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Abstract

The present paper evaluates numerically the feasibility of a solar jet-ejector refrigeration system from an
efficiency maximization perspective with three low environmental impact refrigerants, namely, R1234yf,
R1234ze and R600a. Special emphasis is given to the jet-ejector internal geometry optimization as a
mechanism to improve the overall cycle performance. The jet-ejector entrainment ratio in different
operating conditions and geometric configurations is determined by using a Computational Fluid
Dynamics (CFD) approach experimentally validated which includes real gas models of R1234yf, R1234ze
and R600a. R1234yf exhibited the best performance in terms of overall system efficiency closely followed
by R600a and R1234ze. This suggests that the influence of the working fluid can be considerably mitigated
if a thorough design of the jet-ejector is carried out. Afterwards, the refrigerant R1234yf is selected to
carry out sensitivity studies with different collector typologies and solar irradiation scenarios. The
Evacuated Tube Collector (ETC) model provided the highest overall system efficiency (n,, = 0.213) for

the peak solar irradiation (1000 W /m?). Nevertheless, one of the Parabolic Trough Collectors (PTC)
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s under investigation offered the most robust performance if a wider range of solar irradiation

scenarios is considered.
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Nomenclature
Acronyms

CFD

Computational Fluid Dynamics

Ccop

Coefficient Of Performance

GWP

Global Warming Potential

JERS

Jet-Ejector Refrigeration System

T™MY

Typical Meteorological Year

Notation

Latin

Area [m?]

Specific heat capacity [J/kg-K]

Jet-ejector scaling factor [-]

Solar irradiation [W/m?]

Specific enthalpy [J/kg]

Mass flow rate [kg/s]

Pressure [bar]

Heat exchanger power [W]

Temperature [°C]

Mechanical power [W]

NIS (Tl |3 T |0 =" >

Compressibility factor [-]

Greek letters

| w | Jet-ejector entrainment ratio [-] |

Subscripts
amb | Ambient
avg Average
cl Cooling load
co Condenser
col Solar collector

comp | Compressor

Jet-ejector

ev

Evaporator
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ge Generator

h Hydraulic

in Inlet

ind Indoor

mf Jet-ejector mixed flow

opt Optimum

out Outlet

ov Overall system

pf Jet-ejector primary flow
pm Liquid pump

ref Reference situation/condition
sat Saturation

sf Jet-ejector secondary flow
sol Solar

t Global solar irradiation

b,t Direct solar irradiation

d,t Diffuse solar irradiation

th Thermal

1. Introduction

Solar cooling technologies have received a great deal of interest in the last decades, especially in
Mediterranean climates due to the peak electricity consumption of traditional refrigeration systems
during summer periods. In fact, the energy consumption of refrigeration systems has been quantified

around 40%-45% of the whole energy consumption in residential and commercial buildings [1,2].

Up to now, the limited market penetration of solar cooling systems can be ascribed to their high
investment cost, a significant part of which is attributed to the solar collectors, the lack of practical
knowledge and their control complexity due to the intermittent nature of solar irradiation [1,2].
Therefore, an efficiency increase in both the refrigeration cycle side and solar module side is crucial to
improve the overall cycle performance and make these systems more attractive. Nevertheless, these
technologies have great potential because, normally, the peak cooling demand is synchronized with the
most favorable conditions to drive the solar cooling system (peak solar irradiation) [2,3]. Its

implementation in warm climates could entail primary energy saving in the range of 40%-50% [1].

A vast amount of literature has been published concerning solar cooling applications with a predominance
of absorption systems [4—6] and adsorption systems [7] due to their higher COP (ranging from 0.5-1.4

depending on the sorption machine configuration [8]). In comparison with sorption systems, jet-ejector
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refrigeration systems show lower COP, however, they present lower installation cost and complexity
[9,10]. Also, its versatility in terms of working fluid selection and its capability of integration with

traditional refrigeration systems [11] are other positive aspects.

There are several research works available in the literature dealing with jet-ejector refrigeration cycles
driven by solar energy following both a numerical and an experimental approach: Experimental facilities
to determine the overall cycle performance [12,13], evaluation of the overall system behaviour over
dynamic conditions [14,15], screening of different working fluids from a numerical perspective [16,17].
Research papers relative to jet-ejector single component are also common in literature from an
experimental [18,19] and numerical perspectives (CFD) [20,21] with special focus on geometry design

and evaluation of internal flow phenomena.

Research works dealing with jet-ejector solar cooling in which a thorough design of the jet-ejector internal
geometry is done has rarely been performed in the literature. Recently, Bellos and Tzivanidis [10]
conducted a numerical study of a solar assisted JERS in which the optimization is focused on a reduction
of secondary flow pressure drop by using a 1D approach rather than an extensive optimization of its
geometry. In addition, only one type of solar collector is examined and their investigation is not focused

on environmentally friendly working fluids.

The main originality of the present paper is the feasibility evaluation of low ecological impact refrigerants
(R1234yf, R1234ze, and R600a) on a solar-driven jet-ejector refrigeration system (JERS) with special
emphasis on the design of the jet-ejector internal geometry. To maximize the jet-ejector performance,
four key geometrical parameters are varied simultaneously together with the jet-ejector cycle generating
temperature. Therefore, this work is intended to study the potential of a solar-driven JERS with further
insight because the main development efforts are focused on the jet-ejector design. In addition, the

influence of three kinds of solar collectors on the overall cycle performance is investigated.

The main objectives of the present paper can be summarized as follows:

e To conduct a computational evaluation of a solar-assisted jet-ejector refrigeration system
working with environmentally friendly and new generation refrigerants, namely, R1234yf,

R1234ze and R600a.
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e To estimate the overall system efficiency, that is to say, the ratio between the incident solar
radiation in different scenarios and the cooling capacity attained by the refrigeration cycle if the
jet-ejector geometry is exhaustively optimized according to the reference operating conditions.

e To establish a close relationship between the jet-ejector cycle performance, the overall system
performance, the solar collector side and the operating conditions.

e To carry out a sensitivity analysis to study the impact of different types of solar collectors over
the overall system performance, specifically, Evacuated Tube Collectors (ETC), Compound
Parabolic Concentrators (CPC) and Parabolic Trough Collectors (PTC).

e To compare the potential energy saving of the JERS with a traditional vapor-compression
refrigeration system operating under the same cooling requirements and condensing

temperature.

2. Solar refrigeration system description

The sketch of the JERS under investigation is shown in Figure 1 together with the solar collector field. The
JERS is intended for air-conditioning applications and can be divided into two loops: On the refrigeration
loop, the low-pressure secondary flow generates the desired cooling capacity as it evaporates in a heat
exchanger. On the power loop, the high-pressure primary flow evaporates as it receives thermal energy
coming from the low-grade heat source (solar collector field in this particular application) and expands
within the jet-ejector thereby enabling suction of secondary flow inside the jet-ejector. Once the mixing
and recompression processes are completed inside the jet-ejector, the resulting mixed-flow condenses in
a heat exchanger rejecting heat to the environment in an intermediate pressure. Downstream the
condenser a fraction of the liquid is recirculated to feed the pump of the power loop and the remainder

is expanded trough the throttling valve to complete the refrigeration loop.
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Figure 1. Solar-assisted JERS and collector field layout

The performance of both the JERS and the solar collector side can be defined by using power efficiency

transformation from solar irradiation to thermal power and thermal power to cooling capacity:

Qge

— 8¢ 1

Nth-sol Gt K Acol ( )
Q

Nth-cool = = = COPy, (2)
Qge
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With the aim of simplifying the analysis, the JERS has been dimensioned for a rated thermal power (Qge)

of 10 kW.

Likewise, the efficiency of the thermally-driven refrigeration cycle can be expressed as a function of the
jet-ejector entrainment ratio and the specific enthalpy change occurring in the evaporator and the

generator.

COPth — 7’f’lsf : (hout,ev - hin,ev) —w- hout,ev - hin,ev (3)

Mps - (hout,ge - hin,ge) hout,ge - hin,ge

Where w refers to the jet-ejector entrainment ratio:

m
w = .sf (4)
mpf

Then, the overall system efficiency governing the conversion of solar irradiation to cooling power is
summarized in Equation (5):
QEV

Nov = MNth-cool * Mth-sol =
Gt : Acol

(5)

Where G, is the incident global solar irradiation. To reduce the operative cost of the overall system both

Nth—cool @aNd Nn—_so1 Must be maximized.

3. Solar refrigeration system operating conditions

This section is devoted to present the operating parameters and boundary conditions of the solar
refrigeration system discriminating between the degrees of freedom (variables) and fixed parameters of

both the solar field side and the JERS side.
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On the solar field side, the solar irradiance data (global, direct and diffuse radiation) coming from satellite
observations is presented. In addition, all the solar collector typologies under investigation are introduced

as well as the main hypothesis adopted.

On the JERS side, in the first instance, a discussion of the working fluid selection is conducted.
Subsequently, the cooling requirements and the outdoor conditions are defined thus fixing the
condensing and evaporating temperatures of the JERS. Accordingly, the evaporating and condensing
pressures can be determined for each refrigerant as well. Lastly, the jet-ejector internal geometry is
described pointing out which geometric parameters are deemed as fixed or variable in the optimization

process.

3.1 Solar field side

3.1.1 Solarirradiation level

Figure 2 shows the global solar irradiation over the area of Valencia Airport (latitude =
39.489°, longitude = 0.478°) for the typical meteorological year (computed in the time period 2006-
2015). It provides information about the global solar irradiation distribution in the months with air-
conditioning utilization (typically April-September). Figure 3 shows the hourly distribution of global solar
radiation and ambient temperature over the same area for every day in the reference month of July (July
2014 in the TMY). As can be observed in Figure 3, some days the sky is partially cloudy, however, the
hourly evolution of global solar irradiation follows a similar pattern. The collected dataset of daily surface
irradiance parameters come from hourly measurements of geostationary Meteosat satellites. The solar
radiation products are defined in the present paper for a particular geographical area, nevertheless, the

irradiation pattern would be comparable in other Mediterranean latitudes.
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Figure 3. Superposition of instantaneous daily global solar irradiation in Valencia Airport (July 2014) [22]

and daily evolution of the ambient temperature.

Figure 4 depicts the global and direct solar irradiation of three sample days of July 2014 with clear sky
conditions. With this sample selection, the ratio between the diffuse and direct solar can be computed in
a favorable scenario. Thanks to meteorological data it is possible to make a realistic prediction of direct

(Gp+/Gy) and diffuse (G4/Gy) solar intensity ratios.
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Figure 4. Global and diffuse solar irradiation on three sample days with a clear sky scenario (July 2014).

Source: [22].

Table 1 shows four representative cases from Figure 4 which covers the time interval when the peak
ambient temperature and the peak cooling demand normally occur. These meteorological parameters are

used in the subsequent sensitivity analysis to feed the collector models in order to determine Ny —so1-

Case Daily hour G [W/m?] | Gq./G[—]
C1 ~11:30-12:30 1000 0.18
Cc2 ~10:00-11:00 & ~14:00-15:00 850 0.19
c3 ~09:00-10:00 & ~15:00-16:00 700 0.21
C4 | ~08:00 & ~ 17:00 or Partially cloudy sky 450 0.25

Table 1. Four characteristic cases under evaluation

3.1.2 Solar collector typology

Regarding the solar module classification, Flat Plate Collectors (FPC) have been used predominantly in
available research works dealing with solar cooling systems, followed by Evacuated Tube Collectors (ETC)

and, to a lesser extent, Compound Parabolic Concentrators (CPC) and Parabolic Trough Collectors (PTC)

11
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[8,10]. The operating temperature of the solar collector is directly related to the collector type and design
and high variability in collector operating temperature exists, even within the same collector’s category.
In the present paper a total amount of five solar collectors have been assessed: three PTC, one ETC and
one CPC, (see Figure 5) and a certain representative value of collector outlet temperature has been
selected for all of them: Ty, o1 = 150°C [23]. Flat Plate Collectors have been disregarded because their
maximum achievable temperature is normally limited to ~90°C [24]. As will be discussed later the
optimum driving temperature of the JERS considering some degree of vapor superheating is above this

temperature.

A) PTC
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Figure 5. Schematic view of the solar collectors under evaluation: A) Parabolic Trough Collector (PTC), B)

Compound Parabolic Concentrator (CPC), C) Evacuated Tube Collector (ETC)

3.2 Jet-ejector refrigeration system (JERS)

12
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3.2.1 Working fluid

The system performance has been evaluated considering environmentally friendly working fluids to meet
the increasingly stringent regulations, specifically, R1234yf, R1234ze and R600a. The Ozone Depletion
Potential (ODP) of all the refrigerants under consideration is zero while their Global Warming Potential is
very low (R1234yf, GWP = 4; R1234ze, GWP = 6; R600a, GWP=3). All of them have been considered before

in solar cooling applications [16,18].

3.2.2 let-ejector internal geometry

The internal geometry of the jet-ejector strongly affects the expansion, entrainment and mixing processes
and it must be carefully designed to maximize the JERS performance for given operating conditions. Figure
6 shows a schematic representation of the jet-ejector internal geometry and Table 2 provides its most

relevant dimensions.

1

L n—ql_i'%
8.
Le,1 Le,2 Le,3 Le,4
Figure 6. Schematic illustration of the jet-ejector internal geometry
Dimension Value Dimension Value

e1[°] Constant 160 De 3[mm] Variable -

Qe [°] Constant 3 D 4[mm] Variable -

Qe3[°] Constant 15 L, [mm] Constant 7

Qe 4[°] Constant 3 Le,[mm] Variable -

13
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[mm] Constant 6 Lez[mm] Constant 30
[mm] Variable - Le 4[mm] Constant 45

Table 2. Main dimensions of the jet-ejector

Those geometric parameters labeled as “Variable”, namely, nozzle exit position (L. ), primary nozzle
throat diameter (D, ,), primary nozzle exit diameter (D, 3) and mixing chamber diameter (D, ,) are
considered as four key geometric parameters [25,26] and they have been varied to maximize the jet-
ejector entrainment ratio for each operating condition. In regard to the geometric parameters labeled as
“Constant”, the diverging angle in the supersonic primary nozzle (a.4) and the diverging angle in the
diffuser section (a, ;) are reduced to avoid flow detachment. Moreover, the mixing chamber length (L, 3)
and the diffuser length (L. 4) guarantee a uniform flow field across the radial direction. These values are

coherent when compared to other research works [27-29].

3.2.3 Outdoor conditions and cooling requirements

An evaporating temperature of 13 °C and a condensing temperature of 40 °C have been defined to carry
out the CFD simulations. The evaporating temperature is consistent with the typical operating
temperatures of air-conditioning applications [20,30]. Considering a pinch point in the heat exchanger of
approximately 7 °C the present refrigeration system would meet an indoor temperature of 20 °C. The
condensing temperature has been determined assuming an ambient temperature of 31 °C, a pinch point
in the condenser of 7 °C and some degree of liquid subcooling. Hence, the JERS is intended to work
satisfactorily under relatively adverse outdoor conditions. In fact, the ambient temperature considered is

near the maximum daily average temperature in the month of July according to the TMY (see Figure 3).

For each refrigerant under evaluation, the corresponding evaporating/condensing pressure and
temperature are shown in Table 3. The primary flow evaporating pressure and, consequently, the primary

flow evaporating temperature is not fixed but examined in a parametric study to find its optimum value.

14
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Refrigerant Condensing Condensing Evaporating Evaporating
temperature [°C] pressure [bar] temperature [°C] pressure [bar]
R1234yf 40 10.18 13 4.80
R1234ze 40 7.67 13 3.41
R600a 40 5.31 13 2.43

Table 3. Equivalent condensing and evaporating temperatures for each refrigerant

4. Computational models

This section presents the methodology and the computational models dedicated to estimate the solar
collector field and the JERS performance under various operating scenarios. Special emphasis is given to
jet-ejector modeling and its validation procedure. Optimization processes of both the jet-ejector internal

geometry and the JERS are also discussed in detail.

4.1 Solar collector models

The efficiency in the solar collector field side, that is, the capability of the solar collector to transform solar
irradiation into thermal power (n_s01), Can be determined for different types of collecting devices by

using the Hottel-Whillier-Bliss performance curves in a quadratic form (Equation (6)) [8,10,31]:

Gd t Tavg col ™ Tamb Tavg col — Tamb 2
) = e -G, - (—) (6)
G, ) = G, 25t G,

Nth-sol = Mo * (Keb(e) 'GTb: + Koq -
Where the solar irradiation data (Figure 4) is used to compute the ratio between direct and global solar
irradiation (%t) as well as the ratio between the diffuse and global solar irradiation (%t) Additionally,
7, is the zero-loss collector efficiency, a, is the heat loss coefficient, a, is the temperature dependence
of the heat loss coefficient, Kyq is the diffuse incident angle modifier and Ky, is the direct incident angle

modifier (null angle of incidence assumed 6 = 0). The aforementioned fitting coefficients must be

adjusted for each particular collector technology and model. Figure 7 represents the dependence

15
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between the solar collector efficiency and the operating temperatures for each model presented in Table

4
Mo[=] | a[W(/m?-K)] a[W/(m? - K?)] Kga[—]

ET Cytodel—1 0.745 2.007 0.0050 0.850
CPCrviodel—1 0.644 0.749 0.0050 0.540

PT Criodel—1 0.693 0.476 0.003128 0.070

PT Cytodel—» 0.590 0.932 0 0.048

PT Crodel—3 0.680 0.4 0.0015 0.073

Table 4. Fitting coefficients of performance curves for different collector models. Source: [8]

0.9t _ETCMOGE|-1
CPCMOGE|-1

0.8 _PTCMOGE|-1
0.7 F = = PTChoqe1-2
Model-3

40 60 80 100 120 140 160 180 200
[*C]

T
avg.col

Figure 7. Solar collector efficiency curves (G, = 1000 W /m? and T, = 31°C)

4.2 Jet-ejector model

4.2.1 CFD implementation

The jet-ejector entrainment ratio for each operating condition and geometric configuration has been

evaluated by means of CFD simulations. The thermodynamic behavior of the refrigerants under

16
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examination has been modeled by using existing NIST real gas models of R1234yf [32], R1234ze [33] and
R600a [34]. Two-dimensional, steady-state and compressible turbulent flow has been assumed as well as
single-phase hypothesis. Axisymmetric domain with a quadrilateral structured mesh is selected due to the
prevalence of axial flow. The k — w SST turbulence model which is commonly employed in literature
when modelling supersonic flow inside jet-ejectors [35,36] is also assumed together with a pressure-based
coupling scheme. Second-order upwind spatial discretization schemes for turbulence and conservation
equations are used. The number of cells of the computational domain is around 50,000 in all simulations
with slight variations according to the geometric configuration under examination. If the number of cells
of the computational domain is further refined (increment from 50,000 cells to 100,000 and 170,000) the
relative variation in the entrainment ratio is not exceeding 1%. It must be stressed that slight discrepancies
have been found in the magnitude and position of strong shockwaves when the mesh is further refined.
Nevertheless, the present CFD approach seeks to predict accurately global flow phenomena parameters

i.e, entrainment ratio, rather than making a precise description of local flow phenomena.

Around 330 CFD simulations have been required in the present investigation to find all the optimum jet-

ejector geometries. For this reason, the computational economy has special significance.

Total pressure and total temperature boundary conditions have been defined in the jet-ejector primary
inlet with 15°C of superheating to avoid condensation phenomena as the flow expands in the primary
nozzle. Following the same reasoning, a superheating temperature of 7°C has been assumed at the

secondary flow inlet.

4.2.2 Validation

The CFD approach used in this study has been compared to experimental data available in the literature
in order to guarantee that the present CFD model is predicting accurately the jet-ejector entrainment
ratio (see Figure 8), which is the key parameter in this investigation to model the jet-ejector performance.
The experimental results under consideration are those reported by Hakkaki-Fard et al. [37,38] and Garcia

del Valle et al. [28] (geometry “A”) and their study comprises entrainment ratio determination for

17
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different jet-ejector geometries and operating conditions using R134a as working fluid. In the former
experimental study the generating pressure (P, ;) ranges between 29 bar (Tg;; = 84.6 °C) and 19.3 bar
(Tsat = 65.9 °C), the evaporating pressure (Psf) ranges between 2.65 bar (T, = —2.7 °C) and 4.15 bar
(Tsat = 10 °C) and the condensing pressure (Pp,r) varies between 4.2 bar (Tg, = 10.4 °C) and 8.4 bar
(Tsat = 33°C). Inthe present validation process only the operating points in which the jet-ejector operates
in the double-chocking mode have been reproduced. In the latter experimental work the generating
pressure (P,f) is between 25.98 bar (Tsy = 79.4 °C) and 31.9 bar (Tg, = 89.1 °C), the evaporating
pressure (Pss) varies between 3.49 bar (Ts, = 5 °C) and 4.15 bar (Ts, = 10 °C) and the condensing

pressure (P, ) changes between 7.47 bar (T, = 28.9 °C) and 8.97 bar (Tg,c = 35.4 °C).

The evaporating and condensing temperatures of the refrigerants in both the experimental results
(R134a) and the numerical approach of the present study (R1234yf, R1234ze and R600a) lead to relatively
high operating pressures. Therefore, the real gas effects considered in the CFD setup have special
significance [39]. The maximum relative error in the entrainment ratio between the computational and
the experimental results is not exceeding 9.3% considering the experimental data of Hakkaki-Fard et al.
and 9.5% when compared with the results of Garcia del Valle et al (see Figure 8). Hence, the CFD method

is providing reliable estimations of the jet-ejector entrainment ratio.
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320
321 4.2.3 Geometric optimization
322

323 The main objective of the jet-ejector optimization process is to obtain the ejector design that maximizes
324 the entrainment ratio for given operating conditions, that is, the condensing and evaporating
325 temperatures specified in Table 3. The decision algorithm when optimizing the jet-ejector internal
326 geometry is represented as the flowchart of Figure 9. The optimization sequence starts after finding a
327 combination of geometric parameters that brings a positive entrainment ratio. This is conducted by using

328 a trial and error method.
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diameter (D, ), and

Assume new primary
flow pressure (P,z)

nozzle exit diameter value
(D, ), that maximizes
entrainment ratio () New P, value
Initial maximum Find the combination of
@ entrainment ratio (wpq,) ejector mixing chamber
diameter (D, ), and
Assume new NXP nozzle exit diameter
(L.2) value (D, 3), that maximizes
entrainment ratio (w)
@ New L., value
New wpq, value
Find the combination of @

ejector mixing chamber
diameter (D, ), and
nozzle exit diameter
(D.z), that maximizes
entrainment ratio ()

Is the w4, almost
invariant when P, is
modified ?

New w value

max

Genetic algorithm optimization to find
the ejector scaling factor (k) that
maximizes overall cycle COP
(Section 4.3)

Optimum size and shape of the jet-ejector found:
L(e.z:l.opr: D(e,ZJ.oprr D{e.a}l,apr: D(s.4}.oprr pr,apn Dmax

End

Figure 9. Optimization sequence to maximize the jet-ejector entrainment ratio (w)

4.3 JERS governing equations and optimization procedure
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The JERS governing equations are feed with the jet-ejector entrainment ratio coming from CFD
simulations and are subsequently solved to maximize the power efficiency transformation from thermal
energy to cooling capacity COPy,. The model of the JERS is based on the conservation of mass and energy
in each element of the cycle and it is described elaborately by Galindo et al. [40]. The main assumptions,

constraints and objectives are listed below:

Assumptions

- Primary and secondary flow expansion processes are modeled by introducing an isentropic
efficiency, which is a common approximation in the literature.

- ltis supposed that the solar collector field provides 10 kW of thermal power. This hypothesis is
assumed just to dimension the jet-ejector component bearing in mind that the whole system
might be scaled.

- It is assumed that the primary mass flow rate through the nozzle of the JERS is at choking
condition.

- Pressure losses are neglected in all the heat exchangers.

- The expansion valve is assumed to be isenthalpic and the liquid pump is modeled by introducing
an isentropic efficiency.

- Subcooling at condenser exit equals to 2°C.

Objective and resolution strategy

The objective of the MOGA-II (Multi-Objective Genetic Algorithm) used in the present study is to maximize
COPy, by finding the optimum combination of inputs. The multidisciplinary design optimization (MDO)
platform modeFrontier has been used as a design tool. The description of the MOGA-II fundamentals
implemented in the optimization software can be found in the literature [41-43]. The solving procedure
of the governing equations is sequentially displayed in the flowchart of Figure 10. The jet-ejector primary
mass flow rate is a priori unknown and it can be computed by using the model proposed by Zegenhagen

and Ziegler [39] which includes real gas effects.
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It is worth noting that the jet-ejector scaling factor (k) and the collector inlet temperature (Tj;, o1) are the

input variables of the MOGA-II. The former is intended to modify the size of the reference jet-ejector and,

therefore, the primary and secondary mass flow rates passing through this element. The latter is

iteratively adjusted to meet the corresponding pinch point in the generator.

mpf = mpf(pr' Tpf' ﬂl.Iid, Z: k : D(e,z),ref)

Qge = mpf ' (hout,ge (pr, Tout,ge) - hin,ge (pr, Tin,ge))

Qge = Mo Cp,col * (Tout,col - Tin,col)

Qev = msf : (hout,ev(Psf' Tout,ev) - hin,ev(Psf' Tin,ev))

D(e,z),opt = kopt ' D(e,z),ref

D(e,3),opt = kopt ' D(e,3),ref

D(e,4),opt = kopt ' D(e,4),ref

L(e,Z),opt = kopt ' L(e,Z),ref

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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Figure 10. Resolution flowchart to determine JERS COPyy, = 1¢p coo1

Constraints

- Inside the jet-ejector only single-phase flow is permitted to be consistent with the CFD
calculations. For this reason, all the MOGA-II solutions showing multiphase flow as primary and
secondary flows expand are discarded.

- The pinch point of the heat exchange processes occurring at the evaporator, condenser and

generator must be greater than 7°C.

5. Results

This section is dedicated to analyze the influence of different refrigerants, operating conditions and solar
collector technologies over the system efficiencies, i.e, solar-thermal (1, 501), thermal-cooling (M cool)

and overall (n,y,) energy conversion processes. Firstly, the jet-ejector geometries that maximized the
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entrainment ratio for each operating condition and working fluid are presented. Then, the overall system
efficiency is estimated by using the algorithm already introduced in Section 4.3. Subsequently, the
refrigerant that provided the best results (maximum 7,,) is selected and the impact of different solar
irradiation scenarios and collector types over the system performance is assessed. To conclude, the JERS

performance is confronted with a traditional vapor-compression refrigeration system.

5.1 Jet-ejector optimization results

Table 5 shows the optimum jet-ejector geometry for each working fluid and generating pressure with the
corresponding entrainment ratio. It should be noticed that the scaling factor presented in Equation (7)
and Figure 10 is already applied on each jet-ejector dimension according to Equations (11), (12), (13) and
(14). To graphically illustrate the jet-ejector entrainment ratio improvement resulting from the
optimization process, Figure 11 is provided. The lack of smoothness in some entrainment ratio curves can
be attributed to the discretization interval of the geometric dimensions (usually 0.1 mm in the most
sensitive geometric parameters) when searching for the optimum geometry. Marginal improvements in
entrainment ratio could be achieved if the discretization interval in the optimization process is reduced at
the expense of increasing notoriously the number of simulations required to characterize each refrigerant.
Hence, this strategy would be not attractive from the computational economy perspective and it does not

change the final conclusions of this work.

Figure 11 shows that the generating pressure does not have a decisive influence over the entrainment
ratio if the jet-ejector internal geometry is carefully designed. A diminution over the maximum achievable
entrainment ratio is found if the generating pressure decreases for a fixed condensing pressure. This trend
is maintained regardless of the fluid under consideration. It is also observed that both the primary nozzle
area ratio and the jet-ejector area ratio (ratio between mixing chamber area and primary nozzle throat
area) tend to increase to counteract the increase of generating pressure in the optimum geometries.
These are precisely the most important geometric parameters and must be attentively designed according

to the operating conditions. If the optimum geometries for each refrigerant are analyzed under uniform
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conditions at the jet-ejector inlet it is observed that the working fluid with the highest specific volume
(R600a) presents the smallest jet-ejector throat diameter (D, ,) and, consequently, the smallest jet-

ejector size, followed by R1234ze and R1234yf.

R600a shows the maximum entrainment ratio (wope = 0.464) for Pyr = 31.29 bar followed by R1234yf
(wopt = 0.417 and P,¢ = 35.14 bar) and R1234ze (w,pe = 0.405 and P,¢ = 33.35 bar). A priori, it is not
possible to discern which working fluid is the most convenient in terms of 1y, (o, Maximization. For that

purpose, the whole refrigeration system must be evaluated.

0.6

—8— R1234yf
—»—H1234ze
—— R600a

0.5

0.4

0.2

0.1

15 20 25 30 35 40
pr [bar]

Figure 11. Optimum jet-ejector entrainment ratio for each primary flow operating pressure
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427

WOk | pygfbar] Pye[bar] Pu[bar] D e.2),0pt [MM] De.3),0pt [MM] D (e.4y,0pt [MM] Leezyoptmm] | wopel—]
R1234yf 37.74 4.80 10.19 2.14 3.33 5.46 4.16 0.408
R1234yf 35.14 4.80 10.19 2.26 3.26 5.52 4.39 0.417
R1234yf 32.87 4.80 10.19 2.37 3.42 5.52 4.60 0.405
R1234yf 30.88 4.80 10.19 2.47 3.43 5.48 4.80 0.383
R1234yf 29.11 4.80 10.19 2.56 3.41 5.54 4.98 0.386
R1234yf 27.54 4.80 10.19 2.64 3.53 5.44 5.14 0.352
R1234ze 36.52 3.41 7.67 2.05 3.42 5.93 3.99 0.395
R1234ze 33.35 3.41 7.67 2.18 3.64 5.94 4.24 0.405
R1234ze 30.68 3.41 7.67 2.30 3.58 6.00 4.47 0.399
R1234ze 28.41 3.41 7.67 2.41 3.74 6.01 4.68 0.395
R1234ze 26.45 3.41 7.67 2.50 3.62 5.98 4.87 0.380
R1234ze 24.74 3.41 7.67 2.60 3.75 5.91 5.05 0.361
R1234ze 23.24 3.41 7.67 2.69 3.58 5.82 5.23 0.365
R1234ze 21.91 3.41 7.67 2.77 3.70 5.85 5.39 0.341
R600a 31.29 2.43 5.32 1.87 3.53 5.92 3.64 0.464
R600a 28 2.43 5.32 1.99 3.54 5.97 3.87 0.462
R600a 25.33 2.43 5.32 2.10 3.50 6.07 4.08 0.453
R600a 23.13 2.43 5.32 2.21 3.68 6.00 4.29 0.452
R600a 21.28 2.43 5.32 2.31 3.59 6.03 4.49 0.450
R600a 19.70 2.43 5.32 2.41 3.48 6.02 4.68 0.436
R600a 18.34 2.43 5.32 2.50 3.62 5.98 4.87 0.419
R600a 17.16 2.43 5.32 2.60 3.75 6.01 5.05 0.397
R600a 16.12 2.43 5.32 2.69 3.58 5.97 5.23 0.401
R600a 15.20 2.43 5.32 2.77 3.39 5.86 5.39 0.370

Table 5. Optimum jet-ejector geometry for each operating condition and working fluid
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5.2 JERS and overall system performance using a parabolic trough collector

(PTCModel—3)

One of the parabolic trough collectors, specifically PT Cyogqe1—3, has been selected as the reference
collector due to its superior operational behavior in a wider range of collector temperatures and solar
irradiation conditions when compared to other collector technologies. The sensitivity study has been
carried out for a fixed irradiation level (1000 W/m?) and an ambient temperature of 31°C. Hence, the
solar collector efficiency is almost invariant except for the slight differences in collector inlet temperature
(Tin,co1) When the generating pressure varies. The maximum solar irradiation intensity (1000 W/m?)
according to Figure 2 and Figure 3 has been selected to maximize the solar collector performance and

thus to evaluate the refrigeration system in the best-case scenario.

Figure 12 depicts the JERS efficiency, the solar collector efficiency and the overall system efficiency against
generating pressure for each refrigerant. As specified in the optimization algorithm a detailed jet-ejector
geometric optimization has been conducted for each operating pressure and each refrigerant. As the
generating pressure increases the JERS efficiency does not exhibit a decreasing trend but it is almost
constant. Therefore, this demonstrates that the JERS performance could be marginally enhanced at the
expense of a more robust generator capable to withstand higher pressure. It might not be attractive from
a cost-benefit criteria because the equipment cost would increase and the efficiency improvement
(Mth,cool) is insignificant. The maximum JERS efficiency corresponds to 7 coo1 = 0.377, Nihcool =
0.355,Mh,coo1 = 0.352 for R1234yf, R600a and R1234ze, respectively. It is noteworthy that the
refrigerant with the highest jet-ejector entrainment ratio (R600a) is not the refrigerant with the highest
Tth,cool- This is because more thermal power per unit of cooling demand is required to get superheated

vapor at the corresponding generating pressure.

The pump power consumption would be another factor of relevance when evaluating the generating
pressure. The power consumption of the liquid pump is far less when compared to the input thermal

power of the generator. The power consumption has been determined for the rated thermal power in the
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generator (10 kW) and depends on the thermodynamic properties of each working fluid (i.e. the specific

volume of each refrigerant, enthalpy variation across the pump...) and the liquid pump pressure ratio.

R1234yf shows the greatest power consumption varying between 134W for the lowest operating pressure

(Pps = 27.54 bar) and 209W for the highest (P, = 37.74 bar), followed by R1234ze (85W for P,; =

21.91 bar and 174W for P, = 36.52 bar) and R600a (59W for P, = 15.20 bar and 146W for P, =

31.29 bar).

All the refrigerants under consideration offer similar efficiencies when the overall system is assessed.

R1234yf maximizes the solar irradiation conversion to cooling power (17,, = 0.201), closely followed by

R1234ze (no,y = 0.187) and R600a (1,, = 0.184). This suggests that other criteria should prevail when

selecting one of the previous refrigerants for this application (refrigerant or equipment cost, availability,

flammability...) rather than the system efficiency.

0.6
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Figure 12. JERS, solar collector and overall system efficiencies operating with R1234yf, R1234ze and
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R600a as working fluids (G, = 1000 W /m?)

The present results have been compared with data available in the literature. The aim is to quantify the

effectiveness of the optimization procedure introduced in this paper as a way to improve the JERS

performance. A rigorous comparison is quite hard because the evaporating and condensing temperatures
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considered in the present paper, 13 °C and 40 °C, respectively, are not exactly reproduced in the available
literature. Nevertheless the COP;, results have been compared with some literature data working at
similar operating conditions. Bellos and Tzivanidis [10] reported a maximum COP,;, = 0.299 using R141b
as working fluid for a condensing temperature of 40 °C and an evaporating temperature of 10 °C. Also for
the same operating temperatures, Kasperski and Gil [44] reported a maximum COP,; = 0.32 for R600a.
More recently, the same authors calculated a maximum COP,;, = 0.23 [30] keeping the same condensing
and evaporating temperatures and considering only non-flammable synthetic refrigerants in the low
primary vapor temperature range (below 140 °C). Chen et al. [45] obtained a maximum COP;;, = 0.38
and COP,, = 0.25 for an evaporating temperature of 10 °C, and a condensing temperature of 35 °C and

40 °C, respectively, when R245fa and R600 are used as refrigerants.

From the previous literature search is not possible to discern whether the superior operational behavior
reported in the present paper can be attributed to the higher evaporating temperature or, alternatively,
the optimization process and working fluid have an appreciable influence. To elucidate the effect of the
optimization process, the operational behavior of the JERS has been compared with literature data of a
JERS working under a higher or equal evaporating temperature and a lower condensing temperature,

indeed, more beneficial conditions.

Chen et al. [45] performed a screening of working fluids and obtained a COP, ranging between 0.21 and
0.46 for a condensing temperature of 35°C and an evaporating temperature of 13°C. Nehdi et al. [46]
reported a COP,, ranging between 0.3 and 0.41 (depending on the working fluid under examination) for
an evaporating temperature of 15°C and a condensing temperature of 35°C. These values are comparable
with the ones indicated in the present study so this would suggest that the thorough optimization of the

jet-ejector internal geometry would have a remarkable positive effect over the JERS performance.

5.3 Collector type sensitivity analysis

R1234yf has been selected as the reference working fluid for the collector type sensitivity analysis because

it maximizes the refrigeration cycle efficiency (im—_coo1)- Hence, the transformation efficiency from
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thermal power to cooling power is equal to the optimum value presented in the previous subsection,
Nth,cool = 0.377. To clarify the influence of the solar collector typologies the comparison is carried out for

the maximum solar irradiation (G, = 1000 W/m?).

The ET Cyodel—1 Provides the best performance with the peak solar irradiation of 1000 W/m? (1y, 501 =
0.565,7n,, = 0.213) as can be seen in Figure 13. In contrast, the worst behavior in the solar collector side
is found for the PT Cyodel-2 (Mth,sol = 0.425) and it also causes a reduction in the overall system efficiency

Ny = 0.161).

0.6

-"ith.sol
-"'ith,cool
0.5 .

A A A % ™

A N A
OF 0¥ 0 o oW
< G < < <

Figure 13. Influence of the solar collector technology over the system efficiency (G, = 1000 W /m?)

5.4 Influence of solar irradiation level

After evaluating the solar collector side for the most favorable irradiation scenario it has special relevance
to assess the operational behavior of the solar collector side considering the fluctuating nature of solar

irradiation. To do so, the four cases (C; — C,) of Table 1 have been studied. According to Figure 14 the
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PT Cy1odel—3 Presents the most robust behaviour when the solar irradiation changes showing n,, = 0.201
when G, = 1000 W/m? and 1,, = 0.168 when G, = 450 W /m?. On the contrary, ETCyoge1—1 Shows
the highest deterioration against fluctuating irradiation conditions. Indeed, n,, = 0.213 when G, =
1000 W/m? while n,, = 0.137 when G, = 450 W/m?. The performance degradation occurring in the
solar field side should be compensated by an increase in the solar collector area to keep invariant the

achievable cooling capacity on the JERS side.
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Figure 14. Influence of different solar irradiation scenarios over system efficiency

Alternatively, the negative impact over the maximum attainable cooling capacity can be directly related
to the diminution in solar irradiation if the solar collector area is fixed. If the solar field is sized for the
PT Cyjoge1—3 according to the maximum solar irradiation (G, = 1000 W/m?) an efficiency 1y, so1 = 0.532

is obtained for the transformation of solar irradiation to thermal energy. This leads to a collector area of

31



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

18.8 m? to meet a thermal capacity of 10 kW in the generator. Figure 15 (left axis) depicts the maximum
achievable generator thermal power and cooling capacity as a function of the solar irradiation intensities
(C, — C,) for a fixed collector area. As the solar irradiation is reduced from 1000 W/m? (C,) to 450 W/m?
(C4) the cooling capacity and the generator thermal power diminishes by a factor of 2.65. Figure 15 (right
axis) represents the jet-ejector primary nozzle size variation that must be accomplished. This
characteristic dimension is 1.63 times larger in the case with the peak solar irradiation (C,) in relation to
the case with the lower irradiation intensity (C,). This reveals the importance of an adjustable jet-ejector

to face the fluctuating climatic conditions.

Typically, the daily peak solar irradiation and the peak ambient temperature nearly coincide (normally, a
time offset exists) and the daily pattern of solar irradiation and ambient temperature follow a similar
trend. The penalty over the maximum achievable cooling capacity caused by the reduction of solar
irradiation could be alleviated taking into account that the cooling requirements are partially reduced as
the solar irradiation diminishes in a standard summer day because solar irradiation and temperature
patterns are almost synchronized. As a first approximation, if the overall heat transfer coefficient and the
surface area where the heat transfer takes place remain constant the heat transfer rate is proportional to
the difference between indoor and ambient temperature. Figure 16 shows the hourly evolution of AT (left
axis), that is, the difference between the mean temperature during the month of July in the TMY (July
2014) and the target indoor temperature together with the solar irradiation pattern of a clear sky day in
the same month (right axis). The synchronization between both patterns is envisaged. A priori, the
mitigation effect is not sufficient to keep the cooling capacity needs because the temperature difference
is AT = 10°C when G, ~ 1000 W/m? and AT = 7.9°C when G, ~ 450 W/m?at ~17: 00 (reduction by
a factor of 1.26) and AT = 5.9°C when G, ~ 450 W/m?at ~08: 00 (reduction by a factor of 1.69).

Indeed, the cooling capacity is reduced by a factor of 2.65 in these hours as mentioned above.
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Figure 16. Difference between the outdoor and indoor temperature for the solar irradiation scenarios

assessed.

5.5 Comparison with a traditional vapor-compression air-conditioning system

In view of the previous results, the design efforts focused on improving the jet-ejector behavior by
optimizing its internal shape are essential to improve the overall system performance. The relatively low
energy conversion efficiency can be attributed to the JERS itself as well as the solar collector field but the

JERS still has the greatest improvement potential. This translates into a relatively high collector area per
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unit of cooling power and, consequently, in higher investment cost. Nonetheless, if the input power to
drive the JERS operating in its peak efficiency scenario (R1234yf as refrigerant and 1y, coo1 = 0.377) is
compared with a traditional vapor-compression system working under the same cooling requirements
and outdoor conditions (assuming also the same degree of liquid subcooling in the condenser and vapor
superheating in the evaporator) it is found that the power consumption of the traditional system is 2.52
times higher than the JERS. It is worthy emphasizing that the main power input in the JERS and the
conventional refrigeration system corresponds to the liquid pump and the compressor, respectively. Both
elements have been modeled in this comparison assuming an isentropic efficiency (7comp = pm = 0.85).
Equivalently, the efficiency improvement with respect to the conventional vapor-compression system can
be evaluated by means of the traditional COP definition. In such a case COP, = Qev/Wmmp = 7.74 for
the traditional system and COP, = Qev/l/i/iJm = 19.51 for the JERS. In view of the above, hybrid
configurations in which the JERS would be intended to assist a vapor-compression refrigeration machine
with the aim of reducing the compressor’s power consumption could be promising alternatives from the

perspective of both power efficiency and investment cost.

6. Conclusions

The present paper evaluates numerically a solar-driven jet-ejector refrigeration system using
environmentally friendly and new generation refrigerants with low ecological impact, namely, R1234yf,
R1234ze and R600a. A detailed jet-ejector shape optimization is carried out in each operating condition
as a mechanism to improve the overall cycle performance. The influence of variable solar irradiation
conditions and different collector technologies over the overall system performance is also evaluated. The

main conclusions are outlined below:

- Considering slight variations, the primary flow pressure does not affect significantly the jet-
ejector entrainment ratio and the maximum achievable 7y, o0 if the jet-ejector internal
geometry (primary nozzle throat and exit diameter, NXP and mixing chamber diameter) is

thoroughly designed according to the operating conditions. Bearing this in mind the jet-ejector
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refrigeration system achieves a maximum 7, .01 = 0.377 for R1234yf, closely followed by

R600a and R1234ze.

If the analysis is extended to the overall system, that is, the coupling of the jet-ejector
refrigeration system and solar collector field it is observed that R1234yf refrigerant offered the
best performance in terms of solar irradiation transformation to cooling capacity (n,, = 0.201)
closely followed by the system operating with R1234ze (n,, = 0.187) and R600a (n,, = 0.184).
Hence, if the jet-ejector internal geometry is carefully designed, the overall system performance

is almost insensitive to the working fluids under examination.

The ETC (Evacuated Tube Collector) model under consideration maximizes the overall system
efficiency for the peak solar irradiation (1000 W/m?) but one of the PTC (Parabolic Trough

Collectors) offers the best performance in those situations with fluctuant solar irradiation.

The power consumption of a traditional vapor-compression system working under the same

cooling requirements and outdoor conditions is 2.52 times higher than the JERS.
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