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ABSTRACT

This paper develops a simple method for estimating the thermal respdnse of building Jnaterials
in the tropical climatic zone using the basic heat equation. The efficacy of the developed
model has been tested with data from three West African cities, namely Kano (lat. 12,1"N )
Nigeria, Ibadan {lat 7.4° N) Nigeria and Cotonou (lat. 6. 4°N} Republic of Benin, by
considering a reference building with a flat ceiling option. Results show that the interior air
temperature obtained as a direct response to the fluctuations of the outside air temperature
indicate daily temperature reductions of varying magnitudes, depending on the building
insylation, material thickness used and also on property value of the material adopted. It is
concluded from the model's estimates that interior temperatures for thermal comfort can be
realized through the agpropriate application of passive systems.
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INTHRODUCTION. The concept of thermal comiui. p
we desigm of buildings to achieve thermal subjective. The effective temperaiuin:
synfort  has  bheen a  major  problem comfort are generally taken to be betw
nfronting architects and building scientists 21°C and 24°C. These limits can oot

the tropics. Problem arises due to the be exceeded by about + 3%
ract response of the inside air temperature serious  discomfort  being  experienced.
y the variations of the harsh external Values of effective temperatures beyond
imatic conditons which prevail within the these limits may indicate conditior...
wironment.  Thermal comfort is generally or cold for thermal comfort, dup. g
hievable by the application of suitable the climatic 2one. Based on the corrected
aterials as insulators to reduce the external effective temperature monogram  scale,
nbient temperature to a tolerable level in a Ojosu et al (1990} opined that thermal
silding system. comfort occurs between the index of 24°C

and 29.5°C. Garg and Gupta (19886),
hermal insulation perhaps provides the however, put the'accepted limit for comfort

mplest means of achieving thermal comfort
L buildings.  In very broad terms, thermal
sutation  can be considered as  the
ardation of heat energy transfer whether
y conduction, convection or radiation,

at 279 C,

In the major urban settings, mechanical
systems involving expensive equipment
utilizing fuel and electrical energy have, in
most cases, been used to uchieve the
required thermai comfort in buildings. Such
sophisticated ’active’ systems cannot be
easily afforded by an average person in
developing economy because of their
escalating Ccosts and maintenance
difficulties.-

Several passive solar building, architectures
have been designed to reduce building
temperature swings in the.hot arid c¢limatic
zones, worldwide, Amongst the commonest
of such design strategy is the use of layered
walls 1o reduce the actual interior
temperature fluctuations (Dutfin and
Knowles, 1984} and other design patterns
aimed at achieving thermal comfort in
building envelopes (Duffin and Knowles,
1981 and Garg, 1991},

asically, there are four dominant factors,
hich infldence - the conditions of thermal
omfort in a building. These are:

air temperature
) mean radiant temperature

) relative air velocity and
) relative  humidity  (water  vapour
pressure in the ambient air)

ir temperature is probably the most
mmonly  used variable to measure the
2gree  of thermal comfort in  buildings.
aximum value of indoor temperature may
erefore be used as a good index to
raluate the relative thermal performance of
silding envelopes. ’
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This study examines a simple procedure for
determining the internal  temperature
fluctuations in a typical building envelope by
solving the heat eguation.

Data used for the study were obtained at
the I[badan station of the International
institute  of Tropical Agriculture (lTA-
ibadan), Nigeria. Selected building materials
have been used to test the efficacy of the
developed modet.

2. THE BASIC HEAT EQUATION
The heat equation (conservation of energy)
nay be expressed in the form:

or
S=0-C-M M
o= ?

or .
wvhere -—5; is the rate of change of

emperature

Q is the rate of effective heat
sroduction

Cc is the cooling rate and

M is the rate of heat flow due to
onvection - conduction,

Femperature variations in  the tropical
dimatic zones may be assumed to be in a
itate of quasi - equilibrium during most
reriods of the day such that 8T/0t is always
:onsiderably smaller than the other terms in
he heat equation and may be ignored in the
iolution of the equation.

“hus, if 0T/t = O then the heat equation
1} hecomes:
Q=C+ M (2)

The cooling term may also be considered to
Je due to the contributions from mechanical
sooling systems which in this instance, has
0 relevance to the development of the
nodel and could be neglected. Hence, the
juasi-equilibrium condition of the basic heat
iquation reduces to:

1 =M™ (3)

i QUANTITATIVE ANALYSIS OF THE
QUASI-EQUILIBRIUM HEAT
EQUATION

3.1 The vrate of effective  heat
production.
Solar radiation plays a very dominant role in
the energy balance of a building. Application
of the concept of effective heating of solar
radiation to buildings will involve the
determination and /or relevance of several
parameter such as reflectivity, absorptivity
nd/or surface emisivity, and transmissivity
f the building material. For radiant energy
ncident on a material surface, reflectivity n

will be defined as the fraction of incident
radiation reflected, absorptivity «, the
fraction absorbed and transmissivity,t the
fraction transmitted. The three variables are
related according to the well-known
equation {McDaniels , 1984) given by:

n+ta+t1 =1 (4)
The effective heating coefficient of solar
radiation in this model is the transmissivity
of the material.
If this be the case, then

T = l-a {5)
where raftectivity of the material is assumed
tc be zero, since it has no contributory
effect on ‘the interior temperature
fluctuations of the builded enclosure.
The rate of heat production or heat gain is
an effective input to the inside energy
balance and accounts for the portion ot
thermal radiation that is transmitted to
modify the interior temperature swings of a
building. The heat production rate Q may be
given by the expression:
Q=(1-a)gw . (6)
where qw is the long wave radiation heat
transfer coefficient.
Following Desmarais et al (1999), gw can
be approximated by the equation:
Qiw = AcS E [ {T: + 273) 4

-~ Eo (Te + 273)4 {7)
where, for a roofing /ceiling material, for
instance,

A: is the cross - sectional area {(m?), § js the

stefan - Boltzman's constant = 5.670 x

10°%  W/m? k% E is the emissivity of the

material surface (%)

Eo is apparent emissivity of the
atmosphere, which in this case is
taken to be the minimum effective
emissivity of clear sky .

( = 0.7.). T is the temperature at which
the emissivity of the building
material is obtained (°C) and T& is
the ambient temperature (°C).

The absorptivity o of a material is generally
different from its emissivity, E. However, to
simplify the analysis of heat energy transfer
in a built dwelling system, condition of’
thermal equilibrium is often assumed and
used in many applications. That is,
a =E (8)

in conformity with Kirchoff's law.

3.2 Heat Energy Flow
The heat energy flow due to convection -
conduction is the most important heat loss
mechanism in buildings and is given by Croy
and Dougherty {1984) as:

M = U Ar (To* Tin)

{9} :

= kA. (To - Tin)
X
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dr 4. EXPERIMENTATION AND
or M =—kd| == (ol APPLICATION OF DEVELOPED
MODEL
whaere

u is the global heat transfer
coefficient, which depends on
various factors and characteristics
such as the geometry of the system
and heat transfer resistance ot the
material used in the building system

k is the thermal conductivity of the
material

X is the distance in the direction of the
heat flow or the thickness of the
material.

The minus sign in equation (10} is a
consequence of the second law  of
thermodynamics, which reguires that heat
must  flow in the direction of lower
femperature.

Therma! conductivity, k is strictly a material
property. Thermal  conductance  (c) s
however, sometimes use to describe a

particutar size and thickness of a matetial.
In this case,

M .= CTo ~ Tw) {(11)
whiere

It is obvious from {11) that, for a unit area
ol material, the higher the value of C, the
more rapidly will the material conduct heat
across its thickness.

Insulation properties of building materials are
often commaonly discussed in terms of the R-
value concept. Sometimes called the unit
thermal resistance, the R- Value is the
thermal resistance per unit area of material
and thus determines how well a material
retards heat energy flow.

The R -value is simply the inverse of
thermal conductivity of a specitic shape of a
material and therefore depends on the
thickness of the material.

R~value = RA, = X
k

where & is measured in W/m. K, and X in
metres {m}.

Selected values of E, a and & of materials
used in this study were obtained from the
literature (Bond et al, 1977; Van Straaten,
1969; Oazisik, 1985; and Kothandaraman
and Subramanyan, 1992).

The functional designs of the building such
as the interior partitions, etc would be
presumed to have negligible effect and as
such, will not be taken into consideration in
the analysis.

The incident radiation will be assumed to be
totally transmitted from the roof to the
celling space. The material to be used in
the analysis is the rockwool insulation
blanket {rockwoo!l batts) which finds
application in diverse sectors ol  the
econamy including the  petrochemical
industry, manufacturing industry  building
and construction industry etc., and will be
applied to three tropical cities, namely Kano
(latitude 12. 1 °N ), lbadan (latitude 7.4°N)
and Cotonou {latitude 6.4°N) for purposes
of heat retardation in buildings only.

In this study, the Nigerian Building and Road

Research institute {NBRRD model house in

Kano has been taken as the reference

building envelope. Following Maduekwe and

Opoko {1998b), the total roof area of the

building = 245.804 m? and the thickness of

the main entrance glass flush door = 0.044

m.

The  following  property values  and

dimensions of the insulation blanket will be

adopted.

s  Thermal conductivity, k£ = 0.040 W/m.
K. obtained at 32°C

*« Absorptivity, o = 0.9

o Material thickness, X= 0.075m (and
0.1m)

In addition, the dry season month of March,

1894 is also adopted with mean

temperatures of 39°C for Kano, 35°C for

Ibadan, and 32°C for Cotonou,

5. RESULTS AND DISCUSSION

Figs. 1, 2 and 3 show the variations of the
measured data and the estimated interior air
temperatures (using rockwool blankets of
thickness 0.075 m and 0.10m on a flat
ceiling) for a typicgl building dwelling house
at Kano, lbadan, amd Cotonou, respectively.
The outside air temperature is represented
by curve (a) while the fluctuations of the
estimated interior air temperature are
indicated by curves (b) and (¢} for material
thickness: 0.075m and 0.10m respectively.
it is observed from curves (b) and {¢c) that
the daily ambient temperature variations
curve (a)l have undergone considerable
temperature reductions with the application
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Figure  1: Daily averages of estimated insn@
air temperatures compared with
measured data, {Kano}.
a) external ambient
temperature
23] inside air termperature for
insulation material
thickness, 0.075m
c) inside air temperature for
insulation material
thickness, 0.10m
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figure 2: Daily averages of estimated inside

air temperature compared with
measured data (Ibadan)

a) external ambient
temperature
b) inside air temperature for

insulation material
thickness, 0.075m

c} inside afr temperature for
insulation material
thickness, 0.10m
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Daily averages of estimated inside
vair tomperature  compared  with
measured data {Cotonou)

a) external ambient
temperature
b) inside air temperature for

insulation materiat
thickness, 0.075m

c) inside air temperature for
insulation material
thickness, 0.10m

thickness used, for a constant valug o
thermal conductivity of the material, The
inside air temperature reduction swings may
be summarized as follows:

i) Kano {latitude 12.1°N}

Temperature reductions of between 30-34%
and 40 - 45% using rockwool blankets of
thickness 0.075m and 0.10 m respectively
were achieved. Temperatures for comfort

were clearly established, with rockwool
blankets 0.10 m thick.

i) Ihadan (latitude 7.4°N)

Temperature reductions of between 42 -
47% and B6 - 63% using rockwool

blankets of thickness 0.075m and 0.10m
respectively were also achieved. In this
environment, rockwool blankets of thickness
0.075m will just be sufficient for insulatiol
purposes  whereas the material  witl
thickness 0.10m, indicates temperatur
conditions too cold for thermal comfort.

iii) Cotonou {latitude 6.4°N).”
Temperature reductions of between 5B
60% and 73 - 80% using rockwo
blankets of thickness 0.075m and 0.10
respectively, were achieved at this cit
These results show that the adopte
thickness of rockwool blankets used in tr
environment  will driye  the  effecti
temperatures well beyond the comfort limi
of building dwelling houses. Insulath
material thickness far less than 0.075m w'
the same k-value, will certainly perfo
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etter, in terms of thermal comfort within
his environment.
\ brief application of the above procedure to
glass flush door of the reference building
vithin the Kano climatic environment, with
roperties values:

k = 0.038 W/m.X at 23°C
o = 0.90
ind dimensions:
X = 0.044m
A = 5.97 m?

shows that a reduction of temperature of
etween 4-5%, due to the thermal response
»f the glass door to the external ambient
emperature is barely achievable. This
sonfirms the expected roles to be performed
y the different parameters and dimensions
5! insulatien building and other materials in
cffectively ¢creating some tolerable
remperature reductions due to their response
o ihe oulside ambient temperature, in order
Lo attain thermal comfort in buildings within
o fropical climatic zones.

Same workers have developed design
patterns and techniques for controlling
lemperature  in  buildings. For example,
Duffin and Knowles {1980, 1981}
investigated the Adobe wall design in the
hot arid climate of the American Southwest
in a situation where the mean interior
temperature was too high for comfort and
showed how to design the wall to cool the
house to a comfortable temperature during
the hot part of the day. The mathematical
techniques used here were developed using
composite electrical transmission lines and
applied to & building model where heat
transformation into the interior is assumed
to be through walls only.

In related works, Maduekwe and_Opoko
{1998 a, b} did not just consider the thermal
response of the walls of an NBRRI model
house in Kano, but investigated the thermal
responses of the different materigls used for
the building. Their analysis was based on
Fourier theory utilizing the sol-air concept in
line with the procedure used by Algifri et al
(1992). Results from their study showed
that the ceiling temperatures were closer to
the outside air temperatures on a cold day
for exceeded the ambient temperatures
during some periods of the day, while the
ceiling temperatures were lower than the
outside air temperatures during most parts
of a hot day. Results from the present work
however, show consistency in the daily
reduction of the outside air temperatures
which  invariably  imply  that  hourly
temperature reductions will also follow the
same trend.

6. CONCLUSIONS.
The simple procedure developed by solving
the energy conservation gquation 1s
proposed as a criterion 10 estimate the
response and performance of insulation and
other  building materials 1o external
temperature swings in the tropscal climatic
zones.

The model enables the assessment of
material properties  in practically  all
situations where thermal analysis of any
system is desired. The study has shown that
the range of temperature reduction due to
the application of an insulating building
material depends on the conductivity value
of the material, the material thickness and
on the prevailihg climatic conditivns within
any particular environment. For a 0.075m
thick rodckwool batt, the percentage
temperature reduction varied between "30-
34%, 42-47% and 55-60% for Kano,
ibadan and Cotonou. réspectively.

The results have also shown the possibility
of determining insulating building and other
materials that could be applied to a buiiding
system to bring about considerable energy
consumption savings which would,
otherwise, havs been utilized for the
purpose of cooling.

REFERENCES:

Algitri. A, H, Bin Gadli, S. M. and
Nijaguna B. T. 0., 1992, Thermal
behaviour of adobe and concrete
houses in Yemen. Renewable
Energy, 2: 597 - 602

Bond, T.E, Godbey, L.C. and Zorning,
H. F., 1977. Solar, Long
wavelength, and photosynthetic
energy transmission of greenhouse
covering materials. In proceedings
of Conference on Solar Energy for
Heating Green houses and
Greenhouse —Residential
Combinations, Cleveéland and
Wooster (Eds.},234 -255, Ohio,
USA.

offman, C, Duffin, R, J. and Knowles,
G 1980. Are adobe wall optimal
phase shift filiters? Adv Appl.
Math. 1:50-66.

Croy, D. E. and Dougherty, D. A. 1984.
Handbook of Thermal Insulation
Applications. Noyes Publications,
New York, 7pp.



166

E.E. IHEC

Desmarais, G, Ratti, C and Raghavan,
§.58.V, 1999, Heat Transfer
medeling of Serpenhouses, Soler
Energy, 65: 271 -~ 284,

Puffin ,R. J. and Knowles, G, 1981,
Temperature contrel of
buildings by Adobe Wall Design, .
Solar Energy, 27: 241 - 249,

Duffin, R, J. and Knowles, G. 1984, Use of
Layered walls to reduce
bullding temperature swings. Solar
Energy, 33 (B8): 543 - 549.’)

Garg, N. K.,1991. Passive Options for
Thermal Comfort in building
Envelopes ~ An Assessment. Solar
Energy, 47 (6): 437, 44 1.

Garg, N. K., and Gupta, T. N. 1988.
Role of orientation in thermal
environmental controf in buildings.
Prog. 10" Triennial Congr. Int’l.
Councit foy Bld. Res. 5id. and Doc.
CIB,B8, advanecing Building Techn.
USA, 3: 823-829, 22- 26 Sept.

Kethandaraman, €. P and Subramanyan,
8§ 1992, Heat and Mass transfer
Data book, 4" Edition Wiley Eastern
Ltd., New Deslhi, 10pp.

Maduekwe, A.A.L and Opoke, A.P,,

1888, Comparison of the

Thermal Responses of Briek and
Conerete Houses to Outside Air
Temperature snd Solar Radiation in
Kano. A case Study of NBRRI Mode!
House. J. Nig. Ass. Math. Phys,, 2:
121-134

Maduekwe, A.A.L and Opoko, A.P
1998. Thermal response to
outside Air Temperature and
Solar Radiation of NBRRI
Model House in Kana. Paper
presented at the 21% Annual
NIP Conference, held at Ago-
lwoye, Nigeria 23-26 Sept,

McDaniels, D. K. 1984, THE SUN: Qur
Future Energy Source, .2™ ed. J
Wiley & Sons, New York, 135pp.

Ojosu, J. 0., Chandra, M., Oguntuase,,
0., Agarwal, K. N., Komalafe, L.
and Chandra, 1., 1990.
C!imatolog’;ical and solar data for
Nigeria (for the design of thermal
comfort in buildings). NBRRi Res.
Rept. No. 12, Ranton Press, Lagc
Nigeria, 4pp.

Ozisik, M.N., 1985. Heat Transfer: A
basic approach. McGraw-Hill
Book Co, Singapore, 749pp.

Philipona, R., 1998. Overview of
Development Studies of Solar
and Atmospheric Radiation
Processes and Monitoring. Proc. o
the College on Solar/Atmospheric
Radiation: Principles, Measuremen
and applications. Horin Nigeria. Oc
26 - Nov. 6.

Van Straaten, J.F., 1967. Thermal
performances of building.
Elsevier Publishing Co., London,
65pp.





