ears
unpleasant
Inconvenience felt when walking
Generally impedes progress, great difficulty wilh
balaJlce in gu~1s

~Ie blown over
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3.4 THE COMFORT ZONE

The concept of comfort zone within an ambience is described with respect to a

combination of environmental variables where a majority of people may leel cornJbrt. By

virtue of this zone, comfort conditions can be expressed in tLTIns of combination of

mctors like temperature, relative humidity, air I]ow etc. instead if a single parameter

(Almllxl, 1995).

The ASHRAE comIbrt zone is drawn on a conventional psychometric chart. It specilles

bolUldaries of air temperature and humidity for sedentary people. rt was constructed

mainly for usc in air-conditioned otJicc buildings but is also used in evaluating indoor

climates I residential buildings (Givoni, 1998). Although the psychometric is suitable to

describe corntbrt condition where skin wetness is important IilCtor. It has limitation in

humid conditions where higher velocity of air is accepted and acclimatization is an

important determinant (Ahmed, 1995). Olgay (I 963) tlrst developed a bioclimatic chart

(Figure 3.4) where the notion of comfort zone is defmed in tenns of dry bulb temperature

as ordinate and abscissa respectively. The comlbrt zone is plotted on a chart. It is

bounded by a fixed lower temperature (21°C) and by It humidity dependent upper limit.

At relative humidities below 50 % the upper comti.lrt limit is 27.8 "c. At relative

humidities above 50% the upper temperature linlit 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). Shanlla and Ali

(I986) (Figure 3.5) in their study of Indian subject suggested temperaturesahove 30 "c
for conUort although upper limit of relative hwnidities arc restricted to 70 %. Mallick

(I 994) has developed summer comti.lrt zone Ii.lrBangladesh

Summer Comfort Zone:

The evaluation of cOmli.lrt conditions is based on the analysis of air temperature and

relative humidity values. According to the research conducted by Mallick (I994) air

temperature Ii.lr comtbrt with no air mOV\:-'Illentand Ii.lr people wearing normal summer

clothing, engaged in non:nal household activity indoors are within the range of 24°C and

32 "c and ti.lrrelative humidities between 50% and 95%.

In still air condition people fccl comfortable even in higller humidities, which is expected

response in a location where humidity is generally high for most of the year. With the

introdnction of air flow relative humidity up to 95% is tolerated.
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Little or slow air movement up to 0.15 mls makes very little difference to comfort

temperatures. The mean comfort temperature for this range is 28.9 "C. For higher

velocities of 0.3 mls to 0.45 mls the upper and lower limits of comfort temperature

increase between 2-3 "K and mean comf<.)rttempl-'Tlltureincreases to 31.2 "c.
Summer comfort zone for Bangladesh is derived from the above fmdings, 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 rangt.'S between 50% and 95% in a condition with no air movement. The regime

of comfort temperature inereases (higher limit) with the introdnction of airtlow. People

feel eomJurtable above 34 "c with the introduction of air 110w at the rate of 0.30 mls.

Tolerance temperature can further inl.-TeaSeto near 36 "c with air flow at the rate of 0.45

mls. The stln)ffier comf<.)rtzone (Figure 3.6) as developed by Mallick (I994) is adopted as

a reference for comf~rt judgment and evaluation of lhClmal performancc of operable roof

insulation in the J<.)l1owingchapters like five, six and seven of this research work.

Comfort Vote

Comfort Vote Analysis is based on seven-eategory thermal sensation scale alter 8edI<'lrd

and ASHRAE (Mallick, 1994). It relates to the sCllSation of comfort as in the Bedford

scale (Bedf<.)rd, 1936) and lxnows from the ASHRAE scale (ASHRAE, 1%6) I<.)r

description of outer categories. The middle three categories accommodate the comfort
range.
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Regression an..1lysis USIDg comfort votes yielded the best relatimlship with globe

temperature. Following is the formula used for regression line:

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

Where C.V. is the comflut vote, and Tg is globe temperature. When using the equation to

calculate the votes for values of globe temperature, fractions were rOlUlded to nCltrest

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 roof.

3.5 ROOF INSULATION AND COMFORT

The term insuL1tion is normally used for light wcighl materials such as glass wool,

e""panded polystyrene, or urea formaldehyde fllalll, that significantly reduce transfer of

heat by conduction due to their very low thermal conductivity. For most insulating

materials k is between 0.02 and 0.05 W / mK (Cowan et aI, 1983). All insulating

materials contain pockets of trapped air (occasionally of other gas). Still air is a very poor

conductor, therefore the porous insulating materials are also very poor conductor. So tile

inclusion of a relatively thin layer on n~)ftop or in a composite wall reduces it, thermal

transmittance (U), that is gre..1tlyinercases its thennal resistance (R).

Because of the porosity and lightweigllt nature, insulating materials have little or no

strengt1L Usually they need additional support to be installed. Insulation can be added to

most buildings alter their completion, and this is one of the simplest and cheapest

methods of irnprovrng thermal efIicicncy of a building. Thc insulation is most cfTective if

it is placed on the .outside of the building, specifically aNlve roof in tropical countries

where horizontal surface receives highest .amOllllt of radiation and therefore the fabric of

the building is then kept close to the nearly unifllrm indoor temperature instead of varying

with the outdoor temperature and thus possible to achicve thermal comfort. TIlc position

of insulation relative to the high thermal capacity mass has a very significant eflecl on the
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'time lag and decrement factor' t. With a 100 nun concretc roof slab, the placing of a 40

nun glass w(XlIinsulation indicate the tollowing variation (Koenigsberger et aI, 1973):

time lag: (hour) decrement f.,ctor

Under the roof
On 1he top of 11",roof

3.0
11.5

0.450
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 'till up' the thenual storage cllJX1citywhile

insulation on inside will not alICet the 'filling up' process but it will fL>dUceheat emission

to the in~ide space. The term insulation is also used for reflective insulation th,1t reflects

radiant heat and etfective Ibrreducing radiant heating during day and increasing radiant

cooling during night and thereby can significantly improve indoor thennal 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 morning the thermal capacity of whole structme becomes

empty to absorb the next hc,1twave; insulation can playa vital role in tins context.

3.6 CONCLUSION

The issue of defining the bound..1ries of acceptable indoor comfort conditions in buildings

may have major implications tor building design and also may have economic

consequences. It is a t:1Ct tilllt factors influencing thenual comfort described in this

chapter dQl,'Snot necessarily mean they are pretcrred rather they are result of long-term

exposure to such conditions thus become tolerable. TIlere is probably a difierence

between tolerable and desired conditions and if air conditioned buildings are measures of

it, cooler ternperatmes are desired for. TIle study is limited to the moon conte:\1 only,

where people are conscious of benefits of devices, which endorse comt,,,t; I,)r rural

people fue' tolerance" level may be higher as they are not aware or experience such

conditions. Findings of this chapter will help in later chapters to understand the

perfonJh1ncc of operable roof insulation with respect to comfort issues and help to

t,)rmulate conclusions and recommendations.

I Time Jag and ltecoe:ment factor are two qU<'llltitieschamcterizing this periodic heat flow. Time lag ( ffJ ) is phase shift that is time
difference between Ti nuL'( and T....max.. Decrement fuctor (;.i ,)L'Jthe ratio of the In3Xlnmm outer and inner !l:urti:lce tempernture

amplinllies taken fmm the daily mean T,max
Jl - ---- (Koenig;be.ger ct at, 1973)

Tomax
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4.1 INTRODUCTION

Almost two hundreds years ago, Sir Benjamin Thompson (COtUItvon Rumford, 1753-

1814), the renowned Massachusetts born British diplomat and Physicist has given a good

instinctive description of radiative cooling.

The exces.m'C cold which is known to reign. in aU ~li. on the lops of very high rnmmtaU.l.' and in the
higher regions of atmosphere, and the forests at nigbI which so fiequOntly take place on the surtaee of the
plains below in vety clear and still ~lher in spring and autumn. seem to indicate that frigorifIC rays 3trivc
continuaDy althe surface of the earth from every part of the heavens.
May it not be the action of these rays that our pIane1 is cooled continually, and enabled to pre;erve the same
Olean temperature for ages, notwithstanding the immen'lC quantities of heat that arc generated at its suriaee,
by the continual action of the solar rays?
If this conjeelUre should be well fOWlded, we should be led 10 conclude that the inhahitants of eerbin hoi
countries who sleep at nigbI on the tops of their hoo.""", in order to he more cool and OODlfortablc, do wisely
in choosing 1ha1situation to pass their houses of rest'

Radiative cooling is a common event at the earth surface and the only mcclull1ism by

which mother earth can release heat. Considering the impact of sun energy on earth at a

rate of about 1.5 X 1019 KJ (1.42 X 1019 Btu) per day, and over a number of years, the

average surfuce temperature is constant; it is obvious that a similar amount of energy

must escape per day. Some of this plcntiful 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 C<1rth'ssurface, atmosphere, and ocean

and is eventually emitted into the space in the I()rm of thermal infrared radiation. It is a

very complex process and many JX1thscan be followed by the energy flow originating

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

Any object emits energy by electromagnetic radiation \vith a Spt.'Ctrunlof wavelengths,

which depends on its temperature difference. A net radiation hC<1tloss from hotter

element will occur if two elements of di\feTh'llttemperature lace each other. If the colder

element can be kept at a fixed temperature, the hotter clenletlt will tetId to coo! dovm to

the same temperature to \()rm an equilibrium state. This phenomenon is the basic

principle of radiative cooling process (Goulding 1992) «3i.voni 1994). If there was no

1 This quote i., from the clOOlng paragraph", of" An Inquiry Con<:em.ing the Nature of heat and The Mode,<;. orll", Communication," :L"I

first Jlublished in Philosophical Transactions ~fthe Royal Sod~Jy~fLondon. 94. (Lond •.m. ] 9(4) and reprinted in the coU~edWl.1l'ks

of Count. Rumford,. vlJhuue ], VP323~433, HatVafd Univenoity Press (Camhridge. MA, 19()g), as cited by Marlo Martin in hi:. ltrticle

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 sinkl 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 lactor 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 SKYRADlAnON

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 also 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 spectmm, 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 effectS as warm or cool sensation on the skin, but

this nonspecific thermal feeling could equally arise from the convection of warm or cool
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 6"" 0.05. Most often common materials illustrate

high emissivities in the infraied part of the speclmm, including water concrete, glass,

paints, woods and vegetation (6"" 0.9 )(Sellers 1965)(Givoni 1994).

The total amount of radiation emitted by such a substance can be calculated using the
formula

R = 6,(77' (Martin 1989) .. ; '" ". ". ' ' (1)
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Where (T is the Stefan-Boltzmann constant (5.6686 X J 0 -~ W/mz "K-4), T is the absolute

temperatuie in degree Kelvin, and [;, is the hemispherical emissivity of the radiator,

which can have values between zero and one.

According to Givoni the above formula is perceived as

Remit = S * I~'r * 1~4 (Givoni 1994)

Where S 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 [; (2 ). The limiting case of

blackbody radiation implies that 6 ( 2)= I lor all wavelength and. A non spectral "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 materials having different infrared and visible

emissivities has been used in developing selective 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 aI., 1975).

The emissivity E (2) represent a great deal of physics and is di fferent for each material.

The transparency, reflectivity, opacity and color of a body are determined by the form of

E (..t). On the other hand in equation (1) the more general analog for the factor (T T4

expresses a property, which is applicable for all materials interacting with

electromagnetic radiation at a wavelength 2. This expression was first derived by Planck

and gives the power radiated per solid angle over a unit wavelenb>th interval by a

blackbody (Martin 1989):

BT(..t) = C,X'[exp(CzI 21')- Jrl (2)

Where two constant C, and C2 have the following values:

C1 = 3.7405 X 10-1(, W/mz

C2 ~ 1.43879 X ]04 J.l m K

The wavelength 2 is expressed in micrometers (I J.l m = 10-6 m), and the temperature T is

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

it~ 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 watcr

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 Infrared Radiation from the Sky

A horizontal radiator approximated by a blackbody at a temperature of 27 "c radiates 460
W/m2 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, CO2 and dust. Oxygen and Nitrogen are mostly

transparent to infrared part of the spectrum. CO2 is a very strong emitter and absorber of

infrared radiation, which is around 15 Ii-, 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 (I)] 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 Jl. 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 8J1

equivalent column of the condensed liquid. (Source: Berdahl and Martin 1978)

of the air increases, the corresponding 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 low

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. Under clear sky condition and low humidity, the atmospheric radiation is in

distinct wavelength bands - the 3 to 8 f.J and the 8 to 13 f.J bands. Between 13 to 20 f.J

the atmospheric back radiation (radiation emitted by the atmosphere dO\\II1wardtowards

the earth) is weak and 8 to 13 Ii bands 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 lower than

that of Horizon. Therefore, at low angles, a horizontal radiator picks up less radiation,

which is emitted by the atmosphere and attains a good radiative contact with the coolest

part of the sky dome. This type of orientation is optimal for the emitter element and is

usually preferred to using tilted emitters. The net radiative heat flux from such a

(blackbody) surfacc is simply dcscrihed by the following cquation in thc abscnce of

convective heat gain:

Rn<' = 4e,uT3a,,(I'1Tv.,'-1'11'"",) (3a)

or

R,..,= 4e,dr"""('l~,,, - 1'..,,) (3b)

This formulation is useful in calculating the energy incident on a black or gray surface if

the sky temperature or the sky depression is known. The factor 4e,dr3 "I, appearing in

these cxpressions is the equivalent linearized radiative heat transfer coefficient h r

«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 coefficient h c based on the relationship

for airflow over a rough horizontal surtace:

he = [0.054ReOR Pr''']k / L (4)

Where k is the thermal capacity of air, Re is the Reynold's number, Pr is the Prandtl

number, and L is the characteristic length (here 20 It is used). They find that this equation

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

he = (0.5+0.3v)Hlu.hr-'jr2"F-' ' (5)
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in which v is the air speed in mph. This equation predicts values for h c that are too large

when v < 3 mph, due to the onset of laminar flow. The value of h c ~ 0.139 Btu hfl ft-2°FI

should be used under such condition (Clark and Berdahl 1980).

Based on further detailed investigation on heat transfer measurement carried by the same

group of invcstigators recommended that the air speed in convection calculation be 0.1

times the meteorological value (Clark ct al 1983b). II !lat roofsurfacc located on top ofa

building with parapet wall (as in their experiment) will experience a substantially

different flow pattern from that of a flow plate suspended in an air stream. because of the

flow separation occurring at the top edge of the wall. This shielding effect is helpful 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 lIeat Exchange with Ambient Air

Radiant cooling process is always associated with convective component of heat

exchange. The convective exchange is a function of convective coefficient, which

depends on the wind speed ncar the exposed long-wave radiators. It .is proportional to the

temperature difference between the radiator and the ambient air. The convective

coefficient is very difticult 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. Practically any 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

nextto the radiating surface (GivoniI994).

Tnradiating 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);

cooling rate is increased by hig!).wind speed as the wind speed increases convective heat

loss. On the contrary. in those radiant cooling system. where thc radiant temperature is

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 warrner

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

aIr IS:

Qe = he - (1~- 1~) (6)

where T, = absolute temperature of radiating surface, he = convective coefficient, 1~ =
ambient temperature.

Various authors have suggested different formula to evaluate this coefficient (Duffie and

Beckmann 1974), (Hansa and Yell ott 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

he = 0.6 + 3.5(V)o.s ., (7)

For a radiator covered by a single Polyethylene layer

he = 0.5 + 1.2(V)05 (8)

For a double covered radiator

he = 0.3 + 0.8(V)O.5 (9)

When a radiator is wind-screened by polyethylene layers, both the absorption of sky

radiation (R,b,) and the emittance of radiation to the sky (Re",;,) are modified by the long

wave transmission of the wind-screens, trans, and the emissivity of the radiator E, (Givoni

1994):

R h = E -trans. IL (10)
(J .,,. •.•••."

R . = E *tran~*CT*(T)4~/, , (II)
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Where u is the Stefan-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):

I?,." = Cn * trans * Ii, *0.554 *(1~ - rd.)') (12)

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

C:" = 1- 0.056 * n (n is the cloud cover index).

By balancing the net radiant loss and the convective gam. (Rue'= Qc) the following

linearized formula predicts the stagnation temperatures (T,rng)of a metallic radiator as a

function of the air and sky temperahlres, cloudiness and the wind- screen transmittance

(Mostrel and Givoni 1982):

_ 0.544 *C" * trans * E, * 7~/c",.dy+ he * Tn
Tsrng- ------------- ' (13)

0.544 * C" * trans * F:, + 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 tcrms of the vibrational-rotational emISSIOnband of

atmospheric gas modules (Kondratyev 1965), (Wolfe et aI1978).

Numerous attempts were made to correlate a more limited set of experimental

measurements with commonly available weather parameters since Angstrom's empirical

equation was first introduced in 1916 (Sellers 1965). More recent measurements of clear

sky emissivity can be obtained equation (Berdahl et al 1984)

Gclcar = 0.71l+0.56(I~p /l00)+0.73(1~p /lOW (14)

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

obtained from monthly averaged clear sky measurements. If instantancous emissivities

are to be estimated, a small diurnal variation term should be added to the equation

(Berdahl et al 1984)
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l!&d = O.013COSg:} (15)

where I is the hour. A small pressure correction is set up to correct for the observer'

elevation (Staley.et al 1972)

l!&p = 0.00012(P -I 000). Pis expressed in millibars.

On the other hand infrared emission from cloud is stronger than that from the clear sky, as

cloud droplets closely approximate blackbody radiators. The strongest are dense low

strata formation consisting high cloud base temperatures. High thin cirrus clouds

contribute only slightly to the atmospheric radiation, which is downward directed. In

radiative cooling applications, the methods for calculating the total downward-directed

sky radiation is preferred, in view of the fact that lIet radiation strongly depends on the

temperature and emissivity of the radiator surface w[lich is being used (Martin 1989).

The quantity of infrared radiation received from 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 Il, for clouds at various heights. The

cloud emissivity &c./ is assumed to be 1.0 for opaque and 0.4 for the cirrus clouds. The

total sky emissivity can be expressed as

& =c" +(I-c,,)LIl,CcjrUJ (16)

here c" is the calculated clear sky emissivity, (. is the cloud based temperature, the factor

r(l~)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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4.3 RADIATIVECOOLING PROCESS

Emission of long wave radiation is a continuoUSprocess, which takes place day and night

(24 hour cycle). But during daytime, surfaces radiating long wave radiation are subjected

to solar radiation, which eventually prevail over the 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

IJ-(micron) 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'. Givoni 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 fllL"I: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 is.utilizedas cooling potential for building. Nocturnal

radiator can gain heat by convection if its temperature is below the temperature of

ambient air. Some cold eneq,'Yis lost during the process of transfer .fromradiator to the
,

building and the effective cooling (of building) is less than radiant net loss. Then again

when the temperatUreof the radiator is above the temperature of ambient air, the effective

radiant cooling takes place, moreover convection to the ambient air also becomes a

cooling resource.
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According to Givoni (Givoni 1994) there arc three basic types ofnoetumal radiators that

utilize the physical process of radiant heat loss 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.

c) 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.

4.3.1 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 is

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 minimi~tion 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 combined 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 Roof with Opemblc Roof Insulation as a nocturnal mdiator. (Source: Givonj 1994)
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its surface has a higher temperature than the air. Consequently 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 enerb'Y

nor does it gain heat from the space helow the roof. 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 between hcat 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 emitting surface, the convective heat gain depends on it near the emitting surface.

The net heat loss at 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 rlldiation, the cold energy 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 (convective 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 enerl,'Ycan be

stored in a specialized mass (I()r cxample in a gravel bed under the building). Figure 4.3

illustrales a building with a metallic noclurnal 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 supplemental specialized storage mass.

(Givoni 1994)
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Figure 4.3 The Cooling process of Lighiwclght nocturnal radiator. (Source Givoni 1994)

4.3.3 lln~lazed Solar Collectors as Nocturnal Radiators

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

through them at night during summer. Onc of thc following ways, the cooled water can be

utilized:

i) The cooled watcr can bc circulated through thc roof matcrial- the concrete. In

this way roofs servcs as thcrmal storagc and cciling as a radiant cooling panel

above the space to be cooled (Figure 4.4).

ii) The cooled water can be circulatcd through a water pond over the roof and

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

element. .



63

Woh!r Pump

(
"No wot"r

:] Cllculotion"'

___' Concrotl'l Roof
with Pipl!s

lfl~IJlotl}d
..r..:Plonter

Concrete Roof
with Pipes

COrlvndiv'! k. f~odinnt
(<)(.,lin9 from CfJiling

Figure 4.4 Unglazed solar collector functioning as a nocturnal radiator. (Source: Givoni 1994)
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4.4 CONCEPTS AND SYSTEMS 01' RADIATIVE COOLING

a) The "Skytherm" Systemsand its Variants

The "Skytherm" is the first roof system utilizing nocturnal radiation for cooling a

building and only commercially available developed by Hay (1978). 1n this system the

structural roof consists of a horizontal metal deck where thennal mass is provided by

large plastic bags, filled with water and placed above the metal. Horizontal insulating

panels, which are 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. Figure 4.5 shows a

scheme of the Skytherm System. The process is rcversed during the winter and the system

acts as a passive solar heating system. This system offers an ctTicient cooling mechanism

due to the good thennal coupling between walls and the indoor space and the high heat

capacity of water. Several researchers have developed and tested various modifications of

Ha/s original design with a view to overcome some technical difficulties that were

e;-.perienced 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 Phoenix, Arizona

The Phoenix prototype was a 10 by 12 feet room with vermiculite filled eOllerete block

walls and insulated byl.5-inch rigid polyurethane. The roof was built of corrugated steel

sheets. A polyethylene liner formed three water-proved ponds. The insulation over the

pond consisted of J.5 inch thick polyurethane panels, manually operable by nylon

clothlines with help of pulleys. The panels were stacked atop the carport when retracted.

In summer, the pond was exposed during the night and insulated during the day. In winter

the process was reversed:
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As reported byMarlett et al (1984), the water was exposed on the roof (that is, it was not

contained in bags). Therefore the cooling was mainly by evaporation, not by radiation.

The interior temperature was maintained in a range between 68 and 82 of. During the

summer months, with maximum temperatures upto II ()of and high humidity, a fan-coil

unit eirculatcd the ponds water through the unil.

The House in Alascadero, California

The Alascadero house built and originally owned by Hay, was the first building of full

size, which utilized the Skythenn system. It is a single story building with three bed room

and made of hollow lightweight concrete and insulated wood -Irame walls. The structural

roof consists of corrugated steel deck plates. Thermal storage is in large watcr filled

plastic hags. Insulating panels arc Illovahle hy the help of a Illotor and stacked over the

carport when retracted, 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 et 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 (lC throughout the summer by the roof pond. In evaluating the

performance, it should be noted that in summer the outdoor average temperature in

Alascadero is within the comf()ft range. So in practice just the thermal mass of the water

and the walls, even if insulated by fixed insulation, could maintain a comfortable indoor

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

The New Mexico State University Building (NMSlJ), Las Cruces

The building built and tested by the NMSLJ is a single story three-bedroom house in

which walls are of 15 cm thick load bearing R.C.C. and the floor 100. Las Cruces has a

more severe summer climate than Alaseadero; thus, it could provide more realistic

conditions for evaluating thc cooling perfi:mnancc of the skytherm system.

The Marlett ( 1984) report indicates excellent coo] ing pcrli:lrInance of this building.
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Figure 4.5 The Skylltcntl Syslcm. (Source Givoni 19(4)
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The Pala Roof Pond Variant

The Pala passive solar facility, owned by the San Diego Gas and Electric Company has

eight test buildings but out of them only two are related to radiant cooling. Each building

. is equally divided into two rooms by an internal wall and has a floor area of 25 mI The

ceiling height is 2.4 m. The roof pond building has a flat steel deck structural roof that

supports large water filled plastic bags similar to skytherm system. But the operable

insu,iation panels were of di/Terent in design, Instead if panels stacking horizontally, they

mover accordion-style and hinged together with standard door hinges. They slide on

tracks mounted vertically on the top of the parapet of the roof (Figure 4,6).

The indoor temperature of the root~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 (lC 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 relationship between outdoor and indoor temperatures was rather

similar in .July and in October. Solar gain through the small-unshaded windows and solar

absorption in the building's envelope have raised the indoor temperatures so that in July

the average. temperatures of both huildings was ahove the outdoor average. The

temperature of the conventional building was almost always above the outdoor level and

its maximum was ahout the same as outdoors. But the temperature of the roof-pond

building was too high relative to the outdoor situations, indicating that the total direct and

indirect solar heat gain was more than the cooling providcd by the roof pond, although its

area was thcsame as the noor area (Givoni 1994),

Il) Concrete Roofas Nocturnal Radiators

In many countries, roofs are generally constructed as !lat (horizontal) and has become a

standard practice unless 10 mcet vcry spceific rCljuircmcnts, If such root's could be

equipped with one form or another of operable insulation that could cover the roof during

the daytime and eXIX)Seit (rool) to thc sky during thc nighttime, then the roofs would

function as ellcctive nocturnal radiators,
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Motor

Figure 4.6 The Pal. version of the Skythenn system

The performancc of this concept was tcstcd by Givoni (1981) at thc Institute for Desert

Research of Ben Gurion University in Sede Boger, Israel, with small lightweight test cells

measuring 55x55x50 cm with walls of Polystyrene sandwiched betwecn plywood sheets

with a lO cm thick concrete roof. A 5 Clll thick Polystyrene plate was used to c!lver the

roof during daytime and during the nighltime it was exposed. The experimental cell was

compared with a "control" of a similar cell with a super insulated roof.

.The average results are summarized in the following table:

-._-_.--_.---~ ..--

Outdoor Temperature
Indoor-Experimental
Roof Surface (Exp)
Indoor-Control

Minimum
14.5
14.0

12.0

19.4

Maximum
27.0
21.3

19.3
25.6

Average
"-.---- ---"-----------------~_.~_._-~-

20.7
17.2

15.2
22.5

,"
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Thus it is evident from the above table that the concrete nocturnal radiator has lowered

the indoor maximwn temperature by 5.7 (le (46% of the outdoor range) and the average

by 4.3 and 5.4 (le respectively below the temperature of a similar cell with well-insulated

roof.

[.ater this concept was tested by Etzion and Dovcr ( 1989) at the same institute with larger

lest cells measuring 136x 1J6x lOX em with walls made of 6 cm polystyrene inserted

between lwo sheels of plywood, painted white. The roof was constructed of 10 cm thick

concrete with a movable insulation panel of 10 em polystyrene. The roof insulation was

installed during daytime and removed during nightlime. The relative heat gain through

the walls was increased due to higher height of floor area 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 patlerns of the outdoor and

indoor temperatures during a sequencc of four days in July 1987. With averages of the

outdoor maximum air temperature of 38, minimum of 19 and averagc of 29 "c, the

respective indoor air temperatures were maximum 29.5, minimum J 7.5 and average 24

(lc. So, the concrete nocturnal radiator with daytime insulation lowered the indoor

maximum temperature by 8.5 -<Ie (45% of outdoor range) and indoor average by 5 (le

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 werc maintained well bclow the outdoor and the indoor

maximum was lowercd below thc outdoors' Icvcl by about 50% of the outdoor range.

Jt is interesting to note that in above three cases the indoor maximum temperatures were

lowered below the outdoors' maximum hya similar fraction of the outdoors' range (45-

50%).

c) Metallic Lightweight Radiators

Operable insulations arc necessary if high-mass roofs arc used as nocturnal radiator,

which arc of course technically a problematic item. Ilowever, instead of cooling the mass

of the storage medium itself, it is doable to coo] a specialized long-wave radiator, placed

over an insulated roof: to temperatures below those atlainable when the storage. mass is

cooled directly.

/,

I
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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 prcvcnt hcat /low to thc radiator from the roof below, it should be

insulated underneath with a cavity.

The net radiant heat loss and the heat gain by thc convection fTOmthe ambient air are

balanced when radiant heat loss from a lightweight radiator is not utilized by airnow

under the radiator (stagnation condition). This halance makcs a temperature depression of

the Radiative surface below the ambient air when heat loss by radiation equals heat gain

by convection. Under these conditions the temperature difference between ambient air

and Radiative surface is highest (if stable condition in wind speed and cloudiness are

assumed) (Givoni 1994).

The temperature thus attained is termcd as 'Stagnation Temperature T,; and example of

measuring the temperature of Lightweight metallic radiators by Givoni in two climatic

regions of Israel:

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

temperature was measured with exposed radiators made of asbestos cement sheet

without a polyethylenc 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 of 1964 for three clear days (GivoniI994).

It can be seen in both cases (cven though the cI imate is humid) that the nighttime

tcmpcraturcs havc dropped by about 5 to (, "K below the ambient air. The figure indicates

two points of practical signiticance:

I. As long as thc sky is clear, radiant cooling has an effeetivc potential even III

humid regions.

2. The color of the radiators docs not affect its performance ti,)r nocturnal radiant

cooling but during daytime it would result in very differenttempcrntures.

,
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Figure 4.7 The cooling pcrfonnance ofconcrcle roofwith operable insulation, serving as. a nocturnal radiator
during fbur days in July 1987. (ancr Etzioll and Dover 1989)

HOURS

Figure 4.8 The cooling performance of concrete roof with operable insulation, serving as-a nocturnal radiator
during seVen days in Sept emher 19&7. (aller Etzion and Dover (989)



34

32

."lO

28~
P~

16
lI!

~
2'

~ 72

20

'" '2 18 24 6 1) 'H
HOURS

J4 12 ]4

-.-','.

72

Figure 4.9 Surface TempcratUles of gray and white lightweight radiators. (source Givoni 1994)

Consequently, lin exposed dark radilltor (over well insuillted rool) ClIObe used in winter

during daytime as a low cost low el1leieney air heating and in summer as a radiant

cooling system. In both ellses, the interior strueturalmllss \ViIIprovide themllli stomge.

The Sede Boqer Study: ElIeet of Polyethylene Wind Serc<-'!Is:In Sede Boqer,

which is in arid climate, the experiment was done to examine the etlect of

polyethylene windscreens on the stagnation temperature of melallie radilltors. TIle

tempemture drop under stagnation conditions was about 5 to 8 "c for exposed

mdilltors lind ineuse of screen radilltors the drop \VIISIIbout 9to 10 "C. However,

when dew was precipitated over the polyethylene the ellcet of the windscreen

prlletiCllllydisllppcared. The experiment also indiellted thllt there is no signifiCllnt

dillcrenee between single and douhle layers of polyethylene.

ElIeet of RlIdiator's Utili;rlltion on its Temperature: When outdoor IIiI'flows lindeI'

the radiator while insulation restricts heat llow to the air stream Irom the roof
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below, its temperature drops towards stagnation level. 1be potential ClxlJing of air

is always lower than the depression of stagnation ternperature.

The heat transter from f10wing air to the radiator is increased by higher airspeed

lmder the radiator and higher flow rates per lmit area of the radiator. Thus more

heat is actually dissipated by the radiant loss and further improvement of thermal

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

d) Screened Asbestos-Cement Sheeb as Nocturnal Radiators

Givoni and Hoffinan (1970) have studied the possibility of using corrugated asbestos

cement sheet~, which are a very common roofing material in many developing countries.

They have measured indoor temperatures of a room, which is r()()JCdby asbestos-eement

sheet and covered with polyethylene windscreen functioning as a noctumal radiator. The

research took place in the hot desert town of 'Eilat' in Israel. A 6x3 m flXlm was build

specifically lor the struly. The walls and roof was constructed with 20 em concrete and

insulated exiemally by 5 cm polystyrene and white Cl)rrugated asbestos cement sheet. 1be

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 length of the rwm by I m in north and south orientation,

creating a gap in which hinged operable insulation panels were installed. A polyethylene

sheet was stretched IO cm above the asbestos-eement so that ind(X)rair Cl)uldexit through

northern gap ay night when roof I:l<1nelswere open, thereafter flowing down the sloped

flxlf by gravity between polyethylene and asbestos sheets these air were Clx)led down by

radiant loss to the sky and reentered the room through the open southern gap (Figure

4.10).

With the closer of the roof opening in the morning, there observed a quick inerC<tseof

ind(xlr air tempt.'f3ture (about 'I to 2 "C) due to equali7..ation 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). 1bis indicates the effectiveness of the high mass of in

storing the nocturnal cold energy.
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Figure 4.1 0 The test room, cooled by an asbestos-cement mdiator in Eilat, Ismel.
(Source Givon; nnd HolTman 1970)

It can also be seen that around 3AM. the outdoor tcmperature bceamc lower than the

indoor. Actually when' tlle windows were open with roof openings, there was a sharp rise

of indoor temp<->raturc.

\I should be noted that thc pcrfimnance of this system det(,'riorutedwith time. Part of the

deterioration was due to dust accumulation on the polyethylene, which reduces its

transparency to long wave rndiation and in part to a highcr humidity level. 'Olis study

laced the practical prohlem in the usc of polyethylene windscn ..-en. The serc,-enhas to he

cleaned frequently due to dust accumulation which is very troublesome even for a single

room and in case of fUll sized huilding, cleaning is not a practical proposal. Even with the

ckaning the thermal perli.mnancc of the system as well as the polyethylene material

gradually deteriorated.
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c) Unghu.cdSolarColleclors usedas NoclurnalRadiators

'!llC idea of utilizing unglazcd solar collectors as nocturnal radiators fOTswmncr cooling

and as solar collectors I"T wintcr heating was suggested' oy Me Cormie and Landro

(1980). 111esystem comprise of II rudilltor/colleclor lind II rock pile thennlll stomgc with

dueting and lim .lilTthe control of airflow. At night, the cooled air can he dimcled to the

Tockstorc or can be drawn dircetly into the rooms.

A Roof Pond e(x)lcd by Unglllzed Sollir Collectors: Etzion lind Erell, lit institute
for Desel1 I~eseareh of Ben Ourion 1Jniversity, Israel have used copper tuoe
IIl1l1ehedto II copper plate liS unglazed water heating solar collectors (Etzion and
Erell 1991).

The test ehmnbcr measuring 2 x 2 m (extemal), 1.6 x 1.6 m (intemal) x 2 ill high

(intemal) stmeture with concrclc l100rsand walis made of hollow conerc!e blocks.

The structure WIiS insuilited with 5 em thick polystyrene lind pilistered. 1be

concrete roof was 10 thick with a water pond over it, serving as thermal storage

with flolilinginsulation panels over the water.

During the night hours 'in summer, the pond water was circulated through the

nnglllzcd collectors, cooling lhe pond and the concrete f(xlf bene,lIth it. In winter

the process was reversed, and the water circulation took place dllring daytime,

thus heating the walcr. Heat t10w octween the pond and the room helow was by

conduction through tile roof Figure 4.1 I (Elzion and Erell 1991) illustrates

diumal pallems of ouldoor air. indoor air and ceiling Willer l<-~npcratureof threc

days in August I,)RK The outdoor minimum and rnaximum temperatures were

about 19 "c aud 11.5 "c respcetively. The daily IIverage indoor temperature was

about 23.5 "c, which was about 2.7 "c below the outdoors average. The average

Illaxillluill tClnpcraturc Vias about 24.2 °c.

'Ole temperature of the waler circulating through the unglazcd collectors WaS

higher than the outdoor between about 22.00 and 6.00 hrs. 'I1ms convective

e(xI!ing accompanied the radiant heat loss mosl of the night.
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Figure 4.11 Indoor air, ceiling and pond tempemtures in a test cell cooled by ungl37.ed solar collectors acting
nocturnal mdiators. (Source: Etzion and Erell 1991)

The measured average total radiant and convective cooling rate of water was

about 55 W/m2, which is lower than expceled in a desert area from a radiator at a

temperature higher than the ambient one. Cause was due to resistance to the heat

!low from tubes to Ihe cooler radiatu1g areas in between, but the large collector to
.- ----~. - --- - . - --

floor area ratio apparently has provided a total cooling rate sufficient to:
- . . -

achieve remarkable temperature reduction.

f) The Roof Radiation Trap

Based on the findings of Eilat buildings showing iInpracticality of using polyethylene

windscreen and to incorporate pa'ssive solar healing 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 huilduJgs with concrete roof.~. 'Ole

radiation trap has an inclined fixed insulation layer on the south above the concrete roof.

Painted conugated metal sheets (nocturnal radiators) are placed above the roof inslilation

acting as a channel tor outdoor air flow under radiator during night time, 'The southern
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gap between eonerele roof and insulation is glazed and a hinged insulation panel IS

attached to it to serve in winter as a solar radiation trap (1'igure 4.12)

In summer when radiation trap is used for cooling, prevention of incoming solar radiation

through southern gap is done by closing the gap with the help of hinged insulation panels.

At night the painted melal layer is e(x)led by outgoing radiation and the air under the

corrugated shect is driven into the building. In winter, the hinged p'lIlels in the southern

gap is kept open during daytime allowing solar radiation to penetrate through the glazing

and is absorbed in the black painted concrete roof '111epanel is closed during night and

the concrete roof serves as a radiant heating panel for the space below.

'l1lC perfonnanee of the radiator under slagnation conditions and when air flows under it

was tested by (iivoni at the Institule I.)r I)esert Rese;udl of Ben (iurion, University in

Sede 13oqer, Israel. A small lightweight model (internal dimension 50 x 100 em) was

constructed with 50 mm polystyrene plate sandwiched between plyw(xxl sheets. The nx)f

was inclined at the height of 50 em and was eovered by light gray painted eomlgated

aluminum as noctumal radiator with 3 mm air gap between the nx)1'and radiator. Outd(x)r

air is sucked during night by a small exhaust lill1 installed inside the model.

Diurnal tempemture pattern of 1)1.3"1' and radiator under stagnation condition shows even

belbre the sunset around 4 I'M the radiator's temperature filII bclow the ambient

temperature as the long wave radiation began to exceed the convective gain. '111e

temperature dincrenee increased until, at about') I'M, a stable temperature drop of about

7 to 8 "C was established. Aller miduigbt temperature drop fluctuated, probably because

of ehange in the wind speed and lor cloudiness.

Before the slart of the ltm operation (4 PM till 8 PM) the drop of temperatUre was similar

10 stagnation experiment. llowever with the start of the I(,reed air flow, the rate of e(x)ling

by the radiator decreased and the temperature drop alter the initiation of the now was

about 3 to 4 "C until I I'M when probably passing clouds markedly reduce temperature

drop.
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Figure 4.12 The working principle of Roof RadiallOn Trap. (Source Givini J 994)
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TIlCstaked air was coolcd by thc radiator and as thc fan was rathcr small producing low

tlow rate, at the exit the air reached a temperature very close to the average temperature

of the radiator. Thus, the air t10wing under the radiator was cooled about half of the

stagnation temperature depression.

g) Metallie and Asbestos-Cement Roof in DevclopingCountrics

Corrugatcd mctal or asbcstos-ecmcnt roofs arc widcly lL~edin many developing countrics.

The low mass roof cools down rathcr quickly during night acting as nocturnal radiator,

located directly abovc thc living spacc .. nlC inicmal night conditioll of these kinds of

buildings arc often more comfortable than buildings with high-mass ax)1: But during

daytime thc indoor climatic condition of thcsc buildings arc often uncomfortably hot as

the uninsulated lightweight ax)l\; arc heated up to much higher tempemture than the

concrete roof.~.

Installing ccntrally hingcd parallcl insulating pancls undcr thc roof can largely reduce

daytime heating without interfering t,X)much with e,x)ling ellcct of such ax)t\; at night.

Duringthc daytimc whcn the insulating panels arc in horizontal position (elosed), they act

like a continuous insulation layer undcr thc roof resisting heat now to interior space.

During night as the panels are tumed into vertical position enabling flIdiant and

convective heat now from the interior space to the ceiling, which is Clx)led by the long

wave radiation to thc sk1' (Figur.c 4.13).

As the intemal insulating panels arc nor cxposed to rain and wind, it CUllbe simpler in

eonstmcti,in and lightcr and less cxpcnsivc than cxtcmal insulating panels. Position

change of these interior-insulating panels can be done manually by mCltlls of rope (which

is not always convcnient). A major potcntial ha7Alrdwith intcrior insulation that is made

of expanded plastic materials is firc. Howcver designing with none()lIlbustible operable

interior insulation can reducc thc risk.

During the nights in hot-humid regions, ind,x)r water vapor may condense on the interior

surface of the mctallie roof. This is most likely when the radiator is metallic, but may also

happen when thin asbestos-cement sheds arc used.
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Design dctai1 of collection and draillJJgc of the condcnsllte clln IIctually lower the interior

hwnidity level and enhance the com10rt of the occupants,

4.5 CONCLUSION

TIle applicability of radillnt cooling as a major method of hc.1t dissipation from a building

depends on the type of the building, especially on the structure of the root: The thermal

performancc of radiant cooling and cxpcdicncy of its application depends grcatly on thc

climatc, As radiant cooling takcs place only at night, li,r buildings that are occupied

during thc evening hours in rcgions lacking night wind with high ambient temperatures

(above com1t)f\ level), the method's benefit is almost instantaneous, However, in order to

gct bcncfit from noctumal rudianl cooling during Ihc /()lIowing daytimc hotlTs the cold

generated by the radiator has to be stored in a thermal-storage mass, By ventilating the

building with thc coolcd air, thc C(X)lingproccss also c(x)ling down the stmctural mass of

the building, 'lbe cooled mass serves, during the li)lIowing day, as apassive sink 1t)rheat,

which is, generated inside thc building or that go through thc building's envclop (Givoni

1994),

From the illfollTmtion 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 night

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

ditlerent systems, where it is possible to reduce the indoor tempemture 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 pmctical option where
~ ---:---;-~-::---,~--:-:---:--~

ambient night air can be cooled by about 2 to 3 "c bY-"e;,l<;o.lc:.;'te:;ue:;ne:;u:::tl:.;r:.:a:.:d:.:i",at:.:i.::,()f::l:.,'.::S.::it:.::ua:::.::ti:.::o:.::n:..CII:::.::n.:..,::be.::.--.~-..::---------' -Illither improved by dehumidification or air .introduced into the building,

On the contrary, in regions with predominantly cloudy sk)' and/or high wind speed at

night the net radiant loss is too small (usually I °C below the ambient air temperature)

and hard to justiJY the cooling system based on radiant heat loss, This situation is

ditTerent when radiant heal loss is supplemented by convcction (in casc of high mass-

TOol), coupled with.operable insulation, serves the radiator. With high mass radiators the

temperature of the radiating surfllCe is above the ambient temperature most of the night.
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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, it 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 roof is

the most reasonable location for nocturnal radiator, radiant cooling is applicable almost

entirely to single story building or top l100r of multistory building.
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5.1 INTRODUCTION

The thermal performance of Roof Insulation and its impact on indoor environment can

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 effect of

changes in one aspect keeping other filctors constant. The observations of simulated

behavior that occur due to changing parameters allow the identification of elements, the

reduction or introduction of which in thc dcsign 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 real situation).

Another significant achievement 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

(version 8.30) has been used for this simulation study. The interpretation of simulated

temperatures is related to measured conditions of empirical comfort criteria (chapter

Three).

5.2 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 eneq,'Ytargeting.

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

I The details of the simulation program is based on the reference manual provided wilh the softw~rc

'rn
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influences of the Illnnerous thennal processes OCClUTingm thc building, their timing,

location and intemction, to be properly accounted fbr. These processes are illustrated

schematically in Figure 5.1, which shows thc lllovement of hcat in various fonns as it is

conveyed into, out of and around the building by a vdriety ofheat tmnsfer mechanisms.

Conduction in the tabric of the building is trcated dynamically using a n0I111<11co-Qrdinatc

method
2

. This efficient computational procedure calculates conductive heat tlows at the

surfaces of walls and other building elements as timctions of the temperaturc histories at

those surfaces. Constructions of up to 12 layers may be treated, where each layer niay be

composed of an opaque material, a transpnrent materinl or a gns. Convection at building

surfaces is treated using a combination of empirical and theoretical relationships relating

convective heat flow to temperaturc difference, Surt:1ce orientation, and, in the case of

exiema! convection, wind speed. Long-wave mdiation exchange is modelled using the

Stefan-Boltzmann law, using surface emissivities from the materials database. Long-wave

radiation from the sky and the ground is treated using empirical relationships. Solar

radiation nbsorbed, reflected and transmitted by each elenlent of the building is computed

from sol<1fd<1taon the weather file. The calculation entails resolving the radiation into

direct nnd diffusc components nnd calcnlating the incident tluxes using knowledge of Slm

position and empirical models of sky mdiation. Absorption, reflection and transmission

are then computed from the themlophysical properties of the building elements. External

shading and the tracking of sun pntches <1foundroom surfaces mny be included nt the
user's option

2, 'Time"'\'3Jyin~ c(:mductioorl beat. transfer and heat siorage in the buiMjng: fuhtic if: lTIodelled in Tas u~ing Ille lltmltill Cl,}-(l'rdinafe
metJlOd" with a timc-s:tep of ] hour. TIle met1)od. is c1t:)SeJyn~Jated to methods ha.~d 01] R~l>c.'lJJl>e FactOJ'~ and ConducrJon Transfer
Function. .••'"but offers subrtantiaI run--time and storage saving.'! relative to these methOt'"h;_The following surnrrmry l.'l L'lkt"n from Ret: '8':

The basis of the method is Q des(...riph-on l?f the thermal stah' l?f Ihe wall i" feTms l?f a sel qf normal co-crdinafe l'ariables. These
variable .•••which define (.I decomposition qf the temp<!rtlturc andflllX di~1rib1itiQn.\' in the waD in tenn.<,:qfeige~.:1iQtrs, an tlpdaJcd at
each time inL'Tement. und are u.fted. in L'ombination with reL'ent i1!put data, to calrolate all aU/put quantities. J1u:mt!thod dnJsJ~essn
elemmts in common with tire two most widely tL'u:dqf ttisting methods/or the analysis qf wall heatflows, combining an e<."OrIOmr(:w
staJe.represcntaJion resembling thaJ emplo.ved byfinite difference methods with fast and Ot..•••'1ua/c tecnniqut!S boTro'K'Ctifrom respomc.tudor theory. .

TIre method assumes linear. Itni..Jimenrionai heafjlOM', and relies on anatl'ti('oi techniques developed by Pipesh and S/qIIren.S01J and
Milalas

c
, Do/a is (u''\.'T!ptedin the form of regularly sampled .\1'iface temperatures, ana 'I-'aluesare generated for the temperaturc or

heat/lux at an)' desired paintwi/hin the wall. Minor modifi.<."Utians,reported elsewhere~. al/owfor bound my conditions imvhi"R!he
specification of heat flux in place qf temperature at either surface. Other extensions of the method, de:,crihed in reference d, include
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--------Air Conditioning

Figure 5.1 Schematic Representation of Heat Transfer mechanism in aBuilding (after A-Tas)
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5.3 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 ofrepresenting 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 mu1tistoried 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 complex I) .

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).

/~~-l-, >=j----~~..---:-Fli1I' l
/::. L '--111

• W 3 U Verandah jl W 5

Test Room ~~ 0-~::~J--r--1

1

--~-- II d 2 L........-l -'1
Zone 6 ~ W 6 I

-- ,-------- 1-1--

d 2111 I Zone 8 I I I W 2

~--'==FIz~on:;:e:;:~~o===:3irilll'=~ 1 Living 1
1

.. __ 1

. Toilet U 0 Room I
,- d1 0 1-- ----,

_L------~/~/~Izo"'9 III w,

~~,) _Ie_.---=.-=_- --.::.J-I
/

" .._------
Figure 5.2 Test room modeling 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 i) Climate ii) 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 containing 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

country 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

values of seven weather variables. The weather file 'Ban_Dhaka.wf12, 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 has been converted to hourly data

by interpolation method. V'

The site parameters of weather file are as follows:

Parameters
Latitude (degrees North)
Longitude (degrees E)
Time Zone (hours ahead of GMT)
Ground Temperature (deg. C)

Details
23 Deg. 46 mts. N
90 Deg. 23 mts. E
GMT+ 06.00
25.8 degrees Celsius

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

following categories:

2 Hourly climatic data for the year 2000 were sent to the product support mmmger of Environmental Design Solution Limited and
EDSL programmers developed this weather file for the specific research.



Hourly weather variables
I. Global Radiation
("global")
2. Diffuse Radiation
("diffuse")
3. Cloud Cover ("cloud")

4. Dry-bulb Temperature
("t")
5. Relative Humidity
("rh")
6. Wind Speed ("wspeed")

7. Wind Direction
("wdirec")

90

Details
Total solar radiation intensity on a horizontal plane.

Diffuse sky radiation intensity on a horizontal planc.

A number varying from 0 for a clear sky to I for overcast
conditions. This quantity is used to estimate long-wave sky
radiation during simulation.
The dry-bulb temperature as measured in a Stephenson
screen.
The relative humidity as measured in a Stephenson screen.

The wind speed measured at a height of 10 meters above
the ground
The direction from which the wind blo\vs (degrees east of
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.

ii) 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 later 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 ofthc building causes a transfer of heat between thc

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

entering a zone through transparent building components falls on internal surfaces, where

it may be absorbed, reflected or transmitted depending on the surfaces' properties.

Distribution of reflected and transmitted solar radiation continues until all the radiation

has been accounted for. Tas solves the sensible heat balance for a zone by setting up

equations represeniing 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 generate 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 zonc, which takes account of latcnt gains, moisture transfer by air

movcment and the operation of humiditication and dehumidification plant. (for specific

internal condition of the test room see section (h) & (i) of Appcndix 3.1)

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

building, and whosc influenccs A-Tas allows thc uscr to investigate:

• Thennal insulation

• Thermal capacity ("thermal mass")

• Glazing properties

• Built form and orientation

• Climate

• Shading from nearby buildings and self-shading

• Infiltration

Ii Natural ventilation

• Mechanical ventilation

• Solar gain

• Gains from lights, occupants and equipment (both sensible and latent)

• Control setpoints & bands, optimum start, frost 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 temperature

• Resultant temperature

• Surface temperaturcs

• Humidity

• Condensation risk
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• Sensible and latent loads

• Energy consumption

• Required plant size

iii) MateriaL~

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 typ<-'Sin the Constructions Database.

Each material is identified by a Material code, which consists of two parts: thc material

category and the item number. The material category is characters identiJYing a class of

materials (for example insulating materials). The itenl munber is an integer, which

identifies an individual material within the category. (See section (d) of Appendix 3.23

for the materials specifically used fQrthe test room and roof insulation)

iv) Constmdions

The Constructions Database stores constructiQn types for walls, 110ors, etc. built up from

layers composed Qf 1Th~tcrialsfrom the 1Th~terialsdatabase. NQ constnlctiQns are supplied

with the Tas prQgratJ1.
Each constnlctiQn type is identified by a cQnstnlction code, which consists Qf tWQparts:

the construction category and the item number. The constl1lction category is a name

identifying a class Qf constructiQn types. The itenl number is an integer that identifies an

individual construction type within the category. (also see section (d) of appendix 3.23 ti'r

the constructiQn details of the test room and roof insulation)

5.4 DISCUSSION OF RESULTS: THERMAL PERFORMANCE OF ROOF
,

INSULATION

Significant [mdings Qf envirQnmental cQnditiQn Qf the Test room (which is lOcated at the

top t100r of a 4 storied building in Dhaka) are discussed in this section to evaluate thermal

perfQrmance Qf roof insulatiQn (sec alsQ Appendix 3). The sectiQn is divided intQ

tollQwing (1) Simulation Output: Uninsulated Roof (2) Simulation Output: Roof with

rnsulation. The aim Qf this investigatiQn is tQ study the thermal perfQnnance Qf roof



93

insulation Therefore uninsulated roof has been considered as a base casc to which

insulation on roof at dillerent height can be compared. In evaluati(m process certain

environmental criteria like Indoor Temperature, Mean Radiant Temperature and Ceiling

Temperature .in the test room, which are directly int1uenccd by roof insulation, have been

considered Insulation top temperature has also been taken into aceount as roof insulation

is int1uenccd by this factor.

5.4.1 SimulationOutput: Unin.~ulateclRoof

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 is selected

because it represents the Monsoon or hot-wet period and characterized by high humidity,

high temperature, and high cloud cover and high radiation. The clearness index is low.

Moreover in the context of Dhaka Monsoon is the most prolonged season among others

(for more detail see chapter Two and appendix 5).

a) Indoor Air Temperature

Indoor temperature of a room depends on certain extemal factors, where roof insulation

can play an important role. The significant findings of temperature data recorded from

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

The average temperature recorded during data generation by the computer simulation 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 "le. The highest outdoor temperature was [()corded on the same day as 33.6 "c and

testifies it's hearing on indoor temperature. Diurnal dilIerencc of maximum lllld mininnull

temperature ranges between 2.6 "le to 6.2 '1(, while the time lag between them varies by 8

to 9 hours. (Figure 5.3.1, 5.3.2 and 5.3.3)

It is evident from the logged temperature profile for the selected days tlmt they follow

almost identical trends specially the time of attainment of day maximum and minimum

temperature. The indoor temperature was over tile comfort range for most of the period

during data collection
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b) .MeanRawant Tempemture (.MRT)

MRT is an average temperature of the surrounding surfaces. It includes the dIect of

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

The average MRT generated in the test room is 36.27 °c, which is way above comfort

range even in this situation air flow at the rate of45m!s is unable to create comfi.lrtable

environment. The maximum temperature was registered over 40°C and the mininllun

near 33 "C. The ditlerence is 7 "1<. Temperature ditlerence between daily max and min

ranges between 4.6 OK to 7 OK 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 after outdoor temperature, thus creates a time lag of I to 2 hours. tv; the minimum

temperature is above the comfort range in still air condition, a warm condition prevails in

the test room.

c) Ceiling Temperature

As ceiling is closely associated with the roof and also due to its physical positioning, any

temperature tluctlk1tion on roof directly and immediately aftects ceiling tenlpcrature. A

warm ceiling increases indoor templ-'TIItureof the room below by convection and radiation

process, therefore it is a significant factor to beconBidered.

According to the logged data, the maximlUll ceiling temperature was rccorded as 44.9 °c,

while the minimum was 32.2 "c, thus creating a dillerence of 12.7 "1<. Diurnal dillerence

of maximtun and minimum temperature ranges between 7.4 OK to J 2.7 OK and the time

lag ranges between 7 to 10 hours. (Figure 5.5. I, 5.5.2 and 5.5.3)

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

thus creating an lUlcomfortable situation.
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d) Surface Temperature oHnsulation (Top)

It is most directly related with the thermal profile of the roof insulation. According to the

simulation data, the average insulation top temperature 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

oK 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 isobserved during noon and prevailed for couple of hours. This

phenomenon obviously increase the indoor temperature of the test room
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5.4.2 Simulation Output: Roof with Insulation

With operable iusulation system ck1tawere collected at two different height (also to study

whether there is any impaet of height), first at 500 mm above the roof which is the elose

to the minimum height of parapet generally'used in Dhaka and then at 200 mm above the

roof which comes from the width of tl1e Styrofoam panel, used as insulation material Ibr

the roof (sec also chapter six).

i) At 500 mm above the Roof

Simulation study was performed in the test room, with insulation Ibr the montl1 of April,

which £.1lls in pre-monsoon or hot-dry period. Temperature pattern is most pronOlUlced

during this season. In the case of Dhaka it is evident from solar J1!diation data and

atmospheric clearness index (s~ chapter two) that during this month high radiation influx

is the major factor contributing to the ditlerencc in temperature observed. Thus it is the

most critical among all other months of the year and chosen for investigation. Significant

findings of environmental data collected from simulation study .fbr the test nx)m \\~th nx)f

insulation at 500 mm above the roof arc described below

a) Indoor Air Temperature

I:ndoor temperature of a room b..1nkon certain external issnes, and roof insulation is one of

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

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 diJlercnce of 10.8 '1(. l11c highest outd(x)r
.'

ten1perature was recorded on the same day when indoor temperature reached to its peak

as 33 "c and testifies it's intluencc on indoor temperature as other days of data recording
there observed lower tCl~lperature profile. Dimnal differCllcc of maximum and minimulll

temperature ranges betwCt,~ 7.7 "K to 8.4 "K, (much higher diumal diJlt-wncc than

mIinsulated rool) while the time lag between them varies by 5 to 8 honrs. (Figure 5.6.1,

5.6.2 and 5.6.3)
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A gradual decrease of diurnal average temperature is observed, as the temperatures are

29.48, 27.65 and 24.6 °c respectively. It is evident from alxwe facts that roof insulation

has profound impact on indoor temperature. It prevents the increase Qf temperature by

reducing incoming radiation from the rool: hence increase thermal comt()rt.

b) MeanRadiantTemperature(MRT)

MRT is an important factor to be considered m thermal perlormance evaluation. It

includes the effect of incident solar radiation and has as great an inlluence as air

temperature.

The average MRT recoded in the test n~)m is 30.50 "c, which is within comlort range

and much lower than uninsulated roof. The maximum temperature was registered as33.7

"c and the minimum as27.3 °c. The difference is 6.4 oK. Temperature dillerence between

daily max and min ranges between 3.5 OK to 6.4 OK (Figure 5.7.1, 5.7.2 and 5.7.3).

During all the measured days MRT as.a major descriptor of thennal comtort, except

couple of hours was always within comtort tempemture 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 n.-ducing radiant temperature to

ensure thennal comfort.

c) CeilingTemperature

Due to close proximity any temperature J1uctuation on roof directly and inunediately

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

According to the logged data, the maxinlum ceiling temperature was rccorded as 32.9 °c,
while in the case 01' uninsulated roof it was 44.9 0c. the min .temperature recorded as 28.9

0c, thus creating a difference of 4 OK with insulated situtation. The' tinle lag ranges

between 7 to 13 hours Diurnal ditlen.'Jlce 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 OK. So

temperature fluctuation is greatly reduced which ensures better thermal environment and

atthe same time performance of roof insulation. (Figure 5.8.1, 5.8.2 and 5.83)
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'I1]e daily average ceiling tcmperaturc lor data recording days are 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 cL.1yof data collection with the

introduction of roof insulation. It is obvious from the all above tacts that roof insulation

h.1Sprofound bearing on ceiling temperature.

d) Surface Temperature of Insulation (Top)

It is most directly related with the thennal profile of the roof insulation. According to the

simulation data. the average surface temperature of insulation top was recorded as 35.09

"C, while the maximwn and minimum are 60.1 "C and 20.3 "C during the )X-"J1odof data

collection. The diurnal variation between maximum and rn.inin.lwn temperature ranges by

30.9 "K to 37.9 "K and the time lag of daily maximwn and minimum tem)X-'rature

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

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 some hours, which

should have major influence on the thermal envirolUuent in the test room hence the

thernml comfort. But with the introduction of roof insulation, we e:o-ponencc a much

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

Simulation study was perfc.mned in the test room, willl insulation tc.lrthe month of May,

which is representative of hot-dry SC<1sonand characterized by high temperature and

radiation. Cloud cover is over five ocla and longer sunshine hour is observed (see chapter

two and appendix 5 for more detail). 'Ibis month is also climatologically very important.

a) Indoor Air Temperature

Significant findings of weather data received from simulation study tc.lrthe test mom with

roof insulation at 200 mm above the roof are deseribed below

The average Ien1perature 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

minimmn was 25.4 °c making a. difference of II OK. The magnitude of the highest

outdoor temperature was same as the indoor on the same day. Diurnal diflerence of

maximmn and minimmn temperature ranges between 6.8 OK 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 in 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 siltmtion of

insulation at 500 rnm height trom the mol' .

b) Mean Radiant Temperature (MRT)

The average MRT recoded in the test room is 34.97 °c, which is above comfort range.

The maximum tempe!'1ture was registered as 37.7 "c and the minimum as 30.9 "C. lbe

difference is 6.8 OK. Temperature difference between d.1ily max and min ranges between

4.3 "K to 5.1 "K and 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 evident that MRT always reaches to its

pcID;:at the same time when outdoor temperature reaches to its peak, thus creates no time

lag. During measured days MRT as is major descriptor ofthennal comfort, except couple
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of morning hours in starting data collection .day was always above comfort tcmperaturc

range in still air condition.

c) CeilingTemperature

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

rrmximum ceiling temperatrrre was recorded as 38.4 °c, while the minimrrrn was 32.3 °C,

thus creating a difference of 6.1 oK. Diurnal ditlcrence of maximum and minimum
!

temperature ranges between 3.6 "K to 4 "K as compared to 7.4 oK to 12.7 "K for

uninsulated root: testiJYing a much stable condition. 'The time lag ranges between 9 to 1I

horrrs. (Figure 5.11.1,5.11.2 and 5.11.3)

TIle average ceiling temperatrrre for simulated days arc 34.4, 35.67 and 36.57 °C

respectively, which is above comt•.)rt range of previous mentioned criteria.

d) Surface Temperature ofmsulation (Top)

According to the simulation data, the average surface temperature of insulation top was

recorded as 43.93 °c, while the rrmximrrrn and minimlUn are 73.9 °c and 25.3 °c during

the period of data collection. The diurnal variation between maximum and minimum

temperature varies over 400K and the time lag of daily maximum and minimum'

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

It is evident from the recorded data that diurnal temperature dilli.-"Tcuceis significant and a

quick rise of temperature is observed during noon and prevailed for couple of hours,
,

which could elevate ind(x)r thermal condition wav ahove the comti.)rt level, hut because of

the insulation on the rooftop a much better t1lL"Tlllalenvironment is attained in the test

room.
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Figure 5.3.3 Temperature Profile in Test Room without Rooflnsulation (20 June., 2002)
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Figure 5.4.2 MRTand RT in Test Room without Roof Insulation (19 June, 2002)
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7 32.2 29.7, 32.7 37.0, 33.8 11.6
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Orlentatlon: Cei 1ing
fires (12): 16.38

Day 189; Tuesday, Jun 18 (WEEKDA¥)
Yeath~r; Ban_Dh~k3.~fl

Figure 5.5.1 Surface T.mperature of Roof in T.st Room without RoofTnsulation (18 June. 2002) o
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Figure 5.5.2 Surface Temperature of Roof in Test Room without Roof Insulation (19 June, 2002)
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Figure 5.5.3 Surface Temperature of Roof in Tebt Room without Roof Insulation (20 June. 2002)
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14 38.5 49.5
15 39.5 45.3
16 39.7 40.4
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Zone HeatIng(kWh)
6 Tut ROOA 0.90----------.-
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Figure 5.6.1 Temperature Profile ill Test Room with RoofIllsulatioll at 500mm (23 April, 2002)
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Figure 5.6.2 Temperature Protile in Test Room with Roof Insulation al500mm (24 April. 2002)
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Figure 5,6.3 Temp.ralure Prom. in Test Room with Roof Insulation al500nIDl (25 April. 2002)
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Figure 5.7.2 MRT and RT in Tost Room wilh Roof1nsulalion al 500tnnl (24 April, 2002)
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Figur. 5.8.1 Surface Temp""a!ur. of Roof in Test Room with Roof Insulation at 500nun (23 April. 2002)
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17 32.9 37.8
18 32.9 32.1
19 32.8 30.1
'0 32.7 29.8
'1 32.5 29.2
" 32.4 28.8
" 32.2 28.4
" 32,1 28.1

SURFACE TEMPERATURE

~~~~-~~,.
('.';'

:

'0.00 1 ,/
35.99 . /

/ - - -~,,~---_._--~~.:':'_- --- -- - --
311.aa - _._, - _. - - - - - .•• - - - - - ;:;-- --====:-.~------------ " .," --- -_•.-
25.00 J ~~~....---
2G .ElO ~ i ,I i ,

1 2 J 4- 5 6 -; 8 9 10 11 l2 13 14 15 16 17 19 13 20 H 22 4!3 2.:j

o!l5.ee
50.00

f:5.ElO

65.00
'0.00

T111le Int.!tr-r,al Externa 1
Surf~c;; Tenp. Surfae'} T':ll'lp.

(24 hr clock) (d'lg C) (dag C)

1 30.5 I 27.5, 30.4 27.5
3 38.3 27.4, 30.2 27.7
5 30.8 26.7, 29.8 25.7
7 29.9 34.4, 30.2 I 41.4, 30.5 50.8
l' 30.9 56,4
11 31.3 59.2
l' 31.6 60.1
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8ulldl~g Data File
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SURFACE TEMPERATURE Une Type
',MP. '001" "", , " "'~
! ,)' I, .

'''''- ..--'-~
..~,' ~~"\.

.,' '\

,
,

_.-- -- -- - --'- -- ..:-- - -- - -- -;=..::-:-= - - - ~:':_~_:-:';.'~-~-=-:':
l- ..."-< •. -. •..•.__ .••_.-,..:,,:;,;;j"'" __ . =J".:JF""'''-/

SO.GI3

55.ell

SO.M

45.613
<la.59

3S.ea
30.813

,S.Oi3

20.0a , 5 G a 9 til 11. 1;;: 13 14 1'3 .1S .17 .113J.9 ,0 2.1 22 ,:) 2"

Internal Air
Internal Surface
E.ternal Surface
E.ternal Air

lOCAfION

20ne: 6. Test Roo.
Surface: 2

J

7

Exposed
Ceil ing

16.38Area (f12):

QI'[ef'ltat1an:

BUilding Ele~ent:
C",tling

BIJi1dtn9 ~eature:

\

oa", !l4: lleo:tne'Sl1al,l, Apr Z'l WEEKOA'f') I
I ltIeHher: B3n_DMKe.'~fl

E~tel'l'lal
Surt~ce Ttmp.
(.-leg C)(24 I'r clock)

, .-\~

TI~e (2~hr cloc~)

-'"II ••
E:-:terr.iJl
SlJl'face Te:l\p.
(ceg Cl.,

Intsrnal
Sur Pace Ta",p.
(deg C)

1,
3

4

5

G

(24 hI' clock)

T1Me

,

"II
" --...,
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SURFACE IEMPERAIURE
Line IUpe

TEMP. Ci3sgC)
60.00

.. ,
' , Internal Air --

, ,
55.BO

' .
'.

,I-,
Internal Surface -----

~O.09

, " .
"

:
E.terna1 Surface

: ,

~_., ...~.-

.45.1;)8

,
\

, '
, E.terna1 Air _._.-.'

40.88
."- \: ..: ..

35.00
: ,,' \.. ..,' \

.10.00
_________ -,1----::.:-...;::..:::.. --'~.7L--- -_.-- - -:;:----- - -- ---- --

I __ .- ~- •••

LOCAIION

25,08
~, ,-',.J---- "" •._~~.,,~--,~, .

20.aa

. .<~_._._;;' ~;-:o.......--:"~";'-~

...~ ~
Zone: 6. lest Roo"

\
1 2 3 , 5 6 7 8

9 " 11 12 13 ~ 15 15 17 19 13 28 21 2~ 23 24 Surface: 2

\
Tl~ijC24nr clock) BlJl\CHng Ele-Rent: 7

Time Internal External 11l'\a Internai E:o{terna1 COltHog

Sur~a::" T9P;jl. Sur.faca Te!1lp,
Su"f3ee Tel'ljl. surfeee Teflp. Exposed

("201 tlr clocll.) (c1lH;0 CQsg C)
ciH. tlr cl,:C\(,) (~&g C) (~e9 C)

Building Feature:

1 30.8 22.7 13 30.5 31.3 Orlent.atton: Ceiling

, 30.4 20.7 14 30.5 48.8 ~r83 (~2j: 16.38

, 30.0 20.5 15 30.6 55.4

< 29.7 20.3 15 30.8 49.6

5 29.5 23.8 11 30.8 29.2

29.4 25.5 I 30.5 24.5
I \~"!115' Thur,,'Y, .pr 25 '"'''''''

6
13

7 29.6 32.7 30.3 24,2
~9ather: Ban_on3~3.~fl

19

, 30.3 50,0 " \ 30.0 23.8

, 30.9 58.2 11
, 29.7 23.4

" 31.1 51.3 II 29.4 23.0

11 31.0 41.3 13 29.2 22.8

12 30.8 28,3 ,. 28.9 22,6
Figure 5.8.3surfacoT.:m(l"f.turoefReofin Tost Room with Roof Insulationat500nun (25 April. 2002)
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35.138
34.00
33.ee
32".88
31.138
3).ae
,3.e0
23.60
27.139
2,.aa
25.98
24.88

AIR lE"PERATURE
AIR TE"P. (deg C) ~--.----- ---

\ .,.-........-..

.// "'''''''"1"" -"">-';-'"./,'~ .• . "". "::...;-~:::;
i

:-!
'-- J-F."-..,~-:.::,::::... i

, '::'-:'::":~~,....//'/
.~'

1 2 3 1 5 S 7 a 9 18 II U 13 14 15 19 17 19 19 20 21 22 23 ~
Ti:'lli (2ll\nr clock)

Zone

6 Test Rooll

Out31de_._._._. _._ ..

Zone

6 Test Rooll

Heatino(kWh)
0.00

Coo \ ing .
(kWh)

0.00

PLAHT LORD (kill) x 10.9
SENSIBLE LOAO

!

Out3i1e

18.90
a.r38
;,88
4,81)

2.38
03.96
-2.SB

~..----- _._.--_. __ ._.- ..__ ..•----------

------_. -"_ ..

II-D<lIJ132: S'JM<i'J I i'la'J 12 (StlNDA'O

~~ath~r: aan_Dh3ka,~fl

~4.8e
.U0
.3. ,30

.113:.-38 1 2 3 4 5 6 1 a s 13 11 12 13 14 15 1S 17 18 19 20 21 22 23 ~

'-0,

T\~e (l4~rclock)
Figure 5.9.\ Temperature Profile in Test Room with Rooflnsulation at 200uml (\2 May', 2002)
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AIR TEMPERATURE Zo~e Heatl~9

AIR TEMP. (deg C)
(k~h)

3U,
.

3~.58
.;"~'-~. 6 Test Roon 0.00

3<l.68
___' "l'.

'"" '""
33.5,

~.;;: •..,
33.86 ,,;;.;-::-/:;;'-:;-:;;' -~'>~:-,,-.
'32.58
n.88 i' '~""
31.58

,.;' ',..•••..,
)1.80 /? -".-;
30.58
30.Be -':::'-:-:::-:-::-:':::.~.... ./;.:28.5t1 Outside
29.58 ...:,....... /:

_._._-_._._ ..
28.58 '''':::.",::.-..//23.013
27.'58 ./ Cool i~9Zone

1 2 3 • , 6 7 . 3 9 ,. 11 12 13 I. 15 Ii 17 113 19 20 21 22 23 2. (k~h)
T1Ae (2~h~ cl~~k) 6 !!~_Roo"__ ._._._ 0.00

SENSIBLE LOAO
PLAtH LOAD (~'!J) :-:10.':

18.88
,

8.88
;.88
~.eo Outside--_._._. ---"
:t .80
e.138 ..__ ._---_ ...•_-- -•.....__ .._-- -- ..._ ....._~-_._-,...__ ._---------_._ .._---_.------ -----_._._- I ~ay 133: nonday, "ay 13 ,n;'om
-2.ee ijeath8r: aan_Dhaka.~fl
-<1.68
-5.00
-8.80
-18.08

I , , • , , 7 3 9 19 11 12 13 14 " Ii 17 18 19 20 21 22 23 2.
T1A$ (24h~ clock)

Figttre 5.9.2 Temperature Profile in Test Room with Rooflusulation at 200mm (13 May. 2002) No
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/ ...•...•..••...•.
•../1 ~.~~

.il'/ " ••/,7 .~.••

~ ~. .~

'''-'''''''''~ ,.::,J -"'"",
•......-..-:/
./

A!R TE1(P, Cd9g C)
37,00

36,00

35.00

34,00

33,aa

32.90
31,00

3e.eo
29.90
28.00 , 3~56i

AIR TEMPERATURE

-.
'3 10 11 12 13 1<1 15 16 17 18 19 20 21 22 23 2<1

TI~e (24nr claCk)

Zone

6 Test !loon

Outsttle

Zone

6 Tsst Roor!

Heating
(k~!l)

0.00

Cooling
(k~!l)

0.00

le,eo
8.08
6.00
'LOG
2.90
0.00
-2,00
-'LOG
-6.00
-a ,M

~1£l.oa

PLRI'JT LOFID (kU) x .113-9
SENSIBLE LOAO

Ouhil1&

Oay 13~: Tue~day. M~y 14 c~:EKDAr)
Ueather: ean_O~aka.~tl

~

1 2 3 .• 56? 9 '3 Hl 11 12 13 1-4 15 18 1'( 18 19 213 21 22 21 24

TI~9 (2~nr clock)
Figure 5.9.3 Temperature Profile in Test Room wiill Roof Insulation at 200mm (14 May, 2002)
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HEAN RADIAN! TE~PERATURE Zone

1 2 3 .\ 5 6 1 a 9 19 11 12 13 1'4 15 18 17 18 19 2B 21 22 2) 24

TEMP. (deg C)

//-----~ ~- •.••.---
, ~
/ .-
/ .-

---------.J,/ /' ..r

36,013
35.013
34.013
33.00
32.00
31..013
30.013
2:9.£10
2:9.00
21.013
26.013
25.M
2'1.00

-'-,-."
" .....•, ;

v

/

I

I
I

...~:.:~.:~:--~-----_._----
, , , ,

.•...._,--

6 Teat Rool'I

Outs!!:!!!-----'-'-'--

TI~e.(24nr clock)

RESULTANT TEMPERATURE

Figure 5.10.1 MRT and RT in To5t Room with Rooflllsulation at 200mm (12 May, 2002)
Tina (24nr clock)

1 2 ) 4 5 6 i 3 9 19 11 12 13 101 15 lS 17 18 19 2~ 21 22 21 201

-N
N

Day 132: ~unday. M6y 12 (SUSD~V)
Weather: 8an_Dhaxa.~rl

TEMP. (deg C)

36.8131 .--.---:-",",::-:::-:-:::..-~~-.._- - -.-.35.013 ...-__ .••.. .••. •..•. _ .•..• ' __ ' _
')4,00 /.--__ ".,. •....••... __.... .
33.013 ..../ / •.....

/' . .r ....•._32.013 ,/ ".,. _,_
31.06 ./ I
~o,013 -------- ..•••..• _ •.•.~ •..•_._ •.. / /
~9.013 .~-'_.. J
la,Oa -....... I
27.00 ...•... ~
26,00 ' ....•.v'
25.013
2<l,00

,



Pay. Building Nil'li Building Data File \}erilcn liAS DaU Ccnsul tant PrograM

17 T3 Roo" T3. bdf. 61 81 23:12:25 01: Jun:02 A-Tas 8.31

MEAN RAOIANT TEMPERATURE, Zone

3 ~ S 6 7 e 9 19 11 12 1) 14 ~ 16 11 18 19 W 21 22 23 24

---..._------._-- -_ .._-------------
TE~i'. (ljeg ':)

-'- .,.-
//.

/'
ft-- . ~/i

OutsIde_._._._.

6 Test Roo~

,'-

~-
'-

"
'-'-

'-_ •...•.•...

".-'-
/

/
/'

........... !
, , I

,
",

1-----

38.90
37.~n
36.00
35.139
34.013
33.09
n.M
31.90
38.1313
23.l)a
213,1313
27.'39

T1t111i C2<ihr- clo~,<i

RESULTANT TEMPERATURE

3 4 5 6 1 8 3 Ie 11 12 13 1~ 15 IS II, 18 19 20 21 22 n ~

-N
W

Day 133: nonday. nay l~ (MEEKDAY)
Wea~h9r: 8an_Dhaka.~(1'-

,TEMP. (rjgg ~)

-'-tj /-.~_._--'-. -, .---'-'- ~••...

[

. II' ~.._./-,'/'- """<:"'-

~

-:~--_//- -:---
'- , / '-

.•.• , .-'
'- !,

3S,I)I)

)'i.C1G

34.00

J3.0l3

]2 .IJO

31,M

30.03
23,1)13

29.1)13

27,813
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MEAN RADIANT TEMPERATURE
TEMP. (deg C)

Zone

_._._._-Outside

6 Test ROOA

-'-,"""""--
;'

;'

-.r

-. .••.•., ..••.•
'-'-

---'. ../,.------"-:.:~=:,_.:~--_.~---,
---~-..---// /' ~"-,

38.8G
37.SG
35.88
35.88
]~.a8
33.88
32.80
31.88
36.88
23.68
28.B8

2 < 1 9 113 11 12 13 14 15 15 17 18 19 20 :1 22 23 2<l

TI~e (24M~cloCk)

RESULTANT TEMPERATURE
TEf'lP. ((Jeg C)

9 ill 11 12 11 14 15 1'; 17 IS 19 20 21 22 23 24

Day 134: Tuesday, May 1~ (~EEKv~r)
Weather: aan_Dhaka_~fl'-

-~-~-;
,,

:~~..-~:::~.=~~~::--..--.~.
. "

, '.
/'

/

._~.~~-.---
/'

",r'
--

;'

/""

./

,

-.---~.;~/.

2

._-._- -.••.•..---1'-.__ .•....
..•.... "........... .'/'- .

32.88
:37.88

35. .98
3'3.138
3<l.GO
32.58
J2.88
31.88
38.00
29.e8
2e.8Q

Tillie (24MI' clock)

Figure 5.10.3 MRT and RT in Test Room with Rooflnsulation al200mm (14 May', 2002)
~
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SURFACE IEMPERAIURE Line Type
TEI'IP, (,jag c)

75.00 Interna I Air ---, ,.~- ..,.".
70.00 ......... ..........65.00 Internal Surface - -- --
so.os External Surface _.'., ....'
suo
S8.eo : External Air _._._,.,
45.00 :
40,00 ,: \

, . .
35.00 ~.~ -::: ---:':~ ~:~.:::.:-=-=-:..=--:=-=':- -.=..=-::~.~.~~;~.~.~.~30.eo LOCATION
25.00
20.00 Zone: 6. lest Roo"

1 2 3 < 5' 6 7 8 9 IS 11 12 13 14 15 18 l' 18 19 28 21 22 23 24 Surface: 2
T1M (24hr cloclo

SUlldtng Ele"e~t: 7
Tll'ie Intern,!1 Extarna1 TUlie Intel'nal E:<ttel"rl31 Cei 11.19

SurfacS' Te'tp. SurFuce Te~p. Surface Te'lp. SUl'face Tenp. Exposed(24 hr clock) (deg C) (Jag C) (Z~hr cloc',(,) (C8Q C) (deg C) Building Feature:
[ 33.1 28.2 13 35.0 73. 9 Orlent3tion: Ceiling
2 33.3 28.0 " 35.5 68.8 Area (jI12): 16.38
3 33.1 27.8 I' 35.9 62.3
4 32.8 27.6 16 36.2 55.6
5 32.6 26.1 [7 36.3 13.6 Day 132: Sunday, ~ay 12 (SU~o~Y)
6 32.3 25.3 18 36.3 33.9
7 32.3 35.2 [9 36.1 30.3 Ueath~~:BQn_Oh3~3.~t\

8 32.7 17.5 28 35.8 30.1
9 33.1 60.3 21 35.6 29.6
18 33.6 66.9 ~2 35.3 29.2
1l 31.0 73.3 " 35.1 29.9
12 31.5 72.9 24 31.8 28.5

Figure 5,11.1SurfaceTemperature of Roof inTest Room with Roofinsulation at200mm (12 May. 2002) -IV
'.1\
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7a.aS
65.GB
ISs.as
55.1313

58.88
115.ee

411.88
~5.tle
313.88

25.,S

SURFACETE"PERATURE
TERP. (deg C)

~~.#

"~~,,

,,
,, 'I,.::=~~-=---t::--;.:;:~~:':-~~~---',--'~;;;'~~,;=.

Interna I Air
Internal Surface
External Surface
External Air

lOCATION

lone: 6. Test Roo.

line Type

2Surface:
Tine (2~hr cloc~)

1 " 3 4 5 S 7 S 9 la 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Su110lng Ele~ent: 7
Tl ~ll IInterna I E~ternal Tillie Interna, External Catling

Surf"acl3Talllp. Surt"sce ienp. Surface Tel'lp. Surface leAp. Exposed(24 hr >:ir.Jck) (deg C) (deg C) (24 hr clock) (deg C) (deg C) 8uilQlng Feature:
1 34.6 28.9 13 36.5 63.8 OrIentation: Ceil ing
2 34.4 29.0 l' 36.8 57.4 Ar~3 (._2): 16.38
3 34.2 29.1 15 . 37.0 55.4, 34.0 29.2 l' 37.2 46.6
5 33.8 28.8 17 37.2 39.8 II D,y 133: Mond,y, "y 1l "EEKDW
S 33.6 28.4 10 37.1 34.6
7 33.9 43.7 tS 37.0 34.4 Weather: 8an_Dhaka.~tl

9 34.5 57.3 29 36.8 31.7
3 35.0 65.2 21 36.6 31.3I. 35.5 67.3 22 36.4 30.8
11 35.8 69.7 23 36.1 30.2
12 36.2 70.0 " 35.9 29.7

Figure 5.11.2 Surface Temperature of Roof in Test Room with Roof Insulation at 200nun (13 1\Iay. 2002) I -N
0',
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Butlding oata File
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31 13 Roo. 13.bdf.Ol
A-las 8.31

-N-.I-

Bullo1ng Eil:ullsnt: 7
Cl3tlH':g

Building Fe3lure: Exposed

Orientation: Cei.l iog

Flr~e trl2): 16.38

LOCAHON

oay 134: T1.l!Hld8\J, ~3Y 1'\ (UEEltORY)

IJeatl'ler: Sari_Dhaka ,~,1

Zone: 6: lest Roo.
Surface: 2

LIne lype

Internal Air
Internal Surface -_._--
E.ternal Surface .....-..--
E.ternal Air _.-._.-,,

,

T1M8 (24hr eloc~)

://'_ ....~~~.~~-..~.

SURFACE IE"PERAIURE

/
,'~'
,

Figure 5.11.3 Surface Temperature of Roof in Tesi Room wiih Rooflnsulation ai 200nun (14 May, 2002)

t. , , i " " " " ", I3 ~ S 6 1 G 9 10 11 12 13 L4 15 L6 17 18 LS 20 21 22 23 24

"j-~=::"='--~:!.~-:.,-..:..--~.:.:..:::..::.=.:.-:: -=-~,::-=-'-=.:..::.::;..: .---...-:.:.:.-...:.:.

TE:1P. (dag C)

15.130
,,/(1.130
.65.00
6f.l.OO
!55.aO
6fL1Ja
45.0a
4B.ea
35.30
JB.OlJ
~5.aa

\

Tl~9 IMt!lrnal E;.cternal T\M i Int9rnal E)(ternal

SurFace Te~i'. Surf1lcl3 Telllp.
Surfae'! hlllp. Surface Te1tp.

(2~ til' cloc\t.) (deg C) (oag C) (2<1 hI" clock) (d~g C) (deg Co)

1 35.7 30.9 " 36.9 73.2

2 35.5 30.6 l' 37.3 67.9

J 35.3 30.3 15 37.8 69.2

, 35.1 30.0 16 38.1 63.2

, 34.8 29.6 11 38.3 48.5

5 34.6 29.3 16 38.4 42. 1

1 34.7 38.5. 19 38.3 35.5

s 35.0 49.7 2e 38.1 34.7

s 35.4 56.1 21 37.9 34.0

19 35.7 60.0 22 37.6 33.3

11 36. 1 70.4 ?- 37.4 32.3
-'

12 36.5 72.9 2' 37.2 31.6
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Figure 5.12 Outdoor temperature profile for the test room with uninsulated and Insulated (500 mm & 200 mm) roof
for the month of June, April (500mm) and May (200mm) respectively
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5.5 COMPARATIVE STUDY

In preceding sections the thermal environment in the test room with respect to uninsulated

and insulated roof has been discussed individually. A comparative study is made to

evaluate the performance of roof insulation hence to understand their impact on the

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

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

6.

5
4.5

4

-"~3
~~
1;;

8- 2
E
:?-

1 -

0

-1

---------------
5.4

4.80
4.5

2.5 .

1.77

Day 3

o Uninsulated III Insulated (500 mm) m Insulated (200 mm) I
-------_._----Figure 5.13 Temperature difference between dOilyGlobe Maximum VS. Indoor Maximum in Testroc;;n;;';iih

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 b'feater

(Figure 5.13).On the other hand when the roof of test room is insulated a lower

temperature prevails as compared to previous one. Actually insulation reduces the process

of heat transfer from roof 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 209 mm) it is
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below 2 oK. All these testiry that a better environmental condition exists in the test room

with insulation.

b) Temperature Difference (Indoor Maximum vs. Outdoor Maximum)
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Figure 5.14 Temperature difference 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 roof 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.

c) Temperature Attenuation

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

with uninsulated and insulated roof describes certain thermal conditions. Figure 5.15

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

on the roof.

'.
i
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Figure 5.15 Temperature Attenuation between daily Globe Maximum and Minimum in Test room with
Uninl.lIla1edand IJ'.lIlated rooffor June, April (50Omm) and May (200nu1J} .

Temperature attenuation in the Test mom with insulation at 500mm is comparatively

lower than all oth.er conditions except for the Day 3 due to high indoor temperature. Thc

average of Temperature attenuations is also presented; they are 6.4 "K lbr uninsulated

roof and 4.4 oK and 4.67 oK tor insulated roof at 500 lind 200 mm height. It is evidcnt that

temperature fluctuation higher in uninsulated situation, while it is more stable in insulated

roof situation. It is established tact that peoplc's themlal tolerance is increased in more

stable thermal condition, therefore later condition if desirable l()r thermal comf()(t.

d) ComfortVoteAnalysis

Comli.)rt Vote Analysis is based on seven-eategory thermal sensation scale alter Bcd1brd

and ASHRAE (M1IIick, 1994). It relates to the sensation of comfort as in the Bedford

scale (Bcdt()rd, 1936) and borrows from the ASHRAE scale (ASHRAE, 1966) l(lT

description of outer categories.

Figure 5.16 illustrates that 1()r the test room with uninsulated rool; there are no vote in

comfortable and comfortably warm C<1tegorywhile 36 votes in warm and 36 votes in hot
category.
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June, April (500nun) and May (20Otmn) -

Test Room with insulated roof (at 500rnrn) receives 19 votes in cornli.ntable, 50 votes in

comfortably warm and only 3 votes in warm category, while insnlated 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 votes for comfortable category. 1nerefore Test ROODl

with insulated roof exemplifies its better perfi.)rmance-

e) ComfortZoneAnalyst,

Cornli.)rt zone (see further details in chapter three) is based on indoor air tempemture,

relative humidity and air flow, particularly devised for snrnrner comfort (Mallick, 1994)_

In still air condition, the boundary conditions for air tempemture are between 24-32 "c
and upper limit is in9feased to slightly over 34°C with .3m/s air srecd and nearly 36°C

with .45 rn/s air speed. FigureS. 17 is a scatter diagram showing the relationship betWCl-'I1

Relative Humidity and Indoor Temperature of the test room with uninsulated roof. After

superinlposing snrnrner cornlort zonc on the figure certain thermal inIi.mnation can be

traced out. All points are concentrated between 52%-78% RH and 30-36 °c. Majority of

the points are located outside the comfi.1rtzone (still air condition). However with the

increase of air flow comfortable condition c<1nbe achieved.
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Comfort Zone

ln the diagram for insulated rooffor the test room at 500 mm (figure 5.18), different

condition occurs. lnstead 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% Relative

Humidity and 29-30, °C temperature. This is a condition slightly uncomfortable than

previous insulated situation (Figure 5.19).
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5.(, CONCUJSION

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.

n 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 effect of sol-air-

temperature (see chapter six for detail) on the roof, which is the main source of heat gain

inDhaka. 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 tor single

storied buildings and top floor of multistoried buildings. 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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6.1 INTRODUCTION

Dhaka with its arrangement of urban conditions distributed over a combination of natural.

and man"made landscape pro,~des abundant opportunities to study the complex and

dynamic process of urban microclimates; hut their clIccts arc largely controlled by local

events. 1beretore it is not possible by regional climatic studies to register such transient

phenomena. A study at a local scale has. the potential for a broader understanding of the

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

As the thesis deals with the thermal per1urmance of operable roof insulation with spt--cial

reference to Dhaka, a field study was essential to 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 to the sJ...')'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 cold energy storage.

The following sections present the results of a fieldwork on thermal performance of

operable roof insulation carried out in a Test Room located at Dhaka as a part of this

work. 1be findings in this section provide the basis Ibr 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 following

objectives:

To evaluate the indoor environments in terms of indoor comfort requirmnents to

judge the pedormance of operable roof in.~ulation for the test room.
•

• To record primal)' environmental data 111 a test room in reference to a micro-

climate of the city.
• To understand the thermal performance with uninsulated roof and with operable

roof insulation. .
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6.3 METHODOLOGY

The fieldwork was conducted in a test room located on a top floor of a four-storied

building 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 tor the test

room. Prior to data collection fiJr insulated r(x)f a Pre-Run period continued tix seven

days to reduce thermal inertia of the roof With operable insulation system data were

collected at two diJferent heights (also to study whether there is any impact of height),

frrstly at 450 mm above the roof which is the mininmm height of parapet generally used

in Dhaka and secondly at 300 rnm above the [(x)f which comes trom the available width

of the most economic Styrofoam panel.

Period of observation waS in the months of April, May and June (2002) representing Pre-

Monsoon and MollSoon period and the general climate during these periods are hot-dry

and hot-wet respectively (Ahmed, 1994) (Ahmed, 1995) (Mallick, 1994). '1ne fbrmer is

characterized by low humidity and low cloud cover, high tenlperature, high radiation,

while the later is characterized by heavy rainfall, high humidity and tenlpt.'raturc (sce

chapter Two for details). These two periods are most persistent and dominant; at the same

time most extreme climatic values are registered during these period. Hence addressing

enviromnental issues of these periods in terms of studying thermal performance of

operable roof insulation is of considerdble importance.

Observations on environmental factors made during the Jleldwork arc categorized into
two groups,

I. Some factors relate directly to. themlaJ behavior, such as 'Indoor Air

Temperature', 'Globe Temperature' and 'Ceiling Temperallrre'. These factors arc

directly int1uenccd by roof insulation

2. Some factors relate to thermal impact, such as 'Roof Top Temperature'. Roof

insulation is intluenccd by this factor.

Among other observations on environmental Jactors made during the Jleldwork were on

precipitation, radiation and cloud cover.

.,
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6.3.1 Instrumentation

The sensitivity of and the manutacturers calibration of thc data loggers were compared

with the metrological recording (under similar conditions) in Agargaon Meteorological

office and found to be satisfuctory.

Data loggers were installed in the test room for collection of various climatic d..~ta.Thc

remote data loggers R'Corded indoor air temperature and .relative hwnidity with the help

of built in sensors, while outdoor air temperature, globe temperature, ceiling temperaturc

and roof top temperatures were recorded with the help of external sensors. Data were

recorded at interval of one houri. The loggers are initiated by software named BoxCar Pro

4.0 (BCP4.0-QN) supplied with the Loggers, which is also required to download data

from the logger for viewing and analysis. The instruments used in field study (see

Appendix I for detail specification) were as lollows:

1. Programmable Data Logger (HOBO H08-007-02) 02 Nos.

2. External Sensor TMC6-HA 02 Nos.

3. External Sensor TMC20-HA 02 Nos.

6.3.2 In.dallationof Data Loggers

The data loggers were installed in the test room at two points at a height of 1.62 meter

(which is average minimwn 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).

o bll loti Po I

To
Description of .External Scnson:
Ti: Indoor Temperature
T.: Outdoor Temperature
Tg: Globe Temperature
T,: Ceiling Temperature
T,: Rooftop TClup.,rature

FigUre 6: lea) Positions of Data Loggers and E~1C1DalSensors in the Test Room

II pera e nsu on ne

I

Tr
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f-- Logger-
I- •og~ 81-2 T9 Ti

--n r
I Range of logger interval isass~ed.by dlU controlling Sl,.)fiware.

~. , .,.
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Figure 6.1(b) Positions ofExtemal Sensors in tile Test Room

black (matte finish) housing a sensor inside and suspended from the wllll by mellns of 1I

support (Figure 6.3). (Humphrey, 1978) (Busch, 1992). E"iemal sensors were 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 Condroction and Installation of Operable Roof Insulation

Certain criteria were followed for selection of insulation material:

•

•

•

Materials, which will be selected for insulation, should have low thermal

conductivity, preferably between 0.03 Wlm deg C (Koenigsberg(,"r et aI, 1973).

Color should be light, prelerably white and should have ret1ectivc quality to

reduee solar radiation penetration (Givoni, 1963) (Geiger, 1961).

Materials should be capable of resisting wellthering eUect and lightweight.

• Materials should becasily available in the market and inexpensive.

Considering all above circumstanees a composition of three materials were chosen to

k,bricate operable insulation. Main insulating material is 12.7 mm thick Styrofo<.,mpanels

sandwiched between yVC sheet. Styrofoam is low conductive material, widely available

and inexpensive, but can't withstmld wellthering effect. TIlerefore white colored reflective

PVC sheet is used lor protection, additional insulation and making the panels opt.'fllble.

The Transmittance value2 (U value) of this composite membrane is 0.646 W/m
2
deg C.

2 l]=11R.
External surface resistance
pvc (Top lay",)
StyTofrrarn
PVC (Bottom layer)
lntemal f1Urfuce l"e'I-i.'itance
TotaJ :resistanc:e

=C).003/(J 16
"{).0127/0.01
,. 0.0015/0.16

,. 0.15 m' d~ CIW (heal Ilow downwurd)
= CHH875 m dcgCIW
.= 1.27 1117- deg C!W
,. 0.0093 m' <legCIW
= 0.1 m2 deg C!W (still air condition)
= ) .548 1112' deg ClW = U"" llR~""0.646 Whll2 dcg C



Figure 6.4 External sensor recording outdoor temp.
is inserted into a Styrofoam box to prolecl from rain
and direct radiation
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Figure 6.5 External sensor recording ceiling
temp. is insulated to nvoid radinnt gain

PVC sheet used at the top cover of Styrofoam is 3mm thick, white colored and reinforced

by threads at the back; while the bottom cover is 1.5 nim thick PVC sheet. These two
r-.

sheets are sew9d together on three sides to form an envelope to a length similar to the

length of thetcst room. The combined she.et is again sertransvCrSelY at the interval of

355 mm to form a series of pockets. Styrofoam panels, which are available at 305 mm

width, are inserted within the pocket to form the complete insulation (I'igure 6.6 and 6.7).

Following are the accessories to install the insulation panels over the roof of the Test

Room:

•

•
•
•

Galvanized Iron Wire

Rawl Bolt

Angle & Eyelet

Turn buckle & wire clamp

•
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12.7 mm Styrofoam Panel 3mm PVC Sheer

..-------t.----------- .
;.,---..lbU;#ii&I~}il=\!.i~:>:;-:::::J

.;,:." ',,'~:.~%l~~ffiW~~~~~~ y'-
--- ,

1.5mm PVC Sheet
Fib'\lfC 6.6 Partial ,Plan and Scdiou-of roof insulatioll_membrane showing detail con~1ruction teclDlique
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Figure 6.7 Delails oflhe Rooflnsulalion

a) 12.7111111 thick Styrofoam panel is sandwiched between two la)'ers of PVC sheet
b) Upper layer of PVC sheet (3 mm) with thread reinforcement at the back

For installation of the insulating panels, sufficient numbers of L shaped angels were fixed

10 east and west parapet wall with the help of Rawl bolts at 450 mm and 300 mm height

(Figure 6.8). Metal eyelets were fixed to longitudinal sides of the insulating panels

(Figure 6.9) and GI wire was inserted through the eyelets at two sides of each panel

(Figure 6.10). End of wires were fixed to the angels on either side with the help of wire

clamps and turn buckles (Figure 6.11 and Figure 6.12). Turn buckles were specially used

to streIch the GI wires for smooth operation of retraction and expansion of the insulating

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

for most effective usc.



'igure 6.8 L shaped angles arc fixed to wall with
the help of rawl bolt

~igurc6.10 GI wires arc used as channels for
operable operation.
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Figure 6.9 Metal eyelets helps in retracting the
insulnlillg panels

Figure 6.11 Turn buckles arc assigned to stretch
the insulating panels.
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c) d)

Figure 6.13 Operable roof insulation fn action

a) During daytime, roof or the test room is fully covered by insulnlioll to protect from solar radiation
b) Retraction begins with the sun set
c) Process of retraction going on
d) Insulation panels arc fully ~ctraclcd and expose the roorto night sky for noCturnal cooling



1:46 -a,

a) Roofi~ covered by operahle Immlatioll soon alk ..•.the sunri~ to protC\.1the roof1rom solar radiation

Roof Insulation

Test Room

h) Roofinsulation is retracted after the ~un set to facilitate nocl.unlal cooling

Figure 6. 13 (c) v..'orking Principle of Operahle 'Roof insulation
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6.3.4 Description of the Test Room

The primary criterion for selecting the test mom is that,

I. It should be either single storied building or should be located at the top floor of a

multistoried building in Dhaka.

2. The roof is not overshadowed by surrounding built t.)rm.

Accordingly a 4-storied building was selected at plot no 26, Monipuri Para (east side of

national assembly complex). A 4.87-meter 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 nx)m is located at the top floor of a

multistoried building occupying north-e.1st corner. It is a bedroom measuring 4.19 m X

3.68 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 living room on the south side of the test room. Walls

of the rtx)m are constructed with .254 m brick wall, plastered and light-crearn 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 eust in situ mosaic with brown and ash stone

chips on the floor. There arc four incandescent Iigllts each with 40 -watt (occasionally

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

[;1 b'jfll5 slo c'V

7storied Qi~~11D 4 sto' d 1 Id>ried_ L..-::J
4.87 m wide road

Figure 6.15 The site and the surroundings of the building in which the test mom tor the expcrimetlt
has been selected
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There are other considerations in selecting the test rwm. It is located at the north- east

comer of the building while Bed-I and Bed-2 are loc<~tedon north-west and south -west

comer respectively; therelbre impact of solar radiation from low altitude sun atleeting the

west wall was thus avoided (Figure 6.16 a). During the period of field investigation

further construction was made over Bed-2 and Dining but without ant parapet, ti.)r that

matter there was no provision of fIXing operable insulation on rooftop. Due to this

construction significant amount of shadow easted on roof of Bcd-I. Although Living

room is snrrounded by parapet wall bnt dne to some brc.~kage, there is more possibility of

air leakage to this space. FinallY shadow simulation study1 (Figure 6.17) illustrates that

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

J Shadow Rlmulation \Va!!.genemted by a wftware named 3D Studio MAX,.Rct~ 3.1 wiili the following pammctcrll:
Latitude: 23°46'N .
Loogilude:90"23.E
Dale: 23 Apri~ 12May, IHJune (2002)
Time: 8 AM, ] 1 AM. 2 PM, .5PM
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6.4 FIELD INVESTIGATION

Major findings of enviromnental condition of the Test room are discussed in this section

to evaluate thermal performance of operable roof insulation "!be section is divided into

following (I) 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 roof insulation Th.ereforc uninsulatcd roof has been

considered as a base case to which operable insulation on roof at di.ftcrent height can be

compared. In evaluation process certain environmental criteria, which are directly

int1uenced by roof insulation like Indoor Temperature, Globe Temperature and Ceiling

Temperature in the test room, have been considered Rooftop temperature has also been

taken into aecount as roof insulation is influenced by this filetor. (see Appendix 4 for

more detail).

6.4.1 Field Result: Test Room ",ift!out Operable Roof Insulation

Field study was carried out in June as a base case to evaluate the pertormance of roof

insulation. This month is selected because it represents the Monsoon or hot -wet period

and characterized 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 (lor more detail see chapter Two and appendix 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

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

The average indoor air temperature was 31.38 °C recorded during the period of field rutta

collection which is almost near to the upper limit of tlle comfort runge in still air situation

(Mallick, 1994). However day maximum temperature in all instances exceeded the

comfort range. The diurnal ditlerence of maxinlum and minimum temperature ranges

between 2.05 OK to 3.66 ~ Time lag varies between 6 to 7 hours (Figure 6.18). Aceording
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to average temperature profile for the representative cL1y4 (Figure 6.20), indoor

temperature ranges between 30.04°C to 33.04 °c creating a diITeTl-"I1ceof 3 OK. While the

average outdoors temperature ranges bet\veen 28.05°C to 34.29 °c making a differencc of

above 6.24"K. The general relationship between outdoor temperature and relative

humidity is that when one reaches the peak other goes to the bottom and vise vcrS.1. For

majority of the hours the average indoor air temperature was over the outdoor

temperature. It is evident from the logged temperature profile for the selected days that

they follow almost similar trends specially the time of attainment of day maximum. lbe

indoor temperature was in a higher regime with respect to indoor temperature with

operable insulation hence the perlormance is interior.

b) GlobeTemperature (GT)

Globe Tenlperature is an average temperature of the surrounding Sur£1ceS.It includes the

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

The average GT during the field survey was recorded as 3 I .57 °c, which is near to the

upper limit of sUllllUer comfort zone in still air sillmtion. The Globe maxununl

tt-wperature was registered as 34.43 °c (over the comfort range) and the minimum as 29.1

°c, creating a difference of 5.33 OK. TIle diumal diffCf!mce of maximum and minimum

GT was recorded between 2.05 OK to 4.07 OK and the time lag betwet-'Il them varies 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 I'lr majority of the hours average Ceiling and

Rooftop temperature was over GT. As there was no ulsulation on the roof there was no

obstruction to the major passage of incoming heat through roof and couldn't help

reducing radiant temperature to ensure thCIllk11comfort. As a result a wann condition

prevailed in the test room.

4 Environmental data during field invooigatton period i'l summarized within a single d3}' (24 hour cycle) a'l repre.wntuti\'e day. Thi.<;
representative day illuslJates the ewrnge values of the envin:nunentai variables C\)J)::lidered for the ewJunfinn of thennal perftml13JlCe of
operable roof inorolation.
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c) CeilingTemperature

As ceiling is closely related ~th the roof and also dne to its physical positioning, any

temperatnre fluctuation on roof directly and immediately atlects ceiling temperature. A

warm ceiling increases indoor temperature of the room below by convection and radiation

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

According to the logged data the m<Lxunum ceiling temperature during the field

investigation was recorded as 42.46 °C. The situation will be worse if air flow is

introduced to achieve thermal comtort. The minimum ceiling tempemtnre was recorded

as 27.91 °C and generating a massive difference of 14.55"Fe. Time lag between day

maximum and minimum was registered by 6 to 9 hours. The diurnal maximum and

minimmn temperature varies between 5.77 "Feto 12.96 "Fe(Figure 6.19).

The representative d.1y ceiling temperature profile (Figure 6.2 I) indicates a sudden rise of

temperature during afternoon. Avemge tempemture ranges between 29.lOoC to 38.54 °c
(generating high temperature fluctuation) causing discomfort

d) RoofTop Temperature

It is most directly related with the thennal profile of the roof insulation. The average

rooftop temperature recorded during the field study was 33.81 °C, which is above the

limit of the comfort tempemture with still air situation. 'The maximum temperature was

rccorded as 46.4 °C while the minimmn was 28.31 '.'C. 111e diurnal variation between

maximum and minimum temp. J?Dges by 8.3 "Fe to 18.09 OK (temperature fluctuation is

substantially high) (Figure 6.19).

The representativewlY temperature (Figure 6.21) shows rapid incrC<1seof temperature at

noon (42.27 0c) and from evening temperatnre starts to tilll down below ceiling

temperature. Both the magnitude and fluctuation of rooftop temperature arc high, as there

is no roof insulation, which obviously has de<..'{limpact on the thennal environment in the

test room hence the thermal comfort
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Figure 6.20 Profile of Average Outdoor and Indoor Temperature and Relative Humidity ofthe Test Room
without roof insulation (18-20 June, 2002)

1--G1obe Temp. -x-Ceiling Temp. -<>-Rooftop Temp. I
Figure 6.21 Profile of Average Glohe, Ceiling and Rooftop Temperalw;e ,,[t!>e Test Room WitllOutroof

insulation (18-20 June, 2002).

r~rH within comfort temperature
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6.4.2 Field Results: Test Room with OperableRoof Insulation

Enviromncntal data were collected tor the test room with operablc insulation system at

two diftm'J1t 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, while the

later height comes from the width of the Styrofoam panel, used as insulation material fix

the roof

i) At 450 mm above the Roof

Simulation study was carried out in the test room, in April, which is in hot,dry period.

Temperature pattern is most pronounced during this phase. Solar radiation data and

atmospheric clearness index (see chapter two) tcstifie.'; that during this month high

radiation influx is the major factor contributing 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) IndoorAir 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 signjfic..1nt fmdings of temperature data recorded fronl field

inVl,"Stigationtor the test room with operable roof insulation are described below:

The average indoor ..1irtempt..'fllturewas 29.97 "c recorded during the period of field data

collection which is well within the comfort range in still air situation. However there was

only one instance when day maxinmm tempt..'fllture exceeded the comfort range (32.34

0C). The diurual difference of maxinlum and minimum temperature ranges between 2.84

"K to 3.23 "K Time lag varies between 8 to 10 hours (Figure 6.22)

According to average temp<;,'flltureprofile fllr the representative day (Figure 6.24), indoor

temperature ranges between 28.57 °C to 31.39 °C CfC<1tinga difference of 2.82 "1<.. 11le
temperature t1uctuation is mininmm indicating a better thermal enviromnent 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 oK.. The Figure 6.22 establishes a general relationship

between outdoor temperature and relative hwnidity. When one reaches the peak other

goes to the bottom and vise versa. But due to the roof insulation tile indoor air

temperature always in between summer comfort range with respect to no air condition. It

is evident from above £1cts that roof insulation has profOlmd impact on indoor

temperature. It prevents the increase of temperature by n..'ducing incoming radiation from

the roof hence increase thermal comfort.

b) Globe Tempernture (GT)

Globe Temperature is considered as the average tcmperature of thc surrounding surfaces.

It includes the effect of solar radiation and has great impact on comti.)rt perception.

The average CiT during the field survey was recorded as 30.15 "c, which is within

SIIIIIIIIer comfort range in still air situation. The Globe maximum temperature was

rt.."gistcredas 32.76 "c (just over the comti.)rt range) and the minimwn 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 lag between them varies by 7 to I I

hours. (Figurc 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 templ-"J"atureregime was observed in the morning hours while the higher

regime during evening hours. It should be noted that average Globe, Ceiling and Rooftop

temperature ti.)llowed a similar pattern during observation period with maximwn

deviation of 2.09 oK. among them. Above circumstances testifY that r()()f insulation has

influence on GT as i!"'obstructs the major passage of incoming heat through roof and help

reducing radiant temperature to ensure thermal comfort.

e) CeilingTempernture

Due to the position., there is a close relationship betwcen ceiling and roof. Any

temperature tluctuation on the rooftop eventually atlects the ceiling temperature.
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Aceording to the logged data the maxnuum ceiling temperature during the field

investigation was recorded as 32.76 "C. The minimum ceiling temperature was recorded

as 24.79 "C; thus creating a difference of 7.97.oK. Time lag between day maximwll and

minimum was registered by 9 to lOhoUTS. The diurnal maximum and minimum

temperaturevaries between 3.91°K to 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 temperature fluctuation), which is again within sununer comfort

zone. It is obvious from the all above facts that roof insulation has prot<.mndbearing on

ceiling temperature.

d) RoofTop Temperature

Rooftop temperature is most directly influenced by operable roof in.<;U\ation.The average

rooftop temperatUrerecorded during the field study was 28.91 "C, which is almost in the

mid limit of the comfort temperature with still air situation. The maximlun temperature

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 OK to 5.52 "K (Figure 6.23). TIle

figure also illustrates evidences of lower rooftop temperature than ceiling temperature

particularly at nighttime. This phenomenon testifies substantially the potential 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 tluctuation of

rooftop temperature are reduced by the introduction of operable roof insulation as

compared to uninsulated roof indicating the etlectiveness and justification of using

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

Simulation study was perfonned in May with insulation, which is hot-dry season and

distinguished by high tempemture and mdiation. Cloud covcr is modemtely high (5 oeta)

and longer snnshine hour is observed (sec chapter two and appendix 5 tor more climatic

details of Dhaka). As this month is important from climatic aspects, t()I1owingsare the

significant environmental findings from field study of the test room with operable roof

insulation at 300mm alxlvc the roof:

a) Indoor Air Temperature

The avemge indoor air temperature was 29.93 "c recorded during the period of field data

collection which is well within thc comfort range in still air situation. The dinmal

difterence of maximum and minimum temp. ranges between 2.82 OK to 3.98 OK Time lag

varies between 7to 9 hours (Figure 6.26)

According to average temperature profile for the representative day (Figure 6.28), indoor

temperature ranges between 28.31 "c to 31.66 "c creating a ditlen.'Ilceof 3.35 OK. 1be

temperature fluctuation is minimum, whieh helps to acclimatize quickly in the test room.

While the avemge 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 bottom and vise versa. But due to the roof insulation the

indoor air temperature measured was always withun Slwnner comfort range with respect

to no air condition. It is evident from alxlve facts that roof insulation has impact on indtxlr

temperature at this height.

b) Globe Temperature (GT)

The avemge GT during' the field survey was recorded as 30.09 "c, whieh is \vithin

summer comfort range in still air situation. '[be Globe maximum temperature was

registered as 32.76 "c (just over the comt()r! range) and the minimum as 27.12 "c,
creating a difference of 5.64 "K. 'The diurnal difference of maximum and minimum GT
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was recorded between 3.26 to 3.98 "K and the time lag between them varies by 4 to 5

hOUIS(Figtrre 6.27).

The representative day sll11llruU)'of environmental variables (Figure 6.29) illustrates that

GT ranges between 28.44 °c to 31.8 °c (within comfortable range according to Mallick,

1994 and same as 450mm insulation height) Lower temperature regime was observed in

the morning hours while the higher regime during noon and evening hours. The average

Globe, Ceiling and Rooftop temperattrre followed a similar pattern during observation

period with maximum deviation of 1.44 "K among them. Figure 6.27 also illustrates that

from 5 PM to 9 PM Globe temperature reading was below the reading of rooftop

temperature. Above circumstances give evidence that cven in tIns height of roof

insulation, it has bearing on GT.

c) CeilingTemperature

According to the logged data the maXlInum ceiling temperattrre during the field

inVL"Stigationwas recorded as 32.76 °c. The minimum ceiling temperattrre was recorded

as 25. 17°C; thus creating a difference of 7.59 oK. Time lag between day m.~ximlml and

minimum was registered by 8 to 10 hOUIS. The diurnal maximum and minimum

temperature varies between 2.8 ° K to 5. 14OK (Figure 6.27).

The representative day ceiling temperature profile (Figure 6.29) indicates that it almost

fi.)llowed the same track as Rooftop templ-'TIItureand f'dIlges between 27°C to 3 I .13 °c

(generating moderate tenlpcratitre fluctuation), which is again within SlUlUner comfort

zone. It is obvious from all the above Jacts that roof insulation has bearing on ceiling

temperature at this height.

d) RoofTop Temperature

The average rooftop temperature recorded. during the field study "US 29.27 "C. The

maximum temperalttre was recorded as 33.17 °c while the mininulln was 24.79°C. The

diurnal variation between maximum and minimum temp. ranges by 4.02 OK to 5.52 "K

(Figure 6.27). The figure also illustrates some evidences of lower rooftop tenlperature
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than ceiling temperature particularly at nighttime. This is due to the potential of nocturnal

C(X)lingof the mot:

The representative day tempemture (Figure 6.29) cx-presses similar thermal pmtile

between ceiling and rooftop except few hours after evening. Both the magnitude and

tluctuation of rooftop temperature are reduced by the introduction of operable f(x)f

insulation as compared to uninsulated roof indicating the usefulness and validation of

using operable f(x)f insulation. Insulation also increases Thl-'TIIlalTime Conslant4 (ITC),

which helps in achieving thermal comfort .

• The TIC is theefTective produL1_ofdte thermaJ resistance and hear C8}mcity ()f an envelope element. Jll; lOut j~time OXltlr$). TIle TIC
i'Io the flUID Qfthe product.'lof heat capacity and resi5tance values of the difierent layen,. when the resi.<Jl.aneeof each layer is calculated
from the external sl)rface. TIC of an element. L'lthe main property. In un-nirooru:Jitioncd building5,. which determine" t.he eOC:ct of this
element on die damping oCthe indoor temperature swing. relative h.) the ouh.Wor swing (OfvoniJ 998).
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6.5 COMPARATIVESTUDY

Foregoing sections describe the thcrmal environment in the test mom with respect to

wlinsulated and insulated (operable) roof. A wmparative study is made to judge the

thcrmal per1l.)rmance of operable roof insulation with respeet to thermal comll.)rt. The

performance evaluation is made on the b.1sis of Temperature Disparity, Temperature

Difterence, Temperature Attenuation, Comll.)rt Vote and Comfort Zone analysis. Details
are discussed below:

a) TemperatureDiffere~~RoofTopMaximumvs.CeilingMaximum)

Average
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1.22
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------------------------------1
I

I
I
I

6
5.54

5
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q 3

"--l!!"e!
28- 1.61E••0-
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0
0

Day 1

-1

IOUninsuialed filll1SU1ated (450 mm)Oll1SUlated (300 mm)J

Figure 630 TemperatUTedifti:rence(RoofMaximum_ Ceiling MaxirilWii)Jn Tes(roonlwtihUn;j,'1Jlaied-
and Insulated roof.

Acwrding to the field results Il.)rwlinsulated and insulated rool; considerable amount of

temperature disparity between maximum rooftop temperature and maximum ceiling

temperature is evide~t in the test room when the roof .is uninsulated. This temperature

difference wntributes to elevate ambient temperature of the test room and cause

diswmlbrt. But when the roof is ~wered with operable insulation, a different situation is

observed. On the first day heat storage is rednced to 1.61 oK while in unitL~ulated

wndition it is 5.54 ~ during second and third day of data wllection roof temperature has

gone below the roof temperature when the insulation is placed at 450 nun above the roof;

a substantial amount of heat reduction is also evident when insulation is lowered to 300

mm. It testifies the f.1etthat during the daytitne, 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 penetTating into and generatL,-dinside the

buildings interior during daytime hours. Again when the roof is exposed to night s"-r it

l(xlses heat by long-wave radiation and oonvection that reduces thermal storage capacity

of the roof, therefore ceiling collects heat from thc sUffOlUldings and may attain higher

temperature than roof Thus, the concrete nx)fs, 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 diJterence between Globe Maximum and Indoor Maximum As of

all other environmental variables globe tCll)peTature is the best indicator of comfort and

may be the reason why people feel comfortable at low radiant temperature when air

temperature readings are high. (Mallick, 1994)
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Figure 6.31 Temperature difference between daily Globe Maximum VS. Indoor Maximwn;n T"'1 room with

Uninsulated and In.'Ulaled roof

Temperature ditlcrence between daily Globe Maximum and lnd(xlr Maximum clearly

indicates that a higher temperature regime exists in the test room when the roof is

uninsuIated. Not only the magnitude of Globe and Indoor temperature is highL,'fbut their

difference is also greater (Figure 6.3 I) 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 transler from

roof to the interior, it inereases Thermal Time Const.1nt (TIC) (Givoni, 1998) of the

material therefore radiant gain becomes slower and accelerates nocturnal cooling process.

Therefore in insulated instances we observe almost similar temperature trend between

globe and indoor maximwn temperature profile and they are within the summer comloTt

zone in stil1 air condition, while the temperature exceeds the comfort zone in uninsulated

situation.

c) Temperature Difference (Outdoor Maximum vs. Indoor Maximum)

2.51

Day 3

3.81

:.: -:

:-;.:

.3.76l
2.90

.....

Average

10 Uninsulaled ~ Insulated (450 mm) D Insulated (300 mm)

Figure 6.32 Temperature difference between daily 0u1d00r Maximum vs. fudoor Maximum in T",1 rOOin-
with Uninsulated and Inlllllated roof.

Temperature difference between daily Indoor Maximum and Outdoor Maximum is

another indicator by which thermal performance of roof insulation can be judged. Figure

6.32 clearly il1ustrlltes that nocturnal cooling potential is pronounced with operable

insulation system .. Temperatlire difference betwtX-'11Outdoor and Indoor Max, is

negligible, that means ahnost similar temperature prevails outdoors, as wel1 as indoors

with VCJY little cooling potential, whereas with operable insulation system these

temperature difference is much distinct (in one instance 4.18 "K), indicating prospect of

nocturnal lXx)ling. These phenomena testilY the lact that the introduction of operable

insulation over the roof not only obstruct~ the main passage of heat gain (as wal1s and

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

Temperatlrre attenuation between daily Globe Maximum and Minimum in the test [(x)m

with uninsulated and insulated roof describes certain thennal conditions

4.5.-----
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4
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._- 3-.lI!,
_ 25

f
~ 2
:l.
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:!! 1.5

1
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o
Day 1

4.12

Day 2 Day 3

-------- -I

I

I

I
o Uninsulated L1lnsulated (450 mm) 0 Insulated (300 mm)

Figure6.J3 Temperature Attenu.,tion between daily Globe Maximum and Minimum in Test room
_. .. with Uninsulated and Im;ulated root:

Figw-e 6.33 illustrates temperatw-e attenuation fi.)r 3 days fi.)r the test room with and

without insulation 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 [(Xlf at 450 and 300 mm

height. It is evident that magnitude and fluctuation Globe temperature is higher in

uninsulated situation, while it is more stable in insulated [(x)f situation. It is established

fact that people's thermal tolerance is inerCllsed in morc stable thennal condition,

therefore later condition if desirable Jor thermal comJi.)rt.

e) ComfortVoteAnalysis

Similar to simulation study Comfi.ut Vote Analysis is based on seven-category thermal

sensation scale after Bedford and ASHRAE (Mallick, 1994) in the ficld test. It relates to

the sensation of comfort as in the Bedford scale (Bedfi.)rd, 1936) and borrows from the

ASHRAE scale (ASHRAE, 1966) for description of outer categories. Comfort Vote is

calculated by the equation CV'T;X .29 =-8(Mallick, 1994). The middle three categories

(-1,0, +I) accommodate the comfort range.
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Figure 6.34 Frequency distribution of Comfort Vote in Test room with Uninsulated and In<ulated root:

Comfort vote lor W1insulated roof is 3 in comfi)rtable, 54 in comfortably warm category

and 15 in warm category_ Insulated roof (45Omm) receives 20 votes in comfortable, 48

votes in comfortably warm and only 4 votes in warm category, while at 300 mrn 19 votes

in comfortable, 47 votes in comfortably warm and 6 votes in warm category (Figure

6.34). Only 4% votes are given in comfortable category with Wlinsulated rool: while it is

over 26% with operable insulation. So it is evident that roof with insuMion gets truljority

of votes in comfortable category, which eXl'lains its better perlormance.

f) 'Comfort Zone Analysis

Comfort zone (further details in chapter three) is outlined on the basis of indoor air

tcmperatw-e, relative humidity and air flow, particularly devised lor summer com tort. In

still air situation, the boundary conditions for air temperature are between 24-32 °c and

upper limit is increased to slightly over 34°C with ,3m1s air speed and nearly 36°C with

.45 mls air speed.

Figw-e 6,35 is a scatter diagram showing the relationship between Relative Humidity and

Indoor Temperature of the test room with uninsulated roof. After superimposing summer

comfi)rt zone on the figw-e certain thermal in1l1rmationcan be traced out.
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points are outside the comfort zone (still air sihmtion) and maJonty of points are

concentrated between 70%-85% RH and 30-34 °c. Some of the points are fi.mnd towards

higher relative humidity zone and below 30°C temperatures. However with the increase

of air tlow comfortable condition can be achieved.

The diagram for Comfort zone analysis for the test room with operable roof insulation at

450 mm (Figure 6.36) illustrates that, instead of concentrated points they scatter within the

comfort zone.
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Figure6.35 Plotting of Indoor Temperature and RH ofTe .•t Room with Unin"IIated Roofon Summer
Comfort Chart \. .

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

environmental conditlon exists here as compared to uninsulated condition.

When the height of the roof insulation is reduced to 300 mm then points scatter towards

higher regime of relative hurnidity. Major concentrations occur between 78-82% relative

hwnidity and 30-32 "C. Some points are outside the upper limit of the comfort zone. Very

few points are loc,,1tednear 100% relative humidity. This is a condition slightly inferior as

compared to insulated situation (Figure 6.37).
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6.6 CONCLUSION

The above-mentioned findings establish that test room with oiJt->rableinsulation attains

more comfortable situation. Obviously the indoor environment is better in comparison to

uninsulated situation. Insulation not only cuts down the dfcet of sol-air-temperature on

the roof, which is the main source of heat gain in Dhaka and keep Globe temperature

within comtortable range but it also Jacilitates nocturnal cooling potential. Situations like

Dhaka where majority of the time in monsoon and post monsoon period sky is OVerc.1St

with cloud; even in this circumstances 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.

, ..."""'-..,
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7.1 INTRODUCTION

rn order to arrive at some reasonable conclusion and recommendation regarding the roll

of noctwnal cooling potential and thermal performance of opt.'1'3blc rmf insulation in

Dhaka, it was necessary to consider how environmental conditions of the test room is

inI1uenced 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 to see the effect of fixed insulation at different heights that were not

covered by field investigation.

7.2 SIGNIFICANTFINDINGS

Significant findings drawn from the performance of operable mof insulation is based on

some performance factors. These UlctorS are derived from certain environmental criteria

of the test room It)r the J\-"Presentativeday 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 night.

Part of the heat absorbed during the day warms the mass of the building and only

remainder passes to the interior. The ratio between the heat absorbed and that stored in

the materials depends mainly on the heat capacity of the envelope. During the summer

and in wann regions, the ell.1.ernalsurface (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 hc,,1t exchange, the temperature difference between

external and internal Surfdce may also have a qualitative intluence on the direction of

flow. TIlerefore the' roof slab pcrfonnance was evahl.1ted by temperature disp..1rity

between rooftop and ceiling temperature. One of the intensions of providing operable mof

insulation was to reduce storage of heat in the roof slab so tb.1t there was less possibility

of heat emission to interior. According to perlhrmance summary (Table 7.1), mcan

maxinlnm Rooftop and Ceiling temperature of the test room with uninsulated roof 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 mof is .26 OK and .57 "K J\-'Spectively.The magnitude of
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mean maximum Rooftop temperature and Ceiling temperature are 31.39 "c and 31.13 "c
for 450mrn height while these temperatures are 31.83 "c and 31.26 "c ti.,r 300mm height

of operable roof insulation.

It is evident from the above-mentioned tact that not only the magnitudes of mean

maximum Rooftop temperature and ceiling temperature is high of the test room without

mof 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

contraIy 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 described in previous chapters) arid temperature diftef\;,"Ilcebetwem these two

factors is negligible (below .5 "K). So Rooftop and ceiling temperature maintains almost

similar temperature profile,thereti.lre amount of heat transfer from exterior (root) to the

interior of the test room is less, indieating a good performance of operable roof insulation

in terms of comlort and nocturnal cooling potmtials.

In simulation study mean maximum rooftop temperature is found as 51.47 °c and mean

maximum ceiling temperature is 42.77 °c. Whm insulation is considered at 500 mrn

height from the roof, above-mentioned temperatures generated by the simulation is 52.50

°c and 31.97 "C. Again when the insulation is considered at 200 mrn height, mean

maximum rooftop and ceiling temperatures are generated as 71.93 "c and 37.27 "C.

Thereti.lre tem{X-"f3turedillerence is 8.7 "K, 20.53 OK and 34.66 OK respectively. These

generated data illustrates that magnitude of mean maximum rooftop temperaturc are very

close ti.'r uninsulated roof and roof with insulation at 500 mrn 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 perfonn.1nce among these three conditions.

7.2.2 Radiant Temperature

For a person in an enclosed environment, where the temperature diflerence between the

body and the surrounding surfaces is small, the heat exchange by radiation derends on the

mean radiant 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 ceiling temperature and globe temperature. Correlation betwCt-'1l

these two temperatures for uninsulated roof and roof with operable insulation at 450nilll

and 300rnrn heig\1t are .95, .98 and .95 respectively. According to statistical analysis I is

the hig\1est correlation between two fuctors, so operable roof insulation at 450 mm above

the roof represents hig\1est correlation between Ceiling and Globe temperature among

other mentioned situations. Here Globe temperature affected by the ceiling temperature.

Therefore if ceiling tem)X->f3turecan be reduced, Globe temperature is also reduced,

which obviously creates a desirable thenna I enviromnent 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 e"l'TCSses the combined effect

of the air temperature and mean radiant temperature of the enclosure.

Thermal performance of operable roof insulation is also evaluated by analyzing thc

magnitude and temperature difference between Globe mean maximum and Indoor mean

maximum Air temperature. The performance summary table (fable 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 ditlerent height from the root) magnitude

of the temperatures are within the comfort range. Although temperature difference

between above factors is lower in the case of operable roof insulation at 300rnrn above

the roof in comparison with in~ulation at 450 mm, but in later circumstances mC<1n

maximum indoor temperature is lower hence desirable and illustrates better perlormance.

Mean maximum globe temperature data generated by simulation study tor uninsulated

roof and roof with. insulation at 500rnrn and 200rnrn heig\1t are 39.60 °c, 32.83 °c and

36.50 °c respectively. While the mean maximum indoor temperature are 34.70 "c, 29.53

0c and 35.37 °C. The temperature differences are 4.9 oK, 3.3 "K and 1.13 "K It is evident

I .
UtioJ analysLo. tool and it, formula.' mea.wre the re1atlomhip between two data 8eL'Jthat are !lC81ed to be independent of the unit of

memurement. Correlation ~oolcanbe used to determine whether two ranges of data move together - that lol. whether large value:; of
\me set, are ~ett widl Jarge values of the other (positive correlation). whether «111811values of "me set are 8SSI.lC1atec.t wid) Jarge
values of the llther (nCWltiv(l cotTeIat1on), \'If whether values in lxlt:h sets are lUD"Clllted (tXll'TeJatil1U neal" 7,ero)
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that magnitude of both the temperatures are above the 10<:<11 comfort level for uninsulated

and insulated (200mm) Tlllif but within comfort ronge when insulation .is considered at

500 mIDheight above the roof.

7.2.4 Temperature Attenuation

In earlier chapters it was mentioned that Globe temperature is the resultant of radiant

temperature emitted from all surfaces of a room, theref()re 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 ex"tent it can provide thenna! comfi.lr\, tempt-"I'llture

attenuation between Globe mean maximum and minimum has been considered as 'one of

the fuctors of assessment.

Performance SUTllIIllllYof temperature attenuation illustrates that Globe mean maximum

temperature in the test room without operable roof insulation is 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 fOffiler

instance.

Again the radiant temperature profile generated by simulation illustrates mean maximunl

and minimum globe temperature in the test mom without and with insulation condition.

The generated mean maximum globe temperatures are 39.6 °c, 32.83 °c and 36.5 °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 insulation at 500mm

height illustrates best performance as magnitude of tempt-"Tatureis within comli.lrtablc

range and temperature fluctuation in minimum, which is more therrrmlly agreeable than

other test room situation.

7.2.5 ComfortVote
According to Table 7.1, comfort vote armlysis 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 get.~majority of votes in comfortable category,

which explains its better perlbrmance.
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7.2.6 Noctumal Cooling
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7.1 Average Globe temperature profile in lbe test room with fixed and operable roof im",latioll at different

height from 1he roof.

Above illustration describes the average Globe Temperature (GT) in the test room during

night (6.00 PM-{).OO 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 '01' Globe' (with height of the insulation from roof

in brackets). 'U Globe' stands lor Globe temperature in the test fi)()m with uninsulated

roof.

According to Figure 7.1 Globe Temperature in the test room with regard to lixed

insulations and without insulation demonstrates higher temperature profile as compared to

operable insulation. For example 'F Globe (200mrn)', templ:,'TlItureranges between 33-35

°c and 'F Globe (500mrn)', temperature ranges between 29-31.5 0c. 'U Globe'

temperature during niiYJt ranges between 32c33 "C. While both 'Op Globe' temperatures

(45Omm and 30Omm) varies between 29-31.2 °c. An average temperature difference of

3.5- 4 "K is observed between 'F Globe (200mm)' and both 'Op Globe' tempt,>f3turesand

2-3 "K between 'U Globe' and 'Op Globe' temperatures.

It is evident that Globe temperature in the test fi)()m with operable roof insulation at night

is within the range of summer comfort zone at still air situation. Furthermore temperature

decreases from 6 P.M. to 6 A.M. These phenomena testiJY the effuctiveness of nocturnal

oooling with operable roof insulation over without and fixed roof insulation. ,
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Figure 7.2 Perform""ce evaluation of operable roof irn"dation for 1he Test roon, with dilferent iIL'lUlation
condition

7.3 CONCLUSION AND RECOMMENDATIONS

It is evident from all above circumstances that operable mof insulation dl.•monstrates a

better performance with respect to base case situation (Test room without operable roof

insulatilm), as environmental conditions are better in terms of comfort in the Test room.

Performance evaluation between the operable roof insulation at 450nnn and 300mm

height above the roof conljrms that roof insulation at relatively higher height performs
better lhanlower height (Figure 7.2).

1
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A major purposc of this rcsearch work was to tcstify thc feasibility of nocturnal cooliug

concept in climatic condition like Dhaka (where except few months in winter, most of the

period of the year the s\..1' is considerably covered with clouds). However, the

investigation confirms that even in this kind of climatic condition, the COnCtlptof

nocturnal cooling ean work to achievc comfortablc environmental condition. Morcover

the performance can be fiu1her improved in relatively clear sk1' condition in dry months.

The intention of this research work is to provide an introduction or preliminary guideline

for thermally responsive architecture on thc basis of thermal performance of operable roof

insulation. Even though thc operable roof insulation at the height of 450mm abovc the

roof proved to be thermally satisfactory, the following recommendations may improve its

thermal performance even fiu1her;

• 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 perlOrmance

of the oJX-'fableroof insulation.

• To prevent sagging of the insulation due to its self-weight, twisted stainlcss steel

cable can be used instead of Galvanized Iron (GI) wire as channel for operability.

• Roofu should be adequately graded and equipped with properly drainage system

so that no water logging occurs after rain.

• In winter to trap thc heat i'n the room the process of cxposing and covering the

roof by insulation should be reversed as compared to summer situ.~tion i.c. roof

should de e"'posed to solar radiation during day time and covered by oJX-'fable

insulation during night time.

• For summer condition, to ensure good perfi)rmancc, the operable roof insulation

should be opened (retracted) soon after sun set and should be covercd before

swmse.

• Application of operable roof insulation may be better 1lI northern regIOn of

Bangladesh where summer is relatively drier.

.....•.; ..,,
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7.4 SUGGESTION FOR FURTHER RESEARCH

In order to continue the pursuit of knowledge in the thennal performance of operable roof

insulation, 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

performance of operable roof insulation.

• Possibility of mechanized operable in~ulation can be explored with the help of

light sensors and motors.

• The cost effectiveness 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 mof slab.

• A holistic evaluation of thennal comfort needs to consider the behavior of the

people in all types of buildings in both urban and rural areas and in all 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 its effect in the test room in winter

season can be studied.

• Keeping in view of traditioI1<11use of roof in the country, further researeh on

social acceptance of roof with operable insulation system can be conducted.
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AU HOBO@H8 Logger for RHffemphx EXternal

Measure:
Tempera~ure

Relative Humidity
2x External

Features and specifications

• Capacity: 7943 measurements total
• User-selectable sampling interval: 0.5 seconds to 9 hours, recording times up to I

year
• Readout and relaunch with optional HOBO Shuttle
• Internal temperature sensor on 4" wire can extend from case
• Models with external input accept external sensors for temperature, AC current, 4-

20 rnA and 0-2.5 Volts DC
• Precision components eliminate the need for user calibration
• Drop-proof to 5 feet
• Mounting kit included (hooklloop, magnet, and tape)
• Programmable start time/date
• Memorymodes: stop when full, wrap-around when full
• Nonvolatile EEPROM memory retains data even if battery fails
• Blinking LED light confirms operation
• User-replaceable battery lasts 1 year
• Battery level indication at launch
• Operating range: -4"F to -\ I58"F (~20"C to +70"C), 0 to 95% relative humidity,

non-condensing, non-fogging (RH sensor range at right)
• Time accuracy: x I minute per week at +68°F (+20°C)
• Size/Weight: 2.4 x 1.9,,0.8" (6R x 48 x 19 mm)/approx. I oz.(29 gms)
• Compliance certificate available
• NIST-traceable temperature 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::bI.27°F (:l:0.7°C) at +70°F, see plot below
• Resolution: O.7°F(O.4°C) at +70°F
• Response time still in air: 15 min. typical with sensor inside case; I min. typical

with sensor outside case .

Dashes indicate

~
ellt mal temp range I .,

I ,

\, ./' "
f

''',.,. "- Accuracy ../
,

I
..'

-''''', ,

" "" ,J •.••..•. "
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0-40 .4 32 68 104 140 176 212
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7

Relativehumidity (user-replaceable RH sensor)

• Range: 25% to 95% RH at +80°F for intervals of::: 10 seconds, non-condcnsing
and non-fogging, see plot below

• Accuracy: :1:5%
,• Response time I0 min. typical in air
• Sensor operating environment: +41°F to +122"F (+5°C to +50°C) non-condensing

and non-fogging
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External input accepts the following sensors:

• Wide range of temperature sensors (TMCx-Hx series)
• Sp1it-eore CTs tor AC current (5 Models)
• 4-20 rnA input cable (CABLE-4-20rnA)
• 0-2.5 V DC input cable (CABLE-2.5-STEREO)

External 2.5-volt input specifications

• 2.5 rnrn jack: external input b'TOund,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

• Input range: 0 to +2.5 Volts DC
• Accuracy: or10m Vorl% of reading
• Resolution: 10mV (8-bit)
• Out power: +2.5 Volts DC at 2 rnA, active only during measurements

\Acc~sories--.--...-_.-_ ..-----.- i -.--- .. -.--.. ..... [-.--. i-.- -.[.--
IWI"(le".:rangetemoeraturesensor- li't .. rrMCI~HA .!$23 --1$21- [... -$20-.
Twide-range.temperature sensor - 6 ftrrMC6-HAI $25 1$231 $21
jWide-range temperatUiesenso;:-=-.Wtl"FfMC20-HA .. --._.-j$j()1 $28 r $26
!W1cie-range"tempt,raturesensor - 50 ft [rMc50-HA 1--$35. -I $33.[ .. $30.
IffIgh-:a~~Yte~pe.r~ure.sellsor.-.-ffMc6=HB-.-_.-.--[.- $40 -f $37-1 $34
:IStainlesssteeCiemDerai"iieprobe-.. frMC6-HC 1.--$70.-1"$65--1- .. $60-_.-

; ~~o~rr;s lit".:core-AC currellt -ICTV-Ar-$;~-.r$;;T .. -$;;--
[ -50 Am s Iit-core AC current bTV-B -..-I.$~.--I"$;;I--.-$;~---
: ensor I I, .--___ -..- : -.. - ...-r- -_._.., - -.1---.-- ..-._.- .
" -100 Am s ht-core AC current CTV-C $84 i $77 $71
sensor I I 1

"~~/mp split~eAC-cuiient--n- r~~_~n--.__.m __ [$~~;.I$~-;-.I".-;~-
! .. ~i>6Ain slit-core I\C current CTV-E -.--1 $10;1 $9~ I .. -$~~_.. -
ensor i
@-20rnAcable (18 inehesf--.-----. C;ABLE=4".:2:0mA--1$131$ITi-$l\--

FOltage inpu~;a~I~(~f~~~)- ~;:~~;.5- i.-~~--Iu$;-I..u--;,;----
, daterfurold=-s.le tern ~I_ MCX-IT-AdaPter[l" .$\;..-r

l
$;~Im--

m= _ "'
.~ep~~e.lIt.batteries (bo;Zoft O)"--~".: TEMP- .- ... -1$151----::--1
1Rei)lacementRH sensor-.-.u_------ [HUM".:"UPS=-500-..--1 $16- f$\51~-$-14---

Home IContact Onset
Copyright 6) 1996-2002 Onset Computer Corporation_ All rights reserved.
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A 1.2 llOBO lI8 External Sensors

All of the cables below can be plugged directly into the external inputs of the HOBO 4-
Channel Indoor External, HOBO H8 Outdoor/Industrial 4-Channel, the HOBO H8
RHrremp/Light/External, the HOBO 1-I8 RH/Temp/2x External, or the HOBO
TemplExternal . data loggers. For other cables, batteries and miscellaneous logger
accessories, please see our Replacement Parts & Accessories list.

External Sensors and Input Cables

Wide-range temperature sensors
High-Accuracy temperature sensor (TMC6-HB)
Stainless Steel temperature probe
Split-eore AC current sensors
4-20 rnA 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 +JOO°C)in air
• Accuracy: ioO.9°Fat +70°F (ioO.5°Cat +20°C), see plot A below (insert probe 0.9"

min.)
• Resolution: ioO.7°Fat +70"1', (,W.41"C at +20°C), see plot A below
• Response time in still air: 4.5 minute typical
• Response time in stirred water: I minute typical
• 0.2" diameter sensor (fits in 1/4" holes)
• Available in I, 6, 20, and 50 foot cable lengths

Note: TMCx-Ha temperature probes arc not intended for prolonged use in water or moist environments,
especially those with temperatures greater than 90"F (30"<:). The stainless stec!tip is waterproof, but water
can migrate through the cable jacket over long leon immersion.
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Plot A
Temperature Accuracy and Resolution
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Ordering Information
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I $21I'- .---------
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.._.__ .- ~-_. __ ._._-----
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i[Wide7~tZ;;~~h;;-~-~~-~;-~--ltl"TrMC I~HA-' "1 $231$2I
!IWide~r;n;getemperaturesensor- 6 ft iTMC6-HA--'--'--I$~1 $23

l~~~~;;e;:~~c-;~~~;~ 20... 'I~M(~~O~~-~ I' $3~-T~;8
il~i~e-~~ ~;~-~r - 5o-----F;:;~~0~-~~.---~T-;~1 $33 ,

![Hig11-accuracyt~':';~~;;;;~~~;;;----[1;MC6~HB .... . 1$40--1$37--

ilstainlesssteeltemperatureprobe** - iTM'C6-=HC------1 $70 1 $65:c-- '.. .... r-.------ .~-I~
:/0-20Amp split-coreAC currentse~s~[CT ~A-------I $84 I $77 •
i[Q.-,sOi\Irlpsplit-coreACcUITentsensorJCT~B~-------------I--$84 [$77 '

:0-100Amp split-coreAC current ICT-C ~I $74 •.
I sensor . 1 ~au
:~~~r ~psPiit-~;~ AE~u;;~t---'--I~~~~ .. ----- 1~8~ T~7~

!O~OOAmp ~lit~re-AC-~~;;;;;t' "--I~-;~~ ---T-$80----'- $74
,sensor I .r-------'- ----.-r .I.--T----
14~2o-~A-.;bI~(18-i~ches) [CABLE-4-20mA [$131 $12
'/TMcx-IT-Adapter** -------. '--ITMCx-lT-A<fuPter.. r $15'-[iI4 .

'F~~;~-;:;-;:~"---'--I~':~io2.5'--------[--;;-I-~;--
HomeIContactOnset

Copyright01996-2001 OnsetComputerCorporation.All rightsreserved.
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APPENDIXA2 THE SOFTW ARES 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, offcring added features for graphing, data analysis, data
export and simultaneous management of multiple loggers. BoxCar
3.7 provides basic launch, data readout, plotting and data export
capabilities. BoxCar Pro 4.0 and BoxCar 3.7 support all currently
available HOBO and StowAway loggers.

Easy Logger Setup

SoI"'1 ,I
, Cancel,,' I

Help , ' I
,<,:",:,;:,,',;.::.;.

".',
, ','.iI," '

jZone 1 Tempe,at •.•e and RH

;:)!~al (O•.•atioot.j1 Mins (2 Dao,'s,19 Hrs. 11 Mins)

I, :M!!~~.. Rellding
TemperatUTe 69,71
Temperature 2095

"
, RH ~
,; Dew Pm 44.92
j-, "•• '--.._~-' -------, '-~--"'-----"'--"'-.'.- .-_ •. __._._._-_._. __ ._-,
'," ("J Ne.lto channel id6ntiIierdenotes Bad ','GOod
,II selectable semor chameL Baliell': I ' j' '!'j:.' II

(:,:1 , ' __ ~.~_~~. ,_. __ .~. __ ,._ •. _ •.•• _., ••• _ •. _ .• __ • _

: i'r ltl,ap ato",d ",hen lull(o,-e<wrileolded data)

p-Oelao.;ed Sl",t 1-04-/2-2)-9-9-iJ 112:0000
. , ." , ',; "".'

£nableIOisable ChaMet•... , '"..__._.~-_1.

•

•
•
•
•

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 H6, HOBO Event
and HOBO Shuttle)
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Graphing

, fIo:',Edr,lxo<"1'\:t "~:>obW_ H~p
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Drydown in new freuer

-:18
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,.,.•.
U'\'''£.''-;t 1L:.:lJi..l
O,l~~31C:ncO
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•••••••__ ••••••• II: =
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OO::E~ •• t 2.6
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. "':-"Y,;
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"-,":,""-,"'"

. "'\~' 'ff: ..

"..". ''-II ~ tWO
.. 1:l;UU%:ll LilUl -,
.• 13E80~SET 2.:7~ -5
1Tnn,,!".rr ?'""7:'fr .,
,,~~~ .•~.ccr_ )-:''XlC •

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 tcmperature and RH
View data from successive deployments on one graph to see long-tenn
trends
Overlay data from different deployments, to compare month-to-month, or
before-and-after
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
, statistics
Add limit lines to the graph
Copy and paste graphs into other Windows programs
Control axis, series and legend properties
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Analysis Functions

•~-:.---
JO

Hourly Compressor utilization
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The following 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

On/(!ff and ,)'tate 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 to 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 sllOwingmany plots on screen at once



]97

A 2.2 The Main Menu of Simulation Program ('A-Tats')
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The menu system is divided into tllC following six sections

• Stored Data
• Building DlIh. Editor
• Inlcr.1(,,1iveSimulation
• Simulation Output
• Batch Simulation
• Defaults

TIle fin.1 two sections, Stored Data and DuiJiling Data Editor. canlain the facilities lor model creation and
modification.

The following 1l1rcc scctiOl1S. Interactive Simulation, Simulation Output and Batch Simulation, are used to
do the simulation';. and l.ll"t.."t..'"<;,o; the resulting data.

TIle main purpose ofthc Defaults se<-1i"11is to allow units to be switched betW""'11Imperial and SI.



APPENDIXA3 SIMULATION DATA

A 3.1 WEATHERDATAinputs for generating Weather File (18 June)

Date: 05:Jul:02 Time: 01:24:49
Weather File: Ban Dhaka.~fl
Day: 169 18June

Global I Diffuse I Cloud I Dr::•.. Bulb I Relative I t'i'ind I tHnd I
Hour I Solar I Solar I Cever ! TemperaturB I Humidity I Speed ! Direction I

Radiation I Radiation I I I l! i (deg. I
) I (!,/rn2! I (W/m2} I '(0 - 1) ! (C) I (,::) I (m/s) i E of NI I
1------1-----------1-----------1----------1-------------1----------[---------1-----------1
II! 0. I O. I 1.00 I 27.8 I 8'~. 0.0 0, I
I ~: G. I O. I 1.00 I 27.7 I ~9. 0.3 60. I
I 3 O. I O. I 1.GO I 2~.~ I 89. 0.7 120. I
) 4 O. i O. I 1.00 I 27.6 I B9. i 1.0 I 180. I
I 5 O. I O. I 1.00 I 27.0 I 92. 0.9 I 197. I
I 6 i O. I G. I 1.00 I 26.4 I 94. 0.7 I 213. !
I '7 I 70. I 33. I 1.00 ) 25.8 I 97. 0.5 ! 230. I
I 8 i 628. I 220. I 1.00 i 2;.2 I 91. 0.3 i 153. I
I 9:! 768. I 223. I l.GO I 28.6 I 86. 0.2 77. I
I 10 I 9'77.' I 264. I 1.00 I 30.0 I BO. 0.0 i O. I
I 11 1 1186. I 29'. 1 1.00 1 30.9 I 74. 0.5 t 17. 1
I 12 I 1256. I 301. I 1.00 I 31.7 I 68. i 1.0 I 33. I
1 13 I 1256. 1 314. 1 1.0'0 I 32.6 1 62. I 1.5 I 5'0. 1
I 14 I 1116. I 301. I 1.00 j 32.9 I 62. ! 1.0 33. I
1 15 I 1'04'. I 304. I 1.'00 1 33.3 1 61. 1 '0.5.1 1'. 1

16 I 907. 1 31B. I 1.00 I 33.6 I 61. I 0.0 i O. I
17 i 628. I 301. I 1.00 I 33.1 I 62. I 0.0 I .0. I
18 I 279. I 179. I 1.00 I 32.5 I 62. i O.O! O. I
19 I 70. I O. I 1.00 I 32.0 I 63. 'j O.')! O. I
20! O. I O. I 1.00 I 30.7 I 69. I 0.3 1 60. I
21 1 D. 1 D. 1 1.00 I 29.5 I 75. 1 0.7 I 120. I.
22 I O. I O. I 1.00 I 28.2 I 81. I 1.0 I 180. I
23 I O. I O. I 1.00 I 28.1 I 84. I 0.7 I 120. I
24 I 'J. I O. I 1.00 I 27.9 I 86. I 0.3 I 60. I

. 1 1 1 1 1 1 1 1 -
~
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A 3.2 WEATHERDATAinputs for generating Weather File (19 June)

Date: OS:Jul:02 Time: 01:25:22
Weather File: Ban_Dhaka.wfl
Day: 1:0 19 June

Global 1 Diffuse I Cloud I Dry Bulb 1 Relative 1 Wind 1 Wind
Hour : Solar I Solar I Cover I Temperature I Humidity I Speed 1 Direction

Radiation 1 Radiation 1 1 1 1 I (deo.
I I (W/m2) I {W/m2) I (O - 1) I (C) J (%) I (m/s) I E of N) I
1------1-----------1-----------1----------1-------------1----------1---------1-----------1
II! O. I O. I 1.00 j 27.0 ! 90. I 1.0 I 130. I
J 2 i O. I O. I 1.00 I 27.2 I 90. I 0.9 I 147. I
I 3! O. I O. I 1.00'1 27.3 I 89. I 0.7 J 163. 1
I 4 i O. I O. I 1.00! 27.5 I 89. I 0.5 1 180. 1
I 5 O.! O. I 1. 00 I 27. -: I 87. I 0.9 I 163. 1
1 6 O. I O. I 1. 00 I 27. & I &4. I 1. 2 1 147. [
I '7 140. I 67. I 1.00 J 28.'J I 82. I 1.5 I 130. I
I 8 55&. 1 195. [ 1.00 i 28.9 1 77. 1 1.4 1 147. 1
1 9 I 698. 1 202. 1 1.00 1 29.7 1 72. 1 1.2 1 163. 1
I 10 1116. I 301. I 1.00 I 30.6 I 67. I 1.0 I 180. I
1 11 I 1256. I 314. 1 1.00 1 31.1 I 65. 1 1.4 1 180. 1
I 12 1326. I 318. I 1.00 I 31.' 1 64. I 1.7 1 180. I
I 13 1326. 1 331. 1 1.00 I 32.2 1 62. 1 2.1 1 180. 1
I 14 1256. 1 339. 1 1.00 1 32.3 1 61. I 1.9 1 180. 1
1 15 1186. 1 344. 1 1.00 1 32.3 1 61. 1 1.7 I 180. 1
1 16 i 1047. I 366. 1 1.00 1 32.4 t 60. 1 1.5 I 180. 1
1 17 1 698. 1 335. I 1.00 1 31.8 1 62. I 1.7 1 180. 1
I 18! 279. 1 179. I 1.00! 31.3 1 65. I 1.9 1 180. I
t 19 i 140. 1 O. 1 1.00 1 30.7 1 67. 1 2.1 1 180. I
1 20 I 70. I O. 1 1.00 I 30.1 1 70. 1 1.7 I 163. I
1 21 1 O. I O. I 1.00 1 29.6 1 73. 1 1.4 I 147. 1
I 22 1 O. 1 O. I 1.00 1 29.0 1 76. I 1.0 I 130. 1
I 23 1 O. 1 O. 1 1.00 I 28.3 1 81. I 1.0 1 130. 1
1 24. I O. 1 O. 1 1.00 I 27.7 I 85. I 1.0 1 130. I
1 1 1 1 1 1 1 1 1

-:g



A 3.3 WEATHER DATA inputs for generating Weather File (20 June)

Date: 05:Jul:02 Time: 01:25:47
Weather File: Ban_Dhaka.wfl
Day: 171 20 June

Global 1 Diffuse I Cloud 1 Dry Bulb 1 Relative 1 Wind 1 Wind
Hour 1 Solar I Solar ! Cover I Temperature I Humidity I Speed I Direction

Radiation 1 Radiation 1 1 I 1 I (deg.
I ! (W/m2) I j (W/m2) I (0 - 1) I ie) I (~) ! (m/s) ! E of N) I
1------1-----------1-----------1----------1-------------1----------1---------1------- 1
I 1 I o. I o. I 1.00 I 28.0 I 5. 1 0.5 I 180. j
I 2! O. I o. I L GO I 27.9 I 6. 1 o. '7 1 180. I
I 3 I O. I 0 a I 1.00 i 2"7• '7 I 6. I O. 9 I 180. !
I 4! O. I O. I 1.00 27.6 I '7 I 1.0) 180.
I 5 o. I 0.) 1.00: 2:.6 I 6. I 1.2 I. 180.
I 6 I O. I o. I 1. 00 I 27.5 I '3. I 1. 4 I 180.
I '7 I '70. I 33. I 1. 00 I 2'7.5 I 9. 1 1. 5 I 180.
I 8 i 209. I 73. I 1.00 28.2 I 5. I 1.4 t 163.
I 9 j 628. I 182. I 1.00 I 28-.9 I O. I 1.2 I 147.
I 10) 907. j 245. I 1.00 I 29.6 I 6. I 1.0 I 130.
1111 907. I 227. 1 1.00 I 29.5 I 6. I 1.21 117.
I 12 I 1186. 1 285. 1 1.00 I 29.3 1 7 1 1.4 1 103.
I 13 I 698."j 174. ! 1.00 I 29.2 I '7 I 1.5 I 90. I
1 14 I 1326. 1 358. 1 1.00 1 29.5 1 6. 1 1.4 I 120. 1
I 15 I 698. 1 202. I 1.00 1 29.7 1 4. 1 1.2 1 150. I.
I 16 i 279..1 98.. I 1.00 i 30.0 1 3. ! 1.0 1 180. )
1 17 1 628. 1 301. 1 1.00 I 29.9 1 4. 1 1.2 I 150. I
1 18 1 419. I 268. 1 1.00 1 29.7 1 4.1 1.4 I 120. 1
1 19 I 70. 1 O. I. 1.00 1 29.6 1 5. 1 1.5 1 90. 1
1 20 1 O. 1 O. 1 1.00 I 29.4 1 6. I 1.4 1 120. 1
1 21 1 O. 1 O. 1 1.00 I 29.2 1 8. 1 1.2 1 150. I
1 22 1 O. I O. 1 1.00 1 29.0 1 9. 1 1.0 1 180. 1
I 23 I O. 1 O. I 1.00. 1 28.7 I 1. 1 0.9 1 180. 1
I 24 1 O. 1 O. 1 1.00 1 28.3 1 3. I 0.7 1 180. 1
1 1 1 1 1 1 1 1 .1

g



A 3.4 WEATHERDATAinputs for generating Weather File (23 April)

Date: 04:Jun:02 Time: 23:57:49
Weather File: Ban Dhaka.wfl
Day: 113 23 April

Global I Diffuse 1 Cloud 1 Dry Bulb I Relative 1 Wind 1 Wind
Hour I Solar. I Solar I Cover I Temperature I Humidity I Speed I Direction

Radiation I Radiation I I I J I (dag.
I I (t'1'/m2) I (W/m2) I (0 - 1) I (C) I (\) J (m/a) I E of N) I
1------1-----------1-----------1----------1-------------1----------1---------1-----------1
! 1 I I). I O.! 0.00 I 28.0 I 83. ! 1.5 I leO. I
I :2 I O. I O. I 0.00 J 27.8 I 85. I 1.4 j ISO. I
I 3 I O. j O. I 0.00 j 27.7 I 86. I 1.2 I 180. )
I 4 I O. I O. I 1.00 I 27.5 I 88. I 1.0 I 18'J. I
I 5 I O. I O. I 1.00 I 26.4 I 90. I O. "7 I 120. I
I 6 I O. I O. I l.00 I 25.2 I 91. I 0.3_1 60. I
I .., I 209. I 107. I 1.00 I 24.1 I 93. I 0.0 I O. I
I '3 I 349. I 147. 1 1.00 I 26.0 I 84. I 0.2 I 60. I
I 9 I 558. I 190. I 1.00 I 27 •.8 I 75. I 0.3 I 120. I
I 10 I 698. ! 216. I 1.00! 29.7 I 66. I .0.5 I 180. I
1 11 1 837. I 234. 1 1.GG I 3'0.4 1 64. t '0.9 1 18'J. 1
1 12 1 9'07. I 245. 1 1.GG I 31.'0 I 63. I 1.2 I 18'0. 1
1 13 1 837. 1 234. 1 1.'0'0 1 31.' 1 61. I 1.5 1 18'0. 1
1 14 1 768. 1 238. 1 1.'0'0 1 32.1 1 6'0. 1 1.4 1 18'0. 1
I 15 1 558. 1 19'0. 1 1.'0'0 1 32.6 1 6'0. 1 1.2 1 18'0. 1
1 16 I 349. 1 147. I 1.'0'0 1 33.'0 1 59. 1 loG 1 18'0. I
I 17 I 140. I 71. I 1.00 j 32.0 I 61. I 0.7 I 120. I
1 18 1 G. 1 G. 1 1. '0'0 [ 32.1 1 63. 1 '0.3 1 6'0. I
1 19 1 G. 1 G. 1 '0.'0'0 1 31.7 1 65. 1 '0.'0 1 G. 1
I 20 I O. 1 O. I 0.00 I 30.9 I. 79. I 0.2 I 43. I
J 21 I O. I O. 1 0.00 I 30.0 I 75. I 0.3 I 87. I
I" 22 I O. I O. I 0.00 I 29.2 I 80. I" 0.5 I 130. I
1 23 I G. 1 G. I G. '0'0 1 28.8 1 81. 1 '0.9 I 147. 1
1 24 1 G. 1 G. I '0.'0'0 1 28.4 1 82. 1 1.2 I 163. 1
1 1 1 1 1 1 1 1 1

~•...



A 3.5 WEATHERDATAinputs for generating Weather File (24 April)

Date: 04:Jun:02 Time: 23:58:31

Weather File: Ban_Dhaka.wfl
Day: 114 24 April

Global 1 Diffuse 1 Cloud 1 Dry Bulb 1 Relative 1 Wind I Wind
Hour i Solar I Solar I Cover I Temperature 1 Humidity i Speed ! Direction

Radiation 1 Radiation 1 1 1 1 1 (dag.
I I (W/m2) I (ti/m2) I (0 - 1) I (C). I (~! I (m/s) I E of. N) I
1------1-----------1-----------1----------1-------------1----------1---------1-----------1
IIi 6. I O. I 1.00 I 27.4 I 82. ! 1.0 I 180. I
I 2 I O. j O. I 1.00 I 27.3 I 84. ! 1.0 I 180. I
I 3 I O.! O.! L 00 I 27.1 i 87. I 1. 0 I 130. I
I 4 O. i 0'.1 1.00 1 27.0 ! 8.9. r 1.0 I 180. I

:' O. I O. -. I 1.00 I 25.7 I 90. I 2.2 I 137. I
..) (I. I G. I 1. 00 I 24.3 I 90. 1 3.4 I 93. j
'7 I 70. J 36. I 1.00 I 23.'J i 91. I 4.6 I 50. !
8! 70. I 29. ) 1.00 I 22.9 I 86. I 3.6 I 50. I
9 907. I 308. I 1.00 I 22.9 j 81. I 2.0 I 50. I
10 768. I 238. I 1.00 I 22.8 I 76. I 1.5 I 50. I
11 837.! 234. I 1.G'J I 25.2 i 69. I 1.5 1 93. I
12 907. I 245. I 1.00! 27.6 I 62. I 1.5 I 137. I
13! 907. I 254. I 0.00 I 30.0 I 55. j 1.5 I 180. j
14! 837. I 260. I 0.00 i 30.3 I 55. I 1.7 I 180. I
15 I 698. I 237. I 0.00 I 30.7 I 56. I 1.9 I 180. I
16 [ 419. I 176. I 0.00 I 31.0 I 56. 1 2.1 I 180. I
17 i O. I 0. I O.OO! 30.6 ! 59. I 2.1 I 180. I
18 I O. I O. I 0.00 I 30.2 I 63. I 2.1! 180. J

19 I O. j O. -I 1.00 I 29.8 I 66. 1 2.1 I 180. 1
20 I O. I O. I 0.00 I 29.3 I 70. I 1.7 I 180. I
21 I O. I O. I 0.00 I 28.9 1 73. I 1.4 1 180. 1
22 i O. I O. I O.OO! 28.4 ! 77. I 1.0 I 180. I
23 1 0. I O. I 0.00 I 28.1 1 79. I 1.0 I 180. I
24 1 O. 1 O. I 1.00 I 27.7 1 80. I 1.0 1 180. I

___ 1 1 1 1 1 1 1 1

to.>
S



A 3.6 WEATHERDATAinputs for generating Weather l'i1e (25 April)

Date: 04:Jun:02 Time: 23:58:59

Weath-e= File:
Day: lIS

Ban_Dhaka.>;n
25 !'.pril

-,

Global I Diff~se Cloud J Dry E~lb I R-91ative Wind I Wind
Hour ! Solar I Sole= Cove= I Tempe:ature I Humidity Speed ! Direction

Radiation I Radiation I I I I (dag.
1 (W/m2) I (ti/rr:2; ~O - 1) J (C) I (~) I 1m/g) ! E of N} !

------;---------.-1----------- ----------1-------------1----------1---------1-----------I
1: O. I O. 1.::,0 I 22.0 I '7 1.:) I 13G. I
2 O.! 0.: ).GO I 2:.S I '7 1.G l~!. I
3! O. I O. I G.OO i 2:.7 ! 7. 1..: IS3. I
4 O.! G. j '}.:>J! 2:.6 I 7 loG 1-3':). I
5 O. I Q. :.00 i 23.3 I 8. 0.9 laC. I
is O.! C. i 1.'~O i 2=.: I 9. i 0."7 I laG. I
7 140. I 71. :.ca I 26.8 I O. : 0.5 I 180. J

8 626. j 2-5';. i 1.00 1 2'.8 J 5. 0.9 lao. !
~ 907.) 308. :'.00 I 28.S I 1. 1.2 lSO. I
10 696.! 2:6. :'.:JO i 2;.8 I 6. 1.5 180. !

I II! 419. 117• I Leo I 2'7.6 I 2. I 1.4 IS0. I
I 12 1 70. I :9. I :.GO i 25.4 I 8. : 1.2 12G. I
j 13 I 209. i 59. I :.00 I 23.2 I 4. I LO I 9G. I
! 14 ) 698. I 2:'6. ! :.00 I 23.5 1 2. : 0.9 I 90. I
I 15! 837. I 225. I L00 I 23.9 I L! 0.7 I 90. I
1 16 I 628. I 26';. 1 l.00 I 24.2 I 9. I 0.5 I 90. 1

"117 I 140. I 71.. I 0.00! 2"4.0 I O. j "0'.5 I 90. I
18 o.! J. I 1. 00 i 23 ..8 I 2.. I 0.5 J 90. J

19 I o. I J. I 1.00 I 23.6 I 3.! 0.5 J 90. I
20 I O. I G~ I l.oe t 23.2 I 2. I 0.7 I 120. I
21 I O. 1 Q. I 1.00! 22.8 1 o. I 0.9 I 150. I
22 1 o. J o.! 1. 00. I 22.4 J 9. I L 0 I 180. I
23 1 O. I O. 1 1.00 1 22.3 1 8. 1 1.0 I 163. 1
24 I O. 1 O. 1 1. 00 1 22.1 1 8. 1 1. 0 1 147. 1___ 1 1 1 1 1 1 1 1

~
••••



A 3.7 WEATHER DATA inputs for generating Weather File (12 May)
Date: 04:Jun:02 Time: 23: 53: 48

~"eather File:
Day: 132

Ban_Dhaka.,;n
12 Hay

Global 1 Diffuse I Clo~d J Dry Bulb .1 Relative ! Wi~d 1 Wind
Hour I Solar I Solar I Cover I Temperature I Humidity I Sfeed ! 0irectlon

Radiation I Radiation I I I I I (dag.
1 !t';/r.t2) I (t'i'im2) I (0 - 1) I [e) ! (~) I frr:./s) I E of N! II------!-----------J-----------I----------I-------------:----------J------~--j---------i-!
I l' D. I O. I 0.')',) I 29.2 I 71. ! 1.0 I 130. I
I 2 O. I O. I ',).OG I 2~.7 I 76. I O.! I 87. I
I 3 O. I Q. I 0.00 I 28.3 I ao. I 0.3 I .43. I
I 4 'J. 1 O. I 0,')0 2:.8! 85. I 0.0 I O. I
1.5 ~. I C. i O.GO 26.8 I 86. I 0.0 I O. I

6 '.J. I O.! O.GG 2.5.8 i 87. ! 0.0 I O.
"': 209. J 100. I 1.00 24.8 I 88. I 0.0 I 0 ..

488. I 171. I 0.00 26..:3 I 77 I 0.0 I O.
9 768. I 223. I O.CIO 28.9 i 65. J 0.0 I O.

10 907. I 245. I O.'JO 2:J.S I. 5~. ! 0.0 I O.
11 111E.. I 279. I 0.00 3::".7 I 51. I 0.2 I 90.
12 1116. I 268. I O.GO 32.6 I 48. I 0.3 1 180.
13 1116. 1 279. 1 1.00 33.4 1 45. 1 0.5 I 270.
14 i 9-:- I 264. I 0.00 I 33.9 I 44. ! 0.3 I 180.
15: 768. I 223. r 0.00 I 34.3 I 44. I 0.2 I 90.
16 558. I 195. I 0.:)0 I 34.8 I 43. I 0.0 I O.
17: 279. J 134. I 0.00 I 34.2 I 46. I 0.0 J O.
18 70.! 45. I 0.00 I 33.6 ! 49. .! O.O! O.
19 O. I O. I 0.00 I 33.0 I 52. I I,}. 0 I O.
20 I O. I O. I 0.00 I 32.1 I 58. I 0.2 I 43.
21 I 'J. I O. J 0.00 I 31.1 j 63. I 0.3 J 87.
22 I O. I O. I 0.00 I 30.2 ! 69. I 0.5 I 130.
23 I O. I O. I 'J.OO I 29.9 I 70. I 0.7 I 130.
24 I O. I O. I 0.00 I 29.5 I 70. I 0.9 I 130.

___ 1 1 1 1 1 1 1 -

~



A 3.8 WEATHERDATAinputs for generating Weather File (13 May)

Date: ;)4:Jun:02 Time: 23:54:09
Weather :-ile:
Day: 133

Ban Dhaka. ~.;fl
13 Hay

, .,
!

9
8

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

.G':'~bal I Diffuse I Clo:..:d I.Dry Bulb I Relative I Wind J tiind
Hour I S~lar I.Solar 1 Cever I Temperature I Humidity I S~eed I Direction

Radiation I Radiation I I I 1 . I (dag .
.! I (Ki:':12,i I (W/m2:. 1 (G - 1) i (C) I (~; I (m/a) I E of N) II------I-----------!-----------I-~--------I-~-----------1----------1---------1-----------1
I 1 I O. I 0.! O.'JO i 30.'J I 71. ! 0.0 i O. I
I 2! O. I 0. I 0.00 I 29.8 J "74. I 0.0 i G. I
I 3 I O. I C", I O.:JO I 29.6 I 77 I 0.0 I O. I
! .; i O. '" C. I :].:.)0 I 29.4 I 80. I 0.0 I 0. I
! 5 i O. _"'! 0.',)0 28.B I 23. ! ':'.0 '..'. I

C.) O. I ~.. J '.J.'JO i 28.2 I B7. I 0.0 ~ O. I
349. ! Ie:. J 'J.:JO I 27.5 I ;0. J 0.0 J G. I
698. I 244. ) rJ.OO! 29.3 I 82. I 0.3 J 17. I
97'7 i 283. ! 'J.JO I 30.9 ! 73. I 0.7 I 33. I
04'7. 283. I 1.00! 32.6 I S5. I 1.0 i 50. I
:16. 2'79.! 1.00 I 32.9 I 52. I 1.0! 110. I
l16. : 268. I 1.00 I 33.3 I 58. i 1.0 i 170.. I
;0'7. 227. I 1.00 I 33.6 I 55. I 1.0 i 230. !
698. 188. I 1.00 I' 34.0 I 53. 1 1.0 I 183. I
628. 1 182. 1 1.00! 34.4 1 51. 1 1.0 1 137. 1
349. [ 122. j 1.00 I 34.8 I ';9. I 1.0 1 90. "I
140. ! 67. I loGO i 34.'7 I SO. I G.'7 i 60. I

O.! O. I 1. 00 1 34 • '7 I SO. I O. 3 I 30. I
O.! O. I 1.00 1 34.6 I 51. I 0.0 i O. I
o. J O. I o. GO I 33.7 1 56. I 0 • 0 j O. I
O. i o. I 0.00 I 32.9 I 60. I 0.0 I O. 1
O.! O. 1 0.00 I 32.0 I 65. I 0.0 I O. I
O. i O. I 0 • 00 1 31.3 I 6'7 • I 0.0 1 O. Io. 1 O. I 0.00 I 30.7 I 69. I 0.0 1 Q. I

' 1 1 1 1 1 1 1

~
""



A 3.9 WEATHER.DATAinputs for generating Weather File (14 May)

Data: rJ4.:Jun:02

t-;'eatho?= File:
Day: 134

Time: 23:54:31
Ban Dhaka. ,.,fl
14 Hay

Global I Diffu38 I Cloud I Dry Bulb I Relative I Wind I Wind
Hour ! Solar I Solar I Cover I Temperature I Humidity ! Speed I Direction

t Radiation I Radiaticn 1 ! . I I 1 (dea.
I I ;'~'i'/m2) I (W/m2) I (0 - 1) I (C) I (%) I (m/s) I E ~f Ni I1------,-----------1-----------1----------1-------------I----------i---------I-----------I
I 1 I O. I O. I 0.00 31.4 I .•.• i 1. 0 I 180. 1
I 2 O. ) O. I 0.00 30,19 I 4. ! G •.7 I l2',j. I
I 3 O.! ',). I 0.00 30.5 I 6. I O. -3 I 60. 1
I 4! O.! ;). I 0.00 30.0 I 9. I 0.0 I G.. I
! 5 O. I O. I 0.00 29.5 I 2. ;].0 I O. I
I'; O. I O. j O.O() 29.0 I :'. 0.0 I .•'. I
! -; .::. .~. 1 1 G. I ;J. 00 28.5 I ~ 'j. 0 I 'J. I

8 4 B. I 1 1. I 0.00 29.5 I" ~. I 0.3 I 77. j
9 6 -3. I 2 2. I (:.00 30.6 I 'j. I O. '7 I 153. I
10 B 7. I 2 6. I 1.00 31.6 I 6. I 1.0 I 230. j
11 I 11 is. I 2 ~. I 1. 00 32. -: I ~. I 0.9 I 213. !
12 I 11 is. I ;: 8. 1 1. 00 33.! i J. I 'J. 7 ) 197. I
13 i 10 7. 1 .:. .:.. I 1. 00 34.8) G. 1 0.5 1 180.
14 8 7. ! 2 is. I 1. 00 i 35 . .3 I ~. i 0.3 I 12G.
15 8 7 I 2 3. 1 1.00; 35.9 I 3. I 0.2 I 60.
16 6 8. 1 2 O. I 1.00 36.4 I :... i 0.0 I O.
17 I 2 9. I 1 4. I 1.00 36.0 1 3. I 0.0 1 O.
18 I 1 O.! 9. I 1.00 35.7 1 .;. I 0.0 1 O.
19 I O. 1 O. 1 1.00 35.3 1 6. I 0.0 1 O.
20 I O. I O. 1 1.00 34.4 I 2. I 0.0 1 O.
21 I O. 1 O. 1 1.00 33.6 I 7 I 0.0 1 O.
22 1 O. I' O. I 1.00 32.7 I .3.. 1 0.0 1 O.
23 1 O. I O. I 0.00 32 • .3 I 2. 1 0.3 I 60.
24 I O. I O. I 0.00 31.8 I 2. 1 0.7 J 120.

___ 1 1 ' - ' ' 1 _

t5
.0\



A 3.10 Tabular OUtput of Climatic Data for Test Roomwithout Roof Insulation (18 June)

Building Name: T2Rcom
Time: 20:36:55 Date: 03:Ju!:02

Building Data File:
Consultant:

T2Rocm.bdf.Ol Revision: 84
Program: A-TaB 8.31

Zone 6 Test Room
Day 169: Tuesday, Jun 18 (WEEKDAY} Weather File: Ban_Dhaka. \-,n

1 1 I 1 I 1 ! I
I Time I Ternper- I Sensible 1 Humidity I Latent Hean I Result- I
I I ature I load 1 1 load radiant ! ant I
I (24hr 1 I 1 1 temp_ I temp. I
1 cIa.:;';) i (dag G) 1 ( kt'l~; 1 (~) 1 {kW) (deg C) 1 (dag C) 1
1--------1---------- --------------1----------1-------------- ----------!----------I

1 1 31. 9 0.00 I 70.7 1 0.00 34.8 I 33.4 I
0 1 31. 6 0.00 I "1.1 1 0.00 34.4 1 33.0 I
3 I 31.5 O.GO j '1.7 1 0.00 "34.1 I 32.'8.• I 3,.1 O.GO I 72.7 1 0.00 33.7 I 32.4"5 1 30.7 0.00 I 74.3 1 u.uu 33.3 I 32.0
6 I 30.3 0.00 I 75.1 I v.l:!; 32.9 . I 31.6
7 I. 29.S' 0.00 j '7'- ..., I 0.00 33.2 I 31.6,C.L.
8 1 31.1 0.00 1 72.5 I 0.09 36.4 1 32.'
9 I 32.0 0.00 I 70.5 I 0.00 j 36.6 I 34.3

10 I 32.9 0.00 I .---: ,..,
I 0.00 i 36.9 1 34.9 Ic .• "

11 I 3' ., 0.00 I 65.3 1 0.00 i 37.3 , 35.2 I....• ..:,. ,
12 i 33.6 0.00 I 61.4 1 0.00 I "':l"" ~ I 35.6 I.••1._

13 1 34.6 O.OQ. [ 55.8 1 0.00 I 38.3 I 36.5 I
14 1 34.7 I 0.00 [ 55.9 1 0.00 I 38.8 I 36.8 I
15 1 35.3 I' 0.00 [ 54.6 I 0.00 I 39.4 ! 37.3 I
16 1 36.1 I 0.00 [ 53.0 I 0.00 I 40.1 I 38.1 I
17 1 36.1 I 0.00 I c,"" .~ I 0.00 I 40.6 1 38.3 I_,;. c
18 I 35.9 I 0.00 I 51. 6 I 0.00 [ 40.3 I 38.1 I
19 I 35.5 I 0.00 I 52.1 I 0.00 [ 38.8 I 37.1 I
20 I 34.6 I 0.00 [ 55.2 I 0.00 I 38.2 I. 36.4 I
21 I 33.8 1 0.00 1 58.5 I 0.00 I 37.7 1 35.8 I
22 I 32.8 1 0.00 1 62.3 I 0.00 I 37.0 I 34.9 I-
23 I 32.7 1 0.00 I 64.3 I 0.00 1 36.5 1 34.6 I
24 I 32.4 1 0.00 I 66.3 1 0.00 1 36.0 1 34.2 I

1 I 1 I 1 I

s



A 3.11 'I'abular OUtput of CliJllatic Data for 'I'est Roomwithout Roof Insulation (19 June)

Building Name: T2Rcorn
Time: 20:37:"36 Date: 03:J1;1:02

Building Data File:
Consultant:

T2Room.bdf.Ol Re'~'i3ion: 84
Program: A-Ias 8.31

Zone 6 Test Room
Day 170: Wednesday, Jun 19 (WEEKD;Y) Weather File: Ban Dhaka. ;.,fl

0.00 34- 33.0
O.GG 3';' 32.8
0.00 33. 32.6
0.00 33. 32.4
0.00 34. I 33.0
0.00 ,- I 34.5~c.
0.00 36.~ 34.8
u. 1~;r~1 3' .' 35.5
0.00 37.9 ., I:, .~.;....•0
0.00 38.J 35.8
0.00 38.5 I 36.2
0.00 I 39.: I 36.6
0.00 ! 39.6 I 37.0
0.00 j 40.2 I 37.6
0.00 j 40.4 I 37.6
0.00 I 39.7 I 37.0
0.00 ! 36.0 I 35.8
0.00 ! 37.4 I 35.
0.00 I 36.9 I 35.2
0.00 I 36.4 I 34.8
0.00 I 35.9 1 34.3
0.00 I 35.4 I 33.8

Humidit~iSensible
load

31. 8 0.00 68.4
31. " 0.00 i 69.6
31. 5 0.00 ! 69.9
31. 4 -'J.OO 70.8
31. 4 0.00 iC'.5
31. 3 0.00 68.9
31. 4 0.00 67.4
32.3 0.00 63.63"' ., 0.00 60.6L..~

33.3 '..I.V' .•.1 57. -:
33.3 0.00 57.5
33.6 0.00 57.5
33.8 0.00 56.7
34.1 I 0.00 55.1
34. 5 I 0.00 54.1
35.0 I 0.00 52.1
34.7 I G.OO c,.... ,~.•...::.0
34.4 1 0.00 54.7
33.' I 0.00 56.6
33.9 1 0.00 56.5
33.6 1 0.00 56.1
33.2 1 0.00 59.9
32.6 1 0.00 J 63.1
32.1 1 0.00 65.8

Temper-
ature

I
I Latent ! Mear. 1 Result-
I lead I radia:'.t I ant
I I temp. I temp.

(dag C) I (kt'i) i (%) I (kt.;; ! (dag .:] I (deg ':)----------1--------------1----------1--------------1----------!----------
0.00 I 35.~ 33.6
0.00 I 3~.~ i 33.3

1

I Time
1

I (24hr
I clc,:k;"
1.1-------
I 1
1 2
1 3
I 4
I 5
I 6
1

I 8
I 9
I 10
1 11
I 12
I 13
114
1 15
1 16
1 17
1 18
1 19
I 20
1 21
I 22
I 23
1 24
1 - ------

tv
a6



A ~,12 Tabular output of Climatic Data for Test Room without Roof Insulation (20 June)
Building Name: T2Rcom
Time: 20:38:19 Date: 03:Jul:02

Building Data File:
Ccn~ultant:

T2Room, bdf ,'01 Re'.;isicn: 84
Prcgra~: A-Tas 8.31

Zone 6 Tegt Room
Day 17:: Thursday, Jun 20 (WEEKJAY) Weather File: Ban Dhaka.>ifl

32.0 I 0.:0 >:.:" .i:. 0..00 35.7, , 32.5 I O. :.>.:' 64 • 4 0.00 36.2,
1 1 32.4 I O. :.0 6';.5 0.00 3..6.0
1 32.3 I u . ~.".' 64. :3 0.00 36.~
1 1

':I '") -~. , 0.00 I • < • O.GO 36.0",to.,;. , v_.J.
1 1 32,' I 0.00 I 63.4 0.00 37.4
1 I 32.9 I 0.00 ! £1.9 0.00 36.9
1 1 33.0 I O.GO I 61. 5 0.00 ,- ""'c._
1 1 33.3 1 O,O.G I 61.0 0.00 37.8
1 I 33.3 1 0,00 ! 6G.4 0.00 38.2
1 I 32.8 I 0.00.1 62.4 rj.OO ';l'- I~",0 •••I

" I 32.7 I 0.00 I 62.9 0.00 35.5
2 I 32.5 1 0.00 1 64.4 0.00 " '",_.4-

2 1 3" I 0.00 1 65.7 I 0.00 34.84-.L:.

2 I 32.0 I 0.00 1 67,1 1 0.00 34.4
2 1 31.7 I 0.00 1 68.4 I 0.00 J . 34.1

I I 1

Time

(24hr
I cl;::-6:)1--------

1 I 1
Temper- I Sensible I :!umidity 1 Latent. . I i.iean
ature I lead I ) load I radiant

1 I 1 temp.
(de9 C) I fkH) I :~) I ikt.;') I (dag C)----------1--------------1----------1------1-------1----------32.1 I O. 0 I .2 I 0.00 I 35.0
31.8 I O. 0 I. .6 I 0.00 I 34.6
31.S! O. 0 I .1 I 0.00 I 34.2
31.3 i O. v I .3 I 0.00 I 33.9
31.: j Q. ~ ! .9 I a.oo. I 33.5
30.8 I O. G I .7 I 0.00 I 33.2
30.7 I O. 0 I .9 I 0.00 I 33.5
31. 3 I O. 0 I . 1 I 0.00 I 34.1.

Reault-
ant
temp.
(dag C)----------!33.
33.
32.
j.:::.b
32 • .3
32.0
32.1
32.7
33.8
34.4
34.2

~



A 3.13 Performance summary of Test Room without Roof Insulation
Building Name: T2Rocm
Time: 20:39:2: Gate: Q3:Jc::~2

Day 169:0 DAY 172
Weather ~ile: Bar.Dhaka.~fl

3~ilding Data File:
C~nsultan: :

T2:<ccm.bdf.Ol Rsvision: 84
P=cgram: A-Tag 8.31

Max. =e3n =adia~: :e~~era:~re :::e:;
Min. ~ean :ad:a~t tespera:~re :de; ~

,
16

INT~R-tA1.::)N~;:~::ONS

~EX.ai~ :e~peratu=e
Min. air :e~~er=ture
t-1a:-:. ::u:7:i.'ji '=:':'
Hin. :-:u,ai::ii.'=j:

Mai.. ::eat~~g ~cad
Hoax •. :coli.;;g ':"cad

i Max. ':"a:e~:a~d:tic~
Max. :ate~: =~=c~a':"
M~x. =esu':":a~::em~e=a:~=e

i Min. =ese':":a~::e~~e=a:~=e

:::e:; ,_
:.::e:; C

:~
;~

. ",:~";
::.:~.;
~ :..; t..;
;:{~..;

"::e:;
:::-2;

1

I Max!Mi~ Durir.~ At
I value day hour1--------- -------- ------
I 3 1 9 F
I 2 1 2
I 8 1 9
i 4 1 0

G.GO i 1) 0G.oe lJ 0, :J.Ge. a ,~,
u. :..'u 0 0
"'}c, , 1 9 16.•••_ .'"1

:2 SO. 4 1 2 I 6
4 -::: ;: 1 (.... 16-'30.7 1 2 1 6

In
2:::-ne

------1

--;

EXT~~~.~COND~I:0NS

Max. dry b~lb teffipe=ature ~de~
Min. dry b~lb :emper3~u=e ~de~
t-1ax. humid':' ty
t1i.n. humid.:.ty

3.6 1 1 9 1 1
5.0 I 1 2
f.O I 1 9
0.0 I 1 0 l 1

to.>-o



~

A 3.14 Tabular output of Climatic Data for Test Roomwith Roof Insulation at 5001lllll .(23 April)

Ban Dhaka. ,dl

Building Name: T1Room
Time: 13:11:48 Date: 29:Har:02 ..
Zone 6 Test Rccm
Day 113: Tuesday, Apr 23 (WEEKJAY)

Building Data File:

$'i'eather File:

TIRocm.bdf.01 Revision: S~
Program: A-Tas 6.31

I
Time I Terr.~er- I Se~sible I Humid~ty Latent 1 Mean Result-

atl're I load I load I radiant ! ant
(24hr I I I I temp. i temp.
cl:Y::k) 1 (de,; .C) I (:.eN) (%:i : (kt'!) 1 (de,;] C) ! (deg C).I--~-----)----------I--------------!----------:--------------:----------:----------i

1 ! 28.1 I G.Of) I 82.5 0.00 I 29.=; ! 28.:
o

o
4

6

c."
9

10
11
12,~.~
14
1 0-~
16
1,
18
19
£.1_1

21
22
23
24

27.9
.:..;.8
.t...:. >:)

r:::. ,,::
. 0

••••••.•• ..,J

24.0
~0.3
:.5.0
29.8
.;u.4
31.0
31. :
32.1
-::;.') c.
-''-.''''''
,;.; • I,)

~2.6
0".1
31.S
31.0
3U.1
29.4
29.0
"" ..• ,...::e.O

lJ.00 !
"." . ');~
'_'• l):~

'_" • "_, :w.

\....i. tJG
c.ve
'.' •. J \,..

C. ;:;;::
,_, •. J!_"

'..,i. ')J_' I

0.00
0.00
0.00
0.00o.oe
0.00
0.:)0
0.00
0.00
0.00
0.00
0.00
0.00

84.4
qo--'.""
8:.'::
88.9
89.4
90.5
92.0
"Li
'0o~.
63.9
O..J.U
61.1
60.1
" 0ou.'::
59.1
61.0
62.9
64.8
69.6
74, 4
,9.1
80.0
80.9

0.00
0.00
O. Ul_'

U. \)!_I

0.00
0.00
0.00
o.Ge
0.00
0.00
1).00
0.00
IJ.OO
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

00
00

29 . .::;
29.4
.•. 9 • .3
:29 •.•.
28.8
" r..Ju."=,
31."
32.G
32.1
32.1
~L • .;;

32.4
32
32
~o~~
32.4
32.0
31. 9
31.8
31. ,
31.5
31.4
31. 2

2:3 •
28.0
28.5
27.9
27.2
..:: .6
28.8
..J \_1 • IJ

31.0
31. 2
31
32.0
32.4
_0 r-'£..0
32.9
32.5
32.1
31.8
31. 4
30.9
" 0.Jv • ...J

30.2
29.9

N....•....•



A 3.15 Tabular output of Climatic Data for Test Room with Roof Insulation at 50Qmm (24 April)

Ban Dhaka.'.-,fl

Building Name: "TIRoom
Time: 13:28:49 Date: 29:Ma~:02
Zone 6 Test Room
Day 114: Kednesday,' Apr 24 fWEEKDAY}

Building. Data File:

t>1eather File:

T1Rcom.bdf.01 Re"lision: 81
Program: F-.-Tas 8.31

~-. :J:)

G.:)Cr
,_I • :~~, ,

:.!. UI)

G.OO
:J.l)i)

Sensic.le

26 ..•.
27 . -'
L:

L: • c.
27

24.c

Temper-
a~ure ! lead

4
3

6

Time
I
I Humidity I Latent I Mean I Resu1~-
I I load I radiant I ar.1:.

i24hr I I I I I tem!O. I te01!O.
. cl0':;;::1 i (-:ieG C)) fkt';; ! ~%) I (k\'i). I (de.;! C) I (de~ C::I--------:----~-----:--------------l----~-----I--------------)----------1----------:

80.6! 0.=» I 31.0 I 29.3
82.5 0.;:;0 I 3G.8 i 29.2
85.4 0.00 I 30.6 I :9.0
:3"7.4 IJ •. ]O I 3G.S i 2:3.9
B~:.O 0.00 I 30.1 I 28.1
S.S.4 0,.00 I 29.6 I 2:.1

23.4 - I)') 8::'.9 0.:::0 i 29.:3 "~". "Le.O
8 23 ..... :) • i) ':1 84.0 0.00 ,~ "

",j • ..; i~.3
9

10, ,
"L

12
13
14
, 0-~
16
17
18
19
20
21
22
23
24

23.4
23.4
25.5
27.8
jlj.O
~u. .;
30
31.0
30
';l,.1 • .;,

29.9
29.4
29.1
28.6
2H ':ol" ~
27.9

'J. I_Ii)

i_'.OO
0.00
0.00
0.00u.oo
(.J.OO
~_I • 1.1 l,)

0.00
IJ.OO
0.00
0.00
0.00
0.00
0.00
0.00

'"7:3.5
3.4

6:-.9
61.4
55.0
54.,9
~!:. Q
.,J.,J • J

55.8
58.8
62.
'0 'O.,J.o
69.,5
72.4
76.2
78.1
79.0

0.00
O. ;JO I
G.CO I
O.CO I
0.00 I
O.GO 1
0.00 "J

0.00 I
0.00 I
O.GO !
0.00 !
O.pO I
0.00 i
0.00 I
0.00
0.00

32.S
31 .....
1.0
1.4
1

32.0
3'2.2
32._
31.1
31. '.1
,;ij.9
~ .•.. q
.,JIJ ••.•

~IJ.,-.."v.c
~V.-J
30.3

I
I
I
I
I
I
I
I
I
I
I
I
I

2:3 •.•.
L: .,

.::~.2
29.6
';:).9
31.2
,;.l..4
31.6
30.9
30.6
30.4
30.1
29.9
29.6
29.4
29.1

to-)-to-)



213

Or~~ •....••mm~U)(I)~Mr-o~(~~~m~~o~c0 •....••m

\0 LJ) 1/) If) 11) \l.) (JJ ~:> .-1 .--1 0'\ r-o \0 r'o r-. r-o \0 \0 \0 \0 U) u) U) ~
(",' hI <. ,J (',I (",I C..I(,I (') (I) (I) (,I (" <. .••..• ('I (,I ('1 N (" ('l N N (\,j N N

• -I (-J "'J '"f' In \i.~ r'. ,'J) (1) , :> .-~ (-,I ,'I -"I' 11) \i.' r., (1') (.n <::0 rl r..••..•(') ";f'
.--1 "-j '''-1 .-, ,-i rl ~ ,--1 .-1 rl ('\J ('\J ('" ('\J ("J

'::' ~::' .:' ',) C) () (_', ,_:> (') ,'';, C' C> (.) C, C) C' c> (~ (~ 0 C' (:) (~ (~
c' c' c. c' C' C> ( , c~c' () c' () C> c.')C' CI 0 C' C> CI (~ C) CI

O(~O(~(~(~OOOOO(~O(~('OOOOOOOOO
(~(~000(~(~OO('('(~.O(~(~OOOOOOOOO
(~(~(~(~(~(~(~'~OO(~(~('('(~(~OOOOOOOO

U) \0 r'- 0) (1.<r-. ~ c'

I
I
I

() I r-. If) (1) (",J r'. ('1 C) '.":" ,') (T, 'n r-, 'r-. <1, (') \0 "'=f' ( .••..• CI \0 (') m (TJ \0
I

':11 I f.'-J ("J (,'1 I, I (I) ,1) r.. U, 0"\ CT, r'. U) ,-q fO) '.r -=1' ~,:t' ",1' -.q' ('1 (') (,I ("J (",I
ijJ I ("J (.J ('I (,.j ('J ('J f.',J (-I (,' (',I f'.j (',I (".' (",I (.'J "'-l ('J t.'J (',", 0J (,I (" ('l (,I
'0 I

I
I

~, mmWmWoomN('lNomrn(~(~OrnmmmWf'.r~r"w (~NNN("""("""N(I)(I)(')'I)NN(')")('lNNNNNNNN
.0

M~~(')U)r-,rn~OU).--IWrlmmWr-.mornr~W~~m~wmmoommmr'-oooornmmmmmmmmmmoo

() (') (J) "." (:-;, ",1 (:-1 (n (n r.. (') (T\ ro •• (') ••• , \0 \{,) ..,. (1.) U) (') (~ '" U) CO)

.'.~
1. (I

,I": 0
~,:r .--1
C" 0

!J
c:
'"c: -..-I O.

m-n8
0' O';l /,II
Z 4,JJ

,J
C

"' U,J '"
tU 0
Hrl

I

"OJ 0)'J. ~,If: ~l.> ..,
(~ '"

"'d
.0.....
UJ '0
r.: ~
lJ) 0
(J) •....•

.,
r:.....

E-<

,J.....
U.....
E
•.j

:i:

...
"'.c..,
'".>~

"'rl.....
b.l

~.~.

'"'.1
(,T, I' Ii)

lJJC, l/) 4
E lJ):J
l\'l U) 8 .c
Z(I) 8

,"..,
'"o

.~,.,
10,"roo'

r-t I
W 1".1.:

0'c....•
Url....•
:J
III

tJ' II) .
C .-.{ \0 U)
,..-I .-1
Of! ._/
r:" lJJ lJJ
•.-1 E C ~."=' -..-I 0 Itt
JD8t..JO

~'.,.0
.0

E
<)
o
'"d
E-<

E
<)

o "''" !J E•.....•~ 0
800,,'



A 3.17 Performance Summary of Test Room for Test Room with Roof Insulation at SOOmm
Building Name:
Time: 13:35:37

TIRoom
Date: 29:t4ar:02

Building Data File: TIRoom.bdf.Ol Revision:
Program:

81
~.-Tas S.-31

Day 111 to DAY 115
Weather F:le: Ban Dhaka.wfl

111 ! 16 ! 8
0 1:1 ! 0
o ! (I ! .,.

(I i G ] 0
(I ,. ')

111 .;:; i 2 i, ,
115 ! 4 ; - i
111 i 8 I "
115 I 24 1 ": i

I

I 1

i
I
1

111 1 16
111 1 10
111 1 10
111 I. 16

I

I
N-~

,..•. ~ ~~o.o

'0 '-'....••0
24.5
45.8

( kt-';) I O. 0 I)

::k'i'.J)I 0.00

I
MaxiMin I During j At I In

I val us I day i hot.:r I Zo!".€I---------i--------I------I------I
:-:ieq C) I 33.2 I Ill! 16 lSi
:jeg C) j 21.6 i 112! -: I

(%)! 92.6! 115;" 13
(% f! 44.9

(kt-i) .! 0.00
(kt-i) I 1).00

:"deg C} I 33.2
fdeg C) 1 21.2

(% ) 1 96.0 i
(%) I 45.0

:.jeg C)

>jeg C)

:'ieg C)
: ::e,-; C)

Max. air tempe=ature
Mi~. air tempe=atcre
Max. humidi~y
Mi~. h~midity
Max. heatinq lead
Max. coolinq lead
Max. latent addition
Max. latent re~ova~
Max. resultant temperature
Min. resultant temperature
Max. mean radia~t te~perat~=e
Min. mean radiant temperat~re

ETSRN-".L CONDITIONS

INTSRNAL CONDITIONS

Max. dry bulb temperature
Min. dry bulb temperature
Nax. humidity
Nin. humidity



A 3.18 Tabular Output of Climatic Data for Test Room with Roof Insulation at 200mm (12 May)

Ban Dhaka ....tfl

Buildin~ Name: T3 Room
Time: 23:09:37 Date: 04:Jun:02
ZODe 6 Test Room
Day 132: SUhday, May 12 (SUNDAY)

Building Data File:

~;ea'the'r File:

T3.bdf.Ol Revision: S~
Proqram: A-Tas 8.3i

I I.
Time I :er:-.;,er- I Sensible I "Humidi ,-y I Latent f'''1ean I Resul t-

~":L~e I load ) 1 load radiant i a;:~
(24h: I I I I I temp. 1 t6r:!p.

I <:lc-:k) I '>:ie:; C) I (kN) i {%) I (kt-n 1 (ee.; C) 1 (de.~, C.j I
i----~---I----------I--------------I----------I-------------~,----------I----------I
I • I 29.4 I 0.00 70.1! 0.,>:; 32.1 1 30.8 I

2 I 29.C. I 0.00 I 74.9 O.Ce. 32.0 I 30.5
3 ::3.0. I G.Ol) 78.-7 0.:)0 31.8 30.2
4 :3.:" I 0.00 83.4 0.00 31.6 29.9
5 27.2 I 0.00 I 84.1! 0.00 31.3 29.2
6 '::6.3 I 0.00 84.7! o.oe 30.9 28.6
; '::5,4 I 0.00 i 85,0 o.cel 32.5 28.9

i. S 27.2 I ').00 75.1 0.00 33.9 30.6
9 i :9.2 1 1).00 64.0 0.;)0 34.8 32.0

l:} : 3~.i) I IJ.DO 53.6 I O.OC: 34.: 32.9
~~ ~~.S I \).00 50.8! 0.00 34.8 33.3
12 i 32.6 I 0.00 47.9 I .0.00.34.8 33.7
13 33.4 I 0.00 45.0 I 0.00 : 35.1 34.3
14 33.9 I 0.00 44.0 I .O.OO! 35.3 34.-6
15 3';.3 I 0.00 44.0! 0.00.35.4 34.8
16 3';.8 I 0.00 J 43.0 I O.C;) 35.5 35.2
1"7 3';.3 1 O.OO! 45.8 I 0.00 35.3 34.8
18 33.7 I 0.00 i 48.7 i 0.00 I 34.9 34.3
19 33.1 I" 0.00 r 51.: J 0.00 j 34.4 33.8
20 32.3 I 0.00 I 57.4 I 0.00 j .34.3 33.3
21 3:.3 I 0.00 I 62.1 I. 0.00 j 34.0 j 32.7
22 3C.5 I 0.00 I 67.8 I O.OO! 33.8 j 32.1 .j

23 3G.2 j 0.00 i 68.8 I 0.00 I 33.5 I 31._9 I
24 29.8 I 0.00 I 68.8 1 0.00.1 33.3 I 31.6 I

---_. 1 1 I 1 1 I------- ------ ------- ----- -----
N-VI
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A 3.21 Perfor.mance Summary of Test Roam with Insulation at 200mm
Buildi:-1g Name:
Time: 23:20:41

T3 :\oom
Cate: 04:Jun:OZ

Building Da~a File: T3.bdf.Ol Revision: 84
Program: A-Tas 8.31

Day 130 ~o DAY :34
~eathe= ::le: Ba~ Dhaka.~fl

?'"1'::':':. :'::.:en: 3.,::-:.: t i.:.;-; kt-J)
~<a:':. l.5.ten:. .=e",.')'1a1 }:~,ij

!'-!a:.:.resul t.a;-;'t t.empe.:--::.. ture :deq C
Mi~. resultant tempe:at.ure !deg ~
Max. mean radiant terr.psratu:e :deg C
~i~. ~ean :ad:ant te~Fe=atu=e :oeg C

IN:E?~AL CON::TIONS

>-1-3.:.: •
?< i:-..
>:.5.:': •
?-:~i;:.
>1a:.:-.
'.'~....,',-::'.'.,

.s.~= rsrr.;:',:::ra ..tL!r'2
=.:.r teiT.!='-==.3.t.ure
;-;:Jmidity
:-:"jmidi ty
heating :.)ad
-::01in;; ':".:.ad

:de~ C)
'>:169 ::

(~
( %
ikel;
[ J.:~'ii

I, 1
I ~ax.Min 1 During I At I In
I val~e 1 day ! hcur I ZoneI---------I--------i------I------\

36.61 :'34i 161 S
25. 1 t : 32! -: I -:!
92.: 1 :30 i : j

~2.9 1 : 32 1 16 I. 8
'w;' '¥.U I o 1 IJ I <)

;). GO 1 ij I '.' I 0
O. ']0 1 0 , I) I <),
D. ;:0 1 0 1 (i 1 0
35.: 1 134 I .,

J.O

2:.: 1 131 I 4
44.5 1 133 I 9
29.6 I 131 1 6 1 2

EXTERNAL CONDITIONS

:;deg C I 36.4 I 134 I 16
(deg C 1 24.8 I 1 2

it ; 94.0 I ' 0

_ v

i. 1 43.0 I 1 2.1 16
I I 1 1 I

tv-oc

'1 Max. d=y bulb temperature
I Min. dry bulb temperature
I Hax. humidity
I j-.-1in.humidity
1 _



A 3.22 Simulation Output of Ceiling and Globe Temperature (in deg C) at different height of Insulation

Date TIme Uninsulated Uninsulated 50mm 50mm 100 mm 100 mm 200mm 200mm 500mm 500mm 1000 mm 1000 mm
Ceiling Globe Collin9 Globe Ceiling Globe Ceiling . Globe ceiling Globe ceiling Globe

23-Apr 1:00AM 356 34.8 30.4 29.4 30.4 294 304 29.4 30.5 29.4 30.4 294
2:00AM 35 34.4 30.4 29.4 304 294 304 29.4 30.4 29.4 30.4 294
3:00AM 34.3 34.1 30.3 29.3 30.3 29.3 30.3 29.3 30.3 29.4 30.3 29.3
4:00AM 33.7 337 30.1 29.3 30.1 . 29.3 30.1 29.3 30.2 29.3 30.1 293
5:00AM 33.2 33.3 30 29.1 30 29.1 30 29.1 30 29.1 30 29.1
8:00AM 32.6 32.9 29.8 28.8 29.8 28.8 29.8 28.8 29.8 288 29.8 28.8
7:00AM 32.2 33.2 29.9 30.5 299 30.5 29.9 30.5 29.9 30.6 29.9 30.5
8:00AM 327 38.4 30.2 31.2 30.2 31.2 30.2 31.2 302 31.2 30.2 312
9:00AM 33.8 38.6 30.5 32 30.5 32 30.5 32 30.5 32 30.5 32
10:00 AM 35.2 38.9 30.9 32.1 30.9 32.1 30.9 32.1 30.9 32.1 30.9 32.1
11:00 AM 37 373 31.3 32.1 31.2 32 31.2 32 31.3 32.1 31.2 32
12:00 PM 38.8 375 318 32.3 31.8 32.3 316 323 . 31.6 323 31.8 323
1:00 PM 40.4 383 32 32.4 32 32.4 32 32.4 32 32.4 32 32.3
2:00PM 41.8 38.8 32.3 32.7 32.3 32.7 32.3 32.7 32.3 32.7 32.3 32.7
3:00PM 42.9 394 32.6 32.7 32.8 32.7 32.8 32.7 32.8 32.7 32.8 32.7
4:00PM 44 40.1 32.9 3H 32.8 32.7 32.8 32.7 32.8 32.7 32.8 32.7
5:00PM 44.8 40.6 32.9 32.4 32.9 32.4 32.9 32.4 32.9 324 32.9 32.4
8:00PM 449 40.3 32.9 32 32.9 32 32.9 32 32.9 32 32.8 32
7:00PM 44.1 388 32.8 31.9 32.8 31.9 32.8 31.9 32.8 31.9 32.8 31.9
8:00PM 42.8 38.2 32.7 31.8 32.7 31.8 32.7 31.8 32.7 31.8 32.7 31.8
9:00PM 41.4 37.7 32.8 31.7 32.5 31.7 32.5 31.7 32.5 31.7 32.5 31.7
10:00 PM 40 37 32.4 31.5 32.4 31.5 32.4 31.5 32.4 31.5 32.4 31.5
11:ooPM 38.7 38.5 32.2 31.4 32.2 31.4 32.2 31.4 32.2 31.4 32.2 31.3
12:00 AM 37.6 38 32.1 31.2 32.1 31.2 32.1 31.2 32.1 31.2 32.1 31..2

24-Apr 1:00 AM 38.6 35.4 31.9 31 31.9 30.9 319 30.9 31.9 31 31.9 30.9
2:00AM 35.7 34.9 31.7 30.8 31.7 30.8 31.7 30.8 31.7 308 31.7 30.8
3:00AM 34.9 34.5 31.5 30.8 31.5 30.6 31.5 . 30.8 31.5 30.8 31.5 30.8
4:00AM 34.2 34.2 31.4 30.5 31.4 30.4 314 30.4 31.4 30.5 31.4 30.4
5:00AM 33.6 33.8 31.1 30.1 31.1 30.1 31.1 30.1 31.1 30.1 31.1 30.1
8:00AM 33.1 33.5 30.9 29.8 30.8 29.6 30.8 298 30:9 29.8 30.8 29.8
7:00AM 32.9 34.5 30.8 29.8 30.8 29.8 30.8 29.8 30.8 29.8 3o.e 29.8
8:00AM 33.4 38.7 30.4 29.3 30.4 29.3 30.3 29.3 30.4 29.3 30.3 29.3
9:00AM 34.2 38.9 30.8 32.8 30.8 32.8 30.8 32.8 30.8 32.8 30.8 32.8
10:00 AM 35.5 37.7 30.8 31.3 30.8 31.3 30.8 31.3 30.8 31.3 30.8 31.3,

N-\0



Cor-:i~ua:ion of A 3.22
Date \ Time Uninsulated Uninsulated 50mm 50mm 100mm 100mm 200mm 200mm 500mm 500mm 1000 mm 1000 mm

ceiling Globe Ceiling Globe ceiling Gi<lbe ceiling Globe Ceiling Globe Ceiling Globe
11:00 AM 37.1 37.9 30.9 31 30.9 31 309 31 309 31 30.9 31
1200 PM 38.8 . 38 31.2 31.4 31.2 31.4 312 31.4 31.2 31 4 31.2 31.4
1:00 PM 40.3 385 31:6 31.7 31.5 31.7 315 31.7 315 31.7 31.5 31.7
2:00PM 41.5 39.1 31.9 32 31.9 32 31.9 32 31,9 32 31.9 32
3:00PM 42.6 39.6 32.2 32.2 32.1 32.2 321 32.2 32.1 322 32.1 32.2
4:00 PM 43.4 40.2 32.3 32.1 32.3 32.1 323 32.1 32.3 32.1 32.3 32.1
500 PM 43.9 40.4 32.3 31.1 32.2 31.1 322 31.1 32.2 31.1 32.2 31
6:00 PM 43.6 39.7 32.1 31 32.1 . 31 321 31 32.1 31 32.1 31
7:00PM 42.4 38 32 309 32 309 32 30.9 32 309 32 30.9
6:00 PM 409 37.4 31.9 308 31.9 30.8 318 30.8 31.8 308 31.8 30.8
9:00 PM 39.6 36.9 31.7 30.7 31.7 307 31 7 30.7 31.7 30.7 31.7 30.7

, 10:00 PM 38.4 38.4 316 30.6 31.6 306 31 5 30.6 31,6 30.6 31.5 306
'1:00PM 373 35.9 31.4 30.5 31.4 30.' 314 30.4 314 30.5 314 30'
12:00 AM 38.4 35.4 313 303 31.2 303 . 312 30.3 312 303 31 2 30.3

25-Apr 1:00 AM 385 35 30.8 29.3 30.6 29.3 308 29.3 308 29.3 308 29.3
2:00AM .34.8 346 30.4 288 30.4 288 30' 28.8 30.4 28.3 304 288
3:00AM 34.2 34.2 30 284 30 28' 30 28.4 30 284 30 28'
4:00 AM 33.6 33.9 29.7 28 29.7 28 297 28 297 28 29.7 28
5.00 AM 33.1 33.5 29.5 28.1 29.5 281 29.5 28.1 295 28.1 29.5 281
6:00AM 3ot6 33.2 29.4 28.2 29.4 28.2 294 28.2 29.4 28.2 29.4 28.2
7:00AM 32.3 33.5 29.6 298 29.6 298 29.6 29.8 296 29.8 29.6 29.8
8:00AM 32.3 341 30.2 329 30.2 32.9 30.2 329 30.3 32.9 302 32.9
9:00AM 32.8 357 30.9 33.7 30.9 33.1 30.9 33.7 309 33.7 309 33.7
10:00 AM 339 38.2 31.1 32.3 31 1 32.3 311 32.3 311 32.3 31.1 32.3
11:00 AM 35.2 38 31 30.9 31 30.9 31 309 31 30.9 31 30.9
12:00 PM 38.5 38.4 30.8 297 30.8 29.7 30.8 29.6 308 27.7 30.6 29.6
1:00 PM 37.6 38 30.5 29.3 30.5 293 30.5 293 30.5 29.3 30.5 29.3
2:00PM 38.5 37.4 30.5 30.1 30.5 30.1 30.5 30.1 30.5 30.1 30.5 30.1
3:00PM 39.5 38.9 30.7 30.6 30.7 30.6 30.6 306 306 30.6 30.6 30.6
4:00 PM 39.7 38.5 30.9 30.6 30.9 30.6 308 30.6 308 30.6 30.8 30.6
5:00PM 396 37.8 30.8 29.4 30.8 29.3 30.8 29.3 30.8 294 30.7 293
6:00PM 39.7 34.4 30.5 28.8 30.5 26.7 30.5 28.7 305 28.8 30.5 287
7:00PM 39.1 34.1 30.3 28.5 30.3 28.5 30.3 28.5 303 28.5 30.3 28.5
8:00PM 38 35.5 30 283 30 28.3 30 28.3 30 28.3 30 283
9:00PM 37 352 29.7 28 29.7 28 29.7 28 29.7 28 29.7 28
10:00 PM 38.2 34.8 29.5 27.7 29.4 27.7 29.4 27.7 29.4 27.7 29.4 27.7
11:00 PM 35.4 34.4 29.2 27.5 29.2 27.5 29.2 27.5 29.2 27.5 29.2 27.5
12:00 AM 34.7 34:1 28.9 27.3 28.9 27.3 28.9 27.3 28.9 27.3 28.9 27.3

I
N
N
0



A-3.2~Particularsof Test Rooms
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
Building Name: T1Room
Time: 23:58:41 Date: 23:Mar:02

Building Data File: T1Room.bdf.01 Revision: 81
~rogram: A-Tas 8.31

Date created: 17: Jan: 02 Date last modified: 15:Har:02

Building Name:
Client:
Engineer (1):
Engineer (2):

T1 Room 17:Jan:02
Architecture Dept. SUET
Mozamme1 H Mridha

I
Number of Zones: 10 I
Number of Building Elements: 19 I
Number of Apertures: 24 I
Number of Preconditioning Days: 10 I

, ,1

'I

Default weather file: Ban_Dhaka.wfl

Ground Solar Reflectance:
Building Height (m):
Building Height Adjustment Factor:
Mean Height of Surroundings (rn):
Terrain Type:

Building Description:

0.200

5.84
1.000
6.00
city

)1:,
-~~ ./~-.r

"A Test Room on top floor of a 4 storied building with Roof
Insulation at 500 mrn above the Roof"

IV
IV-



Building' Name: T2Room
Time: 00:14:00 Date: 24:Mar:02

Building Data file: T2Room.bdf .01 Revision: 84
Program: A-Tas 8.31

15:Mar:02Date created:
.1

17:Jan:-02 I Date last modified:
_______________ 1 _

T2 Room l7:Jan:02
.Architecture Dept. SUET
Mozammel H Mridha

1

1 Buildi ng Name:
1 client:
1 Engineer (1):
I Engineer (2):
1 -------------

I
Number of Zones: . 10 I
Number of Building Elements: 19 r
Number of Apertures: 18 I
Number of Preconditioning Days: 10 I

------------------ 1

Default weather file; Ban_Dhaka.wfl

Ground Solar Reflectance:
1

0.200 I
I

Building Height tm): 5.34 J

Building Height Adjustment Factor: 1.000 I
Mean Height of Surroundings (m): 6. 00. I
Terrain Type: City !

------------------ 1

Building Descripticn:

"A Test Room on top floor of a.4 storied building without Roof
Insulation"

N

~

,
•



Building Name: T3 Room
Time: 23:02:55 Date: 04:Jun:02

Building Data File: T3.bdf.Ol Revision: 84
Program: .A-Tas 8.31

04:Jun:02Date last modified:17:Jan:02Date created: I
I

• -------- 1 .

10
19
24
10.

Number of Zones:
Number of Building Elements:
Number of Apertures:
Number ~f Preconditioning Days:

I
I
1

.1
1

------------- 1

T3 Room 17:Jan:02
Architecture Dept. BUET
Mozammel H Mridha

Building Name:
Client:
Engineer (1):
Engineer (2):

Default weather file: Ban_Dhaka.wfl

Ground Solar Reflectance': 0.200

Building Height. (m) :
Building Height Adjustment Factor:
Mean Height of Surroundings (m):
Terrain Type:

5.84
1.000
6.00
City

Building Description:

"A Test Roomon top floor of a 4 storied building with Roof
Insulation at 200rnm above the Roof"

~....,



b) Zone Names , Groups
Building Name: T1Room
Time: 00:09:48 Date: 24:Mar:02

Building Data File: T1Room.bdf.01 Revision: 81
Program: A-Tas 8.31

~

Ground Floor
Test Floor

Zone Group
Name

. i
1

--- 1

I
I
1
1
1
1

a 1
b 1
c I
d 1
e 1
f 1
g 1
h 1
i 1
j 1
k 1
1 1
m 1
n 1
o I.
p 1
q 1
r I

1 • I
1 t I
1 u I
1 vi
1 w I
I. x I
1 Y I
1 z I
1 AI
I B I
I I

abcdefghijklmnopqrstuvwxyzABCD

Zone Group Membership.

a-----------------------------a-----------------------------a-----------------------------a-----------------------------
a-- -.----'--- -- -- ---- ------- -----b-------------------~---------b----------------------------~b-----------------------------b---------------------------~-b----------------------------

1
Zone 1 Zone
Number I Name

1
1
I

1 I Bed Room
2 1 Balcony
3 I Living Room
4 1 Foyer
5 1 Toilet
6 I Test Room
7 I Balcony (TF)
8 1 Living Room (TF)
9 1 Foyer (TFl

10 I Toilet i:TF)
1
1
I
1
1
1
I



c) Buildinq Elements
Building Name: .T1Room
Time: 20:50:5~ Date: 23:Mar:02

Building Data File: T1Room.bdf.Ol Revision: 81
Program: A-Tas S.31

I I Subst. I Subst. I Shad. I
Building Element I C-Code I Construction name Bldg. I Sched. I Feat. I

I I El. I I No. I
I I I I I

1. Ground Floor I ground/l I Ground floor no false floor 0 I 0 I o I
2. Internal Wall I wall/l I .....all 0 I 0 I o I
3. External Wall I wall/l I 'ilaIl 0 I 0 I o I
4. Ceiling IUpper Floor I ceiling6/1 I ceiling 0 I 0 I o I
5. lil I glass/5 I window glass 0 I 0 I 1 I
6. Ceiling . I ce;.ling/5 I ceiling 0 I 0 I. o I
7. hw I glass/5 I window glass 0 I 0 I o I
8. Internal Wal1-1 I intwall/l I wall 0 I 0 I o I
9. w2 I glass/5 I window glass I 0 I 0 I 2 I

10. dl I door/2 I door I 0 I 0 I o I
11. w3 I glass/5 I window glass I 0 I 0 I 3 I
12. w4 I glass/5 I window glass I 0 I 0 I 4 I
13. 1'5 I glass/5 I window glass I 0 I 0 I 5 I
15. w6 I g1a5s/5 I window glass I 0 I 0 I 6 I
15. d2 I door/2 I door I 0 I 0 I o I

I I I I I I

~
V>



d) Construction Details

Time Now
12:27:28

Date
24:Feb:02

Program
A-Ta. 8.31

DATABASECONSTRUCTION

C-Code: qround/l Construction name: Ground floor no ~al•• floor

OPAQUECONSTRUCTION

External I Internal I External I Internal I ConductanceSolar I Solar 1 Emissivity I Emissivity
Absorptan~e I Absorptance 1 1 I (W/m2 C)

1
I,

0.760 I 0.500 1 0.910 1 0.900 1 0.297
1

Time
constant
(hours)

128.0

ILayer I M-Code I Width I Conductivityl Density I Specific Heat I Convection 1 Vapour I
INumber 1 & 1 I I 1 1 Coefficient 1 Diffusion 1
1 1 Material NaJ1!e 1 (mm) 1 (W/m C) 1 (kg/m3) 1 (J/kg C) 1 (W/m2 C) I Factor 11------1------------------1-------"-1-------------1----------1----------------1--- 1 1
IInsidel amltile/8 1 5.00 1 0.500 1 1050.0 1 837.0 1 - 1 99.000 1
1 1 PLASTIC *3 1 1 1 I
1 2 1 amlconcd/9 1 50.00 I 1.280 1 2100.0 1 1000.0 I - I. 34.000 1
1 I CONCRETESCREED *3 I I 1 1
I 3 1 amlconcd/l . 1 125.00 1 0.870 1 1800.0 1 920.0 1 - 1 14.800 1
1 1 CONCRETE3% m.c. 8 *3 1 1 1 1
1 4 1 amlaggr/4 1 75.00 1 0.550 1 1580.0 1 1057.0 1 - I 12.000 I
1 I CRUSHEDBRICK AGGREGATE*1 1 1 1 I
1 5 1 aml.oil/7 1 1000.00 1 0.329 1 1515.0 1 796.0 I - I 99.000 1
1 1 SAND, DRY *2 I 1 1 1
1 1 1 1 1 1 1 1 1

..(~

U VALUES (W/m2K): 0.282 (Wall) 0.284 (Roof) 0.278 (Internal) 0.285 (Ground Floor) '"'"0\



Time Now
12:35:32

Date
24:Feb:02

Program
A-Tas 8.31

DATABASECONSTRUCTION

C-Code: n11/1

OPAQUECONSTRUCTION

Construction name: wall

External
Solar
Absorptance

Internal
Solar
Absorptance

External . I Internal
Emissivity I Emis'sivity

1

1

Conductance
(W/m2 C)

Time
constant
(hours)

0.400 0.400 0.900 0.900 2.216 5.2

ILayer I M-Code I Width I Conductivity) Density I Specific Heat I Convection I Vapour
1Numbe~ 1 & 1 1 1 I 1 Coefficient 1 Diffusion
1 1 .Materia1 Name 1 (mm) 1 (W/m C) I (kg/m3) I (J/kg C) 1 (W/m2 C) 1 Factor I1------1------------------1---------1-------------1----------1----------------1-------------1-----------1
1Inside 1 am1p1ast/ll 1 12.70 1 0.420 I 1200.0 1 837.0 1 - I 11.000 1
I 1 PLASTER 1 • 4 1 1 I 1
I 2 I am1bri~k/8 1 254.00 1 0.650 1 1530.0 1 920.0 1 - I 9.6001
I 1 BRICK COMMON1 *3 1 1 , ,
I 3 I am1p1ast/ll 1 12.70 1 0.420 i 1200.0 1 837.0 1 - '11.000 I
I I PLASTER 1 • 4 1 1 , ,
I I 1 1 , ,
1 1 1 1 1 1 1 1 '

U VALUES (W/m2K): 1.604 (Wall) 1. 673 (Roof) 1.460 (Internal) 1.686 (Ground Floor)

~-...l



DATABASECONSTRUCTION

Date
23:Mar:02

Time N'ow
22:07:05

1
Program I
A-Ta. 8.31 1

I
I

________________________________ 1

C-Code: cei1ing/S Con.truction name: ceiling

OPAQUECONSTRUCTION

Time
constant
(hours)

External
Solar
Absorptance

0.600

Internal
Solar
Absorptance

0.400

External
Emissiv:.':y

0.900

Internal I Conductance
Emissivity-

(W/m2 C)

0.900 I 1.148

I
I
I

_____ 1

I
5.2 I

, 1

1. 000

34.000

40.000

11. 000

Ij
00

ILayer I-M-Code I Width I Conductivity I Density I Specific Heat I-Convection I Vapour
INumber! & J I 1 I Coefficient I Diffusion
I I Material Name 1 (rom) 1 ,W/m C) I (kg/m3) 1 (J/kg C) I (W/m2 C) 1 Factor 11------1------------------1---------1-------------1----------1----------------1-------------1-----------
IInsidel am1p1a.t/ll 1 12.70 0.420 1 1200.0 I 837.0 I - I 11.000
I I PLASTER 1 * 4 I I I
I 2 I am1conc1/1 I 127.00 1 1.400 1 2360.0 I 1030.0 1 - I
I I CONCRETE1:2:4 *3 I I I
I 3 I am1p1a.t/ll. I 12.70 I 0.420 I 1200.0 I 837.0 I - 1
I I PLASTER 1 * 4 I I I
.1 4 I am1cav/26 I 500.00 I - I - I - I 0.0501
1 1500MM AIR (DOWNWARDFLOW) I 1 I
I 5 1 amlins/18 I 1.50 I 0.045 I 70.0 1 1000.0 I - I
I I PVC, EXPANDED*2 I I I I
I 6 I amlins/14 1 12.70 i 0.033 .1 25.0 I 1200.0 I - I 192.000 I
I I POLYSTRENE,EXPANDED,CLOSEDCELL *3 I I I I
I 7 I amlin./18 I 3.00 I 0.045 I 70.0 I 1000.0 I - I 40.000 I
I I PVC, EXPANDED*2 I I I I
I I I I I I ~ I I= ~I

U VALUES (W/m2K): 0.959 (Wall) 0.983 (Roof) 0.905 (Internal) 0.987 (Ground floor)



Time No'tI
12:40:00

Date
24: Feb: 02

Program
A-Tas 8.31

DATABASE CONSTRUCTION

C-Code: glaaa/5 C.onstruction name,: window 'glasa

TFANSPARENT.CONSTRUCTION External Blind? [ No Internal Blind? [ No
Solar
Tra:ls-
nittance

External Solar
Absorptance
(ext. (int.
surf.) surf.)

Intern,al Solar
Absorptance
(ir.t. (ext.
s~rf.) surf.)

Light
i Trans-
mittance

External
Emissivity

In:ernal
E:nissivity

Conductance I

{W/m2 C)

166.6670.3450.8450.'0750.;)750.780
I.

0.075 I 0.075 1 0.870
____________________ 1 1 - _

I Layer M-Code ~ Width I Solar,1 Ext. 1 ::nt. I Ext. lInt. IConducti'll ty I :::c:1ve~tion Vapour
1Nurnber: & I I Tran.1 SolarI Solari Emis. i .E.rn!s.1 I :::cefficient I Diffusion
1 i Mater:al Name I (Il\lI1) 1 1 Ren. I Ren.1 I I (W/m C) I(W/rr.2C) 1 Factor I
1------1----------------1---------1------1------1------I------I------I---~--------I-------------I-----------I
IInside: amlpilk/2 1 6.00 I 0.1801 0.0701 0.0701 0.8451 0.8451 1.000 I - I 99999.000 :
I 1 6MM CLEAR FLOAT I I I I 1 1
1 2 I I I 1 1 I I I i I
I I 1 1 I I 1 I.
I ! I I 1 I 1 I1__ - 1 1 1 .1 1 1 1 1 1 1

U VALUES iW/m2K;: 5.445 (Wall) 6.386 (Roof) TOTAL SOLAR TRANSMITTANCE: 0.820 (Pilkington)

~
\0



Time Now
12:41:21

Date
24:Feb:02

Program
A-Tas 8.31

DATABASECONSTRUCTION

C-Code: intwall/1 Construction name: .wall

OPAQUECONSTRUCTION

Sxternal 1 Internal 1 E:xterr.al I I Internal 1 Conductance 1 1 Time
Solar 1 Solar 1 ~issivity I Emissivity I I I constant
Absorptance 1 Absorptance 1 I 1 (W/m2 C) 1 I (hours)

1 I 1
1 I 1

0.400 0.400 1 0.90e 1 0.900 , 3.908 1 I 1.7
I I 1

ILayer : M-Code I Wid~h ! Conductivity! Density I Specific Heat I Convection I Vapour
1Number I & 1 1 - 1 I • -I Ccefficient 1 Diffusion
, Mater:al Olame 1 (m:n) 1 (W/m C) I (kg/m3) I (J/kg C) 1 (W/m2 C) 1 Factor
~------I------------------I---~-----I-------------I----------,----------------1-------------1-----------;
1Inside! amlp1ast/ll I. 12.70 1 0.420 I 1200.0 1 837.0 1 - 1 11. 000 I
1 1 PLASTER 1 *4 'I I
1 2 ! am1br:ck/8 1 127.00 1 0.650 1 1530.0 1 920.0 1 - 1 9.600
I 1 BRICK COMMON1 *3 1 1 1
1 3 1 am1p1ast/ll 1 12.70 I 0.420 1 1200.0 1 837.0 1 - 1 11.000
1 I PLASTER 1 *4 1 I 1
I ! 1 1 1
, , -- 1 1 ' 1 1 1 -

U VALUES (W/m2K): 2.337 (Wall) 2.486 (Roof) 2. 042 (Internal) 2.515 (Ground Floor)

,

tlo



DATABAS~ CONSTRUCTION

Date"
24:Feb:02

Time Now
12:42:32

1
Program. 1

A-Tas 8.31 I
1

I
_______________________________ ~

C~Code: door/2 Construction name: door

OPAQUECONSTRUCTION

External
Solar
Absotptance

I Internal
Solar
Absorptance

Ex::e=r.al
E:missivi-:y

Internal
Emissivity

Conductance
(W/m2 C)

Time
constant
(hours)

0.6DO 0.600 O.90C o. gee 4.105 0.0

lLayer i M-Code I Wid:h I Cor.ductivityJ Density I Speci=ic Heat I Convection I Vapour
1Number I , 1 1 1 1 1 Coefficient 1 Diffusion
I i Material Name 1 (m:,,) 1 (W/m C) I. (kg/m3) 1 (J/kg C) 1 (W/m2 C) 1 Factor
1------1------------------1---------1-------------1----------i---------~------I-------------I-----------i
IInsidel am1wood/20 I 38.00 1 0.156 1 700.0 1 1420.0 I - 1 11.420
I ! MAHOGANYACROSSGRAIN 10'; In.C. *1 1 I 1

I 2 I 1 1 1 1 1 1
1 ! 1 1 I
1 I I 1 I1 1 1 1 1 1 1 , _

U VALUES (W/m2K): 2.406 (Wall) 2.564 (Roof) 2.095 (Internal) 2.595 (Ground Floor)

~-



Time No'....
22:53:26

Date
23:Mar:02

Program
A-Tas 8.31

DATABAS~ CONSTRUCTION

C-Code: ceiling6/1

OPAQUE CONSTRUCTION

Construction name: ceiling

Externa:' I Internal I External I Internal Conductan ..:::e
Solar I Solar I Emissivity I Emissiv:.ty
Absorptance I AbsQrptance I I i (W/m2 C)

I
I

0.400 I 0.400 j 0.900 I 0.90e 6.614
I'

Time
c:.nstant
(hours)

2.0

ILayer
INumber
I

M-Code I Wid-:h I Cor.dc.ctivity: Density I Sp~:::ificHeat. I Ccnvection I Vapo'Jr
& 1 I i I Coefficient I Diff'.lsion
Material Name I (m:n) I (111mC I ,(kg/m3) I (J/kg C) I (W/m2 C) I Factor

I------'------------------~--~------I-------------,----------I----------------I----------~--I-----------i
IInside: anlp1ast/ll I 12.70 I 0.420 1200.0 I 837.0 I - I 1:.000 I
I PLASTER 1 .4 I I I
I 2 an1concl/1 I 127.00 I 1.400 2360.0 I 1030.0 I - I 34.000
I CONCRETE 1:2 :4 .3 : I I
I 3 am1p1ast/ll I, 12.70 I 0.420 I 1200.0 I 837.0 I - 111.000I PLASTER 1 .4 I I I
I I I I I I
I I 1 I
1__ - I I ! ~_I I I _

•..::,"

U VALUES (W/m2K): 3.094 (Wall) 3.360 (Roof) 2.597 (Internal) 3.413 (Gro'Jnd Floor)
~to.>



e) ,Aperture Types
Building Name: TIRocm
Time: 22:56:55 Date: 23:Mar:02

Building Data File: T1Room.bdf.Ol

-,

Revision: 81
Program: A-Tas 8.31

"

Building Element I Window Window Window Shel- Sched- Openable I Aperture factor file name I
I Height Width Area tered7 ule Prop. I {for imported aperture factors) .1
I (mi (n) (m2) I I

--_. - _.__ .._-- I I I5. wI I ~.371 1.210 1.741 No a 0.500 I I7. hw I 0.457 0.508 0.232 No a 0.500 I I
9. w2 I :.371 1.778 2.438 No a 0.500 I IO. dl I 2.133 0'.762 1.625 No a 0.500 I I
1. w3 I :.371 0.508 0.696 No a 0.500 I I2. w4 I .371 3.6B3 5.049 No a 0.500 I I3. w5 I .371 1.524 2.089 No a 0.500 , I
4. w6 I. .371 1. 651 2.264 No a 5.000 I I
5. d2 I .133 1.016 2.167 .No a 1.000 I I

I I I

to.>
••••••••



f) Surface Geometry
Building Name: TlRocrn
Time: 23:01:44 Date: 23:~a=:02

ZONE 6 T••• t Room

Building Data File: TlRoom. bdt. 01

-I

Revision: 31
Program: A-Tas 8.31

,-;. "..

1
:nternal I Inte:::'lal I Relative I Optional Fixed
Vol~~e I Floor Area I Orie~ta:ion I Convection Coe::t.
In3) 11m2) I ':deg.1 I :Wim2 C) I------------1------------1-------------1--------------------1

41.2 i :";.9 I 0.0 I I
------, 1 1 1

I I I I I 1 1 I II Sur-I B~:lding I 0r:ent- Slope I ;'.rea I Shad. I Mean ! Plan I A~er-I 8uildi~g Element
I facel Feature I ation , I I Feat. I Alti- I Hyd=. I tLlre !
I No. I I , I 1 No. I tude I Dia. I no.,
1 1 1 (deg. ) :deg.) I 'rr.21 I I I 1
I-- I 1 I I I I I
I I I I I I I I
I 1 I ->Zone 11 Floo:: 180.01 16.381 0 1 2.921 I I -5. Ceiling. IUl'~er FloorI 2 I Exposed I Ceiling 0.01 16.381 0 I 5.841 I I 7. Ceiling
1 3 I Trans? I 90 (Ei 90.01 2.441 2 I 4.371 0.001 13 I 13. '.2
I 4 1 Exp.,sed 1 90 (EI 90.01 7.681 0 I 4.381 I I 4. External Wall
I 5 ! Exposed I 45 (NE; 1 90.01 3.261 0 I 4.381 I I 4. External Wall
I 6 I Trans? I o IN) I 90.01 1.741 1 1 4.371 0.001 141 6. wI
I 7 I Exposed I O'IN) I 90.01' 6.831 0 I 4.381 I I 4. External Wall
I 8 I.->Zone 10 I 270 (N) i 90.01 7.731 0 I 4.301 I I 11. Internal Wa11-1
r 9 I ->Zone 91 270 (NI I 90.01 2.171 0 I 3.991 0.001 15 I 19. d2
1 101 ->Zone 91 270 (til I 90.01 1. 771 0 I 4.691 1 I 11. Internal Wall-l
I 11 I ->Zone 81 180 (5) 1 90.01 5.341 0 I 4.301 1 I -3. Internal Wall
I 12 I ~>Zone 71 180 (5) 1 90.01 0.701 3 1 4.371 0.001 -16 I -15. w3
I 13 I ->Zone 71 180 (5) I 90.01 1.631 0 I 3.991 0.001 -17 I -14. dl
1 14 I ->Zone 71 180 (51 I 90.01 2.141 0 I 4.521 I I -3. Internal Wall
I I 1 ! 1 I I I I I I I N

W•



--,

g) Internal Conditions
Building Name: TIRoom
Time: 23:45:28 Date: 23:Mar:02

Building Data File: T1Room.bdf.01 Revision: 81
Program: A-Tas 8.31

Zone Day type IC - Code Internal Conditions Description

6. Test Room W+S+S DAY room I 1
Test Room

Temp. I Temp. I Prop'1 IOn-off I Humidity I Humidity I Plant Hax. I Plant Off
Upper ! L~wer I C:J:ntrol I Ccn:.rol I Upper I Lo•..•.er I Outside I Cutside
Limit Limit I' 1 1 Limit I Limi t I Temp. I Te~.p.

1 [dec,- CI I (deg C) I ideg C) 1 (deg C) I (~) I [.: I (deg C) "I (deg CI I!---------,---------I---------~----------~----------I----------1------------1-----------1
1 0.0 I 0.0 1 0.0 1 C.O 1 0.0 1 0.0 I 0.0 I 0.0 11 - ' 1 1 1 1 1 1

IInclude solari
I in MRT (yin)? I1-------------1
I Yes I
I 1

Heating I O.oeo I 0.24e
Cooling I o.oeo 1 0.519
~ights I 0.460 1 0.490
Occupants 1 0.200 1 0.227
Equipment 1 O.lGO 1 0.372

_____ I I~

Operat:ng Time Plant I Time Plant I Heat:.:,.~ I Cooling
1 Period On I Off I (kW: I (kN) I1-------------"-------------1-------"-----1---------------1 1
1 ~ 1 I 1 I
1 2 1 I I I
I 3 1 II I
1 4 I 1 I 1
1 - ~_I I I I

8.adiant
?rop.

View
Coef:t.

1Occ'Jpation 1Occu;>ation IInfiltr. 1Ver.til. ILighting IOccupancy 10ccu;>ancy 1Equipment" 1Equipment
" IPeriod IDuration lAir lAir IGain ISensible ILatent 1Sensible 1Latent
1 1 I 1 I IGain IGain IGain IGain
1 1 (hr;;) 1 (ach) 1 (achl I (W/m2) 1 (W/m2) 1 (W/m2) 1 (W/m2 ) 1 (W/m2) I
I---------~I----------I---------I---------I----------I-----------I-----------I-----------I-----------i
1 1 I 10 I 2;000 1 0.000 1 "3.000 1 3.500 1 0.000 1 0.000 1 0.000 1
I 2 lSi 0.500 1 0.000 1 0.000 1 0.000 1 0.000 I 0.000 1 0.000
1 3 I 9 I 2.000 1 0.000 I 3.000 1 3.500 1 0.000 I 0.000 1 0.000
' 1 1 1 1 1 1 ' 1

~
VI



i

k) Output Specification
Building Name: TlRoom Building Data File: TIRoom.bdf.Ol Revision: 67
Time: 13:07:02 Date: 24:Fec:02 progra"m: A-Tas 8.31

I I I
I Zone: I 1 2 3 4 5 6 7 S 9 10 11 I
I I II Air Temperature I • • • • • • * • * . * I
I Mean Rad. Temp. I • * • * • • * • • . I
I Resultant Temp. I • • • • • • * • • . I
I Sensible Load I . • . * • • * • • . * I
I Heating Load I I
I Cooling Load I I
I Solar Ga.:..n . • . * • • * * • • I
I Lighting Gain • • . • • • • • • . "I
I Oce. Sens. :;2.ir; • • . • • • • • . . I
I Equ. Sens. Sai:'l ,
I Inf./Vent. Gain II Air Movemt. Ga~n I
I Bldg. H.'!'. Gain * • • * • • * • • . I
I Extl. Condo Opaq. • * . • • • * • . . I
I Extl. Condo Glaz. • * • * • • • • • . I1 Humidity Ratio • ... * • • * ... . * I
I ReL HUltI::.dity • • • * • • * * * . I
J Oce. Latent Gain I
I Equ. Latent Gain I I
I Latent Load I I
I Hum. Load I I
I Deh\.lll\.Load I I
I E:xt. Surf. Temps I I.
I Int. Surf. TeiTIps I I
I Ext. Surf. Solar I I
I Int. Surf. Solar I I
I

tv
w
Q\



A•• 1 Climatic Data from Field Study (in deg C) for Tnt ROomwithout Roof Insulation
Date 11me Indoor RH (%) OUtdoor . RooftOp

18-J1Il-02 12:33AM 29.9 89.8 27.91 29.5
1:33AM 29.5 89.8 27.52 29.1
2:33AM '29.5 91.7 27.52 28.7
3:33AM 29.1 91.7 27.52 28.7
4:33AM 29.1 91.7 2752 28.7
5:33AM 29.1 91.7 27.52 28.31
6:33AM 29.1 93.8 28.31 28.7
7:33AM 29.1 93.8 29.9 29.1
8:33AM 29.1 93.8 30.31 29.5
9:33AM 29.9 89.8 31.12 29.9

10:33AM 29.9 88 31.93 35.27
11:33AM 30.71 826 33.17 3922
12:33PM 31.12 78.5 33.59 41.05
1:33PM 31.52 79.4 34.43 43.42
2:33PM 31.93 76.8 34.01 43.42
3:33PM 32.34 17.6 33.59 41.99
4:33PM 32.76 75.2 33.59 41.05
5:33PM 32.76 77.5 31.93 38.n
6:33PM 32.76 76.4 31.12 37
7:33PM 32.76 79.3 30.31 36.27
6:33 PM 3234 61.4 29.9 34.01
9:33PM 31.93 81.4 29,5 32.76

10:33PM 3152 825 29.1 31.93
1':33PM 31.93 82.5 29.1 30.71

19-J1Il-02 12:33AM 31.52 625 267 30.31
1:33AM 3'.12 85 28.31 29.9
2:33AM 30.71 85.1 28.31 29.5
3:33AM 30.71 66.5 26.31 29.1
4:33AM 30.31 86.5 26.31 26.7
5:33AM 30.31 66.5 26.31 28.31
6:33AM 30.31 86.5 29.1 26.7
7:33AM 30.31 88 29.9 '30.31
6:33AM 30.31 '88 30.31 31.12
9:33AM 30.71 85.1 31.52 34.01
1033AM 31.12 62.6 3317 38.57
11:33AM 31.93 79.4 34.43 41.52
12:33PM 31.93 77.6 . 34.43 43.91
1:33PM 32.76 75.9 3485 46.4
2:33PM 33.17 73.7 33.59 44.69
3:33PM 33.59 72.4 34.43 43.42
4:33PM 33.59 71.8 32.76 41.52
5:33PM 33.59 70.7 31.93 39.67
6:33PM 33.17 69.7 31.52 37.44
7:33PM 33.17 69.2 3071 357
8:33PM 32.76 72.5 29.9 .34.01
9:33PM 32.34 75.2 29.5 . 32.76
10:33PM 31.93 77.6 29.1 31.52
11:33PM 31.93 78.5 29,1 31.12

2O-JlI'l-02 12:33AM 31.93 794 28.7 30.31
1:33AM 31.52 80.4 28.31 29.9
2:33AM 31,12 80,4 .28.31 29.5
3:33AM 31.12 81.5 28.31 29.1
4:33AM 31.12 81.5 28.31 28.7
5:33AM 30,71 82.6 28.31 28.7
6:33AM 30.71 62.6 29.1 29.1
7:33AM 30_71 83.8 30.31 30.31
8;33AM 30.71 81.5 31.12 31.93
9:33AM 31.12 61.5 30.71 32.76
10:33AM 31.12 79.5 33.17 35.7
11:33AM 31.52 776 32,34 37
12:33PM 31.52 604 31.12 34.43
1:33PM 31.93 76' 31.52 37
2:33 PM 32.34 78.4 34.85 37
3:33 PM 32.34 76 34.85 35.7
4:33PM 32.76 76.7 34.85 37
5:33 PM 32.34 74.5 31.93 35.7
6:33 PM 32.34 73.2 30.31 3401
7:33 PM 31_93 71".5 29.5 32.34
8:33PM 31.52 74.6 29.1 31.52
9:33 PM 31.52 76.6 29.1 30.71
10:33PM 31.12 78.5 28.7 29.9
11;33PM 31.12 79.5 26.7 29.5
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Globe ceung
29.9 28.31
29.9 28.31
29.5 28.31
29.5 28.31
29.5 27.91
29.1 27.91
29.1 27.91
29.1 28.31
29.5 287
29.9 29.9
30.31 31.12
30.71 31.93
31.52 33.59
32.34 34.43
32.76 36.13
33.17 37.44
33.17 37.88
33.17 37.88
32.76 37.44
32.34 38.13
32.34 34.85
31.93 34.01
31.62 32.76
31.62 31.93
31.52 31.52
31.12 31.12
31.12 30.71
30.71 30.31
30.71 29.9
30.31 29.9
30.31 29.5
30.31 29.5
30.71 30.31
31.12 31.12
31.12 32.76
31.93 34.43
33.17 37.44
33.59 40.59
34.01 42.46
34.43 42.46
34.43 42.46
34.01 41.52
33.17 39.67
3317 37.88
32.76 36.57
32.34 3527
31.93 34.01
31.93 33.17
31.93 32.34
31.52 31.93
31.52 31.12
31.12 30.71
31.12 30.71
31.12 30.31
31.12 29.9
30.71 29.9
31.12 . 30.71
31.12 31.93
31.52 3276
31.93 34.01
32.34 35.27
32.34 35.27
32.34 35.27
32.34 35.27
32.76 35.27
32.34 34.85
32.34 34.01
31.52 32.76
31.12 31.12 .
31.12 30.31
30.71 29.9
31.12 29.5
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A4.2 Climatic Data from Field Study (in deg C) for Test Room with-Operable Roof Ineulation at 450 mm
Date TIme Indoor RH(%) OUtdoor RooI1op Globe Coilng

23-Apr-02 12:08 AM 27.91 78 25.17 25.95 27.91 25.56
1:08AM 27.91 77.2 25.56 25.56 27.91 25.17
2:08AM 27.91 75.5 25.17 25.56 27.52 25.17
3:08AM 27.52 77.2 24.79 25.56 27.52 25.17
4:08AM 27.52 77.3 24.4 25.17 27.12 25.17
5:08AM 27.12 789 24.4 25.17 27.12 24.79
6:08AM 27.12 789 24.4 2479 27:12 24.79
7:08AM 27.52 765 2556 25.17 27.12 24.79
8:08AM 27.12 77.3 26.73 25.17 27.12 24.79
9:08AM 27.52 78.1 28.31 25.56 27.52 25.17

10:08 AM 27.91 76.5 295 2595 27.91 25.56
11:08AM 27.91 70.9 31,12 26.34 28.31 25.95
1208 PM 28,7 72,5 31.93 27.52 29.1 26.73
':08PM 29.1 71.3 3276 28.31 29.5 27.12
2:08PM 29.5 648 32.76 287 29.9 27.91
3:08PM 29.5 69.2 34.01 29.5 29.9 28.31
4:08PM 29.9 69.7 32.76 29.9 30.31 28.31
5:08 PM 29.9 69,6 31.93 299 30.31 28.31
6:08PM 29.9 70.1 30.71 30.31 30.31 28.7
7:08PM 30.31 69.1 29.9 29.9 30.31 28.7
8:08 PM 29.9 70.1 29.5 29.9 30.31 28.31
9:08PM 299 691 29.1 29.5 30.31 28.31

10:08 PM 29.9 66.2 28.7 29.1 29.9 28.31
11:08 PM 29.9 67.8 28.7 28.7 29.9 28.31

24-Apr-02 12:08 AM 29.5 70.1 27,91 28.31 29.5 27.91
1:"08AM 295. 74.2 27.52 28.31 29.1 27.52
2:08AM 29.1 76.3 26.73 27.91 291 27.52
3:08AM 28.7 77.1 26.34 27.52 28.7 27.1.2
4:08AM 28,7 77,9 26.34 27.12 28.7 27.12
5:08AM 28.7 79.7 2634 26.73 28.7 26.73
6:08AM 28.7 78.8 26.73 26.73 28.7 26.73
7:08AM 287 80.6 2712 26.73 29.1 27.12
8:08AM 29.1 80.6 30.31 27.12 29.5' 27.12
9:08AM 29.5 79.6 29.9 27.52 295 27.91

10:08 AM 299 77 31.52 28.31 29.9 28.7
11:08AM 29.9 77 32.34 28.7 30.31' 29.1
12:08 PM 30.31 76.2 33.17 29.5 30.71 29.5

1:08PM 30.71 70.5 34.01 30.31 31.12 30.31
2:08PM 30.71 70.5 33.17 30.71 31.52 30.71
3:08PM 31.12 71.5 34.43 31.12 31.52 31.12
4:08PM 31.52 65.9 33.59 31.52 .31.93 31.52
5:08PM '"31.52 62.7 33.59 31.52 31.93 31.93
6:08PM 31.93 65.5 3152 31.52 32.34 31.93
7:08 PM 31.52 66.3 31.12 31.52 31.93 31.93
8:08 PM 31.52 66.7 30.71 31.12 31.93 31.52
9:08 PM 31.52 69.9 30.71 31.12 31.93 31.12

10:08 PM 31.52 73.9 295 30.71 31.52 31.12
11:08 PM 31.12 77.7 29.1 30.71 31.52 30.71

25-Apr-02 12:08 AM 31.12 76.1 28.31 30.31 31.12 .30.71
1:08AM 31.12- 76.9 27.9. 29.9 31.12 3031
2:08AM 30.7.' 76.' 27.52 29.5 30.71 29.9
3:08AM 3031 60.3 25.95 291 3031 29.5
4:08AM 30.31 64.3 24.4 28.7. 30.31 29.1
5:08AM 29.9 65.8 24.4 27.91 29.9 28.31
6:08AM 29.9 65.5 24.01 27.52 29.5 27.9.1
7:08AM 29.5 66.6 25.56 27.52 295 27.52
8:08AM 29.9 67 28.7 27.52 29.9 27.91
9:08AM 29.9 69.2 29.5 27.91 30.31 28.31

10:08 AM 30.31 69.7 30.71 28.31 30.31 29.1
11:08 AM 30.31 66.9 32.76 29.1 30.71 29.5
12:08 PM 30.71 68,5 33.17 29.9 31.12 30.31

1:08 PM 31.12 648 3401 30.71 31.52 31.12
2:08 PM '31.52 62.3 34:43 31.12 . 32.34 31.52
3:08 PM 31.93 62.3 34.43 31.93 32.34 31.93'
4:08PM 32.34 62.8 34.85 32.34 32.76 32.34
5:08PM 32.34 67.4 34.43 3234 32.76 32.76
6:08PM 32.34 68.3 31.93 32.34 32.76 32.76
7:08 PM 32.34 70.3 31 12- 32.34 32.76 32.76
8:08PM 31,93 72 30.71 3193 32.34 32.34
9:08PM 31,93 73.2 299 31.52 31.93 31.93

10:08 PM 31.93 76.1 29.5 31.12 31.93 31.52
11;08 PM 31.52 76.9 29.1 31.12 31.52 31.12

238



A 4.3 Cltmatic Dat8 from field Study (In deg C) for Teet Room with Opembl. Roof Insulation at 300 mm
Date Time Indoor RH(%) ~ Rooflop Globe CelIng

12-M~ 12:17 AM 27.52 78.9 23.24 25.17 27.52 25.95
1:17 AM 27.12 82.8 24.4 24.79 27.12 25.56
2:17 AM 27.12 84 24.4 24.79 27.12 25.56
3:17 AM 27.12 86.6 24.4 24.79 26.73 25.17
4:17 AM 26.73 88.2 24.79 24.79 26.73 25.17
5:17 AM 26.73 .898 2479 24.79 26.73 25.17
6:17 AM 26.73 89.8 2517 24.79 26.73 25.17
7:17 AM 26.73 91.7 25.95 25.17 26.73 25.56
8;17 AM 27.12 93.8 27.91 25.56 27.12 25.95
9:17 AM 27.52 99.3 29.1 26.34 27.91 26.73
10:17 AM 27.91 99.3 299 26.73 28.31 27.52
It:17-AM 28.31 99.3 3112 27.52 28.7 27.91
12:17 PM 29.1 96.3 32.76 27.91 29.5 .28.31
1;17 PM 29.9 89.8 33.17 28.7 30.31 29.1
2;17 PM 30.31 89.7 3359 29.1 30.71 29.5
3:17 PM 30.31 88 34.01 29.5 30.71 29.9
4:17 PM 30.31 88 33.17 29.9 30.71 29.9
5;17PM. 30.71 89.7 32.76 30.31 30.71 30.31
6:17PM 30.31 88 30.31 30.31 30.31 29.9
7:17PM 29.9 89.8 29.1 29.9 29.9 29.9
8:17PM 29.9 86.5 28.31 29.9 . 30.31 29.5
9:17PM 29.5 83.9 27.91 29.5 29.5 28.7
10:17 PM 29.5 881 27.91 29.1 29.5 28.31
11:17 PM 29.5 89.8 27.91 29.1 . 29.5 28.31

13-M~ 12:17 AM 29.1 898 27.91 28.7 29.5 28.31
1;17 AM 29.1 91,7 27.91 28,7 29.5 28.31
2:17AM - 29.1 91.7 27.52 28.31 29.1 27.91
3:17 AM 29.1 91.7 27.52 28.31 29.1 27.91
4:17 AM 29.1 91.7 27.52 27.91 29.1 27.91
5:17 AM 29.1 91.7 27.52 27.91 29.1 27.91
6:1.7 AM 28.7 91.7 2752 27.91 29.1 27.91
7:17AM 29.1 93.8 27.91 27.91 29.1 27.91
8:17 AM 29.1 93.8 30.31 28.31 29.1 28.31
9:17 AM 29.5 91.7 31.12 28.7 29.9 28.7
10:17 AM 29.9 89.8 31.93 29.1 30.31 29.1
11:17 AM 30.31 88 32.76 29.9 30.71 29.5
12:17 PM 30.71 85.1 33.17 30.31 30,71 .29.5
1:17 PM 31.12 81.5 34.01 30.71 31.93 29.9
2:17 PM 31.52 76.8 34.43 31.12 31.93 30.31
3:17 PM 31.52 .77.6 35.7 31.52 31.52 30.31
4:17 PM 31.52 761 34.43 31.93 31.93 30.71
5;17 PM 31.52 75.3 3359 31.93 31.52 3031
6:17PM 31.12 72.7 31 12 31.93 31.52 30.31
7:17 PM 31.12 77.7 30.31 31.52 31.12 29.9
8:17PM 31.12 79.5 29.9 31.12 31.12 29.5
9:17 PM 31.12 80.4 29.5 31.12 31.12 29.1
10:17 PM 30.71 81.5 29.1 30.71 31.12 29.1
11;17 PM 30.71 826 287 30.31 30.71 29.1

14-M~ 12:17 AM 3031 79.5 28.31 29.9 30.71 28.7
1:17 AM 30.31 81.5 27.91 29.5 30.31 28.7
2:17 AM 30.31 82.6 27.52 29.1 30.31 28.7
3:17 AM 30.31 82.6 27.52 29.1 30.31 2831
4;17 AM 29.9 85.1 27.12 28.7 29.9 28.31
5:17 AM 29.5 65.1 26.73 28.31 29.5 28.31
6:17 AM 29.5 85.1 27.91 2831 29.5 27.91
7:17 AM 29.5 85.1 28.31 28.31 29.5 27.91
817 AM 29.9 81.5 30.31 28.7 29.9 28.31
9:17 AM 30.31 80.5 32,76 29.1 31.12 29.1
10:17 AM 30.71 80.5 32.76 29.5 31.12 29.5
11:17 AM 31.12 79.5 3401 30.31 31.12 29.9
12:17 PM 31.52 76.8 35.27 31.12 31.93 30.71
1:17 PM 31.93 73.2 35.27 31.52 32.76 31.12
2:17 PM 32.34 70.9 35.7 32.34 32.76 31.93
3:17 PM 32.34 70.9 3657 32.78 32.76 32.34
4:17PM 32,76 75.2 34.85 33.17 32.76 32.76
5:17PM 32.76 77.5 33.59 32.76 32.76 32.76
6:17 PM 32.34 79.3 31.52 32.76 32.76 32.76
7:17 PM 3234 814 31,12 32.76 32.34 32.34
8:17 PM 31.12 72,1 27.52 32.34 31.12 31.93
9:17 PM 31.12 74,7 27.12 31.52 31.12 31.52
10:17 PM 31.12 80.4 29.1 30.71 31.12 30.71
11:11 PM 30.31 795 27.91 30.31 30.31 29.9
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APPENDIX A 5 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 Jul Aug Sep .Oct Nov Dec Annual

1991 24.3 28.9 .32.5 33.9 31.8 31.5 32.1 31.8 30.6 31.0 28.3 24.7 . 30.1
1992 24.0 25.5 32.5 36.1 33.5 33.7 31.5 31.9 32.2 31.8 29.4 26.0 30.7
1993 24.5 28.8 30.9 33.0 31.6 31.7 31.4 30.9 31.5 31.5 29.5 27.1 30.2
.1994 26.1 26.5 32.4 33.2 33.6 31.9 32.0 32.0 32.9 32.8 29.9 27.7 30.9
1995 25.4 28.0 33.8 36.5 34.6 32.8 31.8 32.5 32.4 32.8 29.8 26.3 31.4
1996 25.8 29.7 34.4 34.9 34.6 32.5 32.8 318 33.8 32,3 30.3 27.3 31.7
1997 25.1 27.8 33.1 31.1 33.7 33.3 31.7 32.7 31.5 32.1 30.4 25.0 30.6
1996 22.8 28.4 30.7 32.7 33.4 34.3 31.7 31.8 32.5 33.1 30.7 28.1 30.8
1999 26.9 31.2 34.8 36.0 32.8 32.5 31.5 31.7 31.6 31.8 30.4 27.1 31.5
2000 24.6 25:5 30.9 32.8 32.3 32.5 31.8 32.1 32.0 31.1 29.6 26.4 30.1
Mean 25.0 28.0 32.5 34.0 33.2 32.7 31.8 31.9 32.1 32.0 29.8 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 Jun Jul Aug Sep Oct Nov Dec Annual

1991 13.8 17.5 21.9 24.4 23.3 25,9 26.7 25.4 25.7 24.5 19.0 15.0 22.0
1992 13.5 16.0 22.1 25.0 24.2 26.5 25.9 26.4 26.1 23.8 . 18.6 12.4 21.7
1993 12.0 16.7 18.1 22.7 23.5 25.7 26.2 26.4 25.6 23.8 19.2 13.7 21.2
1994 13.1 14.1 21.0 22.8 25.3 26.4 26.7 26.4 25.8 23.3 18.8 12.5 21.4
1995 11.3 15.7 19.3 24.6 26.3 26.9 26.3 26.5 26.3 24.0 19.9 13.3 21.7
1996 . 12.1 15.2 22.2 24.0 25.7 25.4 26.7 26.2 26.2 22.9 18.2 14.0 21.6
1997 11.5 14.5 21.1 21.1 24.6 25.8 26.4 26.6 25.5 22.2 18.9 14.5 21.0
1998 . 12.7 16.1 18.3 22.9 25.3 28.1 26.4 26.8 26.3 25.4 20.6 14.8 22.0
1999 12.7 16.5 21.0 26.0 25.1 26.5 26.2 26.4 25.9 24.5 19.0 14.9 22.1
2000 14.0 16.2 20.7 23.5 24.1 25.5 26.5 26.4 25.8 24.4 20.2 15.1 21.9
Mean 12.7 15.9 20.6 23.7 24.7 26.3 28.4 26.5 25.9 23.9 19.2 14.0 21.7 I N~
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A5.3 Monthly and Annual Ave. Maximum Temperature in Degree Celsius
Year: 1981.1990

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1981 25.1 26.9 30.4 30.6 31.9 32.7 30.5 32.4 31.7 32.3 30.0 25.5 30.0
1982 26.3 27.3 30.8 32.8 34.6 31.6 32.0 30.9 32.1 32.0 28.0 25.6 30.3
1983 24.5 26.7 31.4 32.9 32.3 32.9 31.9 31.1 31.1 30.6 30.3 25.9 30.1
1984 24.9 27.6 34.5 34.4 31.4 30.9 30.9 31.3 31.4 31.9 29.8 26.8 30.5
1985 26.2 29.2 34.0 33.6 32.3 31.7 30.7 31.8 31.8 32.5 30.2 28.0 31.0
1986 26.5 29.4 35.0 33.4 33.8 33.4 31.9 33.0 31.2 31.4 29.5 27.1 31.3
1987 26.7 30.4 33.1 33.8 34.9 33.7 I 31.3 31.9 32.2 32.4 30.2 27.3 31.5
1988 27.2 30.1 32.6 35.3 331 32.0 32.2 31.8 33.0 32.7 30.5 27.4 31.5
1989 25.4 28.8 33.8 36.1 34.4 32.9 32.1 32.9 32.0 31.5 30.2 26.6 31.4
1990 25.5 27.5 28.8 31.9 32.7 32.3 31.1 32.1 32.0 30.2 29.8 26.5 30.0
Mean 25.8 28.4 32.4 33.5 33.1 32.4 31.5 31.9 31.9 31.8 .29.9 26.7 30.8

A 5.4 Monthly and Annual Ave. Minimum Temperature in Degree Celsius
Year: 1981.1990

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1981 13.3 15.4 19.8 21.9 23.6 26.4 26.0 26.4 26.1 23.5 18.1 13.6 21.2 .
1982 12.2 15.0 19.1 22.5 25.0 25.9 26.8 26.1 25.9 23.3 17.9 13.7 21.1
1983 12.6 14.4 20.6 22.6 24.4 26.1 26.9 26.2 262 23.8 19.4 14.1 21.4
1984 13.1 15.0 21.0 24.5 24.4 25.8 26.0 26.2 25.4 . 25.6 18.5 14.7 21.7
1985 14.5 16.1 22.7 24.6 24.1 26.1 25.9 26.6 25.9 23.9 18.9 15.3 22.0
1986 13.9 16.3 20.7 22.7 23.8 26.6 26.1 26.6 25.2 23.2 19.8 15.2 21.7
1987 13.1 16.4 20.7 23.9 24.6 272 26.4 . 26.5 26.5 24.3 20.1 15.2 22.1
1988 13.6 16.3 20.7 24.4 24.8 25.7 26.6 26.9 26.7 23.8 19.6 18.0 22.1
1989 11.3 15.4 20.3 25.0 25.9 26.3 26.3 26.9 26.1 24.5 18.8 13.3 21.7
1990 14.3 17.3 19.7 22.7 25.0 26.7 26.0 26,9 26.3. 23.6 21.6 16.0 22.2
Mean 13.2 15.8 20.5 23.5 '24.6 28.3 26.3 26.5 26.0 24.0 19.3 14.7 21.7
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A 5.6 Monthly and Annual Ave. Relative Humidity In Percent
Year: 1991-2000

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1991 71.0 66.0 66.0 71.0 85.0 86.0 84.0 84.0 89.0 83.0 72.0 76.0 78.0
1992 76.0 71.0 63.0 69.0 76.0 80.0 84.0 82.0 80.0 79.0 74.0 75.0 76.0
1993 73.0 69.0 62.0 70.0 80.0 83.0 85.0 85.0 84.0 82.0 79.0 75.0 77.0.
1994 73.0 69.0 68.0 71.0 77.0 83.0 80.0 82.0 79.0 77.0 75.0 72.0 76.0
1995 67.0 70.0 58.0 66.0 76.0 82.0 84.0 83.0 84.0 81.0 79.0 77.0 76.0
1996 73.0 67.0 670 70.0 78.0 83.0 84.0 85.0 83.0 80.0 76.0 72.0 77.0
1997 70.0 64.0 670 75.0 77.0 82.0 86.0 84.0 86.0 78.0 75.0 80.0 77.0
1998 77.0 68.0 640 75.0 78.0 81.0 87.0 86.0 85.0 82.0 78.0 77.0 78.0
1999 72.0 65.0 58.0 69.0 79.0 83.0 86.0 84.0 84.0 83.0 76.0 71.0 76.0
2000 72.0 61.0 630 73.0 78.0 80.0 80.0 81.0 81.0 82.0 73.0 69.0 74.0
Mean 72.4 67.0 63.6 70.9 78.4 82.3 84.0 83.6 83.5 80.7 76.7 74.4 76.5

A5.6 Monthly and Annual Ave. Relative Humidity in Percent
Year: 1981-1990

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1981 71.0 68.0 66.0 77.0 79.0 81.0 890 84.0 84.0 71.0 67.0 72.0 76.0
1982 69.0 63.0 64.0 73.0 74.0 86.0 85.0 86.0 84.0 78.0 76.0 74.0 . 76.0
1983 73.0 64.0 70.0 73.0 80.0 85.0 85.0 87.0 88.0 85.0 70.0 73.0 78.0
1984 69.0 62.0 570 71.0 84.0 86.0 .87.0 86.0 83.0 . 79.0 69.0 72.0 75.0
1985 71.0 60.0 70.0 75.0 79.0 85.0 86,0 84.0 84.0 75.0 71.0 71.0 76,0
1986 72.0 59.0 58.0 75.0 76.0 83.0 65.0 83.0 86.0 81.0 79.0 76.0 76.0
1987 73.0 65.0 68.0 75.0 75.0 83.0 89.0 85.0 84.0 78.0 74.0 76.0 77.0
1988 72.0 . 68.0 69.0 74.0 81.0 85.0 . 85.0. 85.0 82.0 78.0 75.0 79.0 78.0
1989 69.0 64.0 59.0 68.0 79.0 82.0 85.0 80.0. 86.0 82.0 74,0 73.0 75.0
1990 78.0 70.0 73.0 77.0 80.0 84.0 88.0 83.0 85.0. 79.0 76.0 72.0 79.0
Mean 71.7 64.3 65.0 73.8 78.7 84.0 86.4 84.3 84.8 78.6 73.1 73.8 76.6
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A 5.7 Monthly and Annual Rainfall In Millimeter
Year: 1991.2000

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oel Nov Dec Annual

. 1991 27.0 8.0 46.0 53.0 529.0 320.0 318.0 345.0 692.0 392.0 14.0 106.0 2850.0
1992 1.0 47.0 0.0 25.0 153.0 132.0 386.0 182.0 158.0 83.0 2.0 0.0 1169.0
1993 0.0 52.0 88.0 113.0 556.0 504.0 421.0 432.0 417.0 217.0 19.0 0.0 2819.01994 13.0 54.0 115.0 201.0 254,0 266.0 1530 246.0 169.0 55.0 14.0 0,0 1540.0
1995 8,0 31.0 0,0 88.0 264.0 237.0 354.0 360,0 205,0 91.0 112.0 1,0 1751.01996 0,0 21.0 54,0 199,0 208.0 343.0 257.0 . 361,0 244.0 357.0 0,0 0,0 2044.0
1997 2,0 7.0 136,0 133,0 151,0 249.0 5490 230,0 440,0 30.0 ,1,0 22,0 1950.0
1998 49,0 4.0 83.0 178,0 405,0 91.0 521,0 552,0 26.0 100,0 83.0 0.0 2312.0
1999 0.0 0.0 0.0 21,0 428,0 346,0 553,0 282.0 361.0 368.0 13.0 0.0 2374.0
2000 13.0 44,0 172.0 189,0 471,0 183.0 200.0 363:0 214,0 2720 0,0 . 0,0 2121.0
Mean 11 27 59 120 342 257 371 335 293 197 25 13 2093

A 5.8 Monthly and Annual Rainfall in Millimeter
Year: 1981.1990

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oel Nov Dec Annuai

1981 10.0 42.0 109.0 274.0 272,0 168.0 356.0 188.0 320,0 82.0 9,0 35,0 1865.0
1982 0.0 15.0 . 81.0 104.0 154,0 514.0 136,0 346.0 258.0 146.0 51,0 0.0 1805.0
1983 7.0 61.0 138.0 318.0 348.0 300.0 179.0 437,0 322.0 253.0 25.0 18.0 2414.0
1964 13,0 1.0 5.0 124.0 707.0 637.0 694,0 311.0 478,0 58.0 0,0 0.0 3023.0
1985 8.0 1.0 195.0 176.0 300.0 399,0. 262,0 317.0 306.0 79.0 0.0 10,0 2053.0
1986 22.0 0.0 23.0 247.0 191.0 304,0 443.0 171.0 687.0 237.0 172.0 3.0 2500.0
1987 4.0 0.0 33.0 230.0 109.0 316.0 526.0 462.0 363.0 104.0 7.0 33.0 2187.0
1986 0.0 44.0 74.0 282.0 513.0 580.0 255.0 169.0 196.0 213.0 153.0 3.0 2482.0
1989 0.0 32.0 0.0 85.0 228.0 319.0 347.0 . 59,0 305.0 240.0 0.0 12.0 1627.0
1990 0,0 36.0 151.0 154.0 202.0 29.0 567.0 227.0 247.0 181.0 103.0 6.0 2103.0

Mean 6 23 81 199 . 302 357 377 269 348 159 52 12 2208
I
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A 5.9 Bright Sun Shine Hour
Year: 1987.2001

Year
2001
2000
1999
1998
1997
1996
1995
1994
1993
1992
1991
1990
1989
1988
1987
Mean

Jan
7.94
6.14
7.21
4.14
5.19
.7.24
7.16
6.92
6.30
6.34
6.60
7.50
8.40
8.10
8.50
6.91

Feb
7:19
5.99
7.47
6.11
7.45
9.54
6.21
7.60
7.40
6.88
7,90
8.40
890
8,10
8.80
7.60

Mar
8.75
8.52
8.28
8.14
.7.74
8.77
7.73
7.33
7.80
7.02
7..7
6.2
8.4
8.2
8,3
7.93

Apr
8,55
8.49
8.36
7.32
7.34
8.72 .
8.49
7.38

.7,80
7.74
7,03
7,30
8.40
7,60
7,50
7.87

May
6.07
5.20
5.49
5.79
7.64
7.48
6.62
7.21
6.20
7.14
3.74
6.50
6.90
6.70
9.10
8.52

Jun
3.85
4.56
4.97
6.84
5,57
4.50
4.74
4.51
5.50
6,08
3.16
4.50
5.90
3.80
5.90
4.96

Jul
4.55
5.03
3.85
2.81
4.13
3.73
4.01
5.08
4.10
4.01
3.99
3.90
4.70
4.50
3.10
4.10

Aug
5.06
4.78
3.85
3.66
4.84
3.58
4.37
5.37
3.60
4.80
4.92
5.00
6.90
3.90
4.90
4.84

Sap
4.65
4.55
3.54
4.30
4.60
5.40
3.86
6.18
4.70
5.66
2.72
4.80
4.10
6.10
5.50
4.71

Oct
5.60
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
6.62

Nov
6.19
7.99
8.02
7.15
6.04
8.30
6.61
6.14
7.40
7.20
7.41
7.30
8.80
7.70
7.60
7.32

Dec
7,19
8,18
7.39
9,10
5.62 .
6.55
6.87
7.30
7.50
1.00
5.76
.7,30
7.10
7.40
8,30
7.24

Annual
6.30
6.26
6.14
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

A 5.10 Monthly Prevailing Wind speed and in meter/second and Direction
Year: 1981.1990

Direction t

1.88
2.00
2.24
2.01
2.10
1.89
1.96
2.03
2.15
2.31
2.06

Annual

1.4
1.5
1.9
2.0
1.6
1.5
1.2
1.4
1.5
1.5
1.6
NW

DecNov

1~
12
1~
1.3
1.5
1.0
1.4
1.2
1.3
1.3
1~
NW

1.8
1.1
2.0
1.8
3.5
1.3
1.7
1.9
1.9
3.9
2.1
N

OctSap

1.9
2.1
2.2
1.9
1.7
2.9
1.9
2.0
2.2
2.4
2.1
SE

1.4
2.5
2.5
2.4
2.6
2.0
2.1
2.3
1.9
2.2
2.2
SE

AU9Jul

2.1
2.4
2.4
2.1
1.8
2.2
2.2
2.3

. 2.2
2.3
2.2
SE

2.0
2.5
2.4
2.6
2.1
1.7
2.3
2.2
2.5
2.5
2.3
SE

Jun

2.2
3.0
1.9
2.2
2.2
1.8
2.5
3.2
3.1
2.0
2.4
S

MayApr

2.5
3.2
2.6
2.9
2.4
3.0
2.7
2.7
3.3
3.3
2.9
SW

Mar

2,6
1.4
3.1
2.1
2.5
2.4
2.3
2.5
1.8
3.2
U
SW

1.8
1.7
2.7
1.7
2.1
1.5
1.7
1.5
2.3
1.8
1.9
N

FebJan

1.4
1.4
1.7
12
1,3
121.
1.3
1.8
1J
1A
NW

Year

1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
Mean
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