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ABSTRACT

Article history:

The increase of condenser temperature and pressure in air-conditioning leads to
decreased cooling capacity and the increase of power consumption. Evaporative
cooling could improve the thermal performance of the system. In this study, the
evaporative cooling module was installed before the condenser to reduce the inlet air
temperature to the condenser unit. The impact of condenser air temperature on the
air conditioning system's overall performance was determined by varying the cooling
pad discharge water flowrate of 880, 1040, and 1200 mL/min. The cooling load of 2000
W was employed in this experiment. The obtained results were compared with the air
conditioning without an evaporative cooling module. It shows that the coefficient of
performance (COP) increases with the increase of discharge water flow rate. The
highest COP obtained is 7.09 at the flow rate of 1200 mL/min. The compressor work
reduces about 6.57 % as compared with the air conditioner without evaporative
cooling application. Besides, the COP increases by 12. 95 % at the highest flow rate.
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1. Introduction
Air conditioning system is widely used for providing thermal comfort in many domestic and
commercial applications. The improvement of living standards and demand for human comfort has
caused an increase in energy consumption associated with a higher level of CO2 emissions. Air
conditioning applications' amount of energy occupies 30 % of total world energy consumption[1,2].
Therefore, a continuous energy-saving effort from cooling systems will contribute to worldwide
energy efficiency [3–6]. Reduction of energy used for air conditioning units can be made by reducing
compressor power consumption, increasing condenser heat rejection capacity, and lowering the
condenser and evaporator pressure difference[6–9].
In small-size residential air conditioners such as split-type air conditioners, air condenser
performance drops down during the vapor compression cycle due to the increase of condensing
temperature. It increases the pressure ratio across the compressor; thus, the compressor work
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increases, leading to more power consumption[10–12]. It is well known that when the temperature
of condenser increases at each °C, the coefficient of performance (COP) of the refrigeration system
decreases around 2-4 % [13]. Using the evaporative cooling (EC) to cool the air around condenser
exhibit to be a good way. The water absorbs latent heat during evaporation, which causes the
temperature of ambient air drop before passing through the condenser coil [14–17]. Some
experimental investigation has been carried out to produce a practical approach to improving air
vapor compression systems' performance by evaporative cooling. Broadly, evaporative cooling can
be divided into direct evaporative cooling (DEC), indirect evaporative cooling (IEC), and hybrid system
which combines direct and indirect evaporative cooling[18].
Harby et al., [19] evaluated the improvement of vapor compression system performance by using
an evaporative condenser. It is showed that the energy consumption reduced around 58 % while
performance enhanced by 113.4 %. The spray evaporative cooling application into an air-cooled
chiller has been carried out by Yang et al., [20]. This method reduced the compressor power and
enhanced the COP by 4%-8%. The review of direct injection water into the air stream using a pump
and nozzles has been reported by Ulpiani [21]. The water spray eventually evaporated and decreased
the air stream temperature.
The study of direct evaporative cooling coupled with condenser for enhancing cooling capacity
and energy saving of window air conditioner with 5.27 kW cooling capacity has been carried out by
hajidavallo [22]. The results showed that the power consumption reduces by 16 % and COP increases
about 55 %. The effect of ambient air temperatures (35 °C until 49 °C)on the performance of air
conditioning was studied by Hajidavallo and Eghtedari [23]. The COP increased by 50 % and energy
saved by 20 %. Pangsakorn and Thepa [24] evaluated the performance of 3.5 kW inverter air
conditioning coupled with an evaporative cooling pad. Results indicated that COP increased by 18 %,
and power consumption decreased by 35 % compared to the conventional cooling system. Wang et
al., [25] experimented with an evaporative cooling condenser of an air conditioning system with a
cooling capacity of 7 kW. The enhancement of COP to up to 18 % was achieved, and power
consumption decrease to 14.3 %. Another study performed an experiment to improve the
performance of an air conditioning system (7 kW of cooling capacity) by direct evaporative cooling in
extremely hot weather (55 °C) [16]. The study of the effect of cooling pad thickness on the energysaving for air conditioning system was conducted by Harby and Al-amri [26] and Martinez et al., [17].
Results indicated that using an optimum cooling pad thickness of 100 mm could increase energy
saving. Several research groups carried out other studies about implementing condensate discharge
of air conditioners to the evaporative cooling system[27–30].
The above review literature indicated the thermal performance improvement of air conditioning
system combined with an evaporatively cooled air condenser. Despite the extensive application of
evaporative cooling in the air conditioning system's high cooling capacity, the investigation of the
lower cooling capacity of the air conditioner is still limited. It should be noticed that the fast-growing
split air conditioning in the market encourages many works in the area of air conditioning
performance improvement by the evaporative cooling application. Besides, there are still many
questions about the performance enhancement affected by the water discharge flow rate of the
cooling pad.
Unlike other studies, split air conditioner performance with low cooling capacity of 2.6 kW
coupled with evaporative cooling was examined herein. Also, the air conditioner's evaporative
cooling system's performance was compared with the air conditioner's performance without the
evaporative cooling module. This experiment was objected to study the effect of evaporative cooler
water flow rates on split air conditioning system performance at a maintained cooling load of 2000W.
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2. Methodology
2.1 Experimental Method
The experiments were conducted using a split type air conditioner (compressor power of 0.68
kW, the cooling capacity of 2.6 kW) which was operated using HCR-22 refrigerant as working fluid.
The refrigerant consisted of 99.7 % of propane, 0.15 % of butane, and 0.15 % of isobutane[31,32]. An
evaporative cooling system was added as an extension to the AC system. The detailed experimental
apparatus is shown in Figure 1.

Fig. 1. Schematic of Air conditioning with evaporative cooling module [33]

The K types thermocouples and data acquisition module (accuracy 0.2 % ±0.5°C and resolution
0.1 °C) are used to measure temperatures. The refrigerant pressures are determined by analog
pressure gauge (accuracy ±5 psi for high pressure and ± 1 psi for low pressure). A digital multimeter
(Hioki DT4211) measured the voltage input (accuracy ± 1.0 % and 3 digits and current input) and
electric current input (accuracy ±2.0 % and 3 digits).
The experiments were divided into two experimental sections. Firstly, the experiment of the air
conditioner without evaporative cooling (AC without EC), secondly, the experiment of the air
conditioner with evaporative cooling (AC with EC). To begin AC without EC experiment, the
temperature of the cooling room was set at 16 °C. Variation of cooling loads 0 and 2000 W were
modulated in the test room. Then, the pressures, temperatures, and power inputs were recorded.
The data was taken every 5 minutes during 120 minutes of experimental run. Similarly, the room
temperature was set at 16 °C when the experiment of AC with EC was started. A cooling load of 2000
W was maintained during the test. Additionally, Wet bulb temperatures and dry bulb temperature of
condenser air stream were measured to determine the heat transfer during water vaporization. The
water flow rates were adjusted by rotating the ball vale of evaporative cooling equipment. All
temperatures, refrigerant pressures, and compressor powers were taken every 5 minutes during 120
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minutes of experimental run. The procedure was repeated by adjusting flow rates of 880, 1040, and
1200 mL/min. The flow rates changed by modulating the ball valve opening. The temperature of
cooling water was the ambient temperature and pressure was the atmospheric pressure. The
schematic diagram of the evaporative cooling combined with condenser is presented in Figure 2. The
detail of measurement variables are as follows
i. Evaporator outlet temperature (Te out )
ii. Compressor outlet temperature (Tc out )
iii. Evaporator inlet temperature (Te in )
iv. Test room temperature (Tr1 )
v. Test room temperature (Tr2 )
vi. Test room temperature (Tr3 )
vii. Surrounding temperature (Tsurr )
viii. Dry bulb temperature of condenser air inlet (Tdb in )
ix. Wet bulb temperature of condenser air inlet(Twb in )
x. Dry bulb temperature of condenser outlet (Tdb out )
xi. Wet bulb temperature of condenser outlet , (Twb out )
xii. Evaporator outlet pressure(Pe out )
xiii. Compressor outlet pressure (Pc out )
xiv. Evaporator inlet pressure (Pe in )
xv. Electric current of compressor(Ic )
xvi. Electric voltage of compressor(Vc )

Fig. 2. Schematic diagram of the evaporative cooling
combined with a condenser

2.1 Data Reductions
The calculation is conducted with assumption of ideal vapor compression cycle, where enthalphy
was obtained based on condenser and evaporator pressure. The thermophysical properties of
refrigerant is obtained from REFPROP ver. 9.
The compressor power is calculated by Eq. (1).
𝑊𝑛𝑒𝑡 = 𝑉𝑐 × 𝐼𝑐 × 𝐶𝑜𝑠∅

(1)
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where 𝑊𝑛𝑒𝑡 is the compressor power consumption,𝑉𝑐 is voltage, 𝐼𝑐 is current, and 𝐶𝑜𝑠∅ is the power
factor of electricity which is 0.83. The mass flow rate of HCR-22 refrigerant is calculation by Eq. (2).
𝑊𝑛𝑒𝑡

𝑚̇ = ℎ

(2)

2 −ℎ1

where 𝑚̇ is the mass flowrate of refrigerants, ℎ2 is enthalphy of refrigerant at compressor exit, and
ℎ1 is enthalphy of refrigerant at evaporator outlet. The cooling capacity was obtained by Eq. (3).
𝑄𝑙 = 𝑚̇ (ℎ1 − ℎ4 )

(3)

where 𝑄𝑙 cooling capacity of vapor compression system, ℎ1 and ℎ4 are enthalpy at the outlet and
inlet line of evaporator, respectively. The heat rejection capacity is calculated by Eq. (4).
𝑄ℎ = 𝑚̇ (ℎ2 − ℎ3 )

(4)

where 𝑄ℎ is heat rejection capacity, ℎ2 is enthalphy at outlet of compressor, and ℎ3 is enthalphy exit
of condenser. To examine the performance of refrigeration system (𝐶𝑂𝑃𝑅 ), the Eq. (5) is employed.
𝑄

𝐶𝑂𝑃𝑅 = 𝑊 𝑙

(5)

𝑛𝑒𝑡

3. Results
3.1 Effect of Evaporative Cooling Water Flow Rate on Inlet and Outlet Air Temperature of the
Condenser
The effect of cooling water flow rates on the inlet and outlet air stream temperature in the
condenser is shown in Figure 3. The condenser's inlet and outlet temperatures were examined at a
fixed cooling load of 2000 W.

Fig. 3. Air stream temperatures of condenser at a variation of
flow rate during experiments
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As seen in Figure 3, the use of evaporative cooling causes the temperature of air entering the
condenser drops below ambient temperature. The higher cooling water flow rate resulted in the
lower inlet and outlet condenser temperature. During the evaporation of water, the phase of water
changed from liquid to vapor. As a consequence, the highest-energy particles leave the water,
resulting in a temperature drop. Thus, the temperature of the air stream passing through the
condenser decreases. The higher the water flow rate, the more air temperature decrease.
3.2 Condenser Pressure and Evaporator Pressure at Different Evaporative Cooling Flow Rates
The application of evaporative cooling to air conditioning system reduces the condenser and
evaporator pressure during experiments. As indicated in Figure 4(a), the condenser pressure without
EC (cooling load of 0 W) has an average pressure of 204.5 Psi. The condenser pressure without EC
(cooling load of 2000 W) has an average pressure of 217.08 Psi. The condenser with EC with flow rate
of 880 mL/min, 1040 mL/min, and 1200 mL/min, have average pressure of 211.46 Psi, 210 Psi, and
207.7 Psi, respectively. The use of flow rates ranging from 880 mL/min - 1200 mL/min can reduce the
condenser pressure of 2.7 % - 4.3 %.
Similarly, the increase of evaporative cooling water flow rates from 880 mL/min - 1200 mL/min
resulted in the decrease of evaporator pressures as shown in Figure 4(b).

(a)

(b)

Fig. 4. Pressures of air conditioning with and without evaporative cooling at different flow rates, (a)
condenser, (b) evaporator

3.3 The Effect of Evaporative Cooling Application and Mass Flow Rates on Condenser and Evaporator
Heat Capacity
To investigate the effect of evaporative cooling on evaporator and condenser heat capacity, a set
of calculation results of heat absorption and air conditioning heat rejection with EC (AC with EC)
compared to conventional air conditioning (AC without EC) were plot in Figure 5. As shown in Figure
5, the AC with EC by the flow rate of 880 mL/min has a heat rejection capacity of 4,3 kW. This result
is higher than conventional AC systems, which reject heat an average 4.24 kW. Comparing to higher
flowrate, the heat rejection increases at a higher flow rate. Indicating that the heat is transferred to
evaporate water in the cooling pad. Similarly, the flow rate increases evaporator heat capacity. As
shown in Figure 5, 1200 mL/min's flow rate has the highest cooling capacity compared to that of 1040
and 800 mL/min flow rates.
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Fig. 5. Heat capacity of condenser and evaporator of split AC
with evaporative cooling at different flow rates

3.4 The Compressor Work and Energy Saving of Evaporative Cooling Application
The effect of evaporative cooling flow rates on compressor power consumption and the energy
saving is described in Figure 6(a). The compressor work of AC without EC (0 W cooling load) is 0.54
kW, and the compressor work of AC without EC (2000 W cooling load) is 0.59 kW. The application of
EC could decrease the compressor power consumption. The increase of evaporative cooling flow rate
from 880 mL/min, 1040 mL/min, and 1200 mL/min leads to the decrease of power needed by air
conditioner for cooling. The compressor works of split air conditioning with evaporative cooling
extension are 0.55, 0.55, and 0.54 kW for water flow rates of 880, 1040, 1200 mL/min, respectively.
Figure 6(b) shows the average energy saving percentage of the AC with EC. Here, the compressor
work reduces by 5.37 %, 5.98 %, and 6.57 % for flow rate of 880 mL/min, 1040 mL/min, and 1200
mL/min compared to AC without EC at the same cooling load of 2000 W. It is indicated that, the use
of EC reduces the compressor work.

(a)

(b)

Fig. 6. The compressor work and energy saving of evaporative cooling application, (a) compressor work,
(b) energy saving
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3.5 The Coefficient of Performance (COP) and COP Increase Percentage
The COP of refrigeration of split AC with EC application increases compared to without
evaporative cooling due to significant amount of water vaporize with absorbed heat from air stream
at condenser. Thus, the temperature and pressure of condenser decrease and change the
performance of the systems. The COP of the systems is shown at Figure 7(a).
The Figure 7(b) shows the enhancement of COP about 7.44 %, 9.44 %, and 12.95 % at the
evaporative cooling application with the flowrate of 880 mL/min, 1040 mL/min, and 1200 mL/min.

(a)

(b)

Fig. 7. COP of split AC with evaporative cooling at different flow rates, (a) COP, (b) COP enhancement

4. Conclusions
The comparison performance of evaporative cooling air conditioning system with conventional
air conditioning system have been carried out. Three different cooling water flow rates were used
for obtaining the efficiency of energy saved. The result shows that by utilizing evaporative cooling
could increase the COP of split air. Where the best flow rate that give the best COP is 1200 mL/min
with COP of 7.09. The compressor work reduces about 6.57 % as compared with the air conditioner
without evaporative cooling application. Besides, the COP increase by 12.95 % at the highest flow
rate.
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