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ABSTRACT

In this paper, an experimental study of the thermal performance for hybrid solar air conditioning
system was carried out, to investigate system suitability for the hot climate in Iragq. The system
consists of vapor compression unit combined with evacuated tube solar collector and liquid
storage tank. A three-way valve was installed after the compressor to control the direction flow
of the refrigerant, either to the storage tank or directly to the condenser. The performance
parameters were collected by data logger to display and record in the computer by using
LabVIEW software. The results show that the average coefficient of performance of hybrid solar
air conditioning system (R=1) was about 2.42 to 2.77 and the average power consumption was
about 1.1 to 1.12 kW when the ambient temperature was about 34.2 to 39.7 °C, while the average
coefficient of performance of conventional system (R=0) was about 3.23 and the average power
consumption was about 1 kW when the ambient temperature was about 30.8 to 34.3 °C. It can be
concluded that the use of the hybrid solar system in Iraq with its current form could not be saved
electricity.

Key Words: hybrid system, evacuated tubes collector, vapor compression cycle.
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1. INTRODUCTION

A considerable increase in the global electricity demand and depletion of fossil fuel
resources have increased the need for the development of eco-friendly and energy-efficient
technologies, Desideri, et al., 2009. The consumption of electricity in Iraq is higher than
production, and the air conditioning demand has increased rapidly in the recent years, which
represents globally about 55% of total building energy consumption due to the demand of higher
comfort conditions inside buildings, Al-Abidi, et al., 2012. Hence, a solar hybrid air
conditioning system seems to be the solution to electricity leak. Compared with conventional
energy, solar energy has many advantages, such as inexhaustibility, cleanness, and cheapness.
Ha and Vakiloroaya, 2012, enhanced the performance of direct expansion air conditioner when
combined with a vacuum solar collector that is installed after the compressor. A by-pass line was
proposed together with a three-way proportional control valve so the refrigerant flow rate is
controlled and then the optimum refrigerant temperature entering the condenser is estimated.
Vakiloroayaet, al., 2012 analyzed the performance of a new solar-assisted air conditioner to
achieve energy saving. A flat collector storage system was equipped with the evaporator to raise
the superheat temperature entering the compressor. They showed that the compressor can be
turned off longer and thus reduce the power consumption. The system was promising for saving
average monthly electricity by up to 40%. Abd, et al., 2013, studied experimentally the thermal
performance of hybrid solar assisted air conditioning system with and without water in the
storage tank. They noticed that the refrigerant temperature and pressure leaving the solar
collector were decreased, and the average thermal efficiency was fairly acceptable. Vakiloroaya,
et al., 2013, developed a hybrid solar air conditioning system by proposing a new discharge
bypass line together with an inline solenoid valve to increase the subcooling of the refrigerant at
partial loads, the solenoid valve installed after the compressor was to regulate the mass flow rate
of the refrigerant. This development is promising between 25 and 43% of monthly electricity can
be saved on average .Abid and Jassim, 2015, investigated an experimental study of the thermal
performance of air conditioning system combined with a solar collector. The prototype consisted
of three different process fluid loops: air conditioning loop, collector loop, and cooling tower
loop. The bypass installed after compressor was to control the flow rate of the refrigerant.
Results showed that the compressor power consumption was decreased from 1.2 kW at solar
radiation 572 W/m? to 0.9 KW at solar radiation 725 W/m?, this led to increase in COP from 2.49
to 2.72. The average energy saving of power consumption is between 23% and 32%. Kumar et
al., 2016, introduced their study of performance analysis of solar hybrid air conditioning system
which consists of R410a vapor compression refrigeration cycle cascaded with solar driven. The
average coefficient of performance was about 2.71. The objective of present work is to study the
performance of the hybrid solar air conditioner system with the aid of bypass line with the three-
way actuator valve to overcome insufficient solar radiation in a day in Iraq (hot zone).
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2. EXPERIMENTAL WORK

The rig consists of seven main components which are: rotary compressor, air-cooled
condenser, an expansion device (capillary tube), direct expansion evaporator, vacuum solar
collector, storage tank, and three-way control valve and test room. Fig. land Fig. 2 show a
schematic block diagram and a photo of the system, respectively.

2.1 Compressor
Hermetic rotary compressor model (RS208VCDC) Mitsubishi electric with 3.5 kW cooling
capacity and using R22 as a working fluid.

2.2 Condenser (Outdoor Unit)

Finned and tube condenser with two rows and 20 tubes per row, the length of each row is
75 cm, and the outer tube diameter is 9.57 mm, the output power of condenser fan is 20 W.

2.3 Evaporator (Indoor Unit)

Direct expansion evaporator with one row and 26 tubes per row, the length of the row is 65
cm and outer tube diameter is 7.6 mm.

2.4 Evacuated Tubes Collector

The evacuated tubes solar collector consists of 10 tubes, each tube has 45 cm length and
consists of two glass tubes, and the outer diameter of the inner tube is 3.7 cm. The outer diameter
of the outer tube is 4.7 cm. The space between inner and outer tubes is evacuated, the inner and
outer tubes are domed at one end. The inner tube is made up of Borosilicate type material which
has excellent characteristics of light transparency (> 92% and 2mm thick). The surface of the
inner tube is coated with the selective surface to be an absorber surface. The bottom side of
evacuated tubes is made up of the aluminum plate, and the upper side of evacuated tubes passes
through the storage tank.

2.5 Storage Tank with Heat Exchanger

A horizontal cylindrical tank with 20 cm outer diameter and 80 cm length, the tank is
insulated with 2 cm thickness of foam to prevent the heat loss due to convection, the capacity of
the tank and collector is 18 liter. A filling water pipe with 12.5 mm diameter passes through the
tank from the upper side to fill the collector and the tank with distilled water. A spiral copper coil
with 9.57 mm outer diameter is immersed inside the tank where the refrigerant flows inside it.
The solar collector absorbs the solar energy and heats the water in the evacuated tubes, the hot
water flows towards the storage tank naturally due to the difference in densities. So the water in
the storage tank is heated continuously by the solar collector. The storage tank with a coiled tube
is used as a heat exchanger (source) to increase refrigerant temperature.

2.6 Three-Way Valve

A three-way control valve model (LPA14-403B9CPC3-10-64) is installed after the
compressor to regulate the flow direction of the refrigerant either to the condenser or to the
storage tank.

2.7 Test Room

A sandwich panel room was constructed to represent the conditioning space. The
dimensions of the room are 2x2x2 m. The evaporator was installed inside the room, while the
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compressor, condenser, capillary tube, three-way control valve, vacuum solar collector, and
storage tank were installed outside the room. The aim of constructing this room is to control the
indoor conditions, also this room protects the electronic devices (like data acquisition and
computer) from outdoor conditions and provides the appropriate operating conditions. Two
electrical heaters with 1000 W each was installed inside the room to simulate thermal load to
prevent very low temperature and then stop the system.

3. MEASURING DEVICES AND DATA LOGGING

The parameters data of the present work were displayed and recorded automatically as
listed in Table 1.
Negative thermal coefficient thermistor (NTC) is used to measure the temperature, the operating
temperature range of NTC is -40 to 125 °C. Fig. 3 and Fig. 4 show the NTC and its fixing on the
tube surface, respectively. A pressure transducer (Danfoss) is used to measure refrigerant
pressure, power supply 24 V DC, error 1 % and 1/3 inch male thread. The operating pressure
range of pressure transducer at the suction line (P1) is 0 to 10bar and its output signal is 0 to 5V,
while the operating pressure range of (P2, P6, P8) is 0 to 50 bar and the output signal is 0 to 10
V. The gas flow meter is installed at the suction line to measure refrigerant flow rate. The flow
meter model is CX-LWGQ-15AMC4, DN 15 male thread, the power supply is 24 VV DC, the
analog output signal is4 to 20 mA DC in addition to pulse screen display, the operating flow
range is 1.5 to 5 m¥/hr, the error is 2.5 %. Solar power meter (TES 1333R) is used to measure the
total solar radiation (beam, diffuse and reflected) in W/m?, it is oriented to the south and inclined
by 20° with the horizon (same as a solar collector). Potential transformer (PT) and current
transformer (CT) were used to measure the voltage and current of the system respectively,
national instrument (NI) data acquisition, 32 port, and input power 11-30 V DC, 50 W is used to
record and display data on the computer.

4. TEST PROCEDURES

All tests were carried out in Baghdad (latitude angle¢ is 33.3°) on September 2016. The
solar collector was oriented to the south and tilted () by 20° with the horizon to get optimum
solar radiation, Duffie, and Beckman, 2013. A metal frame was manufactured to achieve this
purpose. The system was charged with R22.

For each test, the following procedures were followed:
e The solar collector and the storage tank were filled with distilled water.
The evacuated tubes were cleaned.
The system was turned on.
The computer and control program was turned on.
Set the opening valve ratio, either fully opened to the solar collector and its storage tank
(R=1) or fully opened to the condenser with bypass line as a conventional system (R=0).
Solar radiation intensity was measured each half hour.

e Record all the parameter data (listed in Table 1) in the computer by data logger every two
minutes.

5. PARAMETERS CALCULATIONS

The power consumption of the system can be calculated by the following equation:
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Peons. =V X1 (1)
And the cooling capacity of the evaporator is expressed as:

Qe = m, X (h9 — h8) 2)
While the coefficient of performance of the system is calculated by:

cop =2 (3)

PCOTLS.

6. RESULTS AND DISCUSSIONS

Many experimental tests were carried out on the system to study its thermal performance
and compare it with the conventional system, just three tests are discussed in this paper as
samples to other tests, and each test is studied within four characteristic parameters as following:

6.1 Refrigerant Temperature

Fig. 4 represents the p-h diagram for test 1 at 12:30 PM, where the refrigerant
temperature was shown along the cycle as well as other parameters.

Fig.s 5a, 5b, and 5c represent the refrigerant temperature at five positions with time, where the
x-axis represents time in minutes and the y-axes represent temperature in degree centigrade.
From these figures, it’s clear the transition period was taken about 16 minutes until the system
reaches the stability. The average refrigerant temperature inlet the compressor (T1) was 10.8 °C
at first 170 minutes, then it dropped to 4.1°C with low room temperature due to insufficient
thermal load inside the room, Fig. 5a. While the average values of T1 were 9.8 and 7.4 °C in Fig.
5b and5c, respectively.

The refrigerant outlet temperature from the compressor (T2) has approximately the same
behavior in each test but with some difference in values, where T2 increased with time until the
system reached the steady state (after 16 minutes), then it slightly fluctuated with time. The
values of T2 is considered relatively high due to the low isentropic efficiency of the compressor
and high ambient temperature. The average value of T2 is about 100.6 °C in Fig. 5a, and 97.7 °C
in Fig. 5b. While average T2 is89.9 °C in Fig. 5c, which is less than the other due to low ambient
temperature.

It is important to observe that the refrigerant temperature inlet the condenser (T6) is still below
T2 which may be caused by the reverse action in the storage tank (decrease the refrigerant
temperature instead of increase it due to losing a part of its sensible heat to the water) as shown
in Fig. 5a and Fig. 5b. T6 depends on two parameters, T2, and three-way valve ratio R (0 or 1)
and it determined the degree of subcooling in the condenser, therefore it can be used as a control
variable signal to optimize the three-way valve opening.

The refrigerant temperature inlet and outlet the evaporator (T7 and T8) have the same behavior
in all figures and they slightly fluctuated with time.
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6.2 Air and Water Temperature

Fig.s 6a, 6b and 6¢c represent air and water temperature with time, where the x-axis
represents time recorded and the y-axis represents the inlet and outlet air temperature of the
condenser and evaporator and water temperature in the storage tank.

The water temperature in the storage tank (Tw) increased with time due to increases in solar
radiation intensity at approximately first 160 minutes, then it approximately became constant
with time due to heat balancing between the solar radiation and hot gas refrigerant (outlet from
the compressor). Tw ranged from 56.1 to 92.4 °C in Fig. 6a and from 65.6 to 92.5 °C in Fig. 6b.

The air temperature inlet to the condenser (T air cond. in.) IS Very close to ambient temperature (T
amb.) and they can be considered identical, while the air temperature outlet the condenser (T air
cond. out.) depend on air temperature inlet the condenser and T6.

The air temperature inlet the evaporator (T air evap. in.) 1S Very close to room temperature (T room)
and it can be considered identical. The average air temperature difference across the evaporator
ranged from 12.5 to 15°C and the fluctuating inlet and outlet temperature refers to internal load
(heater) inside the test room as shown in Fig. 6a.

6.3 Refrigerant Pressure and Flow Rate

The refrigerant pressure and volumetric flow rate with time are represented in Fig. 7a, 7b,
and 7c. The pressure P1, P2, P6 and P8 increased and decreased with time according to the
ambient temperature. The average values of P1, P2, P6, and P8 are (4.8, 20.1, 19.5 and 6.1 bar)
respectively. It is noticed that P6 is slightly below P2 due to the pressure loss across the storage
tank, also there is a pressure drop across the evaporator as shown in Fig. 4.

The flow rate (V) slightly oscillated with time for first 174 minutes, then increased due to the
increase in the temperature difference of air and refrigerant inlet the evaporator as shown in Fig.
7a. The average flow rate is 3.43 m®hr, and it slightly fluctuated with time t03.5 m®/hr as shown
in Fig. 7b. The refrigerant flow rate plays an important role in the evaporator cooling capacity.
The cooling capacity (Qe¢) ranged from 2364 to 3290 W (0.67 to 0.93 TR) as shown in Fig. 8a
later.

6.4 Power Consumption, Cooling Capacity, Solar Radiation Intensity and Coefficient of
Performance

The representation of power consumption, evaporator cooling capacity, solar radiation
intensity and coefficient of performance are depicted in Fig. 8a, 8b, and 8c.

The power consumption of the system is varied with time according to the variation in the
thermal load.

The solar radiation intensity increased with time until solar noon, the maximum value is about
600 W at noon.

The average value of COP is about 3.23 in Fig. 8c, while its average values are 2.42 and 2.77 as
shown in Fig. 8b and 8c, respectively. It is clear that COP in Fig. 8c is higher than COP in Fig.
8a and 8b because of the higher cooling capacity and lower power consumption.
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7. CONCLUSIONS

1. Average COP of hybrid solar air conditioning system is less than the average COP of
the conventional system by 14 %.

2. The average power consumption of hybrid solar air conditioning system is higher
than the average power consumption of the conventional system by 10 %.

3. In hybrid solar air conditioning system, the refrigerant temperature inlet to the
condenser is still less than the refrigerant temperature outlet from the compressor, that
is mean the utilization of solar system is useless in this study.
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NOMENCLATURE

COP = coefficient of performance, dimensionless.

Gr = solar radiation incident on the collector plane, W.
h8 = refrigerant enthalpy inlet the evaporator, kJ/kg.
h9 = refrigerant enthalpy outlet the evaporator,kJ/kg.
| = current passes through the system, A.

m,. = refrigerant mass flow rate, kg/s.

P1 = refrigerant pressure inlet to compressor, bar.

P2 = refrigerant pressure outlet from compressor, bar.
P6 = refrigerant pressure inlet to condenser, bar.

P8 = refrigerant pressure inlet to evaporator, bar.

P cons. = power consumption by the system, W.

Qe = cooling capacity of the evaporator, W.

R = ratio of the opening valve to the storage tank to the opening valve to condenser directly,
dimensionless.

T1 = refrigerant temperature inlet to the compressor, °C.

T2 = refrigerant temperature outlet from the compressor, °C.
T3 =refrigerant temperature inlet to the storage tank, °C.

T4 = refrigerant temperature outlet from the storage tank, °C.
T5 = refrigerant temperature in the bypass line, °C.

T6 = refrigerant temperature inlet to the condenser, °C.

T7 = refrigerant temperature outlet from condenser, °C.

T8 = refrigerant temperature inlet to the evaporator, °C.

T9 = refrigerant temperature outlet from the evaporator, °C.
T airevap. in. = air temperature inlet to the evaporator, °C.

T air evap. out. = air temperature outlet from the evaporator, °C.
T air cond. in. = air temperature inlet to condenser, °C.

T air cond. out. = air temperature outlet from condenser, °C.

T amb. = ambient dry bulb temperature, “C.

T room = room temperature, “C.

Tw = water temperature in the thestorage tank, °C.
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V = voltage passes through the system, v.

V.= volumetric flow rate of refrigerant in the suction line, m%/hr.

B

(I):

= collector slope angle, degree.

latitude angle, degree.

Table 1. Measuring data.

Number 10 Volume 24 October 2018 Journal of Engineering

No. | Parameters Notation

1 Refrigerant temperature before and after each component. | T1- T9

2 Refrigerant pressure before and after the compressor. P1, P2

3 Refrigerant pressure before condenser and evaporator. P6, P8

4 | Refrigerant flow rate. V.

5 | Water temperature of the storage tank. Tw

6 Inlet and outlet air temperature of the condenser and | T airevap.in., T air evap. out.,
evaporator. T air cond. in., Tair cond. out.

7 Ambient and room temperature. T amb., T room

8 Voltage and current of the system. V, |

?: NTC thermistor , : pressure transducer :@ : current transformer | =< PT ) : potential transformer

T., Air Cooled
Ta1

Condenser ? P
|

Ts T
? ® (5 ) ® ()

A[ 2
‘ ‘ = O Ts
Tas Tas 3-Way Control ? (3) ;/
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v Storage Tank
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e b | Hot Water
Evaporator Compresso ~T>_ ’ Circulation Loop
p Tas Tas
6 amith 5 9
L # D ’ - T 4
L @
(® p () Refrlgerant (1) §
Taa‘ [ *Tﬂ Flow Meter ;S
8
% (©
Room Troom ?—_ Y a e
®

Figure 1. Schematic block diagram of the hybrid solar air conditioning system

and its control system.
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Figure 2. Photo of the test rig.

Figure 3. Photo of NTC thermistor and fixing it on tube surface.
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Figure 5a. Refrigerant temperature with time for test (1).
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Test (2) , 20/9/2016
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Figure 5b. Refrigerant temperature with time for test (2).
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Figure 5c.Refrigerant temperature with time for test (3).
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Figure 6a. Air and water temperature with time for test (1).
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Figure 6b. Air and water temperature with time for test (2).
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Figure 6¢. Air temperature with time for test (3).
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Figure 7a. Refrigerant pressure and volumetric flow rate with time for test (1).
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Figure 7b. Refrigerant pressure and volumetric flow rate with time for test (2).
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Figure 7c. Refrigerant pressure and volumetric flow rate with time for test (3).
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Figure 8a.Power consumption, evaporator heat transfer rate, solar radiation

intensityand coefficient of performance with time for test (1).
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Figure 8b.Power consumption, evaporator heat transfer rate, solar

radiationintensity and coefficient of performance with time for test (2).
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Test (3), 24/9/2016
R=0 —@— Comp. Power —@— Qe 0 COP
4500 - 6
4000
-5
3500
— 3000 -4
2
dﬂ 2500
R -3
§ 2000
o
1500 -2
e e ————
-1
500
0 0
10:30 AM 11:30 AM 12:30 PM 1:30 PM 2:30 PM 3:30 PM 4:30 PM

Time

Figure 8c.Power consumption, evaporator heat transfer rateand coefficient of
performance with time for test (3).
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