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Use of zeotropic blends in the dedicated mechanical subcooling system of a CO, refrigeration system was
suggested as a possible improvement due to matching of evaporating temperature with CO, temperature
profile during subcooling. This work has verified this possibility and has determined theoretically the
best performing compositions of R-600, R-32 and CO, with the base fluid R-152a. Then, the mixtures
have been tested experimentally in a lab-test bench for constant heat load temperature for three heat
rejection temperatures (25.1, 30.3 and 35.1°C). Optimum conditions are measured (subcooling degree and

CO, heat rejection) and a COP increase of 1.4% has been obtained. The work, for the optimum conditions,

Mechanical subcooling
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analyses the operating parameters of the cycles and focus specially on the thermal parameters of the
subcooler. It has been verified that the use of zeotropic mixtures allows to reduce irreversibilities in the
cycle, as pointed out theoretically by Dai et al. (2018).
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Evaluation expérimentale des frigorigénes zéotropes dans un systéme a
sous-refroidissement mécanique dédié dans un cycle au CO,

Mots-clés: CO,; Sous-refroidissement mécanique; Zéotrope; Froid [artificiel]

1. Introduction

Subcooling has been recognised during the last years as a use-
ful technology to enhance the performance of refrigeration cycles.
Subcooling, as reviewed by Park et al. (2015) for subcritical cycles,
consists in chilling the liquid at the exit of the condenser, thus in-
crementing the refrigerating effect and, in general, improving the
coefficient of performance. However, when subcooling is used in
transcritical systems the benefits of this method are taken to an
extreme, as analysed by Llopis et al. (2018). In transcritical cycles
the decoupling between pressure and temperature in the supercrit-
ical region makes it possible to reduce the enthalpy of the refrig-
erant at the inlet of the first expansion stage and at the same time
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to cut down the optimum heat rejection pressure. The combination
of both outcomes increases the refrigerating effect and at the same
time reduces the compression ratio and thus diminishes the power
consumption of the compressor, resulting in large increments on
capacity and COP. Specifically, using internal heat exchangers in-
crements up to 12% in COP have been measured (Torrella et al.,
2011), using economizers up to 21% (Cavallini et al., 2005) and us-
ing thermoelectric subcoolers up to 9.9% (Sanchez et al., 2020).
Concretely, one of the most appealing methods is the subcool-
ing based on an external vapour compression cycle, known as ded-
icated mechanical subcooler (DMS) (Bertelsen and Haugsdal, 2015;
Llopis et al., 2015). In this case the subcooling is provided at the
exit of the condenser/gas-cooler using an auxiliary vapour com-
pression cycle with a heat exchanger (subcooler) where a dif-
ferent refrigerant evaporates. The main characteristic of this sys-
tem is that both cycles, the main and the auxiliary, perform heat
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Nomenclature

BP Back pressure valve

copP coefficient of performance

Ex exergy, kW

Glide phase-change temperature difference at constant
pressure, K

GWP global warming potential at 100 years

h specific enthalpy, kjekg~!

hyy latent heat of phase-change, kjekg~!

k compression ratio

m refrigerant mass flow, kges~!

M molar mass, gemol~!

p pressure, bar

Pc compressor power consumption, kW

Qo cooling capacity of the CO, cycle, kW

RU superheating degree, K

s specific entropy, kjekg—1eK~1

SUB CO, subcooling degree in subcooler, K

t temperature, °C

v specific volume, m3ekg~!

\" volumetric flow rate, m3ekg~!

VCC volumetric cooling capacity, kWem—3

Subscripts

base refers to CO, cycle without subcooling

d death state level

DMS refers to the dedicated mechanical cycle

e effective

co2 refers to the CO; cycle

g refers to glycol as secondary fluid in CO, evaporator

gc gas-cooler

in inlet

K refers to condensing level

1 refers to saturated liquid

Imtd logarithmic mean temperature difference

(0] refers to the evaporating level

out outlet

sub subcooler

v refers to saturated vapour

w refers to water as secondary fluid for heat rejection

Greek symbols

neG compressor overall efficiency

£ thermal effectiveness

rejection at the same temperature level. [nitial experimental tests
in single-stage plants measured capacity and COP improvements
of 55.7% and 30.3% respectively using R-1234yf as refrigerant in
the DMS (Llopis et al.,, 2016) only with the optimization of the
heat rejection pressure. Later, with an updated version of the plant
and using R-152a in the DMS (Nebot-Andrés et al, 2021), they
demonstrated the existence of optimum working parameters and
determined them, heat rejection pressure and subcooling degree,
which are the two main variables to control in this cycle. In re-
lation to the application of the DMS to CO, booster systems, au-
thors have only found the experimental work of Bush et al. (2017),
who tested a lab-scale plant with R-134a in the DMS, measur-
ing a COP improvement of 9.5%. Nonetheless, the use of the DMS
with booster systems has been analysed with different approaches
(Bush et al., 2018; Catalan-Gil et al., 2019; Catalan-Gil et al., 2020;
D’Agaro et al, 2020; Gullo et al., 2016). The general conclusion
of these investigations is that the application of the DMS cy-
cle to booster systems is as more beneficial as higher the heat
rejection temperature (or environment temperature) is. In fact,

288

International Journal of Refrigeration 128 (2021) 287-298

Catalan-Gil et al. (2019) predicts, for a medium-sized supermarket,
annual reductions of electricity consumption between 2.9 to 3.4%
in warm regions and from 3.0 to 5.1% in hot zones. In addition,
Dai et al. (2019) have also verified from a theoretical approach that
the DMS system is also useful to improve the performance of heat
pumps for residential heating, with predicted COP increments up
to 24.4% (Dai et al., 2020).

The mentioned researches have performed the evaluation of
the cycles using pure fluids as refrigerants in the DMS. As
Dai et al. (2017) and Nebot-Andrés et al. (2017) point out, the op-
timum subcooling degree in CO, transcritical cycles is relatively
high, reaching values as high as 16.5°C (t,=5°C, teny=30°C). This
large subcooling implies a poor temperature match between CO,
and the refrigerant when a pure fluid is used as refrigerant in the
subcooler. It implies the operation at a low evaporation temper-
ature in the DMS cycle and thus a reduction of the overall ther-
mal efficiency of the cycle combination. In an attempt to enhance
even more the combination of a DMS and a transcritical CO, cycle,
Dai et al. (2018) launched a hypothesis about the use of zeotropic
refrigerant mixtures with matching glide in the DMS cycle, to re-
duce the temperature difference in the subcooler and thus to im-
prove the performance of the combination. With a thermodynamic
model with pressure dependent overall efficiencies of the com-
pressors and using Refprop 9.1 (Lemmon et al., 2013), they evalu-
ated the performance of zeotropic binary combinations in the DMS.
They selected R-32 as based fluid and then evaluated theoretically
mixtures with R-290, R-1234yf, R-152a, R-1234ze(E), R-600a and R-
1234ze(Z). They determined the optimum working conditions for
each refrigerant mixture and concluded that theoretically the COP
of a DMS-CO; cycle can be improved, and that the optimum heat
rejection pressure is further reduced compared to the case of a
pure refrigerant. In Dai’s study they found that the mixture R-32
with R-152a promised the best results in comparison with the use
of R-152a as pure fluid, reaching an increment in COP of about
6.5%. However, Dai's hypothesis has not been verified experimen-
tally for the moment, to the best knowledge of the authors.

Accordingly, this work aims to verify Dai’s hypothesis, that is,
to corroborate that the use of zeotropic refrigerants in the DMS
brings about increments in COP and reductions of heat rejection
pressure. This evaluation, to the best knowledge of the authors has
not been performed experimentally yet. To accomplish it, first we
have adapted Dai's thermodynamic model with the newest version
of Refprop 10. (Lemmon et al., 2018) and the experimental effi-
ciency correlations of tested compressors. Then, we have selected
the best performing binary mixtures using R-152a as reference
fluid. And finally, using an available test bench (Llopis et al., 2016),
three zeotropic mixtures have been evaluated in the DMS taking
R-152a as reference for three heat rejection levels and one evap-
orating condition. For the optimum conditions, it has been veri-
fied that Dai’'s hypothesis is true, but that there are different trends
that must be considered. Thus, this work discusses the experimen-
tal evaluation of Dai's hypothesis, quantifies the improvement, and
points out the aspects that must be considered for future imple-
mentations of the DMS cycle.

2. Thermodynamic selection of zeotropic blends
2.1. Thermodynamic model

To select the binary mixtures for the experimental evaluation,
the thermodynamic model suggested by Dai et al. (2018) has been
adapted to the existing experimental plant (Fig. 2). The first modi-
fication is the introduction in the model of the overall efficiencies
of the compressors, which were obtained from experimental cam-
paigns. Eq. (1) corresponds to the efficiency of the CO, compressor
(Sanchez et al., 2014) and Eq. (2) to the DMS compressor working
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Fig. 1. Optimum theoretical COP at t,=-14°C and t,;;,=35°C, as a function of R-152a mass fraction.

with R-1234yf (Llopis et al., 2016).

Necoz = 0.736 — 0.052 - k (1)

Ne.oms = 0.632 —0.037 - k (2)
Then, the simulating conditions were adapted to the known
performance of the plant, they being:

« Approach temperature in gas-cooler of 1.5K, since the plant is a
water-to-water system.

Approach temperature in subcooler of 5K.

Approach temperature in the DMS condenser of 8K.

o DMS condenser subcooling degree of 2K.

Superheating degree in CO, evaporator of 10K and in subcooler
of 6K

Finally, using the model, the COP of the CO, transcritical cycle
with the DMS system (Eq. (3)) was optimized in terms of subcool-
ing degree and heat rejection pressure at a water inlet temperature
to the gas-cooler and DMS condenser of 35°C and at an evaporat-
ing temperature of -14°C, which were the experimental conditions
with the R-152a evaluation (Nebot-Andrés et al., 2021).

Qo

COP= —M—
Pecoz2 + Pe.pms

(3)

The optimization covered binary mixtures of R-152a with R-32,
R-600 and CO, in steps of 10% of mass fraction variation. For each
fluid and at each operating condition, an optimization to find the
best combination of gas-cooler pressure and subcooling degree was
performed, with the aim to quantify the best energy efficiency. The
COP at such conditions is named ‘optimum COP'. Refprop 10 was
used to evaluate the thermophysical properties of the fluids (Lem-
mon et al., 2018).

2.2. Theoretical results

Fig. 1 summarizes the optimum overall COP values with the dif-
ferent evaluated refrigerant mixtures at a water inlet temperature
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of 35°C and an evaporating level of -14°C. With R-152a the max-
imum COP reaches 1.527, whereas for the mixtures it varies de-
pending on the R-152a mass fraction. First, it needs to be men-
tioned that for the existing plant and for the mixture R-152a/R-
32 the COP does not present a maximum value, as observed in
the theoretical results of Dai et al. (2018); and furthermore, this
binary mixture does not overperform the base fluid. Second, the
mixture of R-152a/CO, presents a maximum value, but lower in
terms of efficiency to the base fluid. Finally, the unique binary
combination that offers COP improvements in relation to the base
fluid is R-600/R-152a, which presents a maximum at 1.534. Thus, at
least with one mixture the theoretical model indicates that there
is room for improvement.

2.3. Selected refrigerant mixtures

According to the simulations, we decided to test experimen-
tally three binary mixtures in the DMS, whose main characteristics
are reflected in Table 1, obtained for a CO, evaporation tempera-
ture of -14°C, a CO, condensing temperature of 50°C, RU = 5K and
SUB=2K.

» R-152a: Selected as the reference fluid for the DMS, since
it was completely tested in a previous investigation (Nebot-
Andrés et al., 2021).

e R-600/R-152a [60/40%]: it was selected from the theoretical
simulation (Fig. 1) as the best performing mixture. It was pre-
pared in our lab using n-butane with purity of 99.9% and R-
152a at 99.9%, with an uncertainty in the mass composition be-
low 0.1%. This fluid presents lower phase-change temperatures
than R-152a, 18% higher specific volume, 14% reduced volumet-
ric cooling capacity, 2% lower COPpps and a moderate effective
glide in the subcooler of 5.1K.

s R-152a/R-32 [60/40%]: Although it does not obtain good
theoretical results, it was considered as suggested by
Dai et al. (2018), since it was the best proportion for the
combination of R-152a and R-32 in their study. Presence of
R-32 increases the phase-change temperatures, the suction
volume is 31% lower, the COPpys is similar and it presents 5.9K
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Selected refrigerants for experimental evaluation and ideal-single-stage cycle performance data of the DMS at ty=-14°C, t,=50°C,

RU=5K and SUB=2K.

Refrigerant M GWPs p Po Pk Vsuc hyy VCCoums COPpuys Glideg Glidey,
[mass comp.] (gemol")  (-) (bar)  (bar)  (mekg™) (Klekg™') (klem™?) (-) [K] [K]
R-152a 66.1 137 4.39 11.77  0.075 291.1 3142 7.03 0.0 0.0
R-152afR-32 59.6 353 6.97 18.31 0.051 302.9 4776 6.79 59 6.5
[60/40%]

R-600/R-152a 61.1 55 4.05 10.60  0.089 308.8 2697 6.87 5.1 59
[60/40%]

R-152a/CO, 62.9 123 5.63 15.38  0.062 327.0 4257 725 123 199
[90/10%]

effective glide in the evaporator. The mixture was prepared in
the lab with a mass uncertainty below 0.1%.

R-152a/C0O, [90/10%]: Finally, although not obtaining good re-
sults, this mixture was selected to investigate the effect of us-
ing a high-effective-glide fluid in the subcooler. Proportion of
CO, was limited to 10% to be able to operate with the existing
plant. In this case, with 12.3K glide in the subcooler, the mix-
ture presents 35% higher volumetric cooling capacity, 3% higher
COPpms and 17% reduced specific suction volume. The mixture
was prepared in the lab using CO, with 99.9% purity. The un-
certainty of the composition is below 0.1%.

Mixture preparation was made in our lab using high purity flu-
ids. Composition uncertainty is below 0.1% in mass.

As mentioned above all the mixtures have been simulated in
the theoretical model using Refprop 10 using the standard mix-
ing coefficients, which could lead to uncertainty in evaluating ther-
mophysical properties since they are new defined mixtures. The
model, therefore, is not able to supply the necessary accuracy to
define the exact behaviour of the mixtures in the system giving
rise to the need of an experimental approach.

3. Experimental test bench
3.1. Test bench description

To evaluate the zeotropic binary mixtures a research plant pre-
viously built was used (Fig. 2). This plant is composed of a single-
stage CO, compression cycle, with a double-stage expansion sys-
tem, that incorporates brazed-plate subcooler (0.576 m?). Both,
back-pressure and expansion valves are electronic and allow con-
trolling the heat rejection pressure and the degree of superheat
in the evaporator. The subcooling is provided coupling thermally
another single-stage vapour compression system through the sub-
cooler, in which the DMS refrigerant evaporates. This cycle is com-
posed of a semi-hermetic compressor (4.06 m3sh~! at 1450 rpm),
a shell-and-tube condenser and an electronic expansion valve that
is customized for each refrigerant.

Heat dissipation in gas-cooler and DMS condenser is performed
with a water loop, allowing the volumetric flow and inlet temper-
ature to be controlled. The heat load is provided with a loop work-
ing with a propylene-glycol mixture, also allowing to regulate the
volumetric flow and inlet temperature.

The plant is fully instrumented with pressure gauges, ther-
mocouples, Coriolis and volumetric flow meters and digital
wattmeters. A complete description of the plant and measurement
system is detailed in Nebot-Andrés et al. (2021) work.

3.2. Experimental procedure

The experimental tests were conducted in steady-state condi-
tions according to the following constraints:

« Heat rejection: system was evaluated for all the mixtures at
three water dissipation temperatures of 25.1, 30.3 and 35.1°C.
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This temperature was warranted (£0.2K) at the inlet of the
DMS condenser and at the inlet of the gas-cooler (see stars in
Fig. 2). The volumetric flow of water was of 1.16 m3«h~! at the
gas-cooler and of 0.61 m3eh~! at the DMS condenser.

Heat load: the plant was tested only at one evaporating condi-
tion, that fixed using an inlet temperature of the glycol-mixture
in the evaporator at -1.2°C + 0.2K, with constant volumetric
flow rate of 0.71 + 0.02 m3«h~1.

Heat rejection pressure: it was regulated with the electronic
back-pressure using an own PID controller implemented in the
monitoring system.

Subcooling degree: the subcooling degree in the subcooler was
regulated with speed variation of the DMS compressor. The CO,
compressor was always kept at nominal speed (1450rpm).
Degree of superheat: In the CO, evaporator 10K and in sub-
cooler 5K were maintained.

L]

In order to obtain the optimum conditions of the subcooled
CO, transcritical cycle, the plant was subjected to optimization of
heat rejection pressure and subcooling degree with the method
proposed by Nebot-Andrés et al. (2020). The optimum COP value
was obtained from cooling capacity calculation, Eq. (4), and the di-
rect measurements of compressor power consumption, according
to Eq. (3). In Fig. 3, it can be observed the optimization process
as function of gas-cooler pressure and subcooling degree (Eq. (5)),
where the black points correspond to the experimental measure-
ments. The optimum conditions determination ended when the
COP value from a point to another changed less than 1%.

Qo = riicoz - (ho,our — hexp) (4)
SUB = tsub,in - tsub,out (5)
3.3. Data validation

Considering the calibrated accuracy of the measure-
ment devices, which are described in the work of Nebot-

Andrés et al. (2021), the uncertainties of cooling capacity, Eq. (4),
and COP, Eq. (3), were evaluated using Moffat’'s method (Moffat,
1985), reaching maximum uncertainties of 0.84% and 0.95%, re-
spectively. Furthermore, the heat transfer balance in subcooler
was considered to check experimentally the consistency of mea-
surements and to contrast that the evaluation of thermodynamic
properties of mixtures with Refprop does not introduce large com-
putation errors. Table 2 reflects the percentage deviation between
the heat transferred by CO, and the mixture in the subcooler,
reaching maximum deviations of 3.7%, which are considered good
for the purpose of this investigation.

4. Results

Although the experimental campaign covered multiple steady-
state conditions for each external condition, at different heat re-
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Summary of test conditions, main cycle and DMS cycle indicators at optimum working conditions.

Test conditions

Cycle indicators

DMS cycle indicators

twin  Vwgein Viwoms,in tgin  Vgin wr  Q Pec SUB  &ap  COPpvs  Qopms  (Qopms - Qsup)/Qsus* 100
(°C)  (mPeh1) (mPeh') (°C) (mPshl) () (kw)  (bar) (K) (%) () (kW) (%)
R-152a 253 1.10 0.62 -12 070 197 7.4 749 143 875 398 1.5 26
303 115 0.63 -1 072 174 69 792 145 857 407 1.9 28
350 119 0.61 413 073 153 6.6 900 153 804 3.69 1.8 -36
R-152a/R- 24.9 1.16 0.60 -1.4 071 1.88 7.6 74.9 20.0 82.0 278 19 -1.1
32 302 115 0.62 412 071 166 7.1 799 199 835 271 22 35
[60/40] 352 1.15 0.60 -13 071 146 6.7 858 210 860 259 26 -18
R-600/R- 251 118 0.61 12 072 199 7.3 749 125 750 465 14 32
152a 303 116 0.62 -12 071 177 6.9 798 136 760 460 1.8 32
[60/40] 349 115 0.63 12 071 155 6.5 894 142 789 411 17 26
R-152a/C0O, 24.9 1.16 0.60 -1.2 0.71 1.85 73 74.9 14.0 60.7 2.53 1.5 -1.9
[90/10] 304 116 0.59 -13 071 163 7.0 799 150 637 254 1.9 33
352 1.16 0.59 -12 070 141 65 879 155 571 230 2.0 37
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Fig. 4. Optimum experimental COP at tg;, = -1.25°C.

jection pressures and different subcooling degrees, this section fo-
cuses only on the optimum conditions.

4.1. Optimum conditions

Optimum conditions, in terms of COP, Eq. (3), for the three heat
rejection levels and for the four refrigerants used in the DMS cycle
are summarized in Fig. 4. It can be observed that a zeotropic mix-
ture is able to overperform the reference fluid (R-152a). Concretely,
the energy improvement achieved by the mixture

R-600/R-152a [60/40] is between 1.1 to 1.4% higher than with
R-152a. However, the two other refrigerant blends present COP re-
ductions. R-152a/R-32 [60/40] mixture presents an overall COP de-
crease between 4.1 to 5% and the R-152a/CO, [90/10] mixture a
COP cut between 5.6 to 7.9%.

Although the test conditions are different, the measured trends
(Fig. 4) coincide with the theoretical simulations summarized in
Fig. 1. Thus, it is demonstrated experimentally that it is possible
to improve the performance of a dedicated mechanical subcooling
system by the use of a zeotropic mixture in the auxiliary cycle, as
suggested by Dai et al. (2018).

At optimum conditions (Fig. 4), the partial contribution to the
cooling capacity of each refrigeration cycle is presented in Fig. 5,
where Q,,, represents the enhancement of capacity due to the sub-
cooling, Eq. (6), and Qg the capacity provided by the CO, cycle,
Eq. (7).

qub - mCOZ ’ (hsub,out - th,OUl)

(6)

Qbase = QO - qub (7)

On the one side, as it can be observed in Fig. 5, the contribu-
tion corresponding to the base cycle is similar for each test con-
dition between the different DMS refrigerants. Small variations of
this parameter are linked to the different optimum heat rejection
pressures, which are lower as higher the subcooling degree is (see
Table 2). At reduced heat rejection pressures, the capacity provided
by the CO, itself is lower. However, large differences are found in
the partial contribution to the cooling capacity provided by the
subcooler, Eq. (6). For the mixture R-152a/R-32 [60/40] this con-
tribution is between 16.2 and 41.1% higher than with the use of R-
152a at optimum conditions, for R-600/R-152a [60/40] ranges be-
tween -5.1 to -7.1% and for R-152a/CO, [90/10] from 0.4 to 9.1%.
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These variations are not directly correlated with the VCCpys pa-
rameter (Table 1). Nonetheless, it is important to note that the use
of the DMS cycle always intensifies the capacity provided by the
cycle.

On the other side, the contribution to the power consump-
tion of each compressor is presented in Fig. 6. It is observed
that the power consumption of the CO; compressor remains sim-
ilar between all the refrigerants unlike R-152a/R-32 [60/40] with
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twin=35.1°C that, due to the large optimum subcooling degree, al-
lows the CO, cycle to work at a lower optimum pressure; on the
contrary there are large differences at all conditions with the aux-
iliary compressor. In this case, refrigerants with high VCCpys (R-
152/R-32 and R-152a/C0O,) show greater cooling capacity and thus
have larger power consumption in the DMS compressor. It is worth
focusing on the R-600/R-152a [60/40] mixture, that presents a very
low power consumption in the DMS compressor, it being between
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8.9 and 11.2% in relation to the power absorbed by the CO; one
and between 15.2 and 21.0% lower than that absorbed with the
use of R-152a in the DMS cycle. The behaviour of R-600/R-152a
[60/40] mixture and thus the optimum conditions when working
coupled to the CO, cycle are bounded to the high COPpys values
achieved by the mixture (Table 2) which are higher than the val-
ues reached with R-152a. Although theoretical COPppys are higher
for R-152a than for R-600/R-152a [60/40] mixture (see Table 1), the
experimental COPpys have an opposite trend, because the working
conditions (blend phase-change temperatures) vary, as it is anal-
ysed in the following section.
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4.2. Operating parameters

As mentioned before, the optimum working condition of the
dedicated subcooling cycle, in terms of heat rejection pressure
and subcooling degree, is different between the different refriger-
ant blends. This section analyses closely the working conditions of
each combination at dissipation water inlet temperature of 35.1°C.

Figs. 7-10 represent the t-s diagram of the different refriger-
ants, where the estimated temperature profiles in the subcooler
are highlighted. For the sake of a graphical representation, they are
considered linear without affecting the conclusions of this inves-
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tigation. Fig. 11 illustrates the phase-change temperatures of the
DMS refrigerant. Furthermore, Table 3 summarizes the key param-
eters of the most representative elements of the plant.

As it can be observed in Figs. 8-10, the use of a zeotropic re-
frigerant mixture in the DMS cycle introduces a temperature dif-
ference through the phase-change temperature. During condensa-
tion the temperature decreases, whereas during the evaporation
increases. The temperature change or effective glide in the evap-
orator, Eq. (8), depends upon the components of the blend.

(8)

Glidee 0,pms = to,v,0MS,0ur — Lo, DMS in
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Analysing results of Table 3, it is observed that the mixture R-
600/R-152a presents the highest effective glide in the subcooler.
R152a/C0,, whose total glide is higher, does not have a large effec-
tive glide in the subcooler, since the main change in temperature
during the phase-change is produced at lower vapour quality con-
ditions (see isobar in Fig. 10), which are out of the operation of the
subcooler.

The best temperature match between R-600/R-152a [60/40] and
the CO, temperature profile along the subcooler influence the rest
of parameters of the subcooler (Table 3). The thermal effective-
ness of subcooler, Eq. (9), reaches even higher values than with
the use of a pure fluid; the pinch at the exit/inlet of the subcooler,
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Table 3
Performance operating parameters of key elements at optimum conditions.
twin  MGeo2  Mopms  fteoz  toms  Glideeopms  Esup Aty Aljmeg
(GONNO () ) (-) (K) (%) (K) (K)
R-152a 253 550 432 33 24 - 875 2.0 6.8
30.3 54.2 491 3.5 25 - 85.7 24 74
350 537 48.5 3.8 26 - 804 3.7 9.4
R-152a/R- 249 54.5 452 3.4 34 | 67.0 9.9 16.2
32 302 536 45.6 35 32 5.4 666 10.0 16.1
[60/40] 35.2 53.3 479 3.7 32 5.6 67.9 9.9 16.5
R-600/R- 25.1 54.8 304 33 2.1 10.9 875 1.8 2.5
152a 303 545 44.8 3.4 23 10.7 87.7 1.9 3.2
[60/40] 349 535 47.1 3.8 23 10.6 910 14 2.8
R- 249 54,6 424 33 36 84 61.1 8.9 11.5
152a/C02 304 546 47.6 3.5 35 8.5 64.1 8.4 11.3
[90/10]) 35.2 53.5 494 37 39 7.8 57.4 115 15.0

Eq. (10), reaches lower values than with R-152a; and the logarith-
mic mean temperature difference, Eq. (11), also reaches lower val-
ues than with the reference fluid. For the rest of the blends, which
do not have a good temperature match with CO,, the parameters
of the subcooler are worse than with the use of R-152a. Thus, as
suggested by Dai et al. (2018), if the refrigerant mixture has a good
matching glide with CO, temperature profiles, the performance of
the system can be improved. It should be noted that the subcooler
size was fixed, thus, if the subcooler is resized for each mixture
the results could change.

In relation to working temperatures (Fig. 11), it can be observed
that for the blends R-152a/R32 and

R-152a/C0, the difference between condensation and evapora-
tion temperature increases due to the low thermal performance
of the subcooler (Table 3). However, for the mixture R-600/R-152a
this difference decreases, and what is more important, the thermal
improvement in the subcooler makes the evaporating temperature
in the subcooler to be higher and thus, it allows the DMS cycle to
work with higher COPppys values, resulting in a net increment of
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the COP of the combination, as seen in Fig. 4.

tgfvﬂ'lf - ltsu!;u‘um:

Esub = t ¢ (9)
ge.out — Lo, DMSin

Atgyp = tpms,out — Lo.DMs,in (10)

Aoy = (tpms,out — Lo,pMsin) — (tgc,out — L0,v,DMS,0ut) -

oms.out —L in

In( joeglonss )

Finally, to illustrate the energy improvement achieved using

zeotropic blends in the DMS cycle, irreversibilities in subcooler,

Eq. (12) have been evaluated. They are presented in a normalized

form in Fig. 12. To normalize the irreversibilities, total exergy de-

struction in the subcooler has been divided by the cooling capacity

of the CO; cycle, Eq. (4), and by the death state temperature, which
has been considered to be -14°C.

AEx sup = ta - [Mcoz * (Ssubjour — Ssubyin) + 112D = (SpMs.in — SpMS.out) |
(12)
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Fig. 12 reflects that a good matching glide with CO, tempera-
ture profile in subcooler allows to reduce the irreversibilities in the
subcooler. In this case, the blend R-600/R-152a [60/40] presents
a reduction of irreversibilities in relation to R-152a from -2.9 to
18.9%. In addition, also mixture R-152a/C0O, [90/10] reduces irre-
versibilities in some operating conditions.

5. Conclusions

In this work the possibility to enhance the performance of a
transcritical CO, refrigeration plant using a dedicated mechanical
subcooling system with zeotropic refrigerant mixtures has been
addressed theoretically and experimentally.

Using Dai et al. (2018) model adapted to an existing test plant,
the performance of three blends composed of R-32, R-600 or CO,
with the base fluid R-152a has been evaluated. It has been ob-
served that, theoretically, it is possible obtain higher COP values
in relation to the use of pure fluids. However, trends presented by
Dai et al. (2018) have not been seen in the simulations. The dif-
ference, which cause cannot be defined, could be associated to the
different used overall compressor efficiencies and with the update
of Refprop, which differ from the previous works. Theoretical sim-
ulation has identified the blend R-600/R-152a [60/40%] as the best
performing one, with theoretical COP improvements up to 0.46%.

Three refrigerant blends, R-152a/R32 [60/40%], R-600/R-152a
[60/40%] and R-152a/CO; [90/10%] have been tested experimen-
tally against the operation with R-152a as refrigerant in the dedi-
cated subcooling system. The evaluation was made at fixed condi-
tions of the secondary fluids and covered three heat rejection lev-
els, achieved varying the water inlet temperature to gas-cooler and
DMS condenser (25.1, 30.3 and 35.1°C). Experimental campaign has
identified the optimum conditions, in terms of subcooling degree
and heat rejection pressure, of the plant.
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It has been verified that the mixture R-600/R-152a [60/40%] is
able to enhance the COP of the plant, with COP increments be-
tween 1.1 and 1.4%. In addition, the mixture R-152a/CO, [90/10%],
which has good matching temperature profiles in the subcooler,
could also improve the performance of the plant if the subcooler
was resized. However, the other mixtures did not show good per-
formance. The experimental results indicated that the improve-
ments are higher for blends with low volumetric cooling capac-
ity. At optimum conditions, these mixtures work with a moderate
subcooling degree and have low power consumption in the aux-
iliary compressor. Furthermore, as suggested by Dai et al. (2018),
the mixtures which effective glide matches with the CO; tempera-
ture evolution in the subcooler, enhance the thermal performance
of the subcooler. Consequently, the evaporating level in the sub-
cooler with the mixture can be higher than with the pure fluid
and enhance the performance of the auxiliary cycle and thus of
the cycle combination.

Finally, it needs to be mentioned that the use of zeotropic
blends in the subcooler allows to reduce the irreversibilities in this
heat exchanger, which agrees with Dai's work.
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