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a b s t r a c t 

Use of zeotropic blends in the dedicated mechanical subcooling system of a CO 2 refrigeration system was 

suggested as a possible improvement due to matching of evaporating temperature with CO 2 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 2 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 

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

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). 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Évaluation expérimentale des frigorigènes zéotropes dans un système à

sous-refroidissement mécanique dédié dans un cycle au CO 2 
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. Introduction 

Subcooling has been recognised during the last years as a use- 

ul technology to enhance the performance of refrigeration cycles. 

ubcooling, as reviewed by Park et al. (2015) for subcritical cycles, 

onsists in chilling the liquid at the exit of the condenser, thus in- 

rementing the refrigerating effect and, in general, improving the 

oefficient of performance. However, when subcooling is used in 

ranscritical systems the benefits of this method are taken to an 

xtreme, as analysed by Llopis et al. (2018) . In transcritical cycles 

he decoupling between pressure and temperature in the supercrit- 

cal region makes it possible to reduce the enthalpy of the refrig- 

rant at the inlet of the first expansion stage and at the same time 
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o cut down the optimum heat rejection pressure. The combination 

f both outcomes increases the refrigerating effect and at the same 

ime reduces the compression ratio and thus diminishes the power 

onsumption of the compressor, resulting in large increments on 

apacity and COP. Specifically, using internal heat exchangers in- 

rements up to 12% in COP have been measured ( Torrella et al., 

011 ), using economizers up to 21% ( Cavallini et al., 2005 ) and us-

ng thermoelectric subcoolers up to 9.9% ( Sánchez et al., 2020 ). 

Concretely, one of the most appealing methods is the subcool- 

ng based on an external vapour compression cycle, known as ded- 

cated mechanical subcooler (DMS) ( Bertelsen and Haugsdal, 2015 ; 

lopis et al., 2015 ). In this case the subcooling is provided at the 

xit of the condenser/gas-cooler using an auxiliary vapour com- 

ression cycle with a heat exchanger (subcooler) where a dif- 

erent refrigerant evaporates. The main characteristic of this sys- 

em is that both cycles, the main and the auxiliary, perform heat 
under the CC BY-NC-ND license 
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Nomenclature 

BP Back pressure valve 

COP coefficient of performance 
˙ E X exergy, kW 

Glide phase-change temperature difference at constant 

pressure, K 

GWP global warming potential at 100 years 

h specific enthalpy, kJ •kg −1 

h fg latent heat of phase-change, kJ •kg −1 

k compression ratio 

˙ m refrigerant mass flow, kg •s −1 

M molar mass, g •mol −1 

p pressure, bar 

P C compressor power consumption, kW 

˙ Q o cooling capacity of the CO 2 cycle, kW 

RU superheating degree, K 

s specific entropy, kJ •kg −1 •K 

−1 

SUB CO 2 subcooling degree in subcooler, K 

t temperature, °C 

v specific volume, m 

3 •kg −1 

V volumetric flow rate, m 

3 •kg −1 

VCC volumetric cooling capacity, kW 

•m 

−3 

Subscripts 

base refers to CO 2 cycle without subcooling 

d death state level 

DMS refers to the dedicated mechanical cycle 

e effective 

CO2 refers to the CO 2 cycle 

g refers to glycol as secondary fluid in CO 2 evaporator 

gc gas-cooler 

in inlet 

K refers to condensing level 

l refers to saturated liquid 

lmtd logarithmic mean temperature difference 

O 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 

ηG compressor overall efficiency 

ε thermal effectiveness 

ejection at the same temperature level. Initial experimental tests 

n single-stage plants measured capacity and COP improvements 

f 55.7% and 30.3% respectively using R-1234yf as refrigerant in 

he DMS ( Llopis et al., 2016 ) only with the optimization of the

eat rejection pressure. Later, with an updated version of the plant 

nd using R-152a in the DMS ( Nebot-Andrés et al., 2021 ), they 

emonstrated the existence of optimum working parameters and 

etermined them, heat rejection pressure and subcooling degree, 

hich are the two main variables to control in this cycle. In re- 

ation to the application of the DMS to CO 2 booster systems, au- 

hors have only found the experimental work of Bush et al. (2017) , 

ho tested a lab-scale plant with R-134a in the DMS, measur- 

ng a COP improvement of 9.5%. Nonetheless, the use of the DMS 

ith booster systems has been analysed with different approaches 

 Bush et al., 2018 ; Catalán-Gil et al., 2019 ; Catalán-Gil et al., 2020 ;

’Agaro et al., 2020 ; Gullo et al., 2016 ). The general conclusion 

f these investigations is that the application of the DMS cy- 

le to booster systems is as more beneficial as higher the heat 

ejection temperature (or environment temperature) is. In fact, 
288 
atalán-Gil et al. (2019) predicts, for a medium-sized supermarket, 

nnual reductions of electricity consumption between 2.9 to 3.4% 

n warm regions and from 3.0 to 5.1% in hot zones. In addition, 

ai et al. (2019) have also verified from a theoretical approach that 

he DMS system is also useful to improve the performance of heat 

umps for residential heating, with predicted COP increments up 

o 24.4% ( Dai et al., 2020 ). 

The mentioned researches have performed the evaluation of 

he cycles using pure fluids as refrigerants in the DMS. As 

ai et al. (2017) and Nebot-Andrés et al. (2017) point out, the op- 

imum subcooling degree in CO 2 transcritical cycles is relatively 

igh, reaching values as high as 16.5 °C ( t o = 5 °C, t env = 30 °C). This

arge subcooling implies a poor temperature match between CO 2 

nd the refrigerant when a pure fluid is used as refrigerant in the 

ubcooler. It implies the operation at a low evaporation temper- 

ture in the DMS cycle and thus a reduction of the overall ther- 

al efficiency of the cycle combination. In an attempt to enhance 

ven more the combination of a DMS and a transcritical CO 2 cycle, 

ai et al. (2018) launched a hypothesis about the use of zeotropic 

efrigerant mixtures with matching glide in the DMS cycle, to re- 

uce the temperature difference in the subcooler and thus to im- 

rove the performance of the combination. With a thermodynamic 

odel with pressure dependent overall efficiencies of the com- 

ressors and using Refprop 9.1 ( Lemmon et al., 2013 ), they evalu- 

ted the performance of zeotropic binary combinations in the DMS. 

hey selected R-32 as based fluid and then evaluated theoretically 

ixtures with R-290, R-1234yf, R-152a, R-1234ze(E), R-600a and R- 

234ze(Z). They determined the optimum working conditions for 

ach refrigerant mixture and concluded that theoretically the COP 

f a DMS-CO 2 cycle can be improved, and that the optimum heat 

ejection pressure is further reduced compared to the case of a 

ure refrigerant. In Dai’s study they found that the mixture R-32 

ith R-152a promised the best results in comparison with the use 

f R-152a as pure fluid, reaching an increment in COP of about 

.5%. However, Dai’s hypothesis has not been verified experimen- 

ally for the moment, to the best knowledge of the authors. 

Accordingly, this work aims to verify Dai’s hypothesis, that is, 

o corroborate that the use of zeotropic refrigerants in the DMS 

rings about increments in COP and reductions of heat rejection 

ressure. This evaluation, to the best knowledge of the authors has 

ot been performed experimentally yet. To accomplish it, first we 

ave adapted Dai’s thermodynamic model with the newest version 

f Refprop 10. (Lemmon et al., 2018 ) and the experimental effi- 

iency correlations of tested compressors. Then, we have selected 

he best performing binary mixtures using R-152a as reference 

uid. And finally, using an available test bench ( Llopis et al., 2016 ),

hree zeotropic mixtures have been evaluated in the DMS taking 

-152a as reference for three heat rejection levels and one evap- 

rating condition. For the optimum conditions, it has been veri- 

ed that Dai’s hypothesis is true, but that there are different trends 

hat must be considered. Thus, this work discusses the experimen- 

al evaluation of Dai’s hypothesis, quantifies the improvement, and 

oints out the aspects that must be considered for future imple- 

entations of the DMS cycle. 

. Thermodynamic selection of zeotropic blends 

.1. Thermodynamic model 

To select the binary mixtures for the experimental evaluation, 

he thermodynamic model suggested by Dai et al. (2018) has been 

dapted to the existing experimental plant ( Fig. 2 ). The first modi- 

cation is the introduction in the model of the overall efficiencies 

f the compressors, which were obtained from experimental cam- 

aigns. Eq. (1) corresponds to the efficiency of the CO 2 compressor 

 Sánchez et al., 2014 ) and Eq. (2) to the DMS compressor working 
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Fig. 1. Optimum theoretical COP at t o = -14 °C and t w,in = 35 °C, as a function of R-152a mass fraction. 
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ith R-1234yf ( Llopis et al., 2016 ). 

G,CO 2 = 0 . 736 − 0 . 052 · k (1) 

G,DMS = 0 . 632 − 0 . 037 · k (2) 

Then, the simulating conditions were adapted to the known 

erformance 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. 
• DMS condenser subcooling degree of 2K. 
• Superheating degree in CO 2 evaporator of 10K and in subcooler 

of 6K 

Finally, using the model, the COP of the CO 2 transcritical cycle 

ith the DMS system ( Eq. (3) ) was optimized in terms of subcool-

ng degree and heat rejection pressure at a water inlet temperature 

o the gas-cooler and DMS condenser of 35 °C and at an evaporat- 

ng temperature of -14 °C, which were the experimental conditions 

ith the R-152a evaluation ( Nebot-Andrés et al., 2021 ). 

OP = 

˙ Q o 

P C,CO 2 + P C,DMS 

(3) 

The optimization covered binary mixtures of R-152a with R-32, 

-600 and CO 2 in steps of 10% of mass fraction variation. For each 

uid and at each operating condition, an optimization to find the 

est combination of gas-cooler pressure and subcooling degree was 

erformed, with the aim to quantify the best energy efficiency. The 

OP at such conditions is named ‘optimum COP’. Refprop 10 was 

sed to evaluate the thermophysical properties of the fluids (Lem- 

on et al., 2018 ). 

.2. Theoretical results 

Fig. 1 summarizes the optimum overall COP values with the dif- 

erent evaluated refrigerant mixtures at a water inlet temperature 
289 
f 35 °C and an evaporating level of -14 °C. With R-152a the max- 

mum COP reaches 1.527, whereas for the mixtures it varies de- 

ending on the R-152a mass fraction. First, it needs to be men- 

ioned that for the existing plant and for the mixture R-152a/R- 

2 the COP does not present a maximum value, as observed in 

he theoretical results of Dai et al. (2018) ; and furthermore, this 

inary mixture does not overperform the base fluid. Second, the 

ixture of R-152a/CO 2 presents a maximum value, but lower in 

erms of efficiency to the base fluid. Finally, the unique binary 

ombination that offers COP improvements in relation to the base 

uid is R-600/R-152a, which presents a maximum at 1.534. Thus, at 

east with one mixture the theoretical model indicates that there 

s room for improvement. 

.3. Selected refrigerant mixtures 

According to the simulations, we decided to test experimen- 

ally three binary mixtures in the DMS, whose main characteristics 

re reflected in Table 1 , obtained for a CO 2 evaporation tempera- 

ure of -14 °C, a CO 2 condensing temperature of 50 °C, RU = 5K and

UB = 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 ). 
• 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 COP DMS and a moderate effective 

glide in the subcooler of 5.1K. 
• 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 COP is similar and it presents 5.9K 
DMS 
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Table 1 

Selected refrigerants for experimental evaluation and ideal-single-stage cycle performance data of the DMS at t o = -14 °C, t k = 50 °C, 

RU = 5K and SUB = 2K. 

Refrigerant 

[mass comp.] 

M GWP 5,AR p o p k νsuc h fg VCC DMS COP DMS Glide O Glide k 
(g •mol −1 ) (-) (bar) (bar) (m 

•kg −1 ) (kJ •kg −1 ) (kJ •m 

−3 ) (-) [K] [K] 

R-152a 66.1 137 4.39 11.77 0.075 291.1 3142 7.03 0.0 0.0 

R-152a/R-32 

[60/40%] 

59.6 353 6.97 18.31 0.051 302.9 4776 6.79 5.9 6.5 

R-600/R-152a 

[60/40%] 

61.1 55 4.05 10.60 0.089 308.8 2697 6.87 5.1 5.9 

R-152a/CO 2 

[90/10%] 

62.9 123 5.63 15.38 0.062 327.0 4257 7.25 12.3 19.9 
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s

effective glide in the evaporator. The mixture was prepared in 

the lab with a mass uncertainty below 0.1%. 
• R-152a/CO 2 [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 2 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 

COP DMS and 17% reduced specific suction volume. The mixture 

was prepared in the lab using CO 2 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- 

ds. Composition uncertainty is below 0.1% in mass. 

As mentioned above all the mixtures have been simulated in 

he theoretical model using Refprop 10 using the standard mix- 

ng coefficients, which could lead to uncertainty in evaluating ther- 

ophysical properties since they are new defined mixtures. The 

odel, therefore, is not able to supply the necessary accuracy to 

efine the exact behaviour of the mixtures in the system giving 

ise to the need of an experimental approach. 

. Experimental test bench 

.1. Test bench description 

To evaluate the zeotropic binary mixtures a research plant pre- 

iously built was used ( Fig. 2 ). This plant is composed of a single-

tage CO 2 compression cycle, with a double-stage expansion sys- 

em, that incorporates brazed-plate subcooler (0.576 m 

2 ). Both, 

ack-pressure and expansion valves are electronic and allow con- 

rolling the heat rejection pressure and the degree of superheat 

n the evaporator. The subcooling is provided coupling thermally 

nother single-stage vapour compression system through the sub- 

ooler, in which the DMS refrigerant evaporates. This cycle is com- 

osed of a semi-hermetic compressor (4.06 m 

3 •h 

−1 at 1450 rpm), 

 shell-and-tube condenser and an electronic expansion valve that 

s customized for each refrigerant. 

Heat dissipation in gas-cooler and DMS condenser is performed 

ith a water loop, allowing the volumetric flow and inlet temper- 

ture to be controlled. The heat load is provided with a loop work- 

ng with a propylene-glycol mixture, also allowing to regulate the 

olumetric flow and inlet temperature. 

The plant is fully instrumented with pressure gauges, ther- 

ocouples, Coriolis and volumetric flow meters and digital 

attmeters. A complete description of the plant and measurement 

ystem is detailed in Nebot-Andrés et al. (2021) work. 

.2. Experimental procedure 

The experimental tests were conducted in steady-state condi- 

ions 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. 
290 
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 m 

3 •h 

−1 at the

gas-cooler and of 0.61 m 

3 •h 

−1 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 m 

3 •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 2 

compressor was always kept at nominal speed (1450rpm). 
• Degree of superheat: In the CO 2 evaporator 10K and in sub- 

cooler 5K were maintained. 

In order to obtain the optimum conditions of the subcooled 

O 2 transcritical cycle, the plant was subjected to optimization of 

eat rejection pressure and subcooling degree with the method 

roposed by Nebot-Andrés et al. (2020) . The optimum COP value 

as obtained from cooling capacity calculation, Eq. (4) , and the di- 

ect measurements of compressor power consumption, according 

o Eq. (3) . In Fig. 3 , it can be observed the optimization process

s function of gas-cooler pressure and subcooling degree ( Eq. (5) ), 

here the black points correspond to the experimental measure- 

ents. The optimum conditions determination ended when the 

OP value from a point to another changed less than 1%. 

˙ 
 o = 

˙ m CO 2 · ( h O,out − h exp ) (4) 

UB = t sub,in − t sub,out (5) 

.3. Data validation 

Considering the calibrated accuracy of the measure- 

ent devices, which are described in the work of Nebot- 

ndrés et al. (2021) , the uncertainties of cooling capacity, Eq. (4) , 

nd COP, Eq. (3) , were evaluated using Moffat’s method ( Moffat, 

985 ), reaching maximum uncertainties of 0.84% and 0.95%, re- 

pectively. Furthermore, the heat transfer balance in subcooler 

as considered to check experimentally the consistency of mea- 

urements and to contrast that the evaluation of thermodynamic 

roperties of mixtures with Refprop does not introduce large com- 

utation errors. Table 2 reflects the percentage deviation between 

he heat transferred by CO 2 and the mixture in the subcooler, 

eaching maximum deviations of 3.7%, which are considered good 

or the purpose of this investigation. 

. Results 

Although the experimental campaign covered multiple steady- 

tate conditions for each external condition, at different heat re- 
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Fig. 2. Scheme of the experimental test bench. 

Fig. 3. Experimental optimization of CO 2 – R600/R152a [60/40] at t w,in = 30.3 °C 

291 
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Table 2 

Summary of test conditions, main cycle and DMS cycle indicators at optimum working conditions. 

Test conditions Cycle indicators DMS cycle indicators 

t w,in V w,gc,in V w,DMS,in t g,in V g,in COP Q o p gc SUB εsub COP DMS Q o,DMS (Q o,DMS - Q SUB )/Q SUB 
∗100 

( °C) (m 

3 •h −1 ) (m 

3 •h −1 ) ( °C) (m 

3 •h −1 ) (-) (kW) (bar) (K) (%) (-) (kW) (%) 

R-152a 25.3 1.10 0.62 -1.2 0.70 1.97 7.4 74.9 14.3 87.5 3.98 1.5 -2.6 

30.3 1.15 0.63 -1.1 0.72 1.74 6.9 79.2 14.5 85.7 4.07 1.9 -2.8 

35.0 1.19 0.61 -1.3 0.73 1.53 6.6 90.0 15.3 80.4 3.69 1.8 -3.6 

R-152a/R- 

32 

[60/40] 

24.9 1.16 0.60 -1.4 0.71 1.88 7.6 74.9 20.0 82.0 2.78 1.9 -1.1 

30.2 1.15 0.62 -1.2 0.71 1.66 7.1 79.9 19.9 83.5 2.71 2.2 -3.5 

35.2 1.15 0.60 -1.3 0.71 1.46 6.7 85.8 21.0 86.0 2.59 2.6 -1.8 

R-600/R- 

152a 

[60/40] 

25.1 1.18 0.61 -1.2 0.72 1.99 7.3 74.9 12.5 75.0 4.65 1.4 -3.2 

30.3 1.16 0.62 -1.2 0.71 1.77 6.9 79.8 13.6 76.0 4.60 1.8 -3.2 

34.9 1.15 0.63 -1.2 0.71 1.55 6.5 89.4 14.2 78.9 4.11 1.7 -2.6 

R-152a/CO 2 

[90/10] 

24.9 1.16 0.60 -1.2 0.71 1.85 7.3 74.9 14.0 60.7 2.53 1.5 -1.9 

30.4 1.16 0.59 -1.3 0.71 1.63 7.0 79.9 15.0 63.7 2.54 1.9 -3.3 

35.2 1.16 0.59 -1.2 0.70 1.41 6.5 87.9 15.5 57.1 2.30 2.0 -3.7 

Fig. 4. Optimum experimental COP at t g,in = -1.25 °C. 
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ection pressures and different subcooling degrees, this section fo- 

uses only on the optimum conditions. 

.1. Optimum conditions 

Optimum conditions, in terms of COP, Eq. (3) , for the three heat 

ejection levels and for the four refrigerants used in the DMS cycle 

re summarized in Fig. 4 . It can be observed that a zeotropic mix-

ure is able to overperform the reference fluid (R-152a). Concretely, 

he energy improvement achieved by the mixture 

R-600/R-152a [60/40] is between 1.1 to 1.4% higher than with 

-152a. However, the two other refrigerant blends present COP re- 

uctions. R-152a/R-32 [60/40] mixture presents an overall COP de- 

rease between 4.1 to 5% and the R-152a/CO 2 [90/10] mixture a 

OP 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 

ig. 1 . Thus, it is demonstrated experimentally that it is possible 

o improve the performance of a dedicated mechanical subcooling 

ystem by the use of a zeotropic mixture in the auxiliary cycle, as 

uggested by Dai et al. (2018) . 
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At optimum conditions ( Fig. 4 ), the partial contribution to the 

ooling capacity of each refrigeration cycle is presented in Fig. 5 , 

here ˙ Q sub represents the enhancement of capacity due to the sub- 

ooling, Eq. (6) , and 

˙ Q base the capacity provided by the CO 2 cycle, 

q. (7) . 

˙ 
 sub = 

˙ m CO 2 ·
(
h sub,out − h gc,out 

)
(6) 

˙ 
 base = 

˙ Q O − ˙ Q sub (7) 

On the one side, as it can be observed in Fig. 5 , the contribu-

ion corresponding to the base cycle is similar for each test con- 

ition between the different DMS refrigerants. Small variations of 

his parameter are linked to the different optimum heat rejection 

ressures, which are lower as higher the subcooling degree is (see 

able 2 ). At reduced heat rejection pressures, the capacity provided 

y the CO 2 itself is lower. However, large differences are found in 

he partial contribution to the cooling capacity provided by the 

ubcooler, Eq. (6) . For the mixture R-152a/R-32 [60/40] this con- 

ribution is between 16.2 and 41.1% higher than with the use of R- 

52a at optimum conditions, for R-600/R-152a [60/40] ranges be- 

ween -5.1 to -7.1% and for R-152a/CO [90/10] from 0.4 to 9.1%. 
2 
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Fig. 5. Cooling capacity at optimum condition at t g,in = -1.25 °C. 

Fig. 6. Power consumption at optimum condition at t g,in = -1.25 °C. 
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hese variations are not directly correlated with the VCC DMS pa- 

ameter ( Table 1 ). Nonetheless, it is important to note that the use

f the DMS cycle always intensifies the capacity provided by the 

ycle. 

On the other side, the contribution to the power consump- 

ion of each compressor is presented in Fig. 6 . It is observed 

hat the power consumption of the CO 2 compressor remains sim- 

lar between all the refrigerants unlike R-152a/R-32 [60/40] with 
293 
 w,in = 35.1 °C that, due to the large optimum subcooling degree, al- 

ows the CO 2 cycle to work at a lower optimum pressure; on the 

ontrary there are large differences at all conditions with the aux- 

liary compressor. In this case, refrigerants with high VCC DMS (R- 

52/R-32 and R-152a/CO 2 ) show greater cooling capacity and thus 

ave larger power consumption in the DMS compressor. It is worth 

ocusing on the R-600/R-152a [60/40] mixture, that presents a very 

ow power consumption in the DMS compressor, it being between 
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Fig. 7. t-s diagram of CO 2 – R152a at t w,in = 35.1 °C and t g,in = -1.25 °C. 

Fig. 8. t-s diagram of CO 2 – R152a/R-32 [60/40] at t w,in = 35.1 °C and t g,in = -1.25 °C. 
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.9 and 11.2% in relation to the power absorbed by the CO 2 one 

nd between 15.2 and 21.0% lower than that absorbed with the 

se of R-152a in the DMS cycle. The behaviour of R-600/R-152a 

60/40] mixture and thus the optimum conditions when working 

oupled to the CO 2 cycle are bounded to the high COP DMS values 

chieved by the mixture ( Table 2 ) which are higher than the val-

es reached with R-152a. Although theoretical COP DMS are higher 

or R-152a than for R-600/R-152a [60/40] mixture (see Table 1 ), the 

xperimental COP DMS have an opposite trend, because the working 

onditions (blend phase-change temperatures) vary, as it is anal- 

sed in the following section. 
294 
.2. Operating parameters 

As mentioned before, the optimum working condition of the 

edicated subcooling cycle, in terms of heat rejection pressure 

nd subcooling degree, is different between the different refriger- 

nt blends. This section analyses closely the working conditions of 

ach combination at dissipation water inlet temperature of 35.1 °C. 

Figs. 7–10 represent the t-s diagram of the different refriger- 

nts, where the estimated temperature profiles in the subcooler 

re highlighted. For the sake of a graphical representation, they are 

onsidered linear without affecting the conclusions of this inves- 
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Fig. 9. t-s diagram of CO 2 – R-600/R-152a [60/40] at t w,in = 35.1 °C and t g,in = -1.25 °C. 

Fig. 10. t-s diagram of CO 2 – R-152a/R-CO 2 [90/10] at t w,in = 35.1 °C and t g,in = -1.25 °C. 
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igation. Fig. 11 illustrates the phase-change temperatures of the 

MS refrigerant. Furthermore, Table 3 summarizes the key param- 

ters of the most representative elements of the plant. 

As it can be observed in Figs. 8–10 , the use of a zeotropic re-

rigerant mixture in the DMS cycle introduces a temperature dif- 

erence through the phase-change temperature. During condensa- 

ion the temperature decreases, whereas during the evaporation 

ncreases. The temperature change or effective glide in the evap- 

rator, Eq. (8) , depends upon the components of the blend. 

lid e e,O,DMS = t O, v ,DMS,out − t O,DMS,in (8) 
295 
Analysing results of Table 3 , it is observed that the mixture R- 

00/R-152a presents the highest effective glide in the subcooler. 

152a/CO 2 , whose total glide is higher, does not have a large effec- 

ive glide in the subcooler, since the main change in temperature 

uring the phase-change is produced at lower vapour quality con- 

itions (see isobar in Fig. 10 ), which are out of the operation of the

ubcooler. 

The best temperature match between R-600/R-152a [60/40] and 

he CO 2 temperature profile along the subcooler influence the rest 

f parameters of the subcooler ( Table 3 ). The thermal effective- 

ess of subcooler, Eq. (9) , reaches even higher values than with 

he use of a pure fluid; the pinch at the exit/inlet of the subcooler, 
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Fig. 11. Phase change temperatures of DMS cycle at optimum conditions at t g,in = -1.25 °C. 

Table 3 

Performance operating parameters of key elements at optimum conditions. 

t w,in ηG,CO2 ηG,DMS t CO2 t DMS Glide e,o,DMS εsub �t sub �t lmtd 

( °C) (-) (-) (-) (-) (K) (%) (K) (K) 

R-152a 25.3 55.0 43.2 3.3 2.4 - 87.5 2.0 6.8 

30.3 54.2 49.1 3.5 2.5 - 85.7 2.4 7.4 

35.0 53.7 48.5 3.8 2.6 - 80.4 3.7 9.4 

R-152a/R- 

32 

[60/40] 

24.9 54.5 45.2 3.4 3.4 5.1 67.0 9.9 16.2 

30.2 53.6 45.6 3.5 3.2 5.4 66.6 10.0 16.1 

35.2 53.3 47.9 3.7 3.2 5.6 67.9 9.9 16.5 

R-600/R- 

152a 

[60/40] 

25.1 54.8 30.4 3.3 2.1 10.9 87.5 1.8 2.5 

30.3 54.5 44.8 3.4 2.3 10.7 87.7 1.9 3.2 

34.9 53.5 47.1 3.8 2.3 10.6 91.0 1.4 2.8 

R- 

152a/CO2 

[90/10] 

24.9 54.6 42.4 3.3 3.6 8.4 61.1 8.9 11.5 

30.4 54.6 47.6 3.5 3.5 8.5 64.1 8.4 11.3 

35.2 53.5 49.4 3.7 3.9 7.8 57.4 11.5 15.0 
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q. (10) , reaches lower values than with R-152a; and the logarith- 

ic mean temperature difference, Eq. (11) , also reaches lower val- 

es than with the reference fluid. For the rest of the blends, which 

o not have a good temperature match with CO 2 , the parameters 

f the subcooler are worse than with the use of R-152a. Thus, as 

uggested by Dai et al. (2018) , if the refrigerant mixture has a good

atching glide with CO 2 temperature profiles, the performance of 

he system can be improved. It should be noted that the subcooler 

ize was fixed, thus, if the subcooler is resized for each mixture 

he results could change. 

In relation to working temperatures ( Fig. 11 ), it can be observed 

hat for the blends R-152a/R32 and 

R-152a/CO 2 the difference between condensation and evapora- 

ion temperature increases due to the low thermal performance 

f the subcooler ( Table 3 ). However, for the mixture R-600/R-152a 

his difference decreases, and what is more important, the thermal 

mprovement in the subcooler makes the evaporating temperature 

n the subcooler to be higher and thus, it allows the DMS cycle to 

ork with higher COP values, resulting in a net increment of 
DMS 

296 
he COP of the combination, as seen in Fig. 4 . 

 sub = 

t gc,out − t sub,out 

t gc,out − t O,DMS,in 

(9) 

t sub = t DMS,out − t O,DMS,in (10) 

t lmtd = 

( t DMS,out − t O,DMS,in ) − ( t gc,out − t O, v ,DMS,out ) 

ln 

(
t DMS,out −t O,DMS,in 

t gc,out −t O, v ,DMS,out 

) (11) 

Finally, to illustrate the energy improvement achieved using 

eotropic blends in the DMS cycle, irreversibilities in subcooler, 

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

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

truction in the subcooler has been divided by the cooling capacity 

f the CO 2 cycle, Eq. (4) , and by the death state temperature, which

as been considered to be -14 °C. 

˙ E X,sub = t d ·
[

˙ m CO 2 ·
(
s sub,out − s sub,in 

)
+ 

˙ m DMS · ( s DMS,in − s DMS,out ) 
]

(12) 
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Fig. 12. Normalized exergy destruction in subcooler at t g,in = -1.25 °C. 
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Fig. 12 reflects that a good matching glide with CO 2 tempera- 

ure profile in subcooler allows to reduce the irreversibilities in the 

ubcooler. In this case, the blend R-600/R-152a [60/40] presents 

 reduction of irreversibilities in relation to R-152a from -2.9 to 

8.9%. In addition, also mixture R-152a/CO 2 [90/10] reduces irre- 

ersibilities in some operating conditions. 

. Conclusions 

In this work the possibility to enhance the performance of a 

ranscritical CO 2 refrigeration plant using a dedicated mechanical 

ubcooling system with zeotropic refrigerant mixtures has been 

ddressed theoretically and experimentally. 

Using Dai et al. (2018) model adapted to an existing test plant, 

he performance of three blends composed of R-32, R-600 or CO 2 

ith the base fluid R-152a has been evaluated. It has been ob- 

erved that, theoretically, it is possible obtain higher COP values 

n relation to the use of pure fluids. However, trends presented by 

ai et al. (2018) have not been seen in the simulations. The dif- 

erence, which cause cannot be defined, could be associated to the 

ifferent used overall compressor efficiencies and with the update 

f Refprop, which differ from the previous works. Theoretical sim- 

lation has identified the blend R-600/R-152a [60/40%] as the best 

erforming 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 2 [90/10%] have been tested experimen- 

ally against the operation with R-152a as refrigerant in the dedi- 

ated subcooling system. The evaluation was made at fixed condi- 

ions of the secondary fluids and covered three heat rejection lev- 

ls, achieved varying the water inlet temperature to gas-cooler and 

MS condenser (25.1, 30.3 and 35.1 °C). Experimental campaign has 

dentified the optimum conditions, in terms of subcooling degree 

nd heat rejection pressure, of the plant. 
297 
It has been verified that the mixture R-600/R-152a [60/40%] is 

ble to enhance the COP of the plant, with COP increments be- 

ween 1.1 and 1.4%. In addition, the mixture R-152a/CO 2 [90/10%], 

hich has good matching temperature profiles in the subcooler, 

ould also improve the performance of the plant if the subcooler 

as resized. However, the other mixtures did not show good per- 

ormance. The experimental results indicated that the improve- 

ents are higher for blends with low volumetric cooling capac- 

ty. At optimum conditions, these mixtures work with a moderate 

ubcooling degree and have low power consumption in the aux- 

liary compressor. Furthermore, as suggested by Dai et al. (2018) , 

he mixtures which effective glide matches with the CO 2 tempera- 

ure evolution in the subcooler, enhance the thermal performance 

f the subcooler. Consequently, the evaporating level in the sub- 

ooler with the mixture can be higher than with the pure fluid 

nd enhance the performance of the auxiliary cycle and thus of 

he cycle combination. 

Finally, it needs to be mentioned that the use of zeotropic 

lends in the subcooler allows to reduce the irreversibilities in this 

eat exchanger, which agrees with Dai’s work. 
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