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Abstract— For proper comprehend the comportment and to
define the parameters of a solar-driven ejector air conditioning
system at low or medium temperature; a dynamic model depends
on the principles of conservation, the momentum mass and
energy is developed. For this purpose, the thermodynamic
characteristics of the liquid and vapor refrigerant were identified
using the Engineering Equation Solver EES software. Linear
Fresnel Reflector (LFR) has been used as a tool to convert solar
energy into thermal energy. The water (R718) was used as a
refrigerant. The performance of the ejector air conditioning
system was compared as a function of the operating parameters
of the subsystem. The thermal efficiency of the Fresnel linear
concentrator was as high as 31.514 %, and the overall thermal
performance of the machine (STR) was as high as 20.764 %. The
results obtained during this study are very encouraging. This
technique can be used for air conditioning in desert areas in
southern Algeria, where fossil energy (petroleum, gas, etc.) is
extracted and produced in various types.

Keywords— Thermal energy; Air conditioning system; Linear
Fresnel solar Reflector, Ejector, Numerical simulation;
Performance.

. INTRODUCTION

The use of solar energy in sunny countries such as Algeria
is an effective way to overcome energy shortages, especially in
rural areas where it is sometimes difficult and expensive to
provide them with a traditional electricity grid [1-10]. In
addition, Algeria is a country where the solar potential is very
important; the annual sunshine is always greater than 2x10*
kJ/mz of catchment area. Therefore, it is important to exploit
this natural resource in the field of cold production especially
in the a solar-driven ejector air conditioning system because of
its simplicity of design and implementation.

Due to the increasing cost of energy and the reduction of its
sources, a solar-driven ejector air conditioning system using
low or medium temperature heat rejection or a free energy
source (solar) have become in recent years an interesting
subject of study [11-19].

Among the machines that are currently used in the field of
air conditioning, the a solar-driven ejector air conditioning
machine on the one hand, because of the cold needs in
buildings that exist in industrial fields (oil complexes, etc.) and

the availability of thermal resources either of solar origin in
developing countries, or from low-temperature thermal
discharges in industrialized countries, and secondly,
thermodynamicists encourage the study of refrigeration
production systems directly using solar energy. thermal energy
[11-18]. The means by which this operation is carried out is the
use of ejector refrigeration machines, also called
thermodynamic machines with three temperature sources in
which:

e The hot source can be powered by the solar energy or
by heat discharges;

e The cold source is produced at the cold source, i.e. the
evaporator;

e The residual heat from the condenser transferred to the
ambient medium constitutes the third source.

In this scientific article, we will discuss the details of using
a solar-driven ejector air conditioning machine. The location
chosen for the study is EI-Oued region, Algeria. The solar
collector chosen as a Solar Conversion Tool is Linear Fresnel
Reflector (LFR). All the thermodynamic properties of the air
conditioning system will be determined based on the energy
equilibrium equations that govern this system.

Il.  GOVERNING EQUATIONS OF THE AIR CONDITIONING
SYSTEM

A. Ejector air conditioning subsystem

In this section, a description of the operating principles of
the ejector solar air conditioning machine is presented. The
operating mode of this air conditioning system is presented in
the form of equations using the laws of thermodynamics and
momentum conservation, mass conservation and energy, to
determine the performance characteristics. The refrigerant
"water" plays a key role in improving the performance of a
solar ejector air conditioning system.

The ejector solar air conditioner is a very effective solution
in rural areas and in desert industrial complexes because it has
simple assembly and it has an acceptable performance [12, 13,
18-24]. For these reasons, we find that this air conditioning



technology is more attractive than conventional compression
technology because it is less expensive.
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Fig. 1. [Illustrative schematization of a typical ejector [25].

Generally, the model of the ejector air conditioning
subsystem is based on the thermodynamic states in each
operating point.
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Fig. 2. Operating cycle of an ejector air conditioner [26, 27].

The ejector air-conditioning subsystem as illustrated in
Figure (2), it has two closed cycles :

e The driving loop (7-1-2-3-4-5-6-7);
e The refrigerating loop (7-8-9-5-6-7).

1) The driving loop (DL)

In the power cycle, the energy supplied to the generator is
used to evaporate a portion of the refrigerant which represents
the driving fluid (primary), which is at high pressure (from
state 1 to state 4), then passes through the ejector where it is
mixed with the other part of the refrigerant which represents
the fluid entrained (secondary), coming from the evaporator
and where also performs a pressure recovery (from state 4 to
state 6). Then all of the refrigerant passes through the
condenser where it is condensed to the liquid state (from state 6
to state 7). This liquid will be pumped (pressure increase) to
the generator and thus completes the cycle (from state 7 to state
1).

2) The cooling loop (CL)

In the refrigeration cycle, part of the refrigerant in the
liquid state which represents the entrained fluid (secondary)
passes through an expansion valve to bring it to a state of low
pressure (from state 7 to state 8). The refrigerant subsequently
enters the evaporator where it produces by evaporating the
desired cold (from state 8 to state 9). The refrigerant is mixed
with the other part (the driving fluid) in the ejector where it is
compressed (from state 9 to state 6) and the mixture passes
through the condenser where it is condensed to the liquid state
and complete thus the cycle (from state 6 to state 7).

These two Loops (DL and CL) illustrate the
thermodynamic  working principle of the ejector air
conditioner.

In order for the ejector cycle to function well, this pressing
condition (Pc = critical pressure) must be achieved. The
pressure at the ejector outlet (Ps) is less than the critical
pressure of the condenser (Ps < Pc). in this study, a constant
pressure mixing ejector (CPM Ejector) has been used, where
its outlet from the nozzle is in the suction chamber before the
fixed chamber, the primary and secondary flows are mixed in
the chamber Aspiration at this pressure The pressure of the
mixing streams remains constant along the chamber from the
outlet of the nozzle to the inlet of the constant surface section.
This kind of ejector has better efficiency than the rest of the
ejector.

For optimal understanding of the principle of ejector work,
it is advisable to familiarize yourself with the gas-dynamic
lessons and a good understanding of the working principle of
convergent-divergent pipes [27-30].

According to Figure (2), the energy balance at the mixing
point inside the ejector can be written as [27-29] :

(Mg + Mg )hs =mg.hg +me.hg (1)

The isentropic efficiency of the ejector nozzle is defined as
[27-29] :
hs—hy

MN=7T 2
hs —hg s



The isentropic efficiency of the Diffuser is given by [27-

29]
hg,is —hs
Np=—"—""1— ©)
hg —hs
The mass ratio (drive ratio) is given by [26-29]:
w="e _
m
- (4)

\/(nN-nD)((m - h‘“%ws ~ hs)) -1

The isentropic ejector efficiency is given by the following

relation [27-29] :
A=MNTD ()
The compression ratio is defined as following [26-29]:

P
v="%, ©

The ejector air conditioning subsystem performance is
defined as the ratio between the cooling capacity “Qe (W)” and
the required heat input “Qg (W)” to the ejector [26-29, 31] :

Me (hg —h
COPejC — & — E( 9 8) 0

Qg my (hz —hy)

We recall that: “h (J/kg)” refers to the Enthalpy, “mg (Kg/s)” is
the mass flow rate of the refrigerant in the generator, [Kg.s-1]
and “me (Kg/s)” is the mass flow of the refrigerant in the
evaporator.

The thermodynamic analysis of the two loops of the ejector
air conditioning subsystem was performed by the Engineering
Equation Solver (EES).

B. Linear Fresnel Reflector subsystem

We know that the cost of operating renewable energies is
very high at the moment, so the production costs and the
efficiency of the product must be agreed in order to have an
efficient device with an acceptable price. For the solar system
with parabolic trough solar collector (PTC), the cost of
designing the PTC solar concentrator is very high because it
relies on the shaping of the glass to obtain the parabolic form
of the reflecting mirror [5, 7, 27-29, 32-36], so the use of flat
reflector mirrors will significantly reduce the cost of
manufacturing linear solar concentrators [10]. For this reason,
much of the scientific research has been directed towards the
development the solar system with the Linear Fresnel Reflector
(LFR), where many countries such as Spain and Germany have
widely exploited this technology of acceptable price with a low
efficiency [6, 28, 37].

The operating principle of a Linear Fresnel Reflector (LFR)
lies in its flat mirrors, where each of these mirrors can be
rotated following the path of the sun to constantly redirect and
focus the direct sunlight « DNI, (W/m2) » towards an absorber
tube [10]. A heat transfer fluid is heated by circulating in this
horizontal tube [6, 30, 38].

Fig. 3. Schematic and view of Fresnel solar power plants [39].

In this part, we will determine the global heat loss
coefficient « U, (W/m2.K) » of the absorber tube to be able to
determine the temperatures of the heat transfer fluid at the exit
of the absorber tube and the other thermal parameters.
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Fig. 4. The energy balance at the absorber tube.

Table (1) shows the geometric parameters of the collector,
and Table (2) shows the optical characteristics of the solar
concentrator studied.

TABLE I. GEOMETRICAL PARAMETERS OF THE LFR CONCENTRATOR.
Geometric characteristics Value (mm)
Outside diameter of the absorber (Do) 22
Inner diameter of the absorber (Di) 20
Outer diameter of the window (DV, 0) 26
Inside diameter of the glass (DV, i) 235




Mirror length (L) 12270

Mirror width (1) 1100

We will thermally analyze by a numerical tool the LFR
concentrator in order to estimate the variation of the
temperature of the heat transfer fluid (HTF) at the exit of the
absorber tube as a function of the direct solar radiation (DNI)
for the EI-Oued site "Oued Souf" (altitude 61 meters, latitude
33.51 ° N and longitude 6.78 ° E), Algeria.

TABLE Il OPTICAL PARAMETERS OF THE LFR COLLECTOR.
Parameters Value
Overall average optical error 03 mrad

Mirror reflection coefficient (pm) 0.85

Transmissivity of the glass tube (1) 0.945
Absorber absorption coefficient (o) 0.8
Emissivity of the absorber tube (ea) 0.12

Emissivity of the glass tube (ev) 0.935

Heat exchange occurs between the coolant, the absorber
and the glass. A calculation program in Engineering Equation
Solver (EES) has been developed to make the necessary
calculations, for this, we admit the following hypotheses:

e The heat transfer fluid is incompressible;

e The ambient temperature around the concentrator is
uniform;

e The effect of the shadow of the absorber tube on the
mirror is negligible;

e The solar flux at the absorber is evenly distributed;
e The glass is considered opaque to infrared radiation;

e The conduction exchanges in the absorber tube and the
glass tube are negligible.

The heat flux “qgain, (W) transmitted to the fluid is given
by the following relation [2, 36]:

qgain = Fr [nop DNIAa - UL'A‘r(Ti _Tamb )] (8)

With "DNI, (W/m?)" is the direct solar radiation, "Aa, (m?)" is
the opening area of the collector, "A,, (m?)" is the absorber tube
surface, "Ti, (K) "is the fluid inlet temperature," Tams, (K) "is
the ambient air temperature and Fr is the heat dissipation
factor.

The optical efficiency (nop) of the concentrating LFR can be
expressed by [37, 40]:

=07ap_ v \/1—cosz(5)sin2(HS) 9)

Nopt

With the factor "y" is the interception factor, "3, (°)" is the
declination angle and "Hs, (°)" is the altitude of the sun.

The overall heat loss coefficient "U, (W / m2.K)" is given
as follows [2, 27, 36] :

-1
A, 1

(hw +hrca )Av " her_a

With "Ay, (m2)" is the area of the glass, "hw, (W/m2.K)" is the
convective heat exchange coefficient between the glass and the
ambient air, "hrc, (W /m2K)" is the radiative exchange
coefficient between the glass and the ambient air and "h;
(W/m2,K)" is the radiative exchange coefficient between the
absorber and the glass.

U= (10)

To calculate the temperature of the coolant at the exit of the
absorber tube, we can use the following equation [27, 36, 41]:

qgain
To=T+—— (12)
mC,
The thermal efficiency of the LFR solar concentrator can be
calculated by the equation :

qgain

S L 12
DNIxA, (2

LM

The thermal modeling of the LFR solar concentrator has
been done by a procedure of calculation and programming by
EES. For that, we have elaborated a computation program to
simulate the useful power (ggin), the global coefficient of the
heat losses (Uv), the optical efficiency (nop) of the LFR solar
collector, the fluid temperature (T,) at the outlet of the absorber
and the thermal efficiency of the LFR solar reflector.

I1l. DYNAMIC STUDY OF THE EJECTOR SOLAR AIR CONDITIONING
SYSTEM

An ejector solar air conditioning machine is a system that
has three sources of heat (a hot source corresponding to the
motive heat supplied to the system, a cold source
corresponding to that of the production of cold and a warm
source that makes a connection between both sources). The
ejector solar air conditioner is similar to the conventional
compression air conditioning system except that a pump, a
steam generator and an ejector replace the compressor.

The direct solar radiation (DNI) transformed by the linear
Fresnel concentrator (LFR) into thermal energy is used to
generate in the generator the high temperature and high
pressure steam (primary fluid) which expands in the primary
nozzle of the ejector. At the outlet, the high speed primary fluid
drives the secondary fluid from the evaporator. Then, the
primary and secondary streams mix at constant pressure in the
mixing chamber. A first pressure increase due to the formation
of a shock wave takes place in the mixing chamber followed by
a second due to compression in the Diffuser. At the outlet of
the Diffuser, the mixture condenses in a condenser. Part of the
condensate passes into the evaporator through a throttle valve



to produce the cooling effect while the rest of the liquid returns
to the generator via a circulation pump.
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Fig. 5. Solar ejector air conditioning system for balance analysis [27].

For the performance of the ejector solar air conditioning
machine, it can be introduced as the product of the ejector air
conditioning subsystem performance (COPejc) and the used
solar concentrator efficiency (nm). Therefore, the following
relation gives the solar thermal ratio (STR) relation of the
system [26, 27, 31]:

STR = COP,; x.1,, (13)

The air conditioning system studied in this paper can
provide a cooling load of 12000 W. The main purpose of this
study is to determine the parameters that are affected on the
various performance of the ejector solar air conditioning
system. In this paper, the thermal model of the Fresnel solar
concentrator is without storage tank and without auxiliary
boiler. The simulation is executed under the following
assumptions:

e The working fluid is considered a perfect fluid with
constant thermophysical parameters ;

e The kinetic energy of primary and secondary flows is
negligible ;

e The flow is stationary ;
e The internal walls of the ejector are adiabatic ;
e The outlet of the ejector is connected to the condenser.

To calculate direct solar radiation (DNI) from sunrise to
sunset, an algorithm has been developed to simulate direct

solar radiation by the semi-empirical model of PERRIN DE
BRICHAMBAUT [6, 30, 42], where the June 11, 2018 was
selected as the day of the study. Table (3) translate the
operating conditions of the ejector air conditioning subsystem.

TABLE Il SERVICE OPERATING CONDITIONS OF THE EJECTOR SOLAR AIR
CONDITIONING MACHINE.
Service operating conditions Value (°C)
Generator temperature (Th) 110
Condenser temperature (Tc) 35
Evaporator temperature (Te) 05

Generally in EI-Oued region, the climate is desert. There is
virtually no rainfall all year long in EI Oued, where the average
annual rainfall is 74 mm, resulting in a virtually dry
atmosphere throughout the year. In addition, the hottest month
of the year is July, but the coldest month is January, where the
difference in air temperature between the lowest and the
highest is equal to 22.6 ° C throughout the year. Figure (6)
clearly illustrates the changes of direct solar radiation on June
11, 2018.
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Fig. 6. Changes of direct solar radiation on June 11, 2018.

As shown in Figure (6), the maximum value of direct solar
radiation has peaked at midday, with a value equal to
1021.84617 (W/m?). Generally, the average solar radiation
change for the studied day has exceeded 8 956.72322 (W/m2).
These values for solar radiation are very significant and can be
exploited to operate an air conditioning system; it can also be
used in many other technological fields such as electricity
generation, desalination, etc.

The solar thermal concentrator of Fresnel is a device
designed to collect solar energy transmitted by direct solar
radiation and communicate it to a coolant (gas or liquid) in the
form of heat. This heat energy can then be used in various
industrial processes. The nature of heat transfer fluids is one of
the most important factors affecting the efficiency of the
associated work system. A heat transfer fluid (HTF) is a fluid
that transports heat between two or more temperature sources.
These fluids are used in thermal engine cooling systems such
as car engines, refrigerators, air conditioners, solar thermal



collectors, electronic circuit radiators, coal, oil, gas or nuclear
power plants. Each heat transfer fluid is chosen according to its
physical and chemical properties and cost: viscosity, volume
heat capacity, latent heat of vaporization (or liquefaction) in
case of phase change, electrical conductivity, oxidizing
properties, etc. In this study, water has been adopted as heat
transfer fluid. Figure (7) shows changes in the temperature of
the absorber tube “Tab, (K)”, the heat transfer fluid “Tg, (K)”
and the glass tube “Tv, (K)”.
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Fig. 7. Variations of temperature on July June 11, 2018.

Through the previous figure, it was observed that the
temperature of the heat transfer fluid (HTF) has reached
444.90685 (K), which indicates that the water has changed
from its liquid state to the vapor state. The absorber tube
temperature has reached 451.49101 (K) and the glass cover
temperature has reached 414.75504 (K). It should be noted that
the climatic factors have a direct impact on the amount of heat
obtained by the heat transfer fluid from the absorber tube.

The convective and radiative exchange losses to the outside
air are very important, in order to limit them, a glass envelope
covers the absorber tube and makes it possible, by evacuating
the annular space, to eliminate thermal losses by convection
between the absorber tube and the glass envelope. In addition,
the heat losses can be reduced also by reducing the emissivity
in the infrared of the absorber tube using the selective surfaces.
These surfaces are dark in color to absorb the maximum
amount of solar radiation by emitting very little infrared. In this
study, the absorbent tube is a copper tube surrounded by a
glass tube. With regard to air temperature, it influences the
coefficient of heat loss by convection outdoors, because the
physical properties of exterior air vary according to the
ambient temperature. Therefore, a small emissivity of the
absorber tube and the vacuum in the annular space between the
absorber tube and the glass envelope can reduce heat losses. It
can be said that the internal thermal radiation losses decrease
with the reduction of the absorber tube emissivity and the
convective losses decrease with the creation of the vacuum in
the annular space. The next figure shows the changes in the

total loss coefficient “Ur, (W/m2.K)” in the heat of the absorber
tube.
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Fig. 8. Variation of the overall coefficient of thermal losses.

Generally, the efficiency measurement of the linear Fresnel
concentrator is the ratio between the thermal power that it
provides to the heat transfer fluid and the power of the direct
solar radiation which arrives on the useful surface of this
collector. The power supplied is the power converted to heat in
the solar concentrator, minus the losses. The thermal losses are
the infrared radiation returned to the outside and the heat
dissipated to the outside. As shown in Figure (8), the change in
the total thermal loss coefficient “U., (W/m2.K)” is an almost
linear function that increases with the increasing temperature
difference between the absorber tube and the surrounding
atmosphere. The geometric dimensions of the solar collector
and the climatic conditions of the area in which it is located
directly affect this coefficient.

Figure (9) shows the thermodynamic loops of the solar air
conditioner that depends on the ejector. Remember, water is
used as coolant.
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Fig. 9. (P-h) curve changes for solar air conditioner with ejector.



The following table shows the dimensions of primary
nozzle throat diameter (D:) and constant area section diameter
(Dm) which is characterized by the ejector under critical
conditions (P4 < Pc, where Pc = 4757 Pascal) with the previous
operating conditions (see TABLE III. ) and with a load cold
equal to 12000 W.

TABLE IV. DIMENSIONS OF (Dt) AND (Dm) UNDER CRITICAL
CONDITIONS.
Primary nozzle throat
Ejector critical diameter (D)) 0.005888 m
condition (P4< Pc= i
4757 Pascal) Constant area section
diameter (D) 0.04388 m

Table (5) shows the value of the drive ratio (®w) and the
performance value of the ejector air conditioning subsystem
with a cooling load (Q.) equal to 12000 W.

TABLE V. THE DRIVE RATIO (©) AND THE PERFORMANCE OF THE
EJECTOR COOLING SUBSYSTEM WITH A COOLING LOAD OF 12000 W.

Ejector critical o)
condition (P4< Pc=

0.4933

4757 Pascal) COPgc 0.658875

Figure (10) shows the evolution of the solar thermal ratio
(STR) of air conditioning system in critical mode, and thermal
efficiency curve changes of the LFR concentrator as a function
of time during the day of June 11, 2018.
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Fig. 10. Variation in machine performance and change in thermal efficiency
of solar concentrator.

From Figure (10), it is very remarkable that the STR varies
automatically according to the temperatures (Te), (Tc) and (Tb)
of the ejector air conditioning subsystem, and is affected by the
change of the thermal efficiency of the Fresnel solar collector.
It seems clear as well as the efficiency of the machine is about
19%. It can be said that this performance value (STR) is

generally acceptable since the thermal efficiency (nth) of the
Linear Fresnel solar concentrator does not exceed 32%, except
in very special cases [6, 37].

The application of this type of air conditioner shows that
the STR is very sensitive to changes of the condenser
temperature (Tc), where the high temperature of the condenser
reduces the efficiency of the air conditioner with the ejector.
The increasing the temperature of generator (Th) and
evaporator (Te) increases the efficiency of the system.

IV. CONCLUSION

The work that we have presented in this paper has allowed
us to acquire very important knowledge about ejector solar air
conditioning machines.

According to this study, the performance of the air
conditioning subsystem (COPejc) is very sensitive to changes
in condenser temperature (Tc), so to increase the performance
of the machine it is necessary to increase the temperatures of
the hot sources (Tg and Te). On the other hand, it is found that
the Fresnel linear concentrator is effective to operate this
machine, even if it has a low thermal efficiency.

In this study, the thermal efficiency of the concentrates
reached 31.514 %, while the overall the solar thermal ratio
(STR) of air conditioning system in critical mode was 20.764
%.

Finally, this technique can be exploited in the Algerian
desert, where the fossil energies are extracted and exploited.
This technology will reduce the consumption of electricity in
these institutions in large proportions.

In the future, we will try to experiment with this system,
and we will work to improve the operational conditions of this
type of systems.
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