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Abstract The performance of thermal power plants, achievement of human comfort, preservation of groceries etc.
are generally adversely affected by poor environmental conditions. In order to provide solutions to these challenges,
an evaporative cooling system was developed and studied. The study was aimed at providing lower temperatures for
the efficient performance of machineries and human comfort as well as lower temperature and higher relative
humidity necessary for overcoming the above adverse condition. The performance of the cooler was evaluated in
terms of temperature drop, cooler capacity, saturation efficiency and feasibility index. The results showed that
evaporative cooling is achievable with feasibility index of F*< 10, when the difference between inlet dry bulb
temperatures and wet bulb temperature are greater, T,-T, = 11.5°C and T,-T,= 25.22°C with F*=9; T;-T,= 12°C
and T,-T,= 7.109°C with F*=10 respectively. The results also affirmed that cooler capacity and the saturatlon index
are higher where the feasibility indexes are comparatively low.
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1. Introduction

Evaporative cooling occurs when air, that is not too
humid, passes over a wet surface (humidifier). The
movement of the air can be passive, that is when the air
flows naturally through the pads (wet surface) or active
when it is made to flow with fans or blowers [1]. It
provides cold air for gas turbine inlet air, buildings
cooling and perishables such as vegetables and fruits
preservation. It offers an alternative to conventional air
conditioners in hot, dry climates with high system
efficiency, low initial investment and maintenance. It also
has the advantage of providing some level of cooling for a
fraction of the energy consumption [2].

According to [3], regions with hot climates, energy for
space cooling accounts for over 60% of the total energy
used in buildings. Direct evaporating cooling systems in
low humidity zones typically realize an energy savings of
60 to 80% over refrigerated systems [4]. Reason being that
the only power consuming components of an evaporative
cooler are fans and water pumps. Energy savings with
evaporative cooling vary with humidity levels and
temperatures. It is also an environmentally friendly and
energy efficient cooling method that only uses water as
the working fluid [4].

Physiological factors such as respiration involve heat
emission resulting in increase of temperature, and this
produces metabolic process and decay [5]. Generally, the
loss of freshness of perishable commodities depends on
the rate of respiration in the storage space [6]. And this
results to rise in temperature. Evaporative cooling therefore
becomes an efficient and economical means for reducing

the temperature and increasing the relative humidity in a
storage space. This effect has been extensively tried for
increasing good shelf-life of vegetables.

Extending the shell-life of vegetables and fruits, several
authors have recommended the proper storage of these
products at lower temperatures. Proper storage means
controlling both the temperature and relative humidity of
the storage space [7]. Reason being that the storage of
vegetable crops is one which requires high relative humidity
and low air temperature. Evaporative cooling device will
allow for the appropriate cooling temperatures of between
0°C to 21°C [8] necessary to reduce deterioration process.

The performance of gas turbine plants generally, are
temperature dependent. Therefore, with average environmental
temperatures of Niger Delta between 20°C to 28°C [9].
This temperature range is obviously far too high when
compared to the ISO conditions of temperature, 15°C and
relative humidity of 60% [10]. The effects of high
environment temperature means the performance of the
gas turbine plants are adversely affected.

One effective technology employed to reduce the
environmental temperatures is evaporative cooling.
According to [11], evaporative cooler is generally
becoming more effective where temperatures are high,
relative humidity is very low, water is available for the
purpose and air is conductive. It is an economical means
of reducing temperatures and increasing humidity in an
enclosure where the humidity is comparatively low [12].

2. Evaporative Cooling Methods

The principle underlying evaporative cooling is the
conversion of sensible heat to latent heat with a
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consequent decrease in space temperature as shown in
Figure 1 and Figure 2. Basically, evaporative cooling
could be achieved either through direct and indirect
evaporative Cooling. Direct evaporative cooling (DEC)
involves the movement of air through a moist medium
where evaporation and cooling occurs. This cool and
moist air is then allowed to move directly to where it is
needed. Whereas, the indirect evaporative cooling
(INDEC) uses some form of heat exchanger that employs
the cool, moist air produced through the direct method, to
lower the temperature of a drier air. This cool, dry air is in
turn used to cool the environment while the cool moist air
is expelled.
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Figure 2. Psychometric Chart Illustrating Evaporative Cooling [16]

The basic components of DEC are: pad, pump, fan and
a sump. The pad is made wet with water from the sump
tank by a pump which sends water up the top of the pad
from where it gradually trickles down. Warm, dry and low
humidity outdoor air is drawn with fan through wet filter
pad. The pad filters the air of impurities and the water
gains sensible heat from the incoming dry air and converts
it to latent heat that evaporates the water within the pads.

The dry bulb temperature is reduced, T(A) to T(B) while
the humidity of the air is increased from A to B as
illustrated in Figure 2. The process is considered adiabatic
(no heat gain or loss) because sensible heat is converted to
latent heat in the added vapour. The latent heat follows the
water vapour and diffuses into the air [14]. As long as
evaporation takes place, the exit air temperature will be
lower than that of the ambient.

However, there are factors that affect the performance
of evaporative cooling system which have been determined
by several researchers. Among them are environmental
conditions (inlet temperature and relative humidity), pad
material, pad thickness and density, pad air face velocity
and water flow in pads [15]. This research, therefore seeks
to investigate the performance of a direct evaporative
cooler in a tropical climate as in Niger Delta, Nigeria.

3. Materials and Methods

An evaporative cooler was locally constructed as seen
in Figure 3. The pad is of cellulose type and is porous
enough to allow the flow of air through it. The pad has
thickness, t of 0.06m; Height (H) and width (W), 0.48m
and 0.36m respectively. The water distribution system
consists of a tank, pipe and overhead tank. Two water
tanks were installed, one on the top of the cooler and the
other at the bottom. The top tank with square base of side
55cm, depth of 19cm with capacity of 55.475 litres
contains water that is fed to the distribution system. Then
the collection tank of 75cm square cross-section and 14.5
deep at the bottom of the cooler collects excess water from
the pad. The fan located in the middle of the wall of cabin
opposite the pad end creates a negative pressure inside
below that of the atmosphere. This results in inflow of dry
air through the wet pad to the cabin where the cooling is
required. As the air passed through the wet pad into the
cabin, it gave out its sensible heat and get cooled. Part of
the water in the wet pad then gained latent heat and
evaporates. The location of the fan in the middle ensures
that the cool and humid air is uniformly distributed within
the cabin. The pad is continuously kept wet by the water
trickling on the pad from the water tank through the
perforated pipe equipped with stop valve. The bottom tank
collects excess water from the pad which is made to
circulate through the tank manually.
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Figure 3. Isometric View of the Cooler
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The study was carried out in the Southern coastal area
of Nigeria. Ambient temperatures and relative humidity
were taken at particular times. Hence, the properties of dry
air (Cpa, v and k) are based on the ambient temperatures
values. The exact values were obtained by interpolation
between dry bulb temperatures of 20°C and 40°C
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Figure 4. The Rectangular Cellulose pad

3.1. Performance Evaluation

One criterion for evaluating the cooling pad is to
calculate the cooling efficiency.

The saturation or cooling efficiency of the evaporative
pad is calculated as:

A AT
azl—exp(— 17w J: 1
macpa Tl_Tw

Where: AT is the difference between the entering and exit
dry-bulb temperatures, T-T,,
Feasibility index (F*) is defined as:

F'=T,~(5,-T,). 2

The smaller the F*, the more efficient the evaporative
cooling. It indicates the evaporative cooling potential to
give thermal comfort. (7}-T,), wet bulb depression; T;
inlet dry bulb temperature; 7,, wet bulb temperature. The
greater the difference between the two temperatures, the
greater is the evaporative cooling effect.

According to [14], F*< 10 for comfort cooling;
11<F*<16 for relief (lenitive) cooling and for F*>16 not
recommended for the use of evaporative cooling systems.

Total wetted surface area (Aw) of the rectangular pad is
given as:

A, = A xHxW xt. 3

According to [17], the outlet air dry bulb temperature
can be calculated as:

I =T -e(5-T,) 4
The cooling capacity is then given as:
0=m,Cp, (T, -T,)*3.6. 5

The quantity of water, Q,, needed (consumption) by the
evaporative cooler is calculated from:

Qw:ma(a)Z_a)l) 6
my, = HxWxV,xp 7

Where:

0 = cooling capacity (kJ/h)

m, = air flow rate (kg/s)

Cp. = Specific heat of air (J/kgK)

V,= velocity of air at inlet of pad (m/s)

®; and ®; are determined from the psychometric chart.

p= density of air (kg/m®)

A= Wetted surface area of pad material per unit volume
m*/m’.

h;~ Convective heat transfer coefficient (W/m’K) can be
calculated from the Nusselt number:

N, xk
l

X

h [1] 8

Where k, thermal conductivity is the property of a material
(air) to conduct heat and it is a function of air temperature.
The values of k are determined from the thermal
conductivity of air against the corresponding temperature
values. [, is known as the characteristic length and
according to [18] is given as:

H
p = XXt 9
AW
5 \0 12 1
N, =0.1(—j RO Pr3. 10
t
Reynolds number, R, is given as:
vV, xlI
R, =-4"% 11
v

Where v is the kinematic viscosity and the Prandtl number,
Pr is also given as:

Pr:2 12
a

Where « is the thermal diffusivity which measures the rate
of heat transfer of a material from the hot side to the cold
side. It is mathematically expressed as:

k
PxCpy

a=

m> /s 13

T, =wet bulb temperature (K)

H = height of pad

W = width of pad

t = thickness of pad

k = thermal conductivity (W/(m-K)

Table 1. Values of Parameters used in Calculation

Parameters Units
A, 220m*/m’
t 0.06m
H 0.48m
w 0.36m
Va 4.0m/s
A, 3.04m’
Ix 0.00455m
m, 0.69p kg/s
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Table 2. Temperature and Relative Humidity Readings with Time
(Hrs.)

The constructed system was tested in order to assess its (Lnrze) 7,00 Am?irzgg)ondmon RH (%)
performance. Some parameters namely temperatures (dry 3 26 22 69
bulb inlet, wet bulb and dry bulb outlet), saturation 9 28 22 60
efficiency, capacity of the cooler and feasibility index 10 29 225 55
were of particular interest. The daily readings of 11 31 23 48
temperatures (dry and wet bulbs) and relative humidity of 12 32 22.5 4l
air measured at hourly intervals and these are shown in ii ;i ;i ;;
Table 3. Thereafter, Table 3 was generated with data from T D D 35
Table 2 and Table 3. Values for F*, €, T, and Q were 16 33 %) 39
calculated and tabulated. The calculation was made 17 32 20.5 39
simpler by C++ and Microsoft excel. 18 29 21 46

Table 3. Calculated properties of air on hourly inte
Time (Hrs) Ambient Condition
t T: (°C) Tw (°C) | RH (%) | p (Kg/m®) | m, (kg/s) | Cpa(kJ/kgK) | k(W/mK) | v¥105(m?/s | a Re
8 26 22 69 1.182 0.815 1.005 0.026 15.67 0.022 1161.60
9 28 22 60 1.174 0.81 1.005 0.026 15.67 0.022 1148.84
10 29 23 55 1.170 0.807 1.005 0.026 15.67 0.023 1148.84
11 31 23 48 1.162 0.802 1.005 0.026 15.67 0.023 1148.84
12 32 23 41 1.158 0.799 1.005 0.027 15.67 0.023 1148.84
13 33 22 35 1.154 0.796 1.005 0.027 15.67 0.023 1148.84
14 34 22 32 1.150 0.794 1.005 0.027 15.67 0.023 1148.84
15 32 22 35 1.158 0.799 1.005 0.027 15.67 0.023 1148.84
16 33 22 39 1.154 0.796 1.005 0.027 15.67 0.023 1148.84
17 32 21 39 1.158 0.799 1.005 0.027 15.67 0.023 1148.84
18 29 21 46 1.170 0.807 1.005 0.026 15.67 0.023 1148.84
Time (Hrs) Ambient Condition
t T1 (°C) Tw (°C) | RH (%) Pr Nu h F* € T,(°C) | T1-T, (°C) | Q(kJ/h)
8 26 22 69 0.71 18.58 106.70 18 0.583 23.67 2.33 1.91
9 28 22 60 0.71 17.82 102.80 16 0.585 24.49 3.51 2.86
10 29 23 55 0.71 17.82 103.10 16 0.586 25.19 3.81 3.09
11 31 23 48 0.71 17.81 103.60 15 0.589 26.29 4.71 3.80
12 32 23 41 0.71 17.81 103.90 13 0.59 26.40 5.60 4.50
13 33 22 35 0.71 17.81 104.20 11 0.591 26.50 6.50 5.21
14 34 22 32 0.71 17.81 104.40 10 0.592 26.89 7.11 5.67
15 32 22 35 0.71 17.81 103.90 12 0.590 26.10 5.90 4.74
16 33 22 39 0.71 17.81 104.20 11 0.591 26.50 6.50 5.21
17 32 21 39 0.71 17.81 103.90 9 0.590 25.22 6.78 5.45
18 29 21 46 0.71 17.82 103.10 13 0.586 2431 4.69 3.80
3. Discussion 0.00 2 00)
——Q (ki/h)

Figure 5 shows a graph of the cooler capacity against 25.00
the exit dry bulb temperature. From the graph, it is 20.00
obvious that the cooler capacity rises as the exit dry bulb
temperature increases and decreases with it. The graph 15.00
shows that at the maximum Q, T;-T, is higher and F* is 9. 10.00

Figure 6 is a graph that illustrates the performance of 5.00
saturation efficiency with the time. The performance of an
evaporative cooler is assessed by the saturation efficiency. 0.00 =~ T T T
Numerous researches had proven that saturation efficiency s B i = = B i = E E

of commonly used cooling pad materials fall within 50%
to 90% [19]. Figure 6 shows that the efficiency is within
the range peaking at 59%.

Figure 5. Illustration of Cooler Capacity, Q(kJ/h) with Exit Dry Bulb
Temperature, T,(°C)



149 American Journal of Mechanical Engineering

0.594
0.592

0.59
0.588
0.586
0.584
0.582

0.58
0.578
0.576

Saturation Efficiency, (%)

2 9 1011121321415 1617 18
Time, hr

Figure 6. Saturation Efficiency against Time
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Figure 8. Relationship between Feasibility Index, Cooler Capacity and
Exit Temperature

The bars in Figure 7 depict the inlet dry bulb
temperature, relative humidity of the inlet air and the exit
dry bulb temperature with the hourly readings. From
Figure 7, it can be seen that though at the lowest inlet and
exit dry bulb temperatures, the humidity of inlet air is
higher at 08:00 a.m. However, at this time Table 3 shows

that cooler capacity was the least and the value of F* is 18.

This shows that with, high relative humidity and low
T,-T,, and T,-T,, evaporative cooling is not feasible.
Figure 8 shows the relationship between feasibility
index, F*, exit temperature, T,, cooler capacity, Q.
Thorough observation of Figure 8 and Table 2 shows that
F* of 9 and 10 gives the highest saturation efficiency and

cooler capacity. Also, it can be observed that at these
points both T,-T, and T;-T,, give the greatest values.

6. Conclusion

The objective of this work is to investigate the performance
of an evaporative cooler with a specified pad thickness in
Niger Delta area of Nigeria. Parameters for the performance
assessment were saturation efficiency, cooler capacity,
feasibility index and the exit temperature. It can be seen
from the daily readings when the inlet dry bulb temperature
is lowest early in the morning (8:00hrs), F* is maximum,
18 and with the two maximum temperatures of 34°C and
32°C, the F* falls within the range of /*< 10. The results
showed that evaporative cooling is most efficient in
periods of high ambient temperatures. And that the greater
the difference between T; and T, the greater the
evaporative cooling effects.
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