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Abstract

This paper deals with the hourly simulation of an ejector cooling cycle assisted by solar energy. The system is simulated using the
TRNSYS program and the typical meteorological year (TMY) file that contains the weather data from Floriandpolis, Brazil. The
ejector cycle uses R141b as the working fluid and a one-dimensional ejector is modelled in EES (Engineering Equation Solver). A
cooling capacity of 10.5 kW is considered and a parametric optimization is carried out to select the optimum size of the system.
Simulation results show the auxiliary energy usage and the useful heat gain for different types and areas of solar collector. Addi-
tionally, the effect on energy usage of storage tank, collector slope angle and hot water flow rate is studied. The optimized system
consists of 80 m? of flat plate collector tilted 22° from the horizontal, a 4 m* hot water storage tank and a mass ratio equal to 8.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Ejector; Hourly simulation; Cooling; Refrigeration; Solar

1. Introduction

The solar-driven ejector refrigeration system appears
as an attractive alternative for refrigeration technologies
due to its capacity to use low temperature heat supply.
Its major components include solar collectors, a hot
water storage tank, an ejector cycle and an auxiliary
pre-heater as shown in Fig. 1. The collector pump circu-
lates water between the collector and the storage tank.
The water conveys heat from the collector to the storage
tank. Then, hot water from the storage tank is carried to
the generator where the refrigerant vaporizes. When the
heat provided by the storage tank is not sufficient, the
auxiliary pre-heater acts as an additional source of
energy to ensure that pressure and temperature condi-
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tions required by the ejector are achieved. The high pres-
sure primary vapor flow is generated and the low
pressure vapor flow of the refrigerant coming from the
evaporator is induced to the ejector. The primary and
the secondary vapor stream are mixed at the mixing sec-
tion where an aecrodynamic shock is induced to create a
compression effect. The mixed stream is then discharged,
via a diffuser, to a condenser rejecting heat at ambient
temperature to the cooling water system. Then, the
refrigerant flows through an expansion valve to the
evaporator, where it absorbs heat at low temperature
from chilling water. The remaining liquid refrigerant is
pressurized by refrigerant pump and vaporized in the
generator using heat from the solar collector system,
thus completing the cycle as shown in Fig. 1.

This work gives particular attention to the use of an
ejector in the cooling cycle, due to it is construction sim-
plicity, absence of moving parts, operation at low tem-
peratures and a low operational cost, being attractive
for refrigeration and air conditioning applications. It
has been shown that the cooling cycle performance
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Nomenclature

A area (m?)
COP  coefficient of performance of the thermally
driven cycle (dimensionless)

p specific heat of water (kJ/kg K)

C, ratio of heat capacities

i specific heat of refrigerant (kJ/kg K)
ECC ejector cooling cycle

EV expansion valve

f solar fraction (dimensionless)

h specific enthalpy (kJ/kg)

LMTD logarithmic mean temperature difference
NTU  number of transfer units
Q. auxiliary burner heat transfer rate (kW)

O, generator heat transfer rate (kW)

O solar heat transfer rate (kW)

Qu useful solar heat (kW)

re refrigerant mass ratio (dimensionless)

SHE  solar heat exchanger

T temperature (°C)

T, return hot water temperature (°C)

Tt refrigerant fluid temperature at the heat
exchanger output (°C)

T; intermediate temperature (°C)

T, fluid temperature at the storage tank output (°C)
U overall heat transfer coefficient (kW/m2 K)
X vapor quality

o8 ejector primary mass flow rate (kg/s)

@¢-s  ejector secondary mass flow rate (kg/s)
Win ~ minimum heat capacity (kW/K)

€ heat exchanger effectiveness

Subscripts

amb  ambient

c condenser, collector

e evaporator

ev evaporation

f refrigerant fluid
generator

i intermediate, inlet

1 liquid

lv liquid—vapor

o outlet

S solar, sensible

sat saturation

T tilted

v vapor, valve

depends on the design parameters of ejector and the
operating conditions (7T, P, Ty, Pg, Te, P.); these factors
are related to the particular needs of the application
[1]. The evaporation temperature 7. is usually in the
range of 5-10°C for air conditioning purposes and
about —5 °C or —6 °C for refrigeration. The condensing
temperature 7. depends both on the heat-rejecting
equipment used for the condenser and on the type of
the cooling fluid (water or air). For different climatic
conditions 7, can vary over a wide range, usually 28—
40 °C. The generation temperature, 7, is especially

important to the solar ejector cooling system as it affects
not only the ejector COP, but also the efficiency of the
solar collector. An increase in 7T, increases the COP
but decreases the collector efficiency [2,3]. Increasing
the condenser temperature above the design point
(e.g., on a hot day) may lead to an unstable operation
of the ejector, with COP decreasing rapidly. Further
increases in condenser temperature will result in com-
plete loss of ejector functioning.

The performance characteristics mentioned above and
the solar-driven character of the ejector are reasons to
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Fig. 1. Ejector cooling system assisted by solar energy.
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simulate the solar ejector cooling system dynamically.
Several research groups have studied the solar driven
refrigeration system performance. In the case of solar
absorption refrigeration systems, several works are found
in the literature [4-6]. However, few computational mod-
els have been developed for solar ejector refrigeration sys-
tems. These models are also restricted not allowing to
vary operation parameters due to climatic conditions
and constant solar irradiation hypotheses is used
[2,3,7,8]. Nevertheless, a dynamic simulation of a solar
ejector cooling system with Butane as refrigerant fluid
and using the TRNSYS-EES coupling is found in [9].

The main objective of this work is to develop a com-
putational model to perform an hourly simulation of a
solar ejector cooling system using R141b as the working
fluid. For the simulation of the system, the well-known
program TRNSYS [12] is used. However, the TRNSYS
library has not an ‘“‘ejector cooling cycle” component.
In this case, a mathematical model developed by
Huang et al. [1] representing the performance of a
one-dimensional ejector is written in EES [13]. The
information exchange between TRNSYS and EES is
obtained using the TRNSYS component Type 66.

In the present study, R141b is selected as the working
fluid for the ejector cooling cycle since this fluid is shown
to be a good refrigerant for an ejector, as was found by
[10,11]. Also, R141b has a positive-slope saturated-
vapor line in the thermodynamic 7-s diagram. There-
fore, superheating is not as important as other working
fluids. Additionally, R141b was used by Huang et al. [1]
to verify experimentally the one-dimensional ejector
model considered in the present work.

2. System description

TRNSYS is a computational program with a modu-
lar structure appropriate to simulate thermal energy sys-

tems with dynamic behavior. Each component is
modeled using mathematical equations written in FOR-
TRAN. Consequently, if some components of the sys-
tem are not included in the TRNSYS library, their
physical models can be programmed in FORTRAN,
MATLAB, C++ or EES. The main components used
in TRNSYS to model the solar ejector cooling system
are shown in Fig. 2. A weather data file of a typical
meteorological year for Florianépolis is used to model
the long-term performance of the solar ejector refrigera-
tion system. In [14], the authors have constructed the
TMY considered a representative year for Florian6polis
from a 10-years period of data. Using this approach, the
long-term performance of the system can be evaluated
and the system’s dynamic behavior can be obtained.
The monthly average daily radiation on a horizontal
surface and monthly average ambient temperature cor-
responding to the referred database are presented in
Fig. 3.

2.1. TRNSYS components modelling

The TRNSYS unit Type 66, allows the user to call an
EES file, receive data from TRNSY'S component (T, &)
and pass its output data to other TRNSYS component
(T, COP, éng. . 0,.,), as represented by Fig. 4(a). This
component is used to host the EES program containing
the model of ejector cooling cycle, called ECC. Initially,
the mathematical model of the heat exchanger conju-
gated to the ejector cycle that represents a vapor gener-
ator with phase-change is presented.

2.1.1. Modelling of the generator heat exchanger
conjugated to the ejector cycle

Fig. 4(b) shows the main components of the ejector
cooling cycle: ejector, condenser, evaporator and vapor
generator. The generator of the ejector cooling cycle
connects solar and cooling cycle. This defines different
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Fig. 2. Main components TRNSYS utilized in the simulation.
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Fig. 3. Monthly average daily radiation and monthly average ambient
temperature.

ways for heating the generator with the heat collected by
the solar system. Three options are discussed in [15-17].
At the present work the configuration shown in Fig. 1 is
chosen. In this configuration, the solar heat that drives
the refrigeration system it is determined by the operation
temperature, T (storage tank outlet) which depends on
incident solar radiation and thermal losses. In simula-
tion models found in the literature, T is set equal to
T;, meaning that the ideal heat exchange condition is

assumed [2,3]. In other works [7,9,18], T is considered
to be 10 °C higher than T;. However, it should be noticed
that the solar fraction f defined as 0,/ ngill depend on
the process of heat transfer with phase-change in the heat
exchanger and therefore will also depend on the outlet
refrigerant temperature, 7t Additionally, if the refriger-
ant vapor does not reach the quality of saturated vapor,
the presence of an auxiliary heater needs to be consid-
ered, as schematically presented in Fig. 4(b). The maxi-
mum O, to which solar fraction is unitary is
Qg = (,/COP, where the COP is calculated to fixed
and specified temperatures for the vapor flow in the gen-
erator, condenser and evaporator. In the heat transfer
process of the ejector cycle generator, the temperature
T, varies with the energy gains and losses of the system
and determines the different heat transfer regimes. The
governing equations are developed in details in [19,20]
and presented here as follows:

2.1.1.1. Case I: Sensible heat region (T;< T,). As shown
in Fig. 5, the refrigerant fluid temperature 7} at the heat
exchanger output is lower than the vapor generator tem-
perature T,,. Therefore, the exchange is exclusively sensi-
ble heat and can be written as

Qs - Wmines(Ts - Tc) — (fbejcrl(Tf - Tc) (1)

which is due to the heat exchanger effectiveness defined
as

_ jen(Tr — Te)

s = 2
Wmin(Ts_Tc) ( )
where
(72)
& = &| ——
Wmin
ECC
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Fig. 4. (a) Component Type 66. (b) Ejector cooling cycle diagram.
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Fig. 5. Temperature distribution along the heat exchanger with phase-
change.

A, is the sensible exchanger area, W, = min{(wc,);,
Oejcn }, (0c,), being the heat capacity of the fluid by
the solar system side, ¢, is the refrigerant specific heat
at T, and c is the stationary mass flow in the vapor
generator of the ejector cycle. The maximum value of
Ts when Ty = T, is obtained from Eq. (1) and given by

Cbejcr1(Tg — TC)

Tg=T
! ¢ * Wmin'gs

(3)
If the temperature 77 is lower than 7}, (and therefore 75
remains below Ty), O, must be calculated by Eq. (1) as
follows:

Qs = Wmings(Ts - Tc) (4)

The numerical process is continued until the temper-
ature T reaches Ty (or T reaches the temperature Ty).
From Eq. (1), T; results
Iy =T, -2 (5)

WejCrl

2.1.1.2. Case II: Two-phase regime (T;= T,). Here, the
refrigerant fluid experiences a phase-change for a partic-
ular heat exchange area, 4., and the heat can be written
as

Qs = 6bej(hf - hC) (6)

where i = h(T = Ty, x = x¢), he = h(T = T, x = 0) and
x¢ 1s the vapor quality of the refrigerant determined as
follows:

In the sensible heat region, as shown in Fig. 5, the
effectiveness is expressed by

UsAs 'e‘rT_Tc
8565< )chl( g )

= 7
Wmin Wmin(Ti - T(,) ( )

where As = ASHE — Aev~

In the phase-change region, it can be seen that

UevAev (Tl - Ts)
Eey = Eey . = (8)
((wcp)s> (T —T)
where
- evAev
ey = 1 —exp (7(] ) 9)
(wcp)s
Eliminating 7; from Egs. (7) and (8) leads to
TC+8(UC+CrA1(Tg—Tc):Ts+3ev(Tg_Ts) (10)
From Eq. (6)
he — he = by — he + hiyxe
hc:hc(_pgaTC)v pg:psat.(Tg)7 (11)
h=h(Tg), hy=hy(T,)

and from an energy balance in the phase-change region
using the LMTD method one can show

(LMTD)eVUevAeV = Cbej (hf — h]) = d)ejh1VXf (12)

Combining Egs. (8) and (9), x; can be determined by the
following expression:

X = (T — Te)(docy). (M - 1)

8SI/Vmin
—Uqd —UeA4
1_ ev4iev .e*hv eviley
«Jr-ee Sz /oo (T555)
(13)

The hot water temperature of the solar system corre-
sponding to the saturated vapor condition (x;=1), in
the vapor generator output can be determined from
Eq. (10)

WejCrl

e W min (T = Te) = Seng]/(l — &) (14)

The value of @gcy is assumed to be constant and
specified by the ejector cooling cycle design considering
a constant cooling capacity. When T > Ty,, the thermal
capacity (wc,), is controlled in order to ensure at all
times saturated vapor condition in the vapor generator
output. Using Egs. (1) and (6), the return hot water tem-
perature of the solar system can be determined by

9

((’bcp)s

Ty = |T.+

To=T,—

(15)

2.1.2. Modelling of the ejector cooling cycle
2.1.2.1. Assumptions

o Steady-state operation.

e For the ejector performance analysis, the design cal-
culation follows the method developed by Huang
et al. [1].

e The geometric dimensions of the ejector are calcu-
lated according to refrigeration capacity and shown
in Table 1.
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e Pressure losses in all components and connecting
pipes are negligible.

e Heat losses to the ambient are negligible except for
the components exchanging energy with the environ-
ment.

e The working fluid R141b at the outlets of the genera-
tor, evaporator and ejector is considered saturated
vapor.

e Condenser outlet is at saturated liquid state.

e The temperature rise across the circulation pump is
negligible, (e.g., iy = hs).

o The refrigerant properties are obtained directly from
data bank of thermodynamic and transport proper-
ties built into EES.

e The expansion through the expansion valve is a throt-
tling process, hy = hg.

e Work supplied to the pump is neglected.

e A counter flow arrangement heat exchanger is consid-
ered and the effectiveness is given by

. 1 —exp [-NTU(1 — C})]
11— Crexp[-NTU(1 — C})]

where C; = Woin/ Woax and NTU = UA/ W .

(16)

Fig. 6(a) presents the schematic diagram of a typical
ejector cooling cycle.

The thermodynamic cycle of the ejector cooling system
can be illustrated by the P-4 diagram shown in Fig. 6(b).
The diagram must be carefully observed since for R141b,
the slope of the vapor line in the P/ diagram on which
points 1, 2 and 3 are, is smaller than the entropy slope.

For instance, assume that an ejector cooling cycle
is designed to be operated at T, =80°C, T.=32°C,
T.=8°C, @ =0.1054kg/s, for a cooling capacity
Qe =10.5 kW. From Fig. 6(b), the efficiency of an ejector
cooling cycle can be represented by a thermal coefficient
of performance derived as

cop=% (17)

g
where O, = @j-s(hy — he) and O, = dj(hy — hs)
hzzhz(TZTc7x=1); h6:h4:h4(T:TC,x:0)
]’ll:hl(T:Tg,le); h5:h4:h4(T:Tc7x:0)

Alternatively, Eq. (17) can be expressed as
hy — he
hy — hs

COP = ¢ (18)

Table 1
Ejector specification

Primary flow nozzle

Throat diameter, mm 9.16

Exit diameter, mm 15.6
Constant-area section Cylindrical type
Diameter, mm 22.5

Diffuser angle, deg 5

(1-1Q,
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A |
Auxiliary
burner
A
o T Te
.
Q s Q c Q e
—> SHE — q—m <=
generator
Condenser ®] Evaporator

R-141b

Pressure

Enthalpy
(b)

Fig. 6. (a) Schematic diagram of ejector cooling cycle with heat
exchanger conjugated. (b) P-h diagram of the ejector cooling cycle.

where ( is the entrainment ratio, defined as the ratio of
secondary to primary vapor flow rates, w-s and @y,
respectively.

The solar fraction fis defined as

_o
O,

where Qs is calculated according to the heat exchange re-

gime in the generator, explained in the cases I and II.

Once the solar fraction is known, the auxiliary heat
can be evaluated by Eq. (20)

f (19)

2.2. TRNSYS components and operation parameters
of the simulation

To construct the model, all the components of the
system are interconnected in an appropriate manner to
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represent the real system. The mathematical models for
the system components are given in terms of their ordin-
ary differential or algebraic equations and a brief
description can be found in [12].

In order to simulate the dynamic behavior of a solar
system, it is necessary to study such a system at an arbi-
trary short time step. A time step of 0.5 h was found to
be convenient and reasonable for the simulation.

The solar ejector refrigeration system consists of:

(a) A data reader Type 9a used to read data from a file
given by the user, making it available to other
TRNSYS components at regular time intervals.

(b) A radiation processor Type 16a used to calculate
several quantities related to the position of the
sun and estimates radiation on a collector surface
with slope and orientation specified.

(c) Flat plate collectors modelled with the Type 1b
component. Two different solar collectors are
selected to investigate the effect on the system per-
formance [18]. Type I is a single glazed flat plate
solar collector with a selective surface, and perfor-
mance parameters FrU; = 3.5 W/m* K, Fg(to), =
0.8. Type II is an evacuated-tube solar collector
with tube-in-sheet fin with performance parame-
ters FrU, = 2.0 W/m?> K, Fg(ta), = 0.8.

(d) A storage tank, represented by the Type 4a, con-
sidered as fully mixed.

() Two heat collection circulating pumps modelled
with the Type 3b component.

(f) An on/off controller for the circulating pump oper-
ating when the temperature difference across the
collector array exceeds 10 °C and that stops when
this difference is below 1°C. This controller is
modelled with the Type 2b component.

(g) A Type 66 TRNSYS component used to host the
ejector’s mathematical model programmed in
EES and also to exchange information through
the clipboard.

(h) A relief valve (component Type 13) used to release
water vapor when the collector output water
exceeds 98 °C and starts to boil.

2.2.1. Assumptions

1. The solar fraction is taken to be the part of the gen-
erator load that can be provided by the solar system.
Power consumption by other equipment (circulating
pump, fan motors and controllers) are excluded [4].

2. The mass flow rate per unit collector area is 50
kg/h m?.

3. The storage tank is kept outdoors, since the daily
average ambient temperature is higher than the
indoor temperature, thus minimizing the energy loss
from the storage tank [4].

4. The storage tank height is 2 m.

A schematic TRNSYS model of the solar ejector refrig-
eration system showing also the simulation program
information flow is presented in Fig. 7.

amb
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Tamb
@c.0| Te,0 T o
I S s .
N Type 1b Type 42 Type 66 _{>f
— ECC i Type 25a
Qaux
AV
Type2bjlq—
It O i | Te,i T, @,
] Type 16a
AV
ki k————
Type 3b Type 3b
< <+

Fig. 7. TRNSYS model block diagram of the system.
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3. System optimization

A large number of TRNSYS simulations were carried
out to optimize the various factors affecting the perfor-
mance of the solar ejector cooling system. Initially, the
effect of the area and collector type is considered. The
operation conditions of the ejector cooling cycle are pre-
scribed as T,=80°C, T.=8°C, T,=32°C, COP =
0.39, 0, =10.5 kW. The initial configuration of the solar
subsystem consists of a 3 m® hot water storage tank, flat
plate collector tilted 27° from the horizontal and a mass
ratio (@s/@) equal to 8. Various collector areas
between 20 and 140 m? are considered. The effect of
the collector area is evaluated against the auxiliary heat
required. As can be seen in Fig. 8(a), the greater the col-
lector area lesser the auxiliary heat. This effect is ampli-
fied when using a more efficient solar collector (Type II).

110000
100000 - 5 —mn— Collector Type I
\ —&— Collector Type II
90000 u
§ 1 @\
5 80000
\./; ] \
O 70000 . i}
4 \.
60000 -] \ \.
] EB\ I
50000 ®
—,
] T
40000
T T T T T T T T T T T T T
20 40 60 80 100 120 140
@ Am?)

The influence of the collector area on the heat gain is
shown in Fig. 8(b). As expected, an increase in the col-
lector area results in an increased collected heat. This
effect is also amplified when a collector with better ther-
mal quality is used.

The useful heat gain of the system for different stor-
age tank volumes is presented in Fig. 9(a). It can be
observed, that the increase in size of the storage tank
above 2.5 m? slightly increases the collector heat gain.
It should be noticed that, as the system operates during
daytime while the radiation is proportional to the cool-
ing load, the size of the storage tank does not signifi-
cantly affect the system performance. Therefore, it is
necessary to estimate the effect of storage tank volume
size on the auxiliary energy consumption.

As can be seen in Fig. 9(b), the energy consumption
by the auxiliary heater reaches a minimum value for

120000

]
100000 — 69/
2 e;/ .
g 80000 +
% I/
%’ / ° -/
7 60000 |
O @/l/
/ "
40000 @/
a
/ —&— Collector Type II
200004 g —m— Collector Type I
T T T T T T T T T T T T T
20 40 60 80 100 120 140
(b) A (m’)

Fig. 8. (a) Effect of the collector area on the auxiliary heat required by the system. (b) Effect of the collector area on the collector useful heat gain.
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Fig. 9. (a) Effect of storage tank size on useful heat gain of the system. (b) Effect of storage tank size on auxiliary heat required by the system.
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Fig. 10. Effect of collector slope angle on useful heat gain of the

system (collector type I).

88000

84000 |

[]
80000 \
1 n

76000

72000 \

68000

Qaux (KWh)

64000 —

cos/o)ej

25

30

Fig. 11. Effect of the mass ratio on auxiliary heat of the system.

0,604 A =80m’

0.55 4 Tg: 80°C 7

0.50 o 7 T=87C

0.46—7 T=32 °C 7

0.39 o 7 7 foma= 042
“ 0.38 4 7

0.37 4

0.34

0.31

0.30 4

0.26 %

I'I'I'I'I'I'%'II'I'I'I'
Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec

(a) Month

4m’® storage tank. Future works should also consider
the model and the degree of stratification of the storage
tank.

Simulations have shown that the solar heat gain from
the system is not significantly affected for collector slope
angles, as indicated in Fig. 10. However, the heat gain
reaches the maximum value at a slope angle of 22° for
the collector type I for Florianépolis (latitude 27°).

The effect of the mass ratio ry = (/@) on the aux-
iliary heat consumption is shown in Fig. 11. As @ is
considered to be constant in the ejector cooling cycle,
an increase in r; will be equivalent to an increase in
the hot water flow of the solar system. A little increase
in r; at the interval between 0 and 6 (0 and 2278 kg/h
hot water) decrease rapidly the auxiliary heat consump-
tion. Successive increases above ry = 6 does not affect the
auxiliary heat consumption.

Fig. 12(a) shows the solar fraction for a particular
case of the solar ejector cooling system. It can be
observed that solar fraction reaches a minimum monthly
value during July, thus matching the higher auxiliary
energy consumption that occurs for the same month,
as shown in Fig. 12(b).

4. Conclusions

A TRNSYS computational model of a solar ejector
cooling system has been developed performing a para-
metric study to select the optimum system size. The
model was used to investigate the effect of the area, slope
and collector type, storage tank size and hot water flow
rate on solar fraction, useful heat gain and auxiliary heat.

The annual auxiliary energy consumption decreases
remarkably when the solar collector area increases
from 20 to 80 m>. However, the optimum solar collector
area should be found by performing the life cycle cost
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Fig. 12. (a) Monthly solar fraction of the solar ejector cooling system. (b) Monthly auxiliary heat consumption for the whole year.
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analysis of the system. The size of the storage tank influ-
ences only slightly the useful heat gain of the system and
has a greater effect on the auxiliary heat.

The final optimized system for a 10.5 kW cooling
capacity consists of 80 m* of flat plate collector tilted
22° from the horizontal, a 4 m® hot water storage tank
and a mass ratio equal to 8 resulting in a solar fraction
of the system equal to 42% using the flat plate collector
Type 1.

This model allows the optimization of the various
factors affecting the performance of the solar ejector
cooling system and is potentially an effective tool to
study the economical feasibility of the system.
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