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Abstract – Consumption of energy by humans led to environmental problems like global warming and change in climate. Cooling of
buildings is a main reason for the consumption of the energy in hot regions. The cooling system depends on the intensity of the sunshine
in hot regions and a design of alternative means to minimize the energy consumption is utmost important. The present study, a
comprehensive experimental parametric study is carried out for a new evaporative cooling pad made of coconut fibers. Fibers are
arranged in the mesh to form a rigid element. The tests are carried out in a cross flow set up with evaporative cooling system by varying
the air velocities as well as water temperatures. Performance parameters such as evaporation rate, pressure drop, specific cooling
capacity, humidification efficiency, air temperature drop, and humidity rise are evaluated. The results are compared with the standard
cooling pad material that is Cellulose or Celdek Packing. Results indicated that there is a rise in the coefficient of performance, cooling
effect, humidification efficiency and evaporation rate with the air velocity. For the lower water temperature, the output parameters
yielded highest value. The system yielded the humidification efficiency of 82% and the value of coefficient of performance obtained is
4.68.
Keywords: Coconut coir, Humidification efficiency, Evaporation rate, COP, Specific cooling capacity, Evaporative cooling

pads.

1. Introduction
Evaporative cooling process involves in cooling of air with the evaporation of water. It is one of the oldest principles
known and used in household cooling. It has less initial and operational cost compared to cooling by refrigeration.
Evaporative coolers consist of water reservoir, pump, spray nozzles and the cooling pads. The water sprayed on pads, wet
the surface, and comes in contact with the air stream. Evaporation process removes latent heat from the air stream and
provides cooling effect at the outlet. Cooling by vapor compression refrigeration produce harmful effects to atmosphere and
consumes substantial power. To overcome this problem, evaporative cooling phenomenon is effective to provide thermal
comfort [1]. Cooling pads are affected by factors such as surface area, type of material, thickness, perforation size, flow rate,
water volume and relative humidity of air passing through pad. Cooling pads are made of materials such as metal, wood,
plastic, glass etc. and the manufacturing process is complex and expensive. Results showed that with the drop in the
consumption of the power by 10 to 30%, there is an increase in the COP of the overall system by 10 to 50%. Few studies
showed the utilization of various cooling pad materials which plays a substitute to the standard materials. Some of the
materials are wood shaving, aspen, palash fibers etc. Pads made up of cellulose papers are economical, compact, lightweight,
pollution free and durable. It is widely used in the applications such as residential buildings, green houses, swine house,
poultry etc. [2]. To reduce electrical consumption, evaporative coolers are integrated with the VCR cycle, overall
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performance can be improved by evaporative precooling which drops the temperature of air before passing on to the
evaporative coils. Evaporative cooling system is classified as direct, indirect, and indirect direct evaporative cooling.
For the hot and dry climate direct evaporative cooling is suited. In direct evaporative cooling, warm air in the
surrounding is sucked inside the unit to utilize the heat energy in evaporation of water molecules from the surface of
pads. The temperature of the outlet air is reduced and increases the humidity of the environment. Indirect type does not
improve the humidity, but it increases the cooling. It makes use of additional air source that is heated before it reaches
the cooling pads. This generates cooler air [3]. The current topic discusses direct evaporative cooling mechanism and
coconut coir as the cooling pad material selected in this study. Various authors have conducted the investigations related
to evaporative coolers, using different resources selected as the pad materials.
Doğramacı et al. [4] used eucalyptus fiber pads to carry out evaporative cooling. A wind tunnel is used to investigate
the performance of the fibers. Results indicated that the maximum reduction in the temperature, increase in the humidity
and the cooling performance was found to be 11.3ᵒC, 71% and 409 Watts, respectively. Laknizi et al. [5] optimized
various thermodynamic properties of humid air using a computer program Cool prop. Program was used to relate frontal
velocity and the thickness of the pad. System used cellulose packing and results indicated that during summer season,
maximum cooling is obtained with high COP and the water consumption is higher than 3.3 kg/hr. Dhamneya.[6] used
aspen pads and studied different configuration of cooling pads to understand the behaviour pattern of direct evaporative
cooling. Results indicated that highest saturation efficiency is found for triangle configuration. Xu et al. [7] developed
a compact humidifier with novel ceramic foam packing. Packing dimensions were calculated by analytical method
based on Merkel theory. Experimentation was carried out and it is found that there was an improvement in
humidification by 11%. Rafique et al. [8] used desiccant based evaporative coolers and its configuration. This work
concludes that the evaporative cooling technology provides better thermal comfort than the conventional cooling
systems. Camargo [9] developed a mathematical model which gives the correlation between the fluids where the thermal
exchange takes place. Results obtained by the mathematical model were compared with the experimental evaporative
cooling. Franco A. et al. [10] used low speed wind tunnel for conducting the experiments on four pads with variable
thickness. The pressure drop obtained in the plastic type pad was less than that of cellulose pads. Results indicated that
system gave a saturation efficiency of 82.63%. Kabeel et al. [11] worked on cellulose packing with varying
configuration in humidification dehumidification system. Solar water heater was integrated with the desalination unit.
Results indicated that there was a productivity of 23.6 kg/hr. Shahali et al. [12] investigated the wet cool tower
performance with the experimentation. Different packing ribs were studied and its influence in humidification is studied.
Results indicated that experimental results matched with the mathematic equations derived from regression analysis.
Martínez. et al. [13] experimented on evaporative cooling system with three different pad size, 80, 16- and 250-mm
thickness. Air velocity, water flow rate and thickness of pad varied. Results indicated that the system gave saturation
efficiency of 80.5% and the pressure drop obtained is 17 Pa. Liu X.et al. [14] built a cross flow packed dehumidification
system to investigate the filtration efficiency water and air are used as fluids. Results indicated there is a rise in
humidification performance. Li. et al. [15] constructed a humidification dehumidification system to obtain optimum
humidification parameters. A mathematical model was constructed to predict the experimental results. It was found out
that numerical and experimental results were matching. Warke D.A. and Deshmukh [16] used two cooling pads (5090
and 7090) made of corrugated paper. It was investigated in subsonic wind tunnel. Investigation of humidification was
carried out for three different thickness pads and materials. Results indicated that increase in thickness improved the
humidification and cellulose pads gave maximum performance compared to Aspen and Khus pads. Sharma et al. [17]
worked towards humidification and cooling with the use of Peltier module device. Al-Sulaiman [18] analyzed various
materials like date palm fibers and luffa for the evaporative cooling pad. Luffa pads gave cooling efficiency percentage
of 55.1% whereas date palm gave a less efficiency of 38.9%.
From the detailed study of the literature, following research gaps are identified. Naturally occurring fibers are not
much utilized as evaporative cooling pads. In addition to cooling of air, controlling the relative humidity and maintaining
the required temperature of the air is one of the important aspects of thermal comfort. This can be done with integrating
the normal VCR cycle with evaporative cooling technique. Integration of the vapor compression refrigeration together
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with the evaporative cooling has not been investigated by the researchers. From the research gaps obtained, the following
objectives have been set. To investigate experimentally the performance of coconut coir as the evaporating pad material by
comparing with the Celdek packing. Integration of the humidification test rig with the vapor compression refrigeration cycle
to improve the cooling effect and the temperature drop.

2. Methodology:

Fig.1: Principle of humidification.

Evaporative cooling is the main principle used in the process of humidification. Figure.1 shows the principle of
humidification where air at known velocity is blown into the duct and it interacts with the cooling pads which get soaked
when water sprayed on it. Inlet conditions like variation in the air velocity, water temperature and cooling pad material will
yield the different output parameters. Following governing equations are used to predict the output parameters of
humidification. Water Evaporation rate is defined as the total amount of moisture getting evaporated it is product of mass
flow rate of air and the difference in specific humidity. It is given by equation (1)
𝑚𝑤
̇ = 𝑚𝑎̇ ( 𝑤2-𝑤1 )
(1)
Saturation efficiency shown in equation (2) shows the humidity percentage addition to the regular input air. It is defined as
the ratio of the temperature difference between inlet and outlet dry bulb temperatures to the difference between the inlet dry
bulb and wet bulb temperatures.

𝜂𝐻𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =

(𝑇1𝑑 −𝑇2𝑑 )
(𝑇1𝑑 −𝑇1𝑤 )

(2)

COP refers to the ratio of output cooling effect to the input work done by the blower, pump and refrigeration cycle. Equation
(3) shows the calculation of COP.

𝐶𝑂𝑃 =

𝑄𝐶
(𝑊𝑃𝑢𝑚𝑝 +𝑊𝐹𝑎𝑛 +𝑊𝑅𝑒𝑓 )

(3)

The specific cooling capacity (SCC) shown in equation (4) is used to find the cooling capacity obtained per kg of water
evaporated. It is the ratio of cooling capacity (CC) to evaporation rate (ER). Equation (6) represents the specific cooling
capacity
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SCC= Cooling capacity/ Evaporation rate

𝑆𝐶𝐶 =

𝑄
𝑚𝑤

=

𝑚𝑎̇ 𝐶𝑝 𝛥𝑡
𝑚𝑎̇ (𝑤2 −𝑤1 )

(4)

3. Experimental Setup and Measuring devices:

Fig. 2: Experimental set up for cross flow humidification.

Figure 2 shows the schematic sketch of cross flow humidification system. It basically consists of duct, where air is
circulated from the blower with capacity of 0.25 horsepower at variable velocities. A packing or cooling pad element which
has the wettability property to hold the moisture is used to augment humidification. Coconut coir fibers are filled in a mesh
which act like a packing. Pump with the capacity of 0.1 horsepower is used to fill the water reservoir and the water is made
to drip on the packing by gravity. Water temperature is controlled by vapor compression cycle, the evaporator coils are
dipped in the water. When air blows on the packing, there is a surface contact taking place between packing and air, where
it will carry the moisture along with it. The outlet air is humidified. The excess water collects in the water collector tank. In
cross flow fluids interact in perpendicular direction. Various inlet parameters such as air velocity, water temperature, air
temperature and relative humidity at the inlet are noted down. Similarly, these parameters at the outlet are also monitored.
Then performance parameters such as coefficient of performance, specific cooling capacity, evaporation rate, humidification
efficiency and cooling effect are calculated using the equations as mentioned from equations 1 - 4.
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Celdek packing and coconut packing are shown in the figures 3 and 4 respectively are inserted into a frame made of
Mild steel. Pad materials have been chosen in such a way that they exactly fit inside the frame structure as shown in figure
5. In case of Celdek packing, the total wettability obtained for the selected packing is 632 m2/m3.

Fig. 3: Celdek Packing.

Fig. 5: Mesh.

Fig. 4: Coconut Coir.

Instruments Used For Testing:
Table 1: Measuring devices to measure the parameters of humidification.

Sl. No
1.

Type of
Instrument used
Thermometer (Dry
bulb temperature)

To measure

Specification

Accuracy

Temperature

Temperature range:
-20 to 100˚C
Probe Diameter= 6 mm
Probe Material: Stainless steel
Resolution: 0.1˚C
Temperature range:
-20 to 100˚C
Probe Diameter= 6 mm
Probe Material: Stainless steel
Resolution: 0.1˚C
RH Range: 0%-99%
Power supply: 1.5 V
Display resolution: 0.1 %
Speed range:0-50 m/s
Threshold sensitivity: 1 m/s
Resolution:0.05 m/s

± 0.1˚C

2.

Thermometer (Wet
bulb temperature)

Temperature

3.

Hygrometer

Humidity

4.

Anemometer

Air Velocity
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± 0.1˚C

±2.0%

± 0.3 m/s

4. Results And Discussion
Experiments are carried out with the variation of air velocity, and water temperature. Inlet air is supplied by the
and the Area of cross section at the inlet is 0.0225 m2 and Density of air of 1.225 kg/m3 is considered. Using the
output parameters like mass flow rate, heat transfer rate, cooling effect evaporation rate, humidification efficiency,
coefficient of performance and Specific cooling capacity are determined. Figure.6 shows the variation of the evaporation
rate with the air velocity. Evaporation rate determines the amount of water that has evaporated from the pad surface
with time. Graphical representation shows that with the rise in the air velocity, there is an increase in evaporation rate.
Each curve is drawn with respect to the temperature of the water flowing into the packing. Evaporation rate for coconut
coir all tested water temperatures are lesser than the respective temperatures for Celdek. For the highest velocity
evaporation rate of Celdek packing is 4, 5 and 4 % higher than that of coconut coir packing. It is also found that
evaporation rate for coconut coir at water temperature of 5ᵒC is higher than that of the Celdek packing at water
temperature of 10ᵒC. This indicates the temperature of water plays a vital role in the output humidification performance.
Figure.7 Shows the variation of coefficient of performance with the air velocity. Coefficient of performance is
given by the ratio of the cooling effect to the work done. In the above system, work is done by blower, refrigeration unit
and the circulation pump. There is a rise in the COP with the increase in the air velocity. Cooling effect increases with
rise in air velocity because of high difference in the dry bulb temperature and the increased mass flow rate. For the
lowest water temperature, the COP obtained is higher, because of higher cooling effect and increased change in DBT.
Experimental results are considered for maximum air velocity and three different water temperatures, graphical
conditions showed that the Celdek packing gave better coefficient performance than the coconut coir by 4, 3 & 4% for
5, 10 and 15 ᵒC water temperatures. It may also be influenced by the material of the cooling pads. Wettability of Celdek
Packing is higher than the coconut coir. This increases the amount of water exposed to air which increases the
evaporation rate. Similarly, with the increase in the water temperature there is a drop in the COP.

Fig. 6: Variation of evaporation rate with air velocity.
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Fig. 7: Variation of COP with air velocity.

Fig. 8: Variation of Humidification efficiency with water temperature.
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Fig. 9: Specific cooling capacity with water temperature.

Fig. 10: Change in Dry bulb temperature with Air velocity.

Humidification efficiency variation with the water temperature is discussed in the figure.8. It is defined as the ratio of
the temperature difference between the inlet and outlet DBT to the difference between the inlet and wet bulb temperature.
With the increase in the temperature of the water there is a drop in the humidification efficiency. It is because the as the
water temperature is lower DBT difference is larger. Large temperature difference indicate more heat lost by the air. This
increase the humidification efficiencies at lower water temperatures. Celdek can absorb and hold higher water content during
evaporation and exchanges more energy than coconut coir. Three different air velocities are considered, and it is seen that
Celdek packing yield the humidification efficiency in the range 70 to 82% whereas Coconut coir gives the efficiency of 55
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to 65%. For the lower water temperature and higher air velocity, the difference in percentage between the Celdek and coconut
coir is 17%.
Specific cooling capacity is defined as the ratio of the cooling effect to the evaporation rate. Figure.9 shows the variation
of the SCC with the water temperature. There is a significant drop observed in the SCC value as the water temperature is
increased, on the other hand, it increased with the increase in air velocity. For lowest water temperature, Celdek packing
gave a higher SCC value by 7.3%. Celdek packing possess higher porosity, surface air, configuration, and absorbing capacity
higher than coconut coir. Due to long extended and tubular structure, the porosity of coconut coir is less and hence the
absorbing capacity is also lower. Due to this, for the definite amount of heat lost by the air, water evaporation rate is higher
in coconut coir than Celdek packing. This gives lower SCC for coconut coir.
Figure.10 shows the variation of dry bulb temperature with the air velocity. It is the difference between the inlet and
outlet DBT values. It shows an increasing trend in the change in DBT with the increase in air velocity which means the
cooling capacity will be higher as it receives more energy from air. Cellulose packing gave higher DBT drop than coconut
coir because of good absorption and wettability property. Cellulose also exhibit properties like penetrability, absorbent and
high energy acquiring from air during evaporation. Results indicate that for lower water temperature and higher air flow
rate, Celdek packing showed 6.3% increase in the DBT compared to coconut coir.

5. Validation
Table 2: Comparison of present experimental results with literature values.
Sl.
No

Researcher

System
type

1.

J K Jain [1]

Alternate
cooling
pads

2.

Malli, A [2]

Celdek/Cel
lulose pads

3.

Nada, S.A
[3]

4.

Present
study

Operating
Conditions

ΔDBT
(ᵒC)

Change in
relative
humidity
(%)

Humidifi
cation
efficienc
y (%)

SCC
(kWhr/kg)

Evaporatio
n rate (g/s)

ΔP

Air velocity= 1. to
5 m/s
Water
temperature=
room temp.
Air velocity= 1.7
to 4 m/s
Water
temperature=
room temp.

5.2

30

70

0.82

0.21

87

5.4

33

64

0.91

0.22

84

Eucalyptus
cooling pad

Air velocity= 1.1 to
2 m/s
Water temperature=
room temp.

6.3

35

71

0.90

0.44

74

Cellulose
Pads and
Coconut
Coir

Air velocity= 1.5
to 7.5 m/s Water
temperature= 5 to
15 ᵒC

9.5

35

82

0.8

0.7

98

Table 2 shows the comparison of the output parameters obtained in the present literature with the existing literature. It
is found that all the output parameters showed better results when compared to the different values put out in the published
literature. Hence, the results obtained in the present work is validated.

6. Conclusion:
Performance of two types of cooling pads cellulose and coconut coir are experimentally investigated with respect to
variation in air velocity, water temperature under crossflow conditions The performance parameters like change in DBT,
COP, SCC & humidification efficiency are determined. The following conclusions are drawn.1. Increase in the air velocity,
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rises the evaporation rate and coefficient of performance. Celdek packing exhibited higher performance values of 0.7 g/s
and 4.68 which is 4% and 5% higher compared to the coconut coir. 2.Lower water temperature yielded higher humidification
efficiency and specific cooling capacity. System yielded efficiency of 82.27% and SCC value of 0.79 kw-hr/kg which is
higher than coconut fibers packing. Maximum change in DBT value obtained in the system is 9.5ᵒC for Celdek packing.
3.Considering performance parameters among Celdek packing and coconut coir, Coconut coir results are closer to the Celdek
values. Hence coir can be considered as an alternative pad material by considering the fact of easy availability, durable,
economical, and easily given packing shapes.

7. Nomenclature:
ΔT= Change in temperature, ˚C

Mw= Evaporation rate, g/s

T1d= Inlet DBT, ˚C

Ma= Mass flow rate of air, kg/s

T2d= Outlet DBT, ˚C

W2= Specific humidity outlet, ˚C

Tw= Wet bulb temperature, ˚C

W1= Specific humidity Inlet, ˚C

ηhumidiidication= Humidification efficiency, %

h1 and h2= Enthalpies, kJ/kg

COP= Coefficient of performance

SCC= Specific cooling capacity, kW-hr/ kg

DP= Dew point temperature, ˚C

RH= Relative Humidity, %

Wpump= Power in pump, Watts

DB= Dry bulb temperature, ˚C

WBlower= Power in blower, watts

WB= Wet Bub temperature, ˚C

AT= Air temperature, ˚C

WT= Water temperature, ˚C
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