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In this paper, the exergy analysis of solar-assisted ejector cooling system was inves-
tigated with different ejector area ratios such as A,= 6.56, A,.=7.17, and A, = 7.86.
The analysis was performed on maximum COP values of each ejector area ratio
based on the experimental results. The solar-assisted ejector cooling system was
the combination of two subsystems including solar collector and ejector cooling.
Exergy analysis was applied independently for each subsystem. The largest exergy
destruction in cooling subsystem took place in the ejector followed by the genera-
tor, condenser, and evaporator, respectively. Exergy destruction proportions were
42.9%, 44.7%, and 45.2% in the ejector, 10.9%, 9.1%, and 10.1% in generator,
7.6%, 7.7%, and 8.7% in condenser, 5.9%, 5.6%, and 5.8% in evaporator of to-
tal cooling subsystem for different ejector area ratios. Although proportions were
almost the same for each device, exergy destruction amounts increased with the
increase of ejector area ratio.
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Introduction

The increase in energy demand, accordingly reduction of conventional energy sources
and environmental pollution increased the focus on RES. Solar energy seems the most promis-
ing among the RES. Recently the use of solar energy in cooling technology has a considerable
attention. One of the cooling technologies that solar energy can be used is ejector cooling
system which is possible to drive with low temperature energy sources. Solar-assisted ejector
cooling systems (SAECS) have been investigated experimentally and theoretically by many
researchers. Systems are generally intended for air conditioning and their COP values were
obtained 0.3-0.8 while the temperature of the system collectors was between 80-150 °C by
Abdulateef et al. [1]. It is a drawback for ejector cooling system, as their COP value of is less
than the vapor-compression refrigeration systems. In order to minimize this negative situation,
many types of research focused on loses of ejector cooling systems. Exergy analysis method
was applied to these systems by many researchers to understand the magnitude and reasons of
these loses.

Yan et al. [2] studied solar driven ejector compression heat pump cycle for air-source
heat pump water heater application. They demonstrated that the largest exergy destruction is
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generated in the ejector, which could amount to 25.7% of the total system exergy input, fol-
lowed by condenser and evaporator. Chen ef al. [3] investigated ejector performance character-
istics in an ejector refrigeration cycle with refrigerants R600a, R245fa, and R141b. They also
studied the amount of irreversibility generated in the ejector. They indicated the existence of
an optimum generator temperature where the Carnot efficiency reaches to the maximum. Arbel
et al. [4] showed that ejector irreversibility resulted from three factors including mixing, the
kinetic energy losses, and the normal shock wave. Chen et al. [5] conducted an investigation of
an ejector refrigeration system using conventional and advanced exergy analysis. Their results
showed that highest exergy destruction takes place in the ejector and later the generator and the
condenser. Sadeghi et al. [6] carried out an exergoeconomic analysis of ejector refrigeration
cycle theoretically. They revealed that the generator has the highest exergy destruction followed
by the ejector. Pridasawas and Lundqvist [7] investigated the solar-driven ejector refrigeration
cycle by exergy analysis, most of the exergy destruction occur in the solar collector, followed
by the ejector. They disclosed that an optimum generator temperature could be obtained for
each evaporator temperature. Alexis [8] studied each of the components of the steam-ejec-
tor refrigeration system through exergy loss and coefficient of performance. The most exergy
destruction was seen at ejector and later condenser of the system. Omidvar et al. [9] studied
about the flow pattern in a variable geometry ejector used in a solar refrigeration system. They
emphasized that the entropy generation in ejector was mainly caused by two factors: mixing
and shock. Mixing phenomenon acts the main role when the temperature of the condenser is
higher than the critical temperature. Conversely, shock event is majorly responsible when the
condenser temperature is lower than the critical temperature. Ge et al. [10] presented an exergy
analysis model of flat plate collectors. They examined the effects of ambient temperature, solar
irradiance, fluid inlet temperature, and fluid mass-flow rate on useful heat rate, useful exergy
rate, and exergy loss rate. According to their results, the exergy efficiency was 5.96%, and the
largest exergy loss is caused by the temperature difference between the absorber plate surface
and the sun, accounting for 72.86% of the total exergy rate.

As seen in literature surveys, there are a few experimental studies for such systems.
The purpose of this study was to investigate exergy analysis of an SAECS based on the experi-
mental results for different ejector area ratios such as 4, = 6.56, A, = 7.17, and 4, = 7.86 at their
maximum COP values. A group of experiments was performed by applying two axis tracking
from east to west with 35° tilt angles at different collector areas. For all experiments condens-
er temperatures, 7,, was at a range of 26 °C and 28 °C while evaporator temperature, 7., was
kept at 8 °C. The most suitable collector areas are determined as 4,.= 6.9 m?, 4,.= 8.2 m?, and
A=9.2 m? for A,= 6.56, A,= 7.86, and 4,= 7.17, respectively. Experiments were performed
with suitable collector areas of each ejector area ratios. Optimum generator temperatures, max-
imum COP values, and cooling capacities were determined for each ejector configurations.
Later, exergy analyses were applied at mentioned operation conditions. Exergy analysis was
performed for solar collector subsystem and ejector cooling subsystem, but the main focus was
on the ejector cooling subsystem.

Methodology

Experimental set-up and system performance

The SAECS was shown in fig. 1. The system consists of combination of two subsys-
tems including solar collector and ejector cooling. While using water in the heating cycle, R123
refrigerant was used in ejector cooling cycle. The solar collector subsystem consisted of sin-
gle-glazed and selective surface solar collectors. The solar energy system could be operated by



Akkurt, F., et al.: An Exergy Analysis of Solar-Assisted Ejector Cooling System ...

THERMAL SCIENCE: Year 2019, Vol. 23, No. 2A, pp. 717-726 719

Ejector

a variable number collectors with Condenser_,

meter
the.valves placed between Fhem. Solar collector e
Main components of the ejector ]
cooling system were a vapor gen- Pyra“°m:te’ '
: 3
eratqr, an ejector, a coqdenser, a Generator Receiver
receiver tank, an expansion valve, Flow  tank
an evaporator and a pump. A Evaporator N
The ejector is the most im- ¥ — —-d
: . Circulation mg?etr 5
portant device of the cooling sys- pump ; }, Throttle 4
tem. The ejector configuration Pump ]
.
A4

consisted of a supersonic nozzle, a
mixing chamber with rounded en-
try, a constant area, and a conical
diffuser. The operation of ejector
device can be described: the primary vapor 71, at the high pressure leaving the generator en-
ters the supersonic nozzle of the ejector; the very high-velocity vapor at the exit of the nozzle
produces a high vacuum at the inlet of mixing chamber and entrains secondary vapor 7, into
the chamber from the evaporator where it causes the pressure to decrease; the two streams first
mix in the mixing chamber, and then, the pressure of the mixed stream rises to the condenser
pressure in the diffuser; the mixed stream discharges from the ejector to the condenser where it
condenses from a vapor to a liquid by rejecting heat to the surroundings. One part of the liquid
refrigerant leaving the condenser enters the evaporator after passing through the expansion
valve, and the other part flows to the liquid pump. The pressure of the liquid is increased to the
generator pressure by the pump, and it is pumped to the generator to be vaporized again. The
detailed information about the system can be found in Yapici et al. [11]

Ejector area ratio is defined as the ratio of mixing chamber diameter, d,,, to nozzle
throat diameter, d,. The position of the supersonic nozzle is defined as the distance supersonic
nozzle to the start of mixing chamber. Both parameters have great effects on the working condi-
tions of ejector Yapici et al. [12]. In this study, three different ejector area ratios were obtained
by changing mixing chamber diameter, while

Figure 1. Solar-assisted ejector cooling system
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Figure 2. Ejector model

Table 1. Ejector area ratios and their dimensions

sensors were used to measure all temperatures Ejector Nozzle throat cﬁﬁiﬁi
in the system. The flow rates 7,., outlet, inlet area diameter, diameter
temperatures of solar collector 7, and 7, mea- R Gl d,, [mm]
sured .by a heat meter. The vapor.ization rate of 6.56 301 822
the primary refrigerant, i, at various generator

. . 7.17 3.21 8.60
temperatures in the nozzle was determined by
measuring the time period of vaporization of a 7.86 3.21 9.00
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defined liquid refrigerant volume in the generator. Heat inputs Q,., and primary vapor flow rates
m,, as a function of the generator temperature, were determined for throat diameter of 3.21 mm.
Cooling water rate of condenser and chilling water rate of evaporator, #it,cong aNd 7ty ¢va, WeTE
measured by flow meters. Tap water was used as for both devices. The rate of the secondary
refrigerant ., was calculated with heat transfer equation between the refrigerant and chilling
water after O.,, was determined. Pressures in the system were measured with an accuracy of
+0.5 kPa while temperatures were measured with the accuracy of 0.5 °C. The measurements
of solar radiation and of heat input were performed with an accuracy of £2.5% and +0.6%,
respectively. The flow rates were measured with an accuracy of +0.1%.
The COP of the ejector cooling system was calculated by using the equation:

COP = % (1)
cn
where Q.., and Q,., is the cooling capacity and heat input to the vapor generator, respectively.
They were calculated by using eqs. (2) and (3) as, 7, is the secondary vapor flow rate and
i, — the primary flow rate while /2, and /4, are the specific enthalpies of the refrigerant at the inlet
and outlet of the generator, and 7, is the flow rate, 7, and 7, are the temperatures of chilling
water at the inlet and outlet of the evaporator:

Qva = mw,evacp (7:: - T&) (2)
Oyen = ity (hy — h7) 3)

Exergy analysis

Exergy is the maximum work potential for a given form of energy with the environ-
ment taken as the reference state Kotas [13]. Energy analysis does not enough provide detailed
information about internal losses, so exergy analysis can be preferred to determinate the losses
in thermodynamic systems. For SAECS exergy analysis was applied independently for solar
collector subsystem and an ejector cooling subsystem.

Exergy analysis of solar collector subsystern

Kalogirou et al. [14] presented a group of equations about exergy analysis of so-
lar collectors. Exergy balance for solar collector subsystem was expressed with the following
equation:

sc,in+ Epump,cir =E sc,out + [heat,trans + Iheat,loss (4)
where Esc,in is the exergy input coming from solar radiation, ESC,(,ut — the exergy available at the
outlet of the collector system, /ye.ans — the exergy destruction due to irreversible heat transfer in

the solar collector, and /e, 10ss — the exergy destruction due heat loss between the solar collector
and ambient. The energy balance of solar collector expressed with the equation:

Qein =0+0, (5)
where Q.. is the energy flux coming from Sun, heat transfer in the solar collector, O — the heat

transfer rate in solar collector, and O,— the heat loss rate between collector and ambient. The
energy flux coming from sun was expressed with the equation:

Opcin =4 4 (6)
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where, ¢" is the solar radiation rate per meter square on the collector surface and A, is the solar
collector area.
The Q,is the collector-ambient heat loss rate and expressed with the equation:

0, =U,4.(T, -T,) (7)

where U, is an overall heat transfer coefficient between the collector and the environment,
T, —the ambient temperature, and 7. — the mean collector temperature. Heat transfer coefficient
between the collector and the environment U, obtained 0.55 from the solar collector produc-
tion company documentation. Exergy input coming from solar radiation was expressed with
the equation:

. . T,

Esc,in = Qsc,in (1 _Fj (8)
where T is approximately equal to 3/4 T,,, where T, is the apparent black body temperature
of the Sun, which is about 5770 K. Exergy destruction due to irreversible heat transfer in solar
collector was expressed with the equation:

. 1 1
Iheat,trans = Qc,injg {i - FJ (9)
Exergy destruction due to irreversible heat loss between solar collector and ambient
was expressed with the equation:

. . T
Iheat,trans = (Qsc,in - Q) [ - _Oj (10)

L
Exergy input coming from circulation pump £, was expressed with the equation:
Epump,cir = I/i/pump,cir ( 1 1)

where Wy ciris the value of the energy consumption at the pump to circulate the water between
the solar collector and generator.

Exergy analysis of ejector cooling system

A group of equations was presented below to calculate exergy analysis of ejector cool-
ing subsystem. Exergy balance for ejector cooling subsystem was expressed with the equation:

E

+ E eva + E cond,out+ Itotal (1 2)

where E . Was exergy input coming from solar collector, E,,, and E,,, was exergy inputs at
the evaporator and pump, respectively. The oo Was exergy output at the condenser and /i
was the sum exergy destruction of all devices constituting the cooling subsystem.

The /... Was expressed with the equation:

1,

sc,out pump —

otal —

Igen+lcond+1 +1. +It,v+l +1, (13)

eva ejec pump
Exergy destruction of generator /,., was expressed with the equation:
Igen :]; I:'hp(sl _S7)+mw,sc (Sb _Sa):l (14)

where T, was ambient temperature. Ambient temperatures were at about 25 °C for all three
experiments. The 71, was the rate of primary refrigerant, s; and s, were entropy values of the
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refrigerant at the inlet and outlet of the generator. The 1, was the rate of water circulating in
the solar collector, s, and s, were the entropy values of water at the inlet and outlet of the solar
collector.

The I..ng Was expressed:

Icond = ]:) [("1}) +I’i’ls)(S3 _S2)+mw,cond (sf _Se):| (15)

where i1, + i1, were sum of the rates of primary and secondary refrigerant and s, and s; were en-
tropy values of refrigerant at the inlet and outlet of condenser. The 7, .,,¢ Was the rate of cooling
water, s. and s; were the entropy values of cooling water.

Exergy rate of evaporator E... was expressed:

L 3 ]Z)
E= Qeva [1 (Tw,eva j:| (16)

where O..and T, were cooling capacity and temperature of chilling water at evaporator.
The 1., was expressed:

Ieva = ]Z) [ms (s6 - SS) + n./lw,eva (Sd - Sc):| (17)

where s5 and s¢ were entropy values of the refrigerant at the inlet and outlet of the evaporator.
The 1., Was the rate of chilling water, s. and s, were the entropy values of chilling water. Inlet
tab water temperatures were at about 20 °C for both condenser and evaporator.

Exergy destruction of ejector /.. was expressed:

Liee =T | sty + 11 )s, = rins =iy | (18)
where s, was the entropy value of refrigerant coming from the generator, s; was the entropy
value of refrigerant coming from the evaporator, s, was the entropy value of refrigerant at the
outlet of the ejector.

Exergy destruction of throttle valve 7, was expressed:

Iy =T [ (s5 = 5,)] (19)

where s, and 55 were the entropy values of refrigerant at the inlet and outlet of throttle valve.
Exergy rate of E,,,, was expressed:

by =W (20)

pump

where W, Was the value of the energy consumption at the pump.
Exergy destruction of pump /,,m, Was expressed:

Ipump = I/I./pump +mp [(h7 _h4)_7;(s7 _34)] (21)

where s7, s,and £, hy were entropy and enthalpy values of the refrigerant at the inlet and outlet
of the pump, respectively.
Exergy destruction of receiver tank /,, was expressed:

I =T, {(”ﬁp +1i )(54 = 53) +% (22)

where s; and s, were the entropy values at the inlet and outlet of receiver tank and O, was the
heat transfer rate of receiver tank.
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The O, was expressed:

O = ity +1i))(hy ~ Iy (23)

where /; and h, were enthalpy values of the refrigerant at the inlet and outlet of receiver tank.

Results and discussion

In a cooling system, the system is required to operate at the maximum COP value.
For ejector cooling systems for every area ratio, there is an optimum generator temperature
where maximum COP could be obtained by Yapici et al. [12]. When the generator tempera-
ture reached to its optimum level the secondary vapor chokes at the inlet section of the mixing
chamber. After which the cooling capacity remains constant.

Experiments were performed on three different days. Variations in the cooling capac-
ities and COP values for different ejector area ratios were presented in figs. 3 and 4 by using
all experimental data. Optimum generator temperatures, maximum COP values and cooling ca-
pacities were determined as 70 °C, 33.5%, and 756 W, 73.5 °C, 37%, and 950 W, 76 °C, 38.8%,
and 1100 W for 4,= 6.56, 4,.=7.17, and A,= 7.86, respectively, at their maximum COP values.
Cooling capacities first increased with the increase of generator temperature and remained ap-
proximately constant after optimum generator temperature for all ejector configurations. On the
other hand, COP values decreased with increasing of generator temperature due to the increase
of solar radiation while the cooling capacity remained constant Akkurt [15].
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Figure 3. Variation in the cooling capacities Figure 4. Variation in the COP for different
for different ejector area ratios ejector area ratios

For calculation of exergy analysis at solar collector subsystem solar radiations, ambi-
ent temperatures and mean collector temperatures at maximum COP for different applications
were presented in tab. 2.

Table 2. Solar radiation values, ambient and mean collector temperatures of
experiment configurations

Experiment configuration Solar radiation Ambient temperature | Mean collector temperature
A:/ A [m7] [Wm?] [°] [°C]
6.56/6.9 950 25 76
7.17/8.2 940 24 83
7.86/9.2 960 25 85

The exergy input, output, and destructions in the solar collectors were calculated ac-
cording to the eqgs. (4)-(11). Exergy input of solar collector subsystem was provided by solar
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radiation and circulation pump. The major amount of it was a reason of solar radiation when it
was compared with a circulation pump. Although solar radiation values were different on differ-
ent days, exergy input increased with the increase of the collector area. Total exergy input values
were determined 6040 W, 7241 W, and 8290 W for A= 6.9 m?, A, = 8.2 m?, and A, = 9.2 m?,
respectively.

A large proportion of exergy destructions were depending on the heat transfer in col-
lector while a few of which were as a reason of heat loss from the collector to the ambient. Total
exergy destruction values and their proportions were determined 5068 W and 84%, 5959 W
and 83%, and 6796 W and 82% with respect to collector area, respectively. Although exergy
destruction values increased quantitatively due to the increase of collector areas and tempera-
tures, they were almost proportionally the same. The reasons for exergy destruction at solar
collector was explained in some literature. Pridasawas and Lundqvist [7] stated that the exergy
destruction caused by heat transfer in collector can be explained with two different events: the
transformation of solar radiation to heat on the solar collector and the heat transfer from the
solar collector to the working fluid. The majority of exergy destructions in collector was a rea-
son of the temperature difference between the absorber plate surface and the Sun Ge et al. [10].
Another reason for the greatness of exergy destructions can be explained with the materials
and types of solar collectors. If a better quality collector type, such as vacuum tube collectors
were used instead of single-glazed and selective surface, exergy destructions would be less both
quantitatively and proportionally Jafarkazemi et al. [16]. As it was seen in the results exergy
destruction proportions were quite high, because solar collectors were commercial and low
quality. So, experimental results confirm the comments in the aforementioned literature.

Exergy output is the amount difference between exergy input and exergy destruction
both quantitatively and proportionally. Their values and proportions were determined 972 W
and 16%, 1282 W and 17%, and 6796 W and 82% with the increase of collector area, respec-
tively. Same as destruction values, exergy output values were also increased quantitatively with
the increase of collector areas and temperatures but they were almost proportionally the same.
Exergy output of solar collectors also constitutes a significant part of the input exergy of the
ejector cooling subsystem. No scaled exergy balance diagrams for different collector areas were
presented in fig. 5.
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5965 W 65W 7177 W 64 W 8822W 66W
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5040 W 5916 W 6754 W
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(1%) (1%) (1%)
E'S(,Ou( E.S(,Ou! E’SC,O\J(
972 W 1282W 1498 W
(16%) (17%) (18%)

Figure 5. Exergy balance diagrams of solar collector subsystem for different collector areas

As results of the exergy calculations at the cooling subsystem, largest exergy destruc-
tion took place in the ejector followed by generator, condenser, evaporator and other devices,
respectively. Exergy destruction portions were 42.9%, 44.7%, and 45.2% in the ejector, 10.9%,
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9.1%, and 10.1% in generator, 7.6%, 7.7%, and 8.7% in condenser, 5.9%, 5.6%, and 5.8% in
evaporator of total cooling subsystem for ejector area ratios 4,= 6.56, 4,= 7.17, and 4,= 7.86,
respectively. The exergy destruction within throttling valve, pump and receiver tank were mi-
nuscule compared to overall system exergy destruction. No scaled exergy balance diagrams for
different ejector area ratios were presented in fig. 6.

Evow  Ear Epp Evor  Eun B Eor  Eun Enw

972W  25W  3W 1282w 31W  4W 1498W  36W  10W

/ et SBO W (44.7%) Lot 58O W (45.29%)

eject

429 W (42.9%)

L,en 109 W (10.9%) Len 120W (9.1%) L5en 157 W (10.2%)
Leona 76 W (7.6%) [ ops 102W (7.79) Lona 135 W (8.79%)
Lo SO W (5.9%) 1., 73 W (5.6%) .., 89 W (5.8%)
1,15 W (1.5%) 1,19 W (1.5%) 2 1, 18W (1.2%)
|7 W (0.7%) Lo AW (0.3%) L 15 W (1%)
pump pump
1, 2W(0.2%) I, 4W(0.3%) I, 2.2W(0.1%)
Eccnd,out E‘cond,nut Econd.oul
303W 406 W 430 W
(30.3%) (30.8%) (27%)

Figure 6. Exergy balance diagrams of cooling subsystem for different ejector area ratios

Ejector irreversibility was the results of three main factors: mixing of primary and
secondary refrigerants, the kinetic energy losses, and the normal shock wave [4, 9]. In this
study, the change of area ratio was only based on with the change of mixing chamber diameter.
According to the results, it was seen that increase of exergy destruction portions were very
small with the increase of area ratio. In the present study, the increase of exergy destruction
values for different area ratios was a reason of increase of inlet and outlet temperatures in the
ejector. The change of the ejector geometry in different ways can create different effects on ex-
ergy destruction values and rates. On the other hand, improving the design of the ejector in the
refrigeration system will cause reductions in exergy destruction.

Exergy destructions of generator, condenser, and evaporator were based on entropy
differences of the refrigerant at the inlet and outlet sections, the amount of heat transfer and
structure of the device. In terms of these effects, second largest exergy destruction determined
in generator followed by condenser and evaporator. As there was no change in the size and type
of the generator, condenser and evaporator for different ejector area ratio, exergy destruction
rates of each device was determined almost the same while the amount of exergy destruction
increases with the increase of ejector area ratio. But, the improvement of the heat transfer ef-
ficiency of such devices and their proper selection for the system can cause reduction of the
exergy destruction both in proportion and quantitative.

Conclusion

In this study, exergy analysis of SAECS was investigated at maximum COP values
for different ejector area ratios. Experiments were performed with the suitable collector areas
of each ejector configuration on different days. There was an optimum generator temperature
where maximum COP could be obtained for each ejector configuration. Exergy analysis was
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applied independently for solar collector subsystem and ejector cooling subsystem. Exergy bal-
ance diagrams were presented for each subsystem. Exergy destruction rates of each device were
shown in the diagrams for different collector areas and ejector configurations. Exergy destruc-
tion in the collector is quite large depending on its quality. The use of better quality collector
will reduce the proportion of destruction. The most considerable exergy destruction propor-
tion in cooling subsystem was determined in the ejector followed by generator, condenser, and
evaporator. Exergy destruction proportion of each device was almost the same for different arca
ratios while the amount of exergy destruction was increased. The difference of ejector area ratio
was obtained by changing mixing chamber diameter while nozzle throat diameter was kept
constant and the nozzle exit position was kept at 0- location. The change of ejector geometry
and nozzle exit position in different ways will cause an effect on both amount and proportion of
exergy destruction in the ejector.
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