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ABSTRACT

This study focuses on the thermodynamic analysisaotascade ejector refrigeration cycle. Two
environmentally-friendly fluids are use: water ftwe upper cycle and GOfor the lower one. The
conjugation of the two ejector cycles is proposedider to operate the GQub-cycle with subcritical
pressures, thus increasing the coefficient of perdmce (COP). Due to the characteristics of theseral
fluids, the traditional one-dimensional analysismat be applied to ejector performance predictimus,

the ejectors are analyzed using an improved metbgygobased on real gas equations and Wood's
approximation for two-phase speed of sound calicuiat Using this methodology simulations are cdrrie
out in order to analyze the effect of the operatemperature of the intercoolers, regarding toaperation

of a solar-assisted ice maker. The results shotwiider the base case conditions the COP of titerayis
0.2, and this value is highly dependent on the atpsaral temperature of the intercooler.

1. INTRODUCTION

Refrigeration and air conditioning systems usedagounts of electricity, especially in tropicajimns like
Brazil. According to PROCEL (2008), these systemsrasent 40% of the Brazilian domestic electricity
demand and 20% of the overall national energy dem@arrently, the refrigeration market is dominabsd
mechanical vapor compression systems, due to¢beipactness and efficiency. The growing awareness o
global warming has encouraged the scientific conmitpuio carry out research on thermal compression
systems and hence, in recent decades, a rapidrgoduhe use of these systems has been observetagHw
et al.,, 2008). Of the thermal compression technet@vailable, the ejector refrigeration systemseha
generally been used in niche applications, becatisee low COP when compared to vapor compression
systems. Nevertheless, given the possibility ohgisiolar or waste energy to supply the motive hibat,
challenge in developing applications for thermahpoession technologies is to achieve systems wdnieh
economically competitive with traditional vapor corassion cycles.

In order to improve the ejector cycle performangekolov & Hershgal (1990) proposed a solar-assisted
ejector refrigeration cycle using a booster. Theaathge of this cycle is a substantial increasdencycle
COP, compared with a single-stage ejector cycleatipg at the same sink temperatures. In relatiotiis
model, and considering the potential impact of stdal refrigerants on the earth’s atmosphere amd o
global climate change, the authors reported aasstssment of the system using natural refrigesaicts as
water and CQ(Colle et al., 2009). This configuration allowstbperation of the C{cycle at sub-critical
pressures, thereby enhancing the overall perforenahthe cycle.

In this study the performance of a novel cascadet@j cycle was investigated using the same natural
refrigerants as in the aforementioned work. By ciminly these single-stage ejector cycles it is faesio
obtain the environmental benefits provided by tke af natural refrigerants whilst achieving tempmmes
below 0°C.



1.1. Cycledescription

Figure 1 shows the arrangement of the proposec ciictonsists of two single-stage ejector refiadgen
cycles coupled to two heat exchangers, calledaotders (A and B). The condenser and the evapoddtor
the steam cycle play the role of the boiler anddiwvedenser of the G@&ycle, respectively. The heat source
is supplied to the generator of the steam cyclethadefrigeration effect is produced at the evafmrof the
CO; cycle.
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Figure 1: Schematic diagram of the cascade g ector cycle

The working principle of the cycle is as followsila collectors or a waste thermal energy sour@plgu
heat to a vapor generator, which operates as the dwrce for the water ejector cooling cycle. Wate
evaporates in the vapor generator at temperdigyrérhe steam flows through the convergent-divergent
nozzle of the ejector BJAs it enters the mixing section, a low pressuggian develops due to the
expansion, which induces the secondary steam ftom fthe intercooler Ig; operated at temperatufg.
The primary and secondary steams are mixed injdutoge, and the combined stream flows to the coselen
and loses heat at temperatiizgin two heat exchangers, firstly at the intercod@r and the remaining heat
is released at the condenser. After the condetieeflow splits into primary and secondary flowdieh are
pumped back to the vapor generatog) (Bnd the intercooler i respectively, after passing through an
expansion valve (Ep). The CQ ejector cycle works analogous to that describedi@bThe heat source that
drives the cycle is supplied by the water ejectotha intercooler 1. The vapor generated flows to the
ejector, where the secondary flow is induced frdva evaporator. The mixed flow releases heat at the
intercooler G before it splits again into primary and secondéows, which flow back to the intercooler
IC, and the evaporator, respectively.

The proposed cycle allows the use of a low-tempegdieat to provide a refrigeration effect at agerature
below0°C. Therefore, it represents a cycle of considerafirest, since it offers a solution not covered by
absorption cycles, i.e. low-temperature refrigeratising low-temperature heat.

1.2. Working fluids

Natural refrigerants such as water and,@@ considered as workable options due to thelilgy and
availability in the environment (Calm, 2008). Nethetdess, these refrigerants present the disadvestaig
low critic temperature and high operational presdar CQ or a lower temperature limit for water.

Although ejector systems have been around for aveentury, there is still a clear need to imprdve t
modeling of the cycle due of difficulties associhteiith the system operation. Ejector modeling is
commonly based on ideal gas dynamics models. Haweepending on the characteristics of the working
fluids these models may be not acceptable. AccgrtinChen et al. (1998) the working fluids for & je



refrigerator can be categorized as wet vapor apd/apor, as shown in Figure 2. For a wet vapodfitine
saturated vapor line has a negative slope imtheiagram and for dry vapor fluids there is no phasange
during the expansion process when passing thrdwglprimary nozzle. Nevertheless, for a wet vapadfl
small droplets may be formed at the nozzle exdpaing condensation shocks. This can be eliminayed
superheating the fluid before it enters the nozZaewever, the use of superheated motive steam saise
slight decrease in the ejector efficiency (Pow6g3J).

a) Dry fluid b) Wet fluid
Figure 2 : Temperature-entropy chartsfor the expansion of refrigerants asthey passthrough the nozzle

Halocarbon-based refrigerants, such as HCFC141hH&@il34a, are considered as dry vapor fluids, whils
natural refrigerants, such as water and,,&@e considered as wet vapor fluids.

2. EJECTORANALYSIS

The heart of the cooling cycle is the ejector aadde information on its design and performanceiptied

is critically important. Such information can betaibed using a mathematical model commonly based on
the 1-D theory initially proposed by Keenan et(4B50). The model was based on ideal gas dynamits a
the principles of conservation of mass, momentutherergy. This model was later modified by Munday &
Bagster (1977) and Huang et al. (1999), who intceduthe expansion inefficiencies. However, these
theories present some difficulties on dealing wihl gases and the two-phase flow expected incegect
operated with wet fluids, as in the case of waber @G.. Nevertheless, considering the operational pressur
for the two fluids investigated in this study, tideal gas assumption is not appropriate. Some etiave
published attempts to model the ejector performancassuming real gas state equations and two-phase
flow. However, they used empirical correlationsdal with the complexity associated with the twasgdn
flows (Cizungu et al., 2005; Zhu & Li, 2009). Inighstudy, we propose the use of the methodology
developed by Sherif et al. (2000) for ejector desigd evaluation. These authors take into accaattgas
state equations; however, they assume that thérapén efficiency of the expansion and compression
processes that occur in the ejector are previdustyvn. The empirical coefficients for taking intocaunt

the losses in the mixing chamber, introduced byrduat al., (1999) and Eames et al., (1995), are als
considered herein. Thus, the isentropic efficiemeire 0.95, 0.95 and 0.9 for the primary nozzleoséary
inlet and diffuser, respectively, whilst the mixilogses coefficient is 0.88.

The fundamental expression for the speed of saiddfined as:

¢ = (Z—i) (1)

wherec is the speed of sounB,is the pressure andis the density. The calculation of the speed ahsloin
two-phase mixtures is a complex task, since theptessions and rarefactions produced by the sound wa
are, in these cases, accompanied by mass trar@iepohe phase to the other.

Sherif et al. suggested the evaluation of the sp#fedound for a two-phase flow through numerical
differentiation of Eq. (1). Nevertheless, considgrthe possibility of metastable conditions ocawgrin the
nozzle exit, the authors propose to analyze th&ingghenomenon using Wood’s approximation (Wood,
1930) for the speed of sound calculations in twagghmixtures. This approximation is defined aofed:
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wherecy, is the speed of sound passing through the twoephasture,p; andp, are the densities of the

saturated liquid and vapor, respectively, ansl the viod fraction.

The analysis is performed with EES (engineeringaéiqo solver). This software (Klein & Alvarado, 201
has the advantage of including fluid properties geadly-to-use optimization tools. It uses the saqation

of state as REFPROP-NIST (Lemmon, Mclinden, & HUR€02). The predictions obtained were compared
with those of REFPROP-NIST and are essentiallytideh

Using the methodology of Sherif et al., the mairorgetry relations for the two ejectors are specified
according to the operational conditions of the adseccycle proposed. It is assumed here that thie cyc
condenser is water-cooled, where the water coroes tihe abundant rivers in Brazil. Thus, defining base
case of operating the proposed cycle for an iceimgaépplication of3 TR (10.55 kW), in the Amazon
River region, the following sink temperatures sllolbé consideredf; = 85°C, T, = 25°C, Tz = 7°C and

Ty = —5°. According to Huang et al. (1999), two area rasbsuld be taken into account for predicting
ejector performance: the primary nozzle exit aceprimary throat areé,,./A;); and the mixing chamber
area to primary throat aréd,,,/A;). Hence, for the base case the geometry relatistmaated are listed in
Table 1.

Tablel: Main cross-section arearatios of the gjectorsfor the base case

CO, Ejector HO Ejector
(Ane/Ar) 1.252 3.776
(Am/Ap) 1.930 35.95

The performance of the ejectors is commonly evalliat terms of the entrainment rai®). For the base
case specified above and the area ratios list@dlate 1, the entrainment ratios calculated wer&®far the
CO, ejector and 0.681 for the steam ejector. Theretbeeprocess occurring in the ejectors, accortlirthe
aforementioned methodology, can be described ihiibider diagrams shown in Figures 3 and 4. Altgbu
the outlet flow of the steam ejector is superheaddo-phase flow occurs due to the processettair in
the ejector. In the case of the C&pector the outlet mixed stream is a two-phasdurexwith a vapor quality
is 0.9. Nevertheless, during the expansion in tfimgry nozzle for both ejectors the vapor qualifytie
primary fluid is around 0.75.
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Figure 3: Mallier diagram of the steam gjector
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Figure4: Mollier diagram of the CO, g ector

3. CYCLEANALYSIS

The COP for a single stage ejector is defined leyréttio between the heat transfer at the heat egeha
which leads to the refrigeration effect (commonhe tevaporator) and the heat transfer in the vapor
generator. The pumping power is generally negledtedause its represent less than 1% of the heat
transferred to the boiler. Nevertheless, the premealysis takes the pumping power into accounpyder to
determine the different characteristics of the tyoles. For instance, the COP of the steam ejéectbefined

as follows:

QIB
COPHZO(TG'TA' TB) =
Qe + Whzo

whereQ, is the heat transfer at the intercooleg,I@; is the heat supplied to the vapor generatorléipgh,
is the power required by the water circulation pump

®3)

Analogously, for the Cocycle:

Qr
COPcoy(Ty, Tg, Tg) = ————
Qra + Weo2

whereQ, 4 is the heat transferred at the intercoolex, I is the refrigeration power of the device dfigl,,
is the power required by the G@irculation pump.

(4)

The COP for the combined cycle can be defined as:

COP (T, Ty, T, Tg) = = Ge

: : )
Q¢ + Weoz + Whzo

Therefore, the pumping power for the combined cigle

Wp = Weoa + Wiz (6)



4. RESULTSAND DISCUSSION

In a simulation of the cycle, for the base cas@ndefabove, a global COP of 0.17 was achievedomtrast,

for the Carnot cycle, the COP for the same sinlkpatures is 1.45. Absorption systems based anrith
bromide cannot achieve temperatures beld@ and ammonia-based ones require higher-temperhaaie
sources. Thus, although the cycle COP is approeimdi2% of the value for the Carnot performance, it
offers an opportunity for refrigeration based onewable energy, not covered by the range of apjgicaf
absorption machines, and also has the ecologic&fite of using natural refrigerants.

The parametric analysis of the cycle describedhis paper shows that the cycle conditions can be
optimized, within the range of low-temperature eclbrs, to achieve the maximum overall COP. All the
cases simulated here consider a fixed cooling égpatd an optimized ejector geometry for each diovl

4.1. Effect of intercooler |C, temperature

Figure 5 shows that there is an optimum temperdturéhe intercooler I¢ operation since at temperatures
higher than25°C the entrainment ratio of the GQ@ycle decreases. However, for temperatures lokgan t
25°C the steam ejector entrainment ratio also decredisean be observed that the lower the operation
temperature of the evaporator, the higher the aptitemperature of the intercooler\lQ\Nevertheless, there

is a thermodynamic restriction on this temperaturecause it must not be too close to the critical
temperature of CO

Figure 5 also shows the effect of the temperafren the pumping power required by the cycle. It ban
observed that the higher the operation temperaitie intercooler I¢, the lower the pumping power
required. This is because approximately 90% ofpimer used for pumping is due to the Lrculation
pump and hence as the entrainment ratio of iG€reases wheif, increases, the mass of €Pumped
decreases.
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Figure5: Effect of intercooler 1C, temperature on COP

4.2, Effect of intercooler |Cg temperature

iError! No se encuentra el origen de la referencia. shows the effect of the intercoolergl@mperature on
the overall COP. Similarly, in the aforementionathlgsis, the existence of an optimum temperature is
observed. However, this optimum appears to be ¢w8&C, which is a thermodynamic limit for the steam
ejector cycle. The proximity between the optimund dne water freezing point is even greater when the
evaporator temperature decreases.

The entrainment ratio of GQOdecreases a§g increases, thus the mass flow of the,Q@@mped to the
intercooler IG increases with the temperaturig Therefore, the pumping power required by the whuyicle
also increases.
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Figure 6 : Effect of intercooler 1Cg temperature on COP

4.3. Effect of vapor generator temperature

The effect of the boiler temperature is shown iguké 7. Since, the temperatures of both intercechee
fixed, the geometric characteristics of the ;Gfector are unmodified during this analysis. Thenes for
each boiler temperature simulated the steam ejectmptimized. Hence, as the boiler temperaturesmses
the COP will also increase, as expected.
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Figure 7 : Effect of boiler temperature on COP

5. CONCLUSIONS

A cascade ejector cycle using natural refrigerengsoposed herein. Besides the environmental iengfis
configuration allows the generation of a refrigemateffect below the freezing point of water by swiering
low-temperature heat sources. Although the cycimiscompletely passive, because it uses elegtfigitthe
circulation pumps, the power required may be segptiy solar PV panels (considering that solar ctuls
also supply the thermal energy).

Regarding the feasibility of the proposed cyclegaanomic evaluation must include the trades-affvben
the cycle efficiency and heat exchanger size, whidcertainly affect the overall cost of the sgst.
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