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Abstract

The replacement of HFCs using lower GWP refrigerant the coming years is a
priority to reduce the predicted climate change.e Téxergy analysis of vapor
compression systems can help to identify the fdagibf alternative fluids in existing
installations and the potential to improve them.this sense, this paper presents an
exergy analysis of an experimental setup whichatpsrwith R134a and the alternative
HFO/HFC mixture R513A. The evaporating temperatareanges between -15°C and
5°C, while the condensing temperature is set aC3&id 35°C. In this analysis, the
highest amount of exergy destruction rate is obthit the compressor, followed by the
evaporator. The maximum exergy efficiencies areepnlesi at the condenser and the
thermostatic expansion device. Finally, the avemglgbal exergy efficiency of R513A
when replaced R134a in this refrigeration experitmesetup is 0.4% higher (absolute
difference), and with respect to the componentsrethis only slight reduction in
efficiency in the condenser using R513A. Therefailee R513A replacement is
acceptable according to the second law of thermantycs.

Keywords: vapor compression; second law of thermodynaneixsrgy destruction rate;
global warming potential; R513A.

Nomenclature

gt_q.

Exergy destruction rate [W]
Specific exergy [J kg
Specific enthalpy [J Kg
Mass flow rate [kg§

Heat losses [W]

Specific entropy [J kgK™]
Temperature [K, °C]

S H40 Q3 To

Electric power [W]

Greek symbol
Nex  Exergy efficiency

Subscripts
brine  Secondary fluid (evaporator)
comp Compressor
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¢, cond Condenser

dis Discharge line

evap Evaporator

in Inlet

out Outlet

ref Refrigerant

suc Suction line

water Secondary fluid (condenser)
0 Equilibrium state

Abbreviations

Ave Average

COP Coefficient of performance
GWP Global Warming Potential
HFC Hydrofluorocarbon

HFO Hydrofluoroolefin

IHX Internal Heat Exchanger
Max Maximum

Min  Minimum

TXV Thermostatic Expansion Valve
wt% Weight percentage

1. Introduction

Hydrofluorocarbons (HFCs) phase-down is a prioiitythe reduction of the predicted
increase of the Earth’s surface mean temperatune. Higali Amendment to the
Montreal Protocol [1] and the Regulation (EU) No7B014 [2] are the two more
relevant legislation enforcing this process, urtbday. The Kigali Amendment
establishes a calendar to perform a drastic remluctf the HFCs worldwide. The EU
Regulation started in 2015 to phase down HFCs véide gradually banning those with
high Global Warming Potential (GWP) from the mostteeded domestic and
commercial refrigeration and air conditioning apations. R134a, with a GWP of
1300, is one of the most extended refrigerantsytada it is going to be retired in
Europe from such applications as domestic refrigesaand freezers, supermarket
multipack systems and mobile air conditioners Mpreover, due to the restrictions in
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HFCs consumption quota or, in some countries, ithéofluids taxes, R134a price is
increasing.

A significant amount of investigations about HCF&sd HFCs (especially R134a)
substitution, using natural refrigerants (particylaarbon dioxide and hydrocarbons)
and other synthetic refrigerants are being carmigdto propose solutions in the face of
the negative consequences of the global warmirgj.[Zhe first developed synthetic
low GWP refrigerants to replace R134a were R1238}fand R1234ze(E) [7]. Both
fluids are hydrofluoroolefines (HFOSs), they have IGWP values below 1 [8] and they
are low flammable fluids [9-11]. After several tihetical and experimental studies, the
operational advantages and disadvantages of thade fvere proved: R1234yf does
not improve the energetic performance of refrigeraaind air conditioning applications
[6,7] and R1234ze(E) requires large modificationsi@w design systems to reach the
cooling capacity of the refrigeration system [12].

A few mixtures of both types of fluids, HFCs and ®%; have been developed and
commercialized to mitigate the drawbacks of theegdFOs and obtain a working fluid
with a lower GWP value than R134a. R450A and R5&aBAobtained by mixing R134a
with R1234ze(E) and R1234yf, respectively. Theyehavlower GWP values (547 and
562 for R450A and R513A, respectively), are low i¢cdy and non-flammable
refrigerants, so they have been developed to caweconditioning and refrigeration
applications with safety. However, the energy pennce of the refrigeration system
and components has been studied with less covénagehat of the pure HFOs, due to
the recent development of both refrigerants, ancté@ few studies are available today
[13-17].

R450A and R513A studies conclude that these aligm#luids present comparable
refrigeration coefficient of performance (COP) th&l34a at typical operating
conditions when performing a drop-in or light rditroeplacement [3]. Available papers
focus on the energy analysis (first law of thermmaiwpics) of HFC/HFO mixtures but
do not include the effects of the replacement ttet present the exergy analysis
(second law of thermodynamics). The exergy anallgsips to better and accurately
identify the location of inefficiencies [18] andbrfinstance, can also be used to improve
the control of vapor compression systems and tabé&sh the optimum operating
conditions [19]. Most of the papers that compake ékergy efficiency and destruction
rate in vapor compression system and componer&l8fla with alternatives consider
hydrocarbons [18] or, more recently, the pure Hr@l$ R1234yf and R1234ze(E).
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For vapor compressor systems, according to theligi@dpmodel of Ozgur et al. [20],

R1234yf can be assumed as a more favorable redrigédrom the point of view of

thermodynamics. Golzari et al. [21] modeled R1234yid R134a global exergy
efficiency and COP in a mobile air conditioning teys showing higher global exergy
efficiency for R1234yf. However, in a two-evaporataefrigeration system,

Yataganbaba et al. [22] concluded that the R128#blhal exergy efficiency is slightly

below than that of R134a. In the experimental nehil conditioning system, Cho and
Park [23] obtained between 3.4 and 4.6% lower R§P8dcond law efficiency than the
R134a system at all compressor speeds (800+p200 They also found that the
internal heat exchanger (IHX) significantly impreviae global exergy efficiency of the
R1234yf refrigeration system between 1.5 and 4.B&man-Flores et al. [24] tested
R1234yf in R134a domestic refrigerators, the pogjlebal exergy efficiency for the

R1234yf does not suggest this fluid as a drop-iplaGement for R134a. System
redesigns or refrigerant charge optimization isleeeo replace the HFC.

Global exergy efficiency results with the other B42e(E) are more positive. In the
walk-in room measurements performed by Kabeel.dR8], the second law efficiency
of the cycle operated with R1234ze(E) is nearly 1igher than that of R134a. The
two-evaporator model by Yataganbaba et al. [22]Jwsh@omparable performance
between R1234ze(E) and R134a, but it requiresghtsinodification in the design to
replace the HFC. In chillers, Ben Jemaa et al. 16 concluded that the energy and
the exergy efficiencies of both refrigerant cychesre almost the same values or even
higher for R1234ze(E). In the theoretical studyPéfez-Garcia et al. [27], R1234ze(E)
was found to be the most efficient alternative &B8&a, even with the integration of the
IHX.

Additional information to the energy analysis ofwkr HFO/HFC GWP mixtures,
therefore exergy analysis of the operation of #fageration system is needed to obtain
a deeper analysis of the effects of substitutio®RdB84a using these alternatives. This
paper studies and discusses the global exergyiesitiz and exergy destruction rate
when R513A is used in a R134a installation at aewihge of operating conditions.
R513A has been selected due to the promising sesnltthe previous first law
efficiency results [14]. The data used for this kveg obtained from steady-state tests
performed in a small capacity refrigeration expemal setup, varying the evaporation
temperature from -15°C to 5°C and at condensagomperatures of 30°C and 35°C.
The results of exergy efficiency and exergy desimnaates are discussed for the global
installation, and its particular components.

2. Characteristics of R513A and R134a
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Table 1 shows the main properties of the refrigisrander study in this work. It can be
seen that the properties are very similar betweéngerants, especially regarding the
ASHRAE safety classification, critical temperataed pressure, normal boiling point
and liquid density. Furthermore, the R513A is cdased an azeotropic refrigerant due
to the negligible temperature glide and standstbatlower R513A GWP value in

comparison with that of R134a. Additional infornwati regarding other R134a
refrigerants can be found in [3].

Table 1. Main characteristics of 513A and R134a.

3. Methodology

3.1. Experimental setup

A small capacity refrigeration test bench is usedhdve an accurate representation of
the exergy performance of the vapor compressiotesysising lower GWP mixtures
alternatives to R134a, being selected in this &E3A. The test bench and scheme
that present the main components of this systerstayen in Figure 1.

Figure 1. a) Experimental setup and b) schemagigrdm of its main components.

The compressor is a hermetic rotary type, with minal power of 550 W and a swept
volume of 15.4 crh Then, plate heat exchangers (channel volume G§20dn7) are
used for condenser and evaporator, with an excharege of 0.248 fmand 0.558 M
and 10 and 20 number of plates, respectively. karostatic expansion valve (TXV)
controls the flow through the circuit, and it issaged for R134a. Heat exchangers,
secondary elements, and circuit pipes are isoladedave a better reliability of the
measurements. The condenser and the evaporatardsegccircuits use water (open
loop) and 43 wt% ethylene glycol-based solutiomgetd loop), respectively. A water
regulating valve is adjusted to fix the condengingssure at the target value, and three
phase power resistances immersed in an isolatédestablishes the amount of heat
transferred in the evaporator (2 x 810 W fixed, dnd 970 W adjustable, nominal
values).

Temperature, pressure, mass flow rate, power aatefsepower use are measured
according to the information shown in Table 2. Aadacquisition system collects these
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measurements and transfers to a personal computehjch the data are displayed and
stored every 10 seconds. The rest of the steatly-staput parameters are obtained
using properties given by the REFPROP v9.1 datajz&je

Table 2. Measurements collected in the experimeatafjeration setup.

3.2. Tests procedure

The steady-state test is recorded over a peri@iaafind 30 min. The pressures must be
within an interval of 2.5 kPa and the temperatungthin £0.5 K to consider the
steady-state condition in a test. Then, once algtsetate is recorded, the data used to
represent the operating condition targeted arerddaaveraging the most stable period
of 10 min (being considered 60 direct measuremtmtgach parameter mentioned in
Table 2). The performed tests are intended to siteuh small capacity refrigeration
system operating conditions at typical medium evaing temperature, between -15°C
and 5°C. The selected condensing temperaturesOie and 35°C and the maximum
deviation allowed was 0.2 K.

3.3. Exergy analysis

The exergy of a system is defined as the maximuweor#tical work obtained during a
process in which the system reaches an equilibstate at environmental conditions.
The exergy method analysis is based on the seeandfl thermodynamics and allows
the designers to identify a location, cause, angmtade of losses in thermal systems.
Therefore, the exergy analysis can be used to ateathe performance of a refrigeration
system by determining the magnitude and locaticth@fprocess’ irreversibility.

By applying the first and second laws of thermodayits, the general expression of
exergy balance in any control volume is shown in(&y[29].

ba=p (1) Q= Win+ ) e = ine ®

out

In this exergy balance, the exergy destruction, rEje represents a real loss in the
quality of energy that cannot be identified by neahenergy balance. In this study, the
overall exergy destruction rate for the small gdration system is calculated
considering the accumulation of the exergy destnatte in each component, Eq. (2).



265
266
267
268
269
270

271
272
273
274
275

276
277
278
279

280
281
282
283
284
285
286

287
288
289
290
291
292
293
294
295
296
297

298

Ed,system = Ed,comp + Ed,cond + Ed,TXV + Ed,evap (2)

For the specific exergy referred to the workingdlaf the refrigeration system, the
kinetic and potential energy effects are neglecié@n, the specific exergy is defined in
Eq. (3). In this equation enthalpy,, and entropys,, are measured in respect to a dead
state conditions, 101.3 kPa and 298.15 K.

e = (h—hy) —To(s —sp) 3

The global exergy efficiency quantifies the relatiosses in the overall refrigeration
system and can be calculated as the ratio betweeminimum power required by a
reversible system and the exergy expenditure,8q. (

Ed,component (4)
exergy expenditure

nex -

For the overall vapor compression system, the gxexgenditure is represented by the
actual power supplied to the compressor, Eq. (5).

_ Ed,system (5)

Nex =1
ex I/Vcomp

In accordance with the above, the equations usddtermine the exergy efficiency and
the exergy destruction rate in the main componehtke small capacity refrigeration
system are shown in Table 3. The calculation of¢hgarameters in each component
allows identifying the possibilities of thermodyni@mmprovement of the system.

Table 3. Exergy destruction rate and efficiencyadiguns for each component analyzed.

The exergy balance applied to the compressor iegothe exergy transferred to the
surroundings by heat transfer. In this case, thi teaperature Tya, IS the boundary
temperature located on the wall of the compressioell of the compressor. This
temperature was defined by experimental data ragulh an average value of 77 °C.
For the exergy efficiency of heat exchangers (sge 4}, the exergy expenditure is
defined as the difference between the exergy ofdfreggerant entering and leaving the
heat exchanger. The heat transfer to the surrogadior the expansion valve was
neglected because the dimensions of this compamentlatively small.

4. Results and discussion
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With the physical foundations mentioned above, ékperimental data were used to
simulate the exergy performance. The mathematigalessions were programmed in
MatLab software, which was linked with REFPROP [Z¢f the estimation of
thermophysical properties. Therefore, in this sectihe main results of the exergy
analysis to a small refrigeration system are shewen the evaporation temperature
varies from -15°C to 5°C (according to operatingiaitons) for both R134a and
R513A refrigerants, setting two condensing tempeeatonditions (30°C and 35°C).

The global exergy parameters are displayed, thenexergy efficiency and the exergy
destruction rate results for the four main compdmenf the refrigeration system
(compressor, condenser, expansion device, and gtapoare discussed. In order to
expand the comprehensive analysis of the informgpiesented in Figures 2, 4, 5, 6
and 7, the calculated uncertainty [30] of exerdycieincy and exergy destruction rate
for the global refrigeration system and its fourima&omponents is reported in
Appendix A.

4.1. Global exergy parameters

Figure 2 shows the behavior of the global exerdigiehcy and the exergy destruction
rate of the refrigeration system. Thus, Figure Zpids that the global exergy
efficiency, after reaching a peak (between -15°@ at1C), decreases slightly with the
increase of the evaporation temperature (above)-70@ the contrary, the global
exergy destruction rate increases when the evapgrégmperature rises (see Figure
2b). Figure 2 also shows the influence of the cositgy temperature, which has a great
effect on the exergy performance of the refrigeratsystem. With the increase in
condensing temperature, the values of global exeffigiency decreased. Therefore,
the exergy destruction rate increases with theeam® in condensing temperature for
both refrigerants, because of the higher tempezatifiference between the ambient and
the component.

The exergy balance of second law for the wholeecyobuld indicate that the exergy
contribution towards the system is supplied by ploger to the compressor and the
cooling capacity in evaporator, and this accumaiatis distributed in three terms:
exergy loss to the water in condenser, exergy tosthe ambient because of heat
dissipation throughout the compressor shell, arsl d@Rergy destruction rate. The
evaporating temperature affects slightly the poa@msumption and significantly the
cooling capacity. Then, given that the condensergperature is kept constant (30°C
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and 35°C), the heat transfer to the water doesmatge significantly. The result of this
conceptual analysis confirms that R513A shows behsiclose to R134a: the greater
the evaporating temperature, the greater the apckpacity supplied to the system and
the greater the exergy destruction rate is expeggnNote that the cooling capacity is
calculated multiplying the measured mass flow rhie the refrigerant enthalpy
difference at the evaporator (also known as refaityeg effect) and the required heat is
provided as described in Section 3.1.

Figure 2. Global exergy performance vs evapordgomperature.

According to Figure 2a, the peak exergy efficieacage about 0.265 and 0.236 for
R134a, and 0.264 and 0.245 for R513A (condensimpéeatures of 30°C and 35°C,
respectively). Those values are reached for R184H0aC and -5°C, and for R513A, at
-10°C and 7.5°C (evaporation temperature). Theeefor this test bench designed for
R134a, R513A can obtain similar or better globaérgy efficiency and confirms
promising energy performance results presentebdrptevious first law analysis study
[14].

The details of the exergy results for global anchponents are summarized in Tables 4
and 5, which showed minimum, maximum and averaggesdor the two conditions of
condensing temperature. Reviewing the tables, sienjlar behaviors can be confirmed
between both refrigerants.

Table 4. Global and components exergy efficienc308C condensing temperature.
Table 5. Global and components exergy efficienc358C condensing temperature.

To illustrate the relevance of the exergy destauctiate in each component, Figure 3
shows the exergy flow diagrams of the refrigerasgystem working with R134a and
R513A at the two different condensing temperatusekected and an evaporation
temperature of 0°C. By inspection of this figutesievident that the irreversibilities of
the components are very similar in both refrigesait addition, it can be graphically
seen the relevance of the compressor losses inar@uop with the other components,
about half of the losses is generated in this corapb Figure 3a shows that the
condenser is the component that contributes tdeths losses, this in comparison with
the shown in Figure 3b, where the expansion vaviéhé component with the lowest
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irreversibilities. This is due to the condensingnperature (30°C) is very close to
ambient temperature, involving minor losses indbedenser.

Figure 3. Exergy flow diagram for the refrigeratisystem, at a) bn&30°C, b)
Tcond:350C.

The global exergetic efficiency results can be demented with those previously

published for the energy performance (first lavii@rmodynamics) in Mota-Babiloni et

al. [14]. In this work, R513A showed slightly high€OP than R134a and the higher
compressor electric power consumption was compedshy the cooling capacity.

From a global energetic, exergetic and environniguuat of view, R513A can be an

appropriate substitute for R134a.

4.2. Components exergy parameters

To broaden the information on the exergy perforreaoicthe refrigeration system, in
this subsection the behaviors for the main compisname presented and discussed.

4.2.1 Compressor

Figure 4 depicts the exergy performance of the gesgor as a function of evaporation
temperature (-15°C to 5°C), and under two constahtes of condensing temperature
(30°C and 35°C). Figure 4a shows the increase inpcessor exergy efficiency as the
evaporation temperature rises. The exergy effigidrehavior of the compressor when
working with refrigerant R513A is slightly higheritiv respect to R134a for different

operating conditions of the refrigeration systenithdugh the compressor is designed
for R134a, its exergy efficiency is noticeably heglior R513A. For instance, according
to the results of Tables 4 and 5, for an averageggxefficiency the R513A represents
3.4% and 6.7% more than the R134a at condensingeta@ture of 30°C and 35°C,

respectively.

This enlargement is produced despite the highectredgy power consumption
presented in the previous paper [14]. The thermanhya properties of this new mixture
favor lower entropy production during the compressi The compressor exergy
efficiency should be benefited at lower compressatios. Also, the exergy efficiency
in hermetic rotary compressors with a small capasitiow due to the existence of
movable parts of the compressor and thereforectimsponent is the most critical of all
the analyzed, as observed in several papers fouthe iliterature [21,22].
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Additionally, Figure 4b shows the exergy destruttrate caused by the compressor.
The increase of evaporation temperature decredse®xergy destruction rate. The
compressor has a greater effect on the global gxedfgriency and exergy destruction

rate. A higher compression ratio penalizes compresfficiencies and hence global

exergy efficiency. In addition, when the compressiatio increases, the temperature
inside the compression chamber increase and heoeenergy is dissipated due to the
viscosity increase.

Figure 4. Exergy performance of the compressogffadiency and b) destruction

4.2.2 Condenser

Figure 5 illustrates the influence of the evaparatind condensing temperatures on the
exergy efficiency as well as on the exergy desivactate of the condenser. The
temperature range for secondary fluid (tap waterpetween 17°C to 22°C for both
refrigerants. As can be seen in Figure 5a, this pmorant represents high exergy
efficiency, and even more so at a low condensimgp&zature (30°C). In fact, the
variation of the evaporation temperature does neatty affect the exergy behavior of
the condenser at low condensing temperatures. Xéxge efficiency of the condenser
is high because of two main reasons: first, the pmment is considered in adiabatic
conditions (well insulated); and second, the cosd@ntemperatures are very close to
the ambient temperature (equilibrium conditions).

The new mixture is favored because of lower diffiese between the secondary fluid

and refrigerant temperatures in the condenser.R3E3A lower secondary condenser

temperatures enlarge the heat transfer rate (dadgents condenser exergy efficiency)

and reduce the exergy destruction rate (see FiuyeThe condenser exergy efficiency

increases with the reduction of the compressioio @td hence the condenser exergy
destruction rate decreases. In this componengxbryy destruction rate diminishes and
practically remains constant due to the decreasigeicondensing temperature, which is
close to those of reference state conditions.

Figure 5. Exergy performance of the condenserffgjecy and b) destruction.
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4.2.3 Expansion valve

Figure 6 shows the TXV exergy efficiency and exedggtruction rate. As usually seen
in the literature review, the TXV exergy efficiengglues are the highest of the all the
components of a refrigeration circuit and the tthreg does not cause significant exergy
destruction rate. The increase of evaporation teatpe reduces the entropy
production and hence the exergy destruction raigjs reflected in the increment of the
exergy efficiency for this component. No signifitadifferences can be observed
between both refrigerants and hence the R134a tstatic expansion valve also has an
appropriate design for R513A.

The valve’s exergy destruction rate is small sitioe only effect considered is the
variation in entropy between the two operating guess, see Figure 6b. The exergy
destruction rate is higher for R513A because of ltigh mass flow rate and the
expansion valve entropy difference. Moreover, tihesgure drop across the TXV is
higher R513A than R134a for the same operating ¢eatpres. As with the other
components, the exergy destruction rate increasdsdgher condensing temperatures.

Figure 6. Exergy performance of the expansion vayefficiency and b) destruction.

4.2.4 Evaporator

The exergy behavior of the evaporator is showniguifeé 7. The behavior of exergy
efficiency and exergy destruction rate are veryilamfor both refrigerants under the
operating conditions shown, Figure 7a. At highemaparation temperatures, the
evaporator exergy efficiency is similar to thatcoimpressor and hence this evaporator
is not properly designed to operate at those cimmdit being more ideal this evaporator
sizing for lower operating temperatures (lower etiéince between the secondary fluid
and refrigerant temperatures in the evaporator, raads flow rate), apart from the
condensing conditions.

In the same way, Figure 7b shows as the evapoeatergy destruction rate grows
considerably at higher evaporating temperaturesise of the increase in the mass
flow rate (which is associated with the increasé¢him cooling capacity and hence with
the exergy transfer between the brine and refriger8esides, the difference between
both condensing temperatures considered is smadi@ce only the volumetric
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efficiency and the quality at the inlet of the evegior are slightly varied. Hence, as the
pressure difference across the compressor and Xpansion valve increases, this
component destroys more exergy. The maximum evapoeaergy destruction rate is
approximately half the measured at the condensespiie the higher pressure and
temperature of the refrigerant in the condenses, tdtmperature difference with the
secondary fluid is greater in the case of the erapo and there is more difference
between its mean temperature and the ambient.

For the evaporator there is no significant influeé the condensation temperature on
the exergy destruction rate. Likewise, it is wamkntioning that the exergy destruction
rate does not present significant differences fithlbvefrigerants in both the trends and

numerically, even though the evaporator was desdigm@®perate only using R134a.

Figure 7. Exergy performance of the evaporatoeff@iency and b) destruction.

5. Conclusions

In this paper, the experimental results on the ggxbehavior of R513A versus R134a
were presented and discussed, considering the yer#figiency and destruction in the
global system and the four main components. Thé/sisavas developed using a data
set obtained from a small vapor compression sysguoipped with a full hermetic
rotarycompressor. The comparison was carried out for@aipn temperatures ranged
between -15°C and 5°C and condensing temperatieetasg at 30°C and 35°C. Based
on this analysis, the following can be concluded:

* The global exergy efficiency of R513A was slightiggher than that of R134a,
despite R513A presented higher exergy destructt® The global efficiency
reached a maximum for a determined evaporating eestyre and then was
reduced. This parameter was benefited from lowedensing (cooling water)
temperatures, especially for the new mixture R513A.

« The component that caused higher irreversibility drence lower exergy
efficiency in this experimental system was the cogagpor, given the presence of
rotary parts and losses to the ambient. Condemgkeegpansion valve were the
components with the highest exergy efficiency, #mel evaporator presented
intermediate values. Exergy destruction rate ofwiager-cooled condenser was
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reduced, given the compact design of the plate érelhtanger that results in
enhanced heat transfer rates, and the insulation.

The second-law analysis confirmed that R513A da#sneed a redesign to be
used in R134a refrigeration systems since the gxefficiency in all the
components was comparable to that of R134a or éwgmer. However, the
rotary compressor should be replaced by anothéintdogy able to efficiently
work with small cooling capacities to increase fimal performance of the
refrigeration system.
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Appendix A
In this appendix section, the condensing and ewdingy experimental temperatures for
R134a and R513A is reported. Likewise, the uncatyadf exergy efficiency and
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exergy destruction rate for the global system asdmain four components is also
provided.

Table Al. Uncertainty of the estimated parameimrf134a and R513A.



Table 1. Main characteristics of 513A and R134a.

R513A R134a
Molecular weight [g mof] 108.4 102
ASHRAE safety class Al Al
ODP 0 0
GWP 573 1300
Critical temperature [°C] 96.50 101.10
Critical pressure [MPa] 3.76 4.05
Normal boiling point [°C] -29.60 -26.10
Glide at 0.1 MPa [K] 0.1 0.0
Liquid density at 0°C [kg 1221.9 1294.8
Vapor density at 25°C [kg 37.63 32.35

Table 2. Measurements collected in the experimeatafjeration setup.

M easur ement Sensor Uncertainty Range
Temperature T type thermocouple  +0.11 K [-60 — @]
Discharge pressure Pressure sensor  +0.08% (full scale [0-2.1] MPa
Suction pressure transducer best straight line) [0 - 1.1] MPa
Evaporator pressure drop Differential +0.25% (reading)
Pressure sensor
Refrigerant mass flow rate Coriolis type +0.5% (reading) [0-20] g §'
flowmeter
Electric power use of the [0-750] W
motor-compressor set Configurable multi

+0.29 i
Electric power use of the transducer +0.2% (reading)

heaters

[0 — 3000] W




Table 3. Exergy destruction and efficiency equatifmm each component analyzed.

Component Exer gy destruction Exer gy efficiency
) To \ . . ) .
Ed,comp = (1 - ) Qc_wcomp + Esuc - Edisc
. ) Twall Ed com
Compressor Eque = mref[(hsuc - hO) — To(Ssuc — So)] Nex,comp = 1 —
Egisc = mref[(hdisc - hO) - TO(Sdisc - SO)] copp
Ed,cond = (Ein - Eout)cond + (Ein - E”“t)water
Ein,cond = mref[(hin - hO) - TO (Sin - SO)] Nex.cond
Condenser Eout,cond = 7jhref[(hout —ho) — To(Sout — S0)] 1 Ed,cond
Einwater = Myater[(Rin — ho) — To(Sour — So)] - (E —E )
. o in out) ond
Eout,water - mwater[(hout - hO) - TO (sout - SO)]
E 41XV = E inTXV — E out,TXV .
o =7 p— — e E
XV ELn,TXV _m.ref[(h;ln hO})l TO(SLTL SO)] Nexrxv = 1— a,TXv
Eout,TXV - mref[( out — 0) - TO (Sout - SO)] Ein,TXV
Ed.evap = (Ein - Eout)evap + (Ein - Eout)brine
Ein,evap = mref[(hin - hO) - TO (Sin - SO)] Nex,evap
Evaporator Eoutevap = mref[(hout — ho) — To(Sout — So)] —1 Ed,evap

Ein,brine = Mprinel(hin — ho) — To(Sout — S0)]
Eoutbrine = Mprinel (Rout — o) — To(Sout — So)]

(Ein - Euut)evap

Table 4. Global and components exergy efficienc308C condensing temperature.

Global

Refrigerant Measure Compressor Condenser Evapor ator
Max 0.460 0.986 0.972 0.670 0.264
R134a Ave 0.437 0.962 0.946 0.574 0.240
Min 0.400 0.922 0.913 0.425 0.189
Max 0.470 0.959 0.987 0.666 0.263
R513A Ave 0.452 0.946 0.969 0.583 0.248
Min 0.415 0.939 0.915 0.427 0.217




Table 5. Global and components exergy efficienc354C condensing temperature.

Refrigerant Measure Compressor Condenser TXV Evaporator  Global
Max 0.497 0.825 0.959 0.684 0.238

R134a Ave 0.449 0.808 0.931 0.584 0.223
Min 0.383 0.774 0.900 0.419 0.199
Max 0.507 0.790 0.965 0.678 0.243

R513A Ave 0.479 0.733 0.931 0.608 0.223
Min 0.429 0.623 0.899 0.463 0.176

Table Al. Uncertainty of the estimated parameimrf134a and R513A.

Uncertainty (£)
Global Compressor Condense XV Evaporatqr
Refrigerant| Tona[°C] | Tevap[°C] Nex | Ea Mex | Eq Nex | Eq Nex | Eq Nex | Eq
[-] W] [-] W] [-] W] [-] W] [-] W]

R134a 30.0 -15.0 0.0011L 1.1  0.00p8 27 0.0164 0.40005| 0.3| 0.0117 2.0
R134a 30.1 -12.4 0.0012 1.p 0.0063 4.6 0.077.4 ]00.0005| 0.3]| 0.010(¢ 1.9
R134a 30.0 -9.8 0.0018 1.2 0.00%0 214  0.0194 0.40004.| 0.2 | 0.0084 1.8
R134a 30.0 -7.7 0.0018 1.2 0.0047 2.3 0.0199 0.50004.| 0.2 | 0.0079 1.7
R134a 29.9 -5.3 0.0018 1.3 0.0044 22 0.0242 Dp.50008.| 0.2| 0.0069 1.6
R134a 30.0 -2.3 0.0019 1.4  0.0089 2.0  0.0240 P.50003.| 0.2 | 0.0059 1.5
R134a 30.1 0.1 0.0021 1.4  0.0087 119 0.0250 P.6 003.) 0.2 | 0.0052 1.4
R134a 30.0 2.7 0.002p 1.4  0.0084 118 0.0266 0.6 003.)0 0.2 | 0.0048| 1.3
R134a 30.0 5.2 0.0028 15 0.0081 17 0.0283 D.7 0020 0.2 | 0.0046 1.2
R134a 35.1 -14.82 0.0009 1.12 0.0060 2|91 0.0p7%4 p.0.0006| 0.34 0.012Y 1.98
R134a 35.1 -12.01 0.001p 1.13 0.00p5 2|74 0.0p7%63 P.0.0005| 0.30 0.0110 1.85
R134a 35.0 -9.90 0.001p 1.14 0.00p1 2|60 0.0p80 2 P.6.0005| 0.27| 0.0102 1.7p
R134a 35.0 -7.54 0.001L 1.17 0.0049 2|47 0.0p83 1 0.6.0005| 0.28/ 0.0084 1.68
R134a 35.0 -4.78 0.001p 1.15 0.0045 2|32 0.0p41 2 p.B.0004| 0.27| 0.006 1.5
R134a 34.9 -2.51 0.0013 1.22 0.0042 2|19 0.0p90 4 P.6.0004| 0.24] 0.0061 1.4B
R134a 35.0 -0.04 0.001p 1.25 0.0089 2|07 0.0p92 7 0.6.0004| 0.23| 0.0054 1.38
R134a 35.0 2.75 0.001f 1.28 0.00B6 1|93 0.0p93 9.010003| 0.21] 0.0049 1.2B
R134a 35.1 5.11 0.001f 1.31 0.0083 1(83 0.0p95 .0H003| 0.20] 0.004¢ 1.1p
R513A 30.0 -15.0 0.0012 134 0.0064 306 0.0146 60.0.0005| 0.31] 0.009 2.18
R513A 30.1 -12.5 0.0013 1.35 0.00p9 2J87 0.0013849| 0.0005| 0.3Q 0.0085 2.01
R513A 30.0 -10.0 0.0014 1.37 0.00%5 2[f2 0.0146 1().®.0004| 0.26] 0.007 1.91
R513A 30.0 -7.6 0.0014 1.3B 0.00%1 258 0.0136 0.$40004| 0.26] 0.0069 1.7y
R513A 29.9 -5.3 0.001% 14p 0.0048 243 0.0150 (.5650004| 0.23| 0.0062 1.6f
R513A 30.0 -2.7 0.0016 1.4p 0.0043 2.7 0.0145 (0.620003| 0.21] 0.005% 1.5B
R513A 30.1 0.0 0.0017 14p 0.0041 245 0.0154 Q.@60003| 0.19| 0.0051 1.4p
R513A 30.0 2.6 0.0014 1.4B 0.0037 2.p2 0.0154 (.7100003| 0.18] 0.0047 1.3p
R513A 30.0 5.1 0.0020 1.5p 0.0035 1.1 0.0177 0.7160002| 0.15] 0.0045 1.2B
R513A 35.1 -14.89 0.0010 1.32 0.0065 O0J72 0.006672 (.0.0005| 0.360 0.0099 2.12
R513A 35.1 -12.39 0.0011 1.34 0.0061 0J[73 0.006773 (0.0.0005| 0.35 0.0088 1.97
R513A 35.0 -10.18 0.0012 1.35 0.00%57 O0J72 0.006872 (.0.0005| 0.33 0.0080 1.85
R513A 35.0 -7.59 0.001 1.37 0.0053 0.Jf/1 0.0071 1(.0.0004| 0.29] 0.0071 1.74
R513A 35.0 -4.95 0.001 1.38 0.00%0 O0Jr3 0.0072 3(.0.0004| 0.28] 0.006 1.60
R513A 34.9 -2.47 0.0014 1.39 0.0045 O[5 0.0071 5(.0.0004| 0.25 0.0059 1.4
R513A 35.0 -0.15 0.001% 1.4p 0.0043 0J6 0.0074 6 (0.0.0003| 0.22] 0.0054 1.39
R513A 35.0 2.39 0.001¢ 146 0.0040 0.80 0.0075 80003 | 0.21] 0.0048 1.2
R513A 35.1 4.93 0.0017 1.4P 0.0037 084 0.0074 0.840003| 0.20] 0.004¢ 1.1p
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Figure 1. a) Experimental setup and b) schemagigrdim of its main components.
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Teon=35°C.
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The experimenta results on the exergy behavior of R513A versus R134a are
discussed.

The global exergy efficiency of R513A is dightly higher than that of R134a.

The component that cause higher irreversibility and hence lower exergy
efficiency is the compressor.

The second-law analysis confirmed that R513A does not needs redesign to be
used in R134arefrigeration systems.





