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ABSTRACT

Evaporative cooling is an air conditioning system in great demand by the public due to its low operating costs and easy maintenance.
In countries with high humidity, direct evaporative cooling does not meet comfort requirements because the air to be conditioned
is flowed directly to the cooling media. A decrease in temperature causes an increase in humidity. This is not the case with the
indirect evaporative because the conditioned air does not directly contact, so an increase in humidity does not accompany the
temperature decrease. This paper presents an experiment of indirect evaporative cooling integrated with finned heat pipes and luffa
cylindrica fibers as a cooling media (wet media). This experiment aims to determine indirect evaporation cooling performance by
utilizing the luffa cylindrica fiber's good wettability as a cooling media and the heat pipe's high thermal conductivity as a heat transfer.
The system's performance is shown by wet-bulb effectiveness, dew point effectiveness, and cooling capacity. In this research, the
finned heat pipe is arranged in a staggered manner in a module consisting of six rows and two columns where the finned heat pipe
is divided into two parts; dry channel and wet channel. The test is carried out at conditioned intake air temperatures at 30, 35, 40,
and 45 with a relative humidity of 25-54%. From the test results, the highest difference temperature is 16.6 C, the highest cooling
capacity is 277 watts, the dew point effectiveness is 71%, and the wet-bulb effectiveness is 99%.
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1. Introduction

Thermal comfort indicates a person's satisfaction with the surrounding thermal environment. The
factors that influence it are environmental factors, namely air temperature, humidity, air velocity,
and radiant temperature, while individual factors include clothing and activities and personal
conditions. This thermal comfort can only be achieved when environmental factors are within a
certain range. Generally, thermal comfort is defined as a state of mind that expresses satisfaction
with the thermal environment. According to the ASHRAE standard [1]. A country with a tropical
climate, has two seasons, the dry season and the rainy season. During the dry season, the outside air
temperature is very high and makes some areas to experience drought. This creates new problems
when the dry season arrives. Hot air and dry environmental conditions cause human comfort to be
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disturbed and disrupt their activities. For this condition, the use of air conditioning equipment is
undoubtedly necessary. In some circles, many use air conditioners; some people also use evaporative
coolers, which are considered to be more environmentally friendly than air conditioners [2].

Camargo et al., [3] have carried out numerical and experimental investigations using rigid
cellulose cooling media. His experiments obtain the fact that the efficiency of evaporative cooling
increases when the air velocity is reduced. The study of cooling media with cellulose pad is carried
out by Tung-Fu Hou et al., [4]. Beshkani and Houseini investigate parameters that affect saturation
efficiency, indirect evaporative cooling, as well. His experiments are carried out using corrugated
paper as a cooling media to increase the wet surface area [5]. Xiangjie et al., [6,7] conduct an
experimental investigation of an evaporative cooling system integrated with hollow polymeric fibers
as a humidifier and evaporative cooler. This system provides a comfortable indoor environment for
hot and dry areas. Sonawan et al., [8] utilize banana midrib waste as a cooling media for direct
evaporative cooling in 2020. An experimental study of eucalyptus fibers' potential as a cooling media
in evaporative cooling is also investigated by Dodramaci et al., [9].

According to Al-Sulaiman et al., the fiber's performance to be selected as a cooling media must
have three main criteria. The first criterion is initial cooling efficiency; the second criterion is material
degradation, including salt deposition and bio-degradation (mold formation). The third criterion is a
decrease in cooling efficiency over time. Al-Sulaiman et al., investigated cooling media such as jute
fiber, luffa fiber, and palm fiber compared to commercial pad [10].

The investigation results by Y. M. Xuan et al., stated that most research on evaporative cooling in
China only focuses on thermodynamic processes and performance optimization of some basic
configurations, such as direct evaporative cooling (DEC) and tubular type or indirect evaporative
cooling (IEC) plate.

Researches on the latest evaporative cooling technology, such as indirect evaporative cooling
(IEC) heat pipes, indirect evaporative cooling (IEC) dew points, and semi indirect evaporative cooling,
have not been widely carried out [2]. A heat pipe is a heat exchanger that does not require external
power with a high heat exchanger capacity as a passive heat transfer device. In HVAC systems, heat
pipes as heat exchangers are widely applied, especially as heat recovery in air conditioners [11-16].

The application of heat pipes in evaporative cooling is only made by a few researchers, including
research from S.B. Riffat et al., [17] and R. Boukhanouf et al., [18], A Abdulrahman et al., [19] they
developed heat pipes with porous ceramics in evaporative coolers by conducting simulated studies
and validating them with experiments. The result mainly depicts that the ceramic wet area available
was not sufficient for the airflow in the wet channel to reach saturation conditions. However, the
idea of using heat pipes presents some advantages in that effective heat transfer between the two
airflows has been achieved. A dry bulb temperature of the airflow in the dry channel dropped by 5
°C though the effectiveness was moderate.

B Fikri et al., [20] developed a multi-stage direct-indirect evaporative cooler using straight heat
pipes. His research shows that the heat pipe arrangement and evaporative cooler as a multi-stage
direct evaporative cooler with a precooler can increase the efficiency of system saturation. The
highest temperature reduction is achieved by the second setting (multi-stage direct evaporative
cooler with a heat pipe as precooler) at an inlet temperature of 45°C and an air velocity of 0.8 m/s,
with a value of 18.15°C.

Based on the literature reviewed above, this work attempts to determine the cooling
performance of indirect evaporative cooling, with the luffa cylindrica fiber as the wet medium and
the finned heat pipe as effective devices for heat and mass transfer. This experiment aims to
determine indirect evaporation cooling performance by utilizing the luffa cylindrica fiber's good
wettability as a cooling media and the heat pipe's high thermal conductivity as a heat transfer.
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2. Methodology
2.1 Material and Methods

The cooling pad material to be used is luffa cylindrica, the advantage of luffa cylindrica fiber is its
good wettability. Besides, the uniqueness of the luffa cylindrica is that each fiber binds to form
cavities, so it is hoped that if it is used as a cooling medium these cavities will be able to increase the
effectiveness of this evaporative cooling system.

Fig. 1 (a) shows the physical form of luffa cylindrica, where each fiber is bonded to each other
and forms cavities. For a clearer shape, it can be seen from the results of Scanning Electron
Microscopy (SEM) of luffa cylindrica with a magnification of 50 times in Figure 1 (b), it can be seen
that the cavities formed from these fibers. Meanwhile, the magnification for each fiber section is at
600 x and 700 x magnifications (Figures 1 (c) and (d)).

(c) (d)
Fig. 1. (a) Luffa cylindrica (b) Scanning Electron Microscopy (SEM) of luffa cylindrica 50 x
maghnification (b) 600 x magnification (c) 700 x magnification.

2.2 Description of the System

This indirect evaporative cooling working principle is based on the modified Maisotsenko-cycle
(M-cycle) of the indirect evaporative cooling (IEC) system. A fraction of the cooled supply air is
diverted to the wet channel to become the working air [21,22]. The components which are the focus
of this research are finned heat pipes and cooling media. Finned heat pipes are arranged in modules
consisting of six rows and two columns where finned heat pipes are divided into two parts, namely
dry channel, and wet channel.
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Hot air will flow into the dry channel; there is a finned heat pipe in the dry channel, the finned
heat pipe's evaporator side. On this side, the air will touch the finned heat pipe walls so that
evaporation occurs on the wall. Air that has passed through the walls of finned heat pipes will
decrease temperature but has almost the same relative humidity when air enters the dry side.

Part of the air passed through the finned heat pipe's evaporator side (dry channel) is partly
discharged and utilized. Simultaneously, some of the air is deflected to the wet side and past the
finned heat pipe's condenser side. The condenser part of the finned heat pipe is covered with a
cooling medium made of luffa cylindrica / belustru / gambas. Water is sprayed on the condenser part
of the finned heat pipe covered by luffa cylindrica / belustru / gambas. Water sprayed on this side
produces the wet side in the process of heat transfer and mass transfer.

- — )

Fig. 2. Schematic figure of Finned heat pipe with Luffa Cylindrica / blustru
2.3 Performance Parameter

There are three parameters to be analyzed from this system; cooling capacity, wet bulb
effectiveness, and dew point effectiveness.

Cooling Capacity
The cooling capacity of the system was calculated using the following equation:

Q= Cpprdc(Tdc,in - Tdc,out) (1)

where, Qc: The cooling capacity of the system, W; pr: Air density, kg/m?3; Vdcz Supply air volume flow
rate, m3/s; Co: Specific heat of air, J/(kg K); Tac,in: Intake air dry-bulb temperature, °C; Tqc,out: Outlet air
dry-bulb temperature, °C.

Wet-bulb effectiveness

The literature states that an evaporated cooling system's performance is compared to the
effectiveness of its wet bulb [19,23,24]. In this process, the intake wet-bulb air temperature is a
parameter that limits the dry-bulb air supply temperature. This parameter also gives an idea of how
close the outlet air dry bulb's temperature is to the intake air dry bulb's temperature. Typically,
cooled air has a lower heat capacity rate than wet air. Therefore, the performance of the evaporative
cooler is mainly determined by its effectiveness.

Taci—-T
gwp = ——2%% ¥ 100% (2)
Taci—TdciwB)
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Where, T4c,in and Tqcout is the air temperature to be cooled entering and leaving evaporative cooling,
Tacinwa) is the wet-bulb temperature of the air entering indirect evaporative cooling (°C).

Dew-point effectiveness

In Indirect evaporative cooling, the inlet air is divided into two streams, and the supply air
temperature is cooled as it passes through the heat exchanger module; in this case, it is the finned
heat pipe. The limiting value of the outlet air temperature is the dew point of the intake air
temperature, so it is better to compare the indirect evaporation performance based on dew point
effectiveness. The dew point effectiveness can be defined as given in the below equation:

Taci—Tdcout
EDP: C,l c,0u X 100 (3)
Taci—Tdci(dew-point)

where, Tqcinand Tycout is the air temperature to be cooled entering and leaving indirect evaporative
cooling, °C, Tdc,in(dew-point) IS the dew point temperature of the air entering indirect evaporative cooling,
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Fig. 3. Measurement point

Air temperature sensors that are placed on the inlet and outlet of the system, measured using
four K-type thermocouples with an accuracy of £ 0.1 ° C and a test temperature range of -10-110°C,
are connected to the NI-DAQ 9214 module. The relative humidity is measured using the Autonic type
The THD-DD1-V humidity sensor with an accuracy of + 3% RH and a measurement range of 10-90%
is connected to the NI DAQ 9219 module. Both modules are connected to a data acquisition device
(NI cDAQ-9174).

The test point is placed in the airflow before entering the finned heat pipe and after passing the
finned heat pipe, before and after the cooling pad.
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The air velocity was measured using an AMI-300 hotwire anemometer with an accuracy of + 5%
and a measurement range of 0.2-20.0 m / s. The measuring point is located on the inside of the air
duct, and the airflow speed is regulated using an inverter fan motor.

Calibration of all measuring instruments was performed during the experimental set-up. The
selected fan speed is high and low air velocity. The intake air temperature is the ambient temperature
that is flowed through the dry side through the finned heat pipe, which is also the heat pipe's
condenser part. The fins are attached to the heat pipe evaporation section to increase heat transfer
from the dry air duct through the heat pipe to the wet duct. After passing through the condenser,
part of the air to be utilized is flown out, and part of it flows to the wet side to flow to the cooling
pad or the evaporator part of the heat pipe.

Several test conditions were selected to investigate the thermal performance of the laboratory
prototype. The test is carried out at a range of temperatures, humidity, and airflow rates representing
the climate of hot and dry areas in Indonesia.

This experiment evaluates the prototype unit's performance by measuring the effect of one or
more of the following variables: intake air temperature, air velocity in and out of the channel, and
water temperature in the reservoir.

For this set of tests, four different temperatures (30,35,40, and 45°C) were selected for the intake
air. Each inlet temperature, e.g., 30°C, was tested at three different water temperature values, i.e.,
15,20, and 25°C. Then, for each temperature inlet and water temperature, e.g., 30°C and 20°C, the
fan operated at two different speeds, low speed at 0.9 m/s and high speed at 1.2 m/s.

2.5. Uncertainty Analysis

The performance of evaporative cooling such as wet-bulb effectiveness, dew point effectiveness,
and cooling capacity depends on the measuring instrument's accuracy. Moreover, the accuracy of
calculating the thermal performance of evaporative cooling is subject to the reading uncertainty
associated with the individual instrument and sensor precision. After calibrating the temperature
measuring device (the K-type thermocouple connected to the NI-9214 module and the NI cDAQ-9174
data acquisition device), the error associated with (T4cin-Tdcout) Was * 0.13, the associated error
(Tac,in-Twbgc,in) is £ 0.13, and the associated error (Tdc, in-Tdewqc, in) is £ 0.13.

The effectiveness of evaporative cooling can be estimated in equations (1) and (2). The
uncertainties the effectiveness (Sews/ews) and (Sepp/epp) can be determined as in equation (4) and

(5).

2 2
Sewb _ (S(Tdc,i_Tdc,o> + <S(Tdc,i_Tdc,wb) (4)
Ewb (Taci—Tdco) (Taci—Tacwb)

2 2
Séap _ (5 (Tdc,i_Tdc,o) n <S(Tdc,i_Tdc,dp) (5)
Edp (Taci—Taco) (Taci—Tacap)

Cooling capacity (Qc) obtained from the evaporative cooling can be estimated in equation (1).
With the assumption that air density (p) and specific heat (Cp) are constant and there is no change in
the ducting area (A), the uncertainties of the energy recovery (SQc/Qc) can be estimated as equation

(7).
2 o) ©
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From the results of calculations using equations (4), (5), and (6) and based on some literature [2,
19], it is found that the uncertainty value for dew point effectiveness (Sews/ews) is 7%, wet bulb
effectiveness (Sepp/epp) is 7%, and cooling capacity (SQ./Qc) is 13%.

3. Results and Disc

ussions

Indirect Evaporative cooling integrated with finned heat pipe was tested for different
environmental conditions. The tests were carried out at four different temperatures, three different
water temperatures, and two different air velocity. Error! Reference source not found.Error!
Reference source not found. shows some temperature differences at several variations in the inlet
air temperature, the water temperature in the reservoir, and the air velocity on the dry channel.
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Fig 4. Temperature profile at an intake air temperature of 30 °C, with an airflow rate of 1.2 m/s and
0.9 m/s (a) Temperature profile at an intake air temperature of 35 °C, with an airflow rate of 1.2 m/s
and 0.9 m/s (b) Temperature profile at an intake air temperature of 40 °C, with an airflow rate of 1.2
m/s and 0.9 m/s (c) Temperature profile at an intake air temperature of 45 °C, with an airflow rate
of 1.2 m/s and 0.9 m/s (d). Scematic figure of Finned heat pipe with Luffa Cylindrica / blustru

Figure 4 shows a graph of the temperature profile for several conditions. Figures 4 (a), (b), (c),
and (d) show the intake air temperature conditions 30,35,40 and 45°C, respectively. The triangle
symbol shows the intake air temperature, and the circle symbol shows the temperature of the outlet
air temperature. Whereas the symbol in red indicates a high air velocity of 1.2 m/s, and the blue
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symbol for low velocity is 0.9 m/s. Each test was carried out at different water temperatures, 15.20
and 25°C.

Error! Reference source not found. is the temperature profile, and the temperature profile has
the same tendency. The highest temperature difference occurs when the water temperature is low
at 15°C, and the air velocity is low at 0.9°C. This is the same as research conducted in previous studies
and several other researchers [8, 19, 20, 25].
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Fig.5. Temperature difference for air velocity at 1.2 m/s (a) Temperature difference for air
velocity at 0.9 m/s.

Figure 5 shows the relationship between temperature difference and intake temperature for
three different air temperatures, 15, 20, and 25 ° C, indicated by different points. Figure 5 (a) for air
velocity 1.2 m/s and figure 5 (b) for air velocity 0.9 m/s.

The temperature difference will increase with increasing intake air temperature and decreasing air
velocity from the trend lines shown in Figures 5 (a) and 5 (b). Also, the temperature difference is
greatly influenced by the water's temperature dripping on the cooling pad.

Error! Reference source not found. shows the data of indirect evaporative cooling's performance
integrated with finned heat pipes using luffa cylindrica as cooling media, have ranged from 23-99%.
The evaporative cooling performance decreases with increasing water temperature. It is understood
that when the water temperature is low, the temperature on the condenser side of the finned heat
pipe is also low. If the temperature on the condenser side is low, then the heat absorbed on the
finned heat pipe's evaporator side in the dry channel becomes large.

The intake air temperature affects the effectiveness value and cooling capacity. Likewise, with
the water temperature (feed water), low water temperature increases the cooling capacity, but it
takes a lot of energy to lower the water temperature (feed water). So it is necessary to observe the
system performance at a water temperature of 25°C. The results of this study indicate that at 25°C
the best system performance occurs at an intake air temperature of 40°C and low air velocity (0.9 m
/ s), with a wet bulb effectiveness value of 73% and a dew point effectiveness of 53%.

Theoretically, the supply air can be cooled to 100% saturation, but the wet bulb's effectiveness is
often limited to 70-80%. This is mainly influenced by the air supply's wet-bulb temperature, the short
contact time between the water surface and the air (insufficient wetting of the evaporation pad) [26].
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Table 1
Performance result of the system
High Velocity

Intake air Temperature, °C 30 35 40 45
Water Temperature, °C 15 20 25 15 20 25 15 20 25 15 20 25
Wet Bulb Effectivenes,% 71 47 23 77 64 51 67 65 49 8 71 63
Dew Point Effectiveness,% 50 33 17 56 46 37 48 46 35 60 53 46
Cooling capacity, W 105 70 37 167 134 107 18 179 139 277 245 211

Temperature difference, °C 53 3,5 1,9 85 68 54 96 92 71 144 12,8 11,0

Low Velocity

Intake air Temperature, °C 30 35 40 45
Water Temperature,®C 15 20 25 15 20 25 15 20 25 15 20 25
Low Velocity

Wet Bulb Effectiveness, % 40 28 18 89 66 62 99 94 73 89 8 70
Dew Point Effectiveness, % 24 17 11 65 48 45 71 70 53 66 60 51
Cooling capacity, W 78 52 34 146 106 100 211 189 155 240 215 185

Temperature difference, °C 52 35 23 98 72 68 145 13,0 10,6 16,6 149 12,9

4. Conclusion

This study aimed to determine Indirect cooling performance integrated with finned heat pipes and
luffa cylindrica fibers as a cooling / wet medium.

With the cellulose content found in plants, fiber will quickly absorb water and have good
wettability to improve the system's performance. In this study, luffa cylindrica fiber was used as a
cooling medium. Besides, by taking advantage of the high thermal conductivity properties, heat pipes
are used as heat and mass transfer.

From the experimental results with water intake temperature of 30,35,40 45°C and relative
humidity of 25-54%, the highest temperature difference is 16.6 °C, the highest cooling capacity is 277
watts, the dew point effectiveness is 71%, and the wet-bulb effectiveness is 99%. From these results,
it can be concluded that this system functions well, especially at the intake air temperature of 45°C
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