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Abstract

In this study, diurnal hourly values of temperature and humidity in a room, with its roof exposed to the solar radiation in the summer
months of April, May and June in Delhi, and having a direct evaporative cooler, have been computed and compared with the values
obtained if the roof is unexposed. It is seen that additional heat load due to exposure of the roof to the solar radiation can be taken care
of by slightly increasing the 4ow rate of the evaporatively cooled supply air. For April and May, the resulting conditions of the room air
can be brought within an extended comfort zone (ECZ) by selecting an appropriate air change rate (ACH) giving due consideration to
the bypass factor (BPF) of the cooler. During the month of June, the ambient air is very hot and its humidity rises; the conditions of the
room are not within the ECZ, although the discomfort is mitigated. The levels of thermal sensation, which may be obtained with a direct
evaporative cooler, have been computed on a numerical scale (S) which is pertinent to hot-dry and warm-humid climatic zones in India.
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1. Introduction

The main purpose of a building is to provide shelter from
the vagaries of nature. The roof protects us from the intense
heat from above. It causes a decrement in the amplitude
and a time lag between the temperature 4uctuations that
are transmitted through it. The hot quartet of April-June
is a trying period for the people who live in places such
as Delhi and more so for those whose o=ces are located
on the top 4oors of the multi-storied buildings. The indoor
temperature is higher in case of a room with its roof exposed
to the solar radiation as compared to a similar room on
a lower 4oor wherein the roof is a partition. Under such
conditions, a direct-evaporative cooler offers an inexpensive
and eco-friendly way to achieve thermal comfort. It can
provide large amounts of cool air to sweep away the room
heat loads. The advantages of the evaporative air cooler over
the halogen-based air conditioners are beautifully brought
out by Mathews et al. [1].

The evaporative cooling process is based on evaporation
of water directly into the supply air lowering the sensible
heat of the air and water vapour mixture but raising its hu-
midity. A suitable combination of air change rate (ACH) and
bypass factor (BPF) can be selected to achieve comfort con-
ditions or to mitigate discomfort in a room depending on the
outdoor temperature and humidity as discussed by the au-
thors [2]. The walls of the room (Appendix A) were modeled
using the ASHRAE transfer function approach [3] and sim-
ulations were carried out with a computer program, TRN-
SYS [4], for computing the hourly values of room air tem-
perature and humidity. In the present study, the room with
its roof exposed to the solar radiation has been considered
and compared with a similar room with its roof unexposed.

2. Results and discussions

The diurnal hourly values of the room air dry bulb tem-
perature (DBT) and relative humidity (RH) in the month
of April in Delhi, for an air change rate (ACH = 3:5 ac=h)
and a bypass factor (BPF = 10%) are plotted in Fig. 1. The



186 K. Kant, S.C. Mullick / Building and Environment 38 (2003) 185-193

Nomenclature

ACH
BPF
DBT
rh
S
TSI

number of air changes (ac=h)
bypass factor (%)
dry bulb temperature (°C)
relative humidity (%)
thermal sensation number
tropical summer index (°C)

numbers 9-17 marked in the diagram represent the usual
o=ce hours in Delhi. An extended comfort zone (ECZ) as
suggested by Watt [5] (Appendix B) is also shown in the
diagram. It is seen that if the room has a partition-roof, the
room air conditions are within the ECZ, whereas if the roof
is exposed to the solar radiation the conditions are outside
the comfort zone for a substantial part of the day. However,
the additional heat load due to the radiations incident on
the roof can be absorbed by increasing the ACH slightly.
Fig. 2 shows that the room air conditions are brought within
the ECZ when the ACH is increased from 3.5 to 4 ac=h for
the BPF =10%.

Figs. 3-5 show the results for different combinations of
ACH (2, 5 and 10 ac=h) and BPF (10%, 20% and 40%) in
April (Table 1). An air change rate of 2 ac=h cannot provide
comfort conditions in the room for exposed or unexposed
roof. The air change rate of 5 ac=h provides comfort condi-
tions when BPF is 10-20%. However, the air change rate
has to be increased to 10 ac=h to obtain comfort conditions
when the BPF is 40% for either type of the roofs. Hourly val-
ues of water consumption for three of the above mentioned
combinations of ACH and BPF viz. (4,10), (5,20), (10,40)
which give comfort conditions in the room are shown in
Fig. 6. Although each one of them lies within the ECZ, the
second combination (5 ac=h 20% BPF) may be preferred, as
the Lrst requires a quite low BPF = 10% whereas the third,
requiring an air change rate of 10 ac=h implies considerably
greater water consumption.

Figs. 7-9 show the results for the various combinations
of ACH and BPF in May. Here, an air change rate of 2-
5 ac=h is not su=cient to provide the comfort conditions for
either type of roofs. An air change rate of 10 ac=h provides
comfort for both exposed and unexposed roofs, provided
that the bypass factor is 20%. It may also be noted that the
room conditions change much more when the A CH changes
from 2 to 5 or 5 to 10 ac=h as compared to the di3erence
between the conditions for exposed and unexposed roofs
for a given ACH. So, a small increase in ACH can take
care of the roof exposure.

In the month of June, both dry bulb temperature and hu-
midity of ambient air are quite high. The conditions of air
in a room with direct evaporative cooling are not within the
ECZ but are close to it, implying that the discomfort will be
considerably mitigated by going in for higher values of ACH
even though the BPF may be somewhat high (of the order
of 40%). The conditions have been quantiLed using Sharma
and Ali's [6] thermal sensation index (S) which indicates
that by using adequate air4ow rate, the room air conditions
are acceptable in the tropical summer.

Figs. 10-12 show the room air conditions for different
values of ACH (10 and 40 ac=h) and BPF (20% and 40%).
The BPF= 100% which represents simple ventilation (with-
out any evaporative cooling), has also been included here
to allow comparison with the cases where the supply air is
cooled by evaporation.

Figs. 13-15 represent thermal sensation on the numerical
scale (S) suggested by Sharma and Ali, for different values
of ACH and BPF for the months of April-June in Delhi. It
is seen that S indicates lesser warmth than what would be
inferred from the ECZ. So, the room air conditions that are
within the ECZ are obviously comfortable according to the
thermal sensation scale (and the tropical summer index).
For air change rates of 5-10 ac=h and a bypass factor of 10-
40%, some of the numerical values of thermal sensation are
< 4 (implying slightly cool condition) in April and May.
For the month of June, a higher value of ACH=40 ac=h (with
BPF = 40%) is required for obtaining S 6 4. Thus, a cooler
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Fig. 1. Hourly values of room air dry bulb temperature and relative humidity for BPF = 10% and ACH = 3:5 ac=h in the month of April.
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Fig. 2. Hourly values of room air dry bulb temperature and relative humidity for BPF = 10% and ACH = 4 ac=h in the month of April.
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Fig. 3. Hourly values of room air dry bulb temperature and relative humidity for BPF = 10% and ACH = 2; 5 and 10 ac=h in the month of April.

with a bypass factor of about 40% and air 4ow rate to provide
up to 40 ac=h will satisfy the comfort condition.

3. Conclusion

An evaporative cooler can provide indoor thermal com-
fort in April and May in Delhi. In June, the room air con-
ditions can be brought close to an extended comfort zone
suggested by Watt [5], implying that the discomfort will be
considerably mitigated. Moreover, on a thermal sensation
scale developed by Sharma and Ali [6], pertinent to the trop-
ical summer, the conditions will be within the comfortable

range. A cooler of 20-40% BPF and adequate air4ow rate
to supply up to 40 ac=h may be used here. For a room with
an exposed roof and the heat loads considered in this study,
an air change rate of 5 ac=h in April, 10 ac=h in May and
40 ac=h in June should su=ce.

Appendix A.

A. 1. The room studied and weather data

For the purpose of the case study, a thermally e=cient
typical room, 4 m x 4 m x 3:6 m high consisting of insu-
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Fig. 4. Hourly values of room air dry bulb temperature and relative humidity for BPF = 20% and ACH = 2; 5 and 10 ac=h in the month of April.
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Fig. 5. Hourly values of room air dry bulb temperature and relative humidity for BPF = 40% and ACH = 2; 5 and 10 ac=h in the month of April.
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Fig. 6. Hourly values of water consumption for the three combination of ACH and BPF viz. (4,10), (5,20), (10,40).
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Table 1
Uncomfortable hours and extent of discomfort for different combinations of ACH and BPF in April

Exposed roof Unexposed roof

Discomfort due to excessive
temperature

Discomfort due to excessive
humidity

Discomfort due to excessive
temperature

Discomfort due to excessive
humidity

BPF
(%)

10
10
10

20
20
20

40
40
40

ACH
(ac/h)

28

5
10

20

5
10

21

5
10

(De

85
0
0

96
0
0

120
6
0

(Degree-Hours) (Duration, h) (Gram-Hours) (Duration, h) (Degree-Hours) (Duration, h) (Gram-Hours) (Duration, h)

1-24

1-24

1-24
12-21

69
0
0

83
0
0

113
2
0

1-24
—

—

1-24
—

—
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Fig. 7. Hourly values of room air dry bulb temperature and relative humidity for BPF = 10% and ACH = 2 ;5 and 10 ac=h in the month of May.

lated walls, ceilings and 4oor as speciLed by wall number
32, Table 29, Chapter 26 of the ASHRAE Handbook of
Fundamentals 1981 [3], was chosen as a repetitive unit in
a multistory o=ce building in Delhi. The walls consist of
101:6 mm concrete with 50:8 mm insulation and 12:7 mm
Lnish. The U value of the structure is 0:693 W=m2 K and
its weight is 260 kg=m2. It is assumed that the room has one
1:2 m x 1:2 m window in the south-facing exterior wall; all
other walls and 4oor are interior partitions. Absorptance of
exterior surface to solar radiation is 0.8 and re4ectance of in-
ner surface is 0.7. It is assumed that the room is occupied by
three persons doing light work (activity level = 5). It is also
assumed that the radiative energy due to lights, equipment,

etc. is 139 W and the capacitance of room air and furnishings
is 1000 kJ=K. The walls are modeled using the ASHRAE
transfer function approach. Transfer function coe=cients are
taken directly from the data Lle, ASHRAE. COF, provided
with TRNSYS [4]. It is assumed that the direct evaporative
air cooler draws 100% fresh air and supplies it to the room
after adiabatic evaporation (without recirculation) and pro-
vides a regulated mass 4ow of supply air for the room. It
is also assumed that there is an arrangement to regulate the
bypass factor (BPF) of the supply air. We can have any
value of BPF starting from BPF = 0% representing supply
air that is saturated, up to BPF = 100% representing venti-
lation with 100% ambient air (i.e., without any evaporative
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Fig. 8. Hourly values of room air dry bulb temperature and relative humidity for BPF = 20% and ACH = 2 ;5 and 10 ac=h in the month of May.
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Fig. 9. Hourly values of room air dry bulb temperature and relative humidity for BPF = 40% and ACH = 2 ;5 and 10 ac=h in the month of May.

cooling). Thus, BPF=x% represents x% ambient air mixed
with (100 —x)% saturated air.

A.2. Weather data

The weather data has been obtained from the handbook
by Mani [7]. The handbook provides mean hourly values of
solar radiation, ambient air temperature, relative humidity
and wind speed based on 10 yr of data.

Appendix B.

B.1. Thermal comfort

The rate of heat dissipation from the human body depends
on several factors such as its level of activity and clothing,
the temperature, humidity and speed of the surrounding air,
and the temperature and distances of the surrounding sur-
faces. When the temperature of the surroundings is high, a
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Fig. 10. Hourly values of room air dry bulb temperature and relative humidity for BPF = 20% and ACH = 10 and 40 ac=h in the month of June.
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Fig. 11. Hourly values of room air dry bulb temperature and relative humidity for BPF = 40% and ACH = 10 and 40 ac=h in the month of June.

major portion of heat generated by human body (through
metabolism) has to be dissipated by evaporation of sweat
from the skin. Several authors have developed thermal in-
dices, which take into account the combined effect of these
factors. For instance, Sharma and Ali [6] have evolved a
TSI pertinent to the tropical summer conditions prevailing
in India.

Watt [5] has suggested Extended comfort zones (ECZ)
which take into account the dry bulb temperature (tdb), rel-
ative humidity (rh) and velocity (V) of air. The extended
comfort zone "C" of Fig. 4, page 36 of the handbook is ap-
plicable for an air velocity of 3:1 m=s. (In the present study it
is assumed that the room has a ceiling fan of appropriate rat-

ing which provides air movement of over 3:1 m=s, whenever
required, so that this zone is applicable). According to the
ECZ, relative humidity up to 80% and dry bulb temperature
depending on rh and V are acceptable. Its right-boundary
line passes through the points (26.7°C, 80% rh) and (31:1 °C,
20% rh). When the condition of room air is within the ECZ,
there is thermal comfort for most of the occupants.

Sharma and Ali [6] have developed a tropical summer in-
dex (TSI) and a thermal sensation (S) scale which express
the in4uence of the wet bulb temperature (tw), the globe
temperature (tg), and the air speed (V) for the hot-dry and
warm-humid conditions prevailing in India. The TSI is de-
Lned as the air=globe temperature of the still air at 50%
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Fig. 12. Hourly values of room air dry bulb temperature and relative humidity for BPF = 100% and ACH = 10 and 40 ac=h in the month of June.
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Fig. 13. Hourly numerical values of thermal sensation in a room with an exposed roof, in the month of April.
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Fig. 14. Hourly numerical values of thermal sensation in a room with an exposed roof, in the month of May.

relative humidity, which produces the same overall sensa-
tion as the environment under investigation. It is a measure
of thermal comfort and can be used to verify whether the
given indoor conditions would be acceptable to most of the

occupants. The related equations are:

TSI = 0:308tw + 0.754k - 2:06V1=2 - 0:841;
g

S = 0:067tw + 0:162tg - 0:449V1=2 - 1:917:
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Fig. 15. Hourly numerical values of thermal sensation in a room with an exposed roof, in the month of June.

The thermal sensation scale ranges numerically from S =1
to 7 (much too cool, too cool, slightly cool, comfortable,
slightly warm, too warm, much too warm). Thus, S = 4 rep-
resents comfortable condition and the values of S in excess
of 4 represent the extent of discomfort due to heat. Sharma
and Ali have also suggested a tropical summer comfort zone
bounded by 30-70% rh and 25-30°C TSI lines on a psy-
chrometric chart. It is centered around a point (27.5°C, 50%
rh) and extends to about 31°C dry bulb temperature.
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