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Since the last decade of the 20th century, there has been increasing attention to the use of CO5 as a working fluid
in transcritical refrigeration and cooling cycles. Transcritical cycles suffer from a heavy expansion loss, requiring
specific means for its mitigation. Moreover, most applications for cooling or refrigeration are cooling a stream
that is not changing phase, therefore has a finite heat capacity and does not well match with the evaporation
curve of any pure fluid. In this work, to overcome these limitations (low COP and poor matching of heat ex-
changes curves) the potential of using a second component, mixed with CO, has been assessed. For this purpose,
several fluids have been investigated, from synthetic refrigerants, such as R1233zd(E) or R1234yf, to hydro-
carbons, such as n-butane, or n-pentane and alcohols, like dimethyl ether. To investigate the effects of the
addition of the second element in the CO transcritical cycles, several configurations have been investigated,
from the base refrigeration cycle to the double evaporator ejector cycle. All examined mixtures show a COP
improvement with respect to pure CO3. However, the mixture with R1234yf has the flattest evaporation curve
and hence, in the case of a constant specific heat of the fluid to be cooled, gives the best result. The quantity of
R1234yf that must be added to the mixture never exceeds 15%.

1. Introduction

Refrigerant mixtures have been studied since the early days of
refrigeration and offer some advantages in specific applications. One of
the most important characteristics is the “temperature glide”, i.e. the
change of the boiling point with the mixture composition. This produces
a variable saturation temperature for a given pressure and a different
composition for the vapour and liquid phases.

A temperature glide is advantageous when the heat capacity of the
load served by the refrigeration cycle is finite (Lorenz cycle). For
example, Llopis et al. (2021) proposed to use zeotropic refrigerant
mixtures in a dedicated mechanical subcooling system for a CO5 cycle.
The glide, for near-ideal mixtures, increases with the difference in the
boiling point between the mixture components (Mulroy et al., 1994).

In Europe, a further stimulus for the formulation of new mixtures is
represented by the F-gas regulation 517/2014. As an example, the
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review paper of Heredia-Aricapa et al. (2020) presents a comparison
between mixtures proposed as replacements for high-GWP HFCs. Some
of these mixtures fulfil the limit GWP<150 imposed in many applica-
tions. In our view, a fundamental component of a promising mixture
should be CO,. This fluid may reduce the mixture GWP, cost and flam-
mability while increasing its volumetric heat capacity. The addition of
small quantities of other fluids may improve the mixture’s thermody-
namic features. This approach is proposed in the present work.

1.1. COy-based mixtures

CO; low critical temperature implies that in most cases the working
cycle comes out to be trans-critical. Such a cycle may be advantageous or
not, depending on the application. If heat is to be reclaimed from the
refrigeration cycle (e.g. heat pumps or combined cooling and heating), a
gas cooler may be better suited than a condenser, due to its continuous
temperature variation. On the other hand, the expansion loss is very
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Nomenclature

n Chemical Potential [kJekmol ']
CcopP Coefficient of performance [-]
EVA evaporator

G Gibbs free energy [kJ]

GC Gas cooler

h Enthalpy [kJekg ']

THX Internal heat exchanger

n Number of moles [-]

P Pressure [bar]

Q Heat [kW]

T Temperature [°C]

v Velocity [mes ']

w Work [kW]

X Mass fraction [%]

n Efficiency [-]

® Entrainment ratio [-]

high, impairing the cycle COP. Expansion loss reduction may be done by
several methods, i.e. using an internal heat exchanger, an expander, a
staged expansion or an ejector (Barta et al., 2021).

Another relevant feature of CO; is the high pressure throughout the
working cycle, yielding high values of fluid density both in the liquid
and in the vapour phase. This gives a volumetric cooling capacity of 3 to
10 times higher when compared to HFC or HC refrigerants (Kim et al.,
2004).

The introduction of one or more fluids in a mixture containing COy
may aim at different objectives. For example, Kim et al. (2008) used
propane in percentages from 15 to 40% within an air conditioning
system. Their experimental findings show that by increasing the per-
centage of propane, the maximum cycle pressure and the cooling ca-
pacity decrease monotonically. The COP increases, showing a maximum
for 25% of propane in the mixture (+12.8% with respect to pure CO2)
due to the good match between the chilled water and the gliding
evaporation temperature. Sarkar and Bhattacharyya (2009) did a ther-
modynamic simulation of a heat pump using blends of CO5 with butane
and isobutene. They show that the use of blends reduces the system
pressure and the throttling loss, though it reduces the volumetric heat
capacity. Zhang et al. (2013) published a thermodynamic simulation
and some experimental results for a transcritical cycle working with
R744/R290 mixture. They found the relation between the main cycle
parameters and the optimum gas cooler pressure.

Bouteiller et al. (2017) applied COy mixtures with propane and
R1234yf to a heat pump, aiming to raise the critical temperature of the
mixture. According to their experimental results, the addition of pro-
pane to CO5 decreases the heat pump COP when domestic hot water at
65 °C is produced, while the result is not clear for central heating at 35
°C. On the other hand, R1234yf increases the COP for central heating.

Heat pumps have also been studied by Wang et al. (2021) in theo-
retical work on mixtures of CO; and R32. These authors point out that
the use of mixtures may avoid the complications commonly used for
increasing the efficiency of CO systems. The addition of R32 increases
the critical temperature, but the mass fraction of R32 needed to reach a
sufficient value (e.g. 55 °C) is above 50%. Obviously, the mixture GWP
increases linearly with the mass fraction of R32. The temperature glide
at the evaporator has a maximum of 14.2 °C for an R32 mass fraction of
60%. In terms of COP, an increase is registered for R32 mass fractions
below 30% or above 70%, the latter case being impractical due to GWP
and flammability concerns. CO2 and R32 blends have been studied
experimentally also by Sun et al. (2019) in a water-to-water heat pump.
In this case, the COP trend is complicated by the switching from trans- to
subcritical cycle, but at a CO3 mass fraction of 0.6, the heating COP is
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Table 1
Main characteristics of assessed fluids (NIST Refprop; ASHRAE).

Fluid Ter P, GWP  NBP ASHRAE safety
[C] [bar] [K] classification

R1234yf 94.7 33.8 4 243.7 A2L
R1233zd(E) 165.6 35.7 1 291.4 Al
R1234ze(E) 109.4 36.3 7 254.2 A2L
n-pentane 196.5 33.6 5 309.2 A3

propane 96.7 42.5 3.3 231.0 A3
Isobutane 134.7 36.4 3 261.4 A3

Dimethyl 127.2 53.67 1 248.4 A3

ether
CO, 30.98  73.77 1 194.7' Al

! In the case of CO,, must be intended as Normal Sublimation Point instead of
Normal Boiling Point.

increased by 23.3% and cooling COP by 65.2%.

Yu et al. (2019) tested mixtures of CO5 and R41 on an experimental
heating/cooling system for automotive air conditioning. These fluids
form an azeotrope. The system COP shows a steady improvement with
the R41 mass fraction, while the heating capacity is reduced. The
maximum cycle pressure is reduced as well, switching the cycle from
transcritical to subcritical. These authors present also a discussion on the
flammability, showing that for a CO, mass fraction above 89% the
CO2/R41 blend is non-combustible. Wang et al. (2020) studied an
azeotropic CO, /ethane mixture and claimed a reduction in compressor
discharge temperature. However, the effect on COP was unfavourable.
The azeotropic CO, /ethane mixture was also studied by Kravanja et al.
(2018). The heat transfer performance was experimentally character-
ized under various operating conditions.

In our view, the previous literature offers detailed reports about one
or two mixtures working in a specific refrigeration system, while a more
general approach would be needed in order to highlight the relevant
general trends. Therefore, we decided to use several blends containing
CO; and relatively small amounts of a vast collection of HFOs or hy-
drocarbons. In this way we guarantee the following two results:

e the mixture is not flammable
o the working fluid has a high volumetric capacity.

Another objective of our work is to explicitely relate the mixture
composition to the glide required by the specific application. Therefore,
we decided to compare all cases on a common value of the glide.

Furthermore, we selected some representative configurations, in
order to highlight the interaction between the variable mixture
composition and some specific components commonly found in CO5
refrigeration systems. To the best of our knowledge, such a general re-
view on the behaviour of CO, based mixtures has not yet been presented
in the literature.

1.2. Fluid selection

In this work, 7 workings fluids have been considered as the sec-
ondary component of a COz-based mixture for transcritical refrigeration
cycles: R1234yf, R1233zd(E), R1234ze(E), n-pentane, propane, isobu-
tane and dimethyl ether. R1234yf, R1233zd(E), and R1234ze(E) have
been selected as representatives of the best-known hydro-fluoro olefins
with low GWP. N-pentane, propane and isobutane are adopted as
reference hydrocarbons. Dimethyl ether was taken as a reference for the
category of alcohols. All selected fluids have good environmental
characteristics (0 ODP, low GWP, low toxicity) and a much lower critical
pressure with respect to COs, as resumed in Table 1. HFOs have low
flammability levels, while hydrocarbons and dimethyl ether are highly
flammable. Nonetheless, as the percentage of these fluids in the mixture
is lower than 15% for all cases, the obtained mixtures are expected to be
non-flammable. A discussion on the flammability of CO, mixtures is
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Fig. 1. Temperature glide of the mixtures as a function of the concentration (Ts,s = —5 °C) and Evaporation curve for various mixtures at fixed glide (10 °C).
bl in the heat exchange with a constant specific heat fluid. On the other
Ta . e2 . . hand, the curves of the CO,-Pentane and CO»-R1233zd(E) mixtures are
Main variable assumption for all assessed cycles. . . C X
far from a straight line, indicating a poor match between the cooling
Parameter Value curve and the refrigerant evaporation curve.
Gas cooler temperature 40°C
Separator temperature 10°C 2. System configurations
Heat exchanger efficiency 0.8
Pinch point t t 5°C . . . . .
C:)Tle(f gluﬂid ;:[lleptetr:;;:ramre 0°C Four refrigeration cycle configurations were modelled as the basis to
Cooled fluid temperature drop 10°C assess the advantages and/or drawbacks of CO,-based mixture solutions

outside the scope of this paper and may be found e.g. in Chen et al.,
2000.

Fig. 1, left side, shows the temperature glide obtained when adding a
percentage (1-x) of the selected fluids to CO5. The temperature glide is
null for x = 0 and x = 1 and has a maximum in between. As expected, the
maximum glide is featured by pentane, which has the highest NBP.
Furthermore, the slope of the pentane curve on the right side of the
diagram is very steep, suggesting that small quantities of this fluid give a
high glide. On the opposite, propane has a moderate slope as x ap-
proaches 1, showing that a higher quantity of this fluid has to be mixed
with CO; to reach a significant glide. This graph offers a first hint on the
choice of the additive fluid according to the required glide for the spe-
cific application.

A better insight can be obtained by looking at Fig. 1, right side, which
represents the evaporation curve of each assessed mixture for a fixed
glide of 10 °C. The blue curve of the CO2-R1234yf mixture is the one that
is closest to a straight line and therefore allows the lowest irreversibility
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for improving CO4 trans-critical systems.

A fixed compressor isentropic efficiency # = 0.8 has been assumed in
all configurations. This choice has been made in order to compare all
cases on a common basis, even if the compression ratio changes in a
relatively wide range (from 2.5 to 5). The idea is that there should be the
possibility to select an optimized compressor for each configuration.
Obviously, the real compressor efficiency depends on the type, size,
operating conditions, etc. Therefore, the results should not be taken as
quantitative predictions, but rather as comparative assessments related
to different configurations at an equal degree of technological refine-
ment. The other fixed parameters are shown in Table 2. Particularly, the
separator temperature has been fixed at 10 °C, which is a typical value
for the refrigeration cycle. This value could change the COP of the
analysed systems but does not influence the trend, therefore it has been
taken as a fixed value.

The working cycles are numerically solved with locally — evaluated
real fluid properties. All simulations have been performed using Python
Software linked to NIST Refprop fluid library release 10 (https://www.
nist.gov/srd/refprop). Indeed, this is the most reliable method to assess

3 ,ﬁ, Qh

IHX 2
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Fig. 2. Base Refrigeration cycle: P-h diagram and Scheme.
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Fig. 3. Refrigeration cycle with separator: P-h diagram and Scheme.

the thermodynamic properties of CO,-based mixtures, as highlighted in
Bertini et al., 2021. The main assumptions are: refrigeration cycles
operating in steady-state conditions, negligible kinetic and potential
energies, and negligible pressure losses in cycle components and piping.

2.1. Base refrigeration cycle

The main components of the base refrigeration cycle (Fig. 2, right
side) are a compressor, a gas cooler, an evaporator and a valve. The base
cycle includes an internal heat exchanger (IHX), as it ensures a proper
superheating value at the compressor inlet and increases the cooling
capacity.

Starting from point 1, the fluid, at superheated vapour conditions
(Fig 2, left side) enters the compressor and is cooled through a gas cooler
until point 3, where it enters the IHX. In the IHX the fluid reaches point
4, where it is laminated through a throttle valve that brings it to point 5
where evaporation starts. Even if having some residual liquid at the
evaporator exit could increase the heat transferred in the IHX, point
0 has been put on the upper limit curve. This assumption is justified by
the need to limit the number of design parameters and to avoid, even for
low IHX efficiencies, liquid ingestion by the compressor. Then the fluid
is superheated in the IHX and closes the cycle.

A typical result for the base cycle is reported in Fig. 2. As an example,
a mixture containing 80% mass of CO2 and 20% of R1234yf has been
chosen. Note that, even with a fairly high efficiency of the IHX, the
vapour quality at point 5 is rather high, reducing the cooling capacity. A

quUidfraction < 3 2
80 1
9aSfraction
— mix
= 60 -
©
Q2
d
& 40
o
20 1 910 d
Py <
5 -9
0 : . r r r r
100 200 300 400 500 600
h [k)/kg]

high void fraction is expected within the evaporator, which is likely to
cause problems of poor heat exchange and fluid maldistribution in the
case of multichannel evaporators. This issue is obviously related to the
assumption done in the previous paragraph and could be mitigated by
moving point 0 to the left (which should produce a shift to the left of
point 5). However, our focus is on the effect of the mixture rather than
on the cycle details.

2.2. Base refrigeration cycle with separator

The second analysed configuration includes a separator between the
valve and the evaporator (Fig. 3). This component is often present in
refrigeration cycles and, in the case of COy, it has the function to divide
the expansion into a pressure-regulated part (4-5), useful for optimi-
zation of the gas cooler pressure, and a thermostatically operated part,
that controls the evaporator.

Indeed, at the separator, two different compositions will be present.
The gas phase will be richer in the more volatile component (CO3), while
the liquid phase will be richer in the less volatile component. This will
imply a change in the property of the flow stream and therefore the heat
exchanged at the evaporator.

To calculate the compositions of the two streams exiting the sepa-
rator, the definition of chemical potential has to be used (Eq. (1)). At
equilibrium conditions the chemical potential of liquid and vapour are
equal (Eq. (2)). This implies that liquid and vapour phases have different
compositions, but it is possible to derive the mixture fraction that

5 IHX 2

IZAVAY
TAVAN

10)23(3
o

Fig. 4. Refrigeration cycle with ejector: P-h diagram and Scheme.
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Fig. 5. Algorithm for the ejector calculation.
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Fig. 6. Refrigeration cycle with ejector and double evaporators: P-h diagram and Scheme.

satisfies Eq. (2), assuming the same pressures and temperatures of the
two streams.

(%
Hi= on; PT

liq

= Hi

@

sol

Hi

vap

= H; (2)

The cycle was calculated for the same composition used in the case
without a separator and the result is shown in the Ph diagram in Fig. 3
(left side). Now point 7 at the evaporator inlet is moved leftwards with
respect to the prosecution of line 4-5. On the other hand, the need to
evacuate the flash gas from the separator introduces a source of irre-
versibility due to the expansion valve between points 9 and 10. The flash
gas could be compressed by a “parallel” dedicated compressor back to
the gas cooler pressure, but this implies a further complication. There-
fore, we decided to exclude this option from the “base” configuration.

2.3. Refrigeration cycle with ejector

The third assessed configuration comprises, in addition to the sepa-
rator, an ejector between the IHX and the separator (Fig. 4). This
component allows to partially recover the heavy expansion loss suffered
in high-pressure cycles across the expansion valve. The work recovered
from the expansion of the high-pressure stream can be used to compress
a low-pressure stream, e.g. the vapour coming from the evaporator to an
intermediate pressure. The ratio between the entrained and the motive

110
105 -
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100 -
J—
5 5] 1.4
2
[ =)
g 907 1.2
o
85
1
80
75 0.8
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flow rate is called the entrainment ratio:

_ Mentrained

- 3
Mypotive

In the case shown in Fig. 4, the ejector discharges the fluid into a
separator. The compressor, therefore, operates on a lower compression
ratio. Moreover, the cooling capacity is increased, because the evapo-
rator is fed with a low-quality fluid. A comparison between the Ph di-
agram shown in Fig. 4 and the one shown in Fig. 3 (without ejector)
evidences the enthalpy recovered between points 4 and 5 and the
compression operated by the ejector between points 9 and 10.

The algorithm used to evaluate the entrainment ratio is shown in
Fig. 5. Fixed values are assumed for the efficiencies of the ejector nozzle,
the mixing between motive and entrained flow and the diffuser. A value
is guessed for the entrainment ratio and the calculation is iterated until
the required pressure (i.e. the saturation pressure at the separator) is
reached at the ejector discharge.

To guarantee a stable, steady-state operation of the separator, the
vapour quality at the ejector should match the entrainment ratio, i.e. the
liquid fraction of the flow rate entering the separator must be exactly
equal to the entrained flow rate. If so, the expansion of the flash gas
(path 9-10 in Fig. 3, left side) may be eliminated.

2.4. Refrigeration cycle with ejector and double evaporator

The final configuration includes an ejector and two evaporators

=11 1

T[°C]

_13 4

_15 B

=17 1

=19 T T T T T
40 60 80
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Fig. 7. Performance maps of base refrigeration cycle as a function of Py, and x and temperature-heat diagram at Pg.= 85 bar for different x values.
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(Fig. 6). The separator is substituted by a medium-temperature evapo-
rator, reducing the fluid charge and giving a further degree of freedom. 251 - 100
Both inlet temperatures of the evaporators can be defined indepen- 8
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3.1. Base refrigeration cycles

Base refrigeration cycle without separator

In order to understand the benefit of mixing a secondary fluid with
CO4, for a given temperature drop of the fluid to be cooled, the increase
of the Coefficient of Performance (COP) (as defined in Eq. (4)) has been
evaluated as a function of the mixture composition and of the gas cooler
pressure.

_ Qo
cop == “)

The evaporator is designed to cool down a fluid entering at 0 °C and
undergoing a 10 °C temperature drop, allowing a temperature difference
of 5 °C with the evaporating mixture. Furthermore, the mixture tem-
perature at the gas cooler exit is fixed at 40 °C. This allows a consistent
comparison of the results, as the increase in COP will mainly be due to
the increase of the cooling capacity caused by the decrease of the heat
exchange irreversibility in the evaporator.

Fig. 7, left side, shows the COP map of the system using a mixture of
CO4 and R1234yf (this mixture has been taken as reference as it offers
the best performance, due to the well-matching curves at the evapo-
rator), as a function of the gas cooler pressure and the CO, mass fraction.

The map shows a maximum COP at a CO5 mass fraction of around
85%. and a gas cooler pressure around 85 bar. Setting the gas cooler
pressure at 85 bar, the optimum mass fraction is the point where the
glide at the evaporator coincides with the temperature difference of the
fluid to be cooled, as shown by the temperature — heat exchange diagram
in Fig. 7, right side.

For a CO4 mass fraction x = 80% the glide is excessive, causing the
temperature at the beginning of evaporation to be lower than necessary,
while for a mass fraction x = 90% the temperature is lower than
necessary at the end of evaporation.

Fig. 8, left side, introduces a comparison between the various added

Fig. 9. Effect of the evaporator inlet temperature and effect of the temperature
drop of the cooled fluid.

fluids and displays the double beneficial effect of introducing a small
quantity of a secondary fluid in a COs-based transcritical refrigeration
system: (i) an increase of the COP and (ii) a decrease of the gas cooler
pressure. All fluid mixtures present a maximum value of COP for a given
Pgc. This is due to the counterbalancing effects of cooling capacity and
compression work increase when the gas cooler pressure is raised. When
compared with pure CO», all mixtures provide an increase in COP and a
reduction of the gas cooler pressure, but the highest increase in COP and
reduction in pressure is achieved with a mixture of CO5 and R1234yf.
This can be explained because the evaporation curve of this mixture is
the closest to a straight line, as shown in Fig. 1.

Fig. 8, right side, also highlights that even a small fraction of sec-
ondary fluid deeply modifies the properties of the COy-based mixture.

100 A
g o5
o
X B
6" 90 1
O
g e
°\o /’f_—
X 80 A
J I A E—
80 9 100 110
Pgyc [bar]
— AT=5 — AT=10 — AT=15
—— R1234yf ---- CO;

Fig. 10. Effect of the evaporator inlet temperature and effect of the tempera-
ture drop of the cooled fluid.
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Fig. 11. Refrigeration cycle with separator: COP as a function of Py at opti-
mum composition and optimum composition as a function of Pgc.

The optimum mass fraction of most fluids, for a temperature glide of 10
°C, is lower than 15% (except for the case of propane).

Once it is understood that the injection of a small quantity of sec-
ondary fluid is beneficial to the performance of the COy-based tran-
scritical refrigeration system, a sensitivity analysis as function of the
evaporator temperature and the glide is carried out for the most per-
forming mixture (CO2-R1234yf).

From Fig. 9, left side, the COP increase and the reduction of the
optimal gas cooler pressure due to the introduction of R1234yf in the
mixture are evident for all values of evaporator inlet temperature. An
increase in the evaporator temperature produces also a reduction of the
optimum gas cooler pressure. Fig. 9, right side, also shows that, as the
evaporator inlet temperature increases, a greater quantity of R1234yf is
required to obtain the same glide; this can be explained by referring to
the bell structure of the saturation curves. As the temperature increases,
an isobar has a lower enthalpy difference from the lower to the upper
limit curve and therefore a lower glide.

Fig. 10 shows that the convenience of using mixtures grows as the
temperature drop of the fluid to be cooled increases. While in the case of
AT =5 °C the COP obtained with the fluid mixture increases only by 5%
over the pure COy, for AT = 15 °C the increase reaches 20%. Further-
more, the optimum gas cooler pressure moves to the left by 30 bars in
the case of AT = 15 °C. This can be explained considering that a higher
percentage of R1234yf is required to adapt the mixture temperature
glide to the increased temperature drop of the cooled fluid, as shown in
Fig. 10, right side.

This result may be interesting, for example, in the case of mobile air
conditioning, where the air is taken from the ambient at a very high
temperature and must be brought below its dew point. Obviously, if the
CO4 percentage is brought below 80%, one should verify that the
mixture does not become flammable, notably if the added fluid is highly
flammable (e.g. hydrocarbons).

Base Refrigeration cycle with separator

It is worth pointing out that the separator does not raise the cycle
COP at fixed evaporation temperature. The beneficial effect of a sepa-
rator can be measured only by a detailed analysis of the heat exchange at
the evaporator so that the possibility to increase the evaporation tem-
perature is pointed out. Given that the separator moves the lamination
(points 6 and 7 in Fig. 3) towards the left, the 10 °C glide can be obtained
with a lower percentage of secondary fluid in the mixture. Furthermore,
the vapour fraction that is released from the separator and mixes with
the fluid coming from the evaporator (path 9-10 in Fig 3) is rich in CO,.
These two circumstances lead to a composition richer in CO; at the
compressor, causing an increase in compression work. As a result, the
maximum COP in Fig. 11 is slightly lower than that shown in Fig. 8.

Fig. 11 right side shows the optimal mass fraction as a function of the
gas cooler pressure. As this latter decreases, lamination occurs at higher
enthalpies, yielding a more vapour-rich fluid at the separator. The liquid
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Fig. 12. COP comparison between mixture and pure CO, and optimum mixture
composition.

fraction thus formed will therefore be smaller and leaner in CO». This is
why a lower quantity of the added refrigerant is needed to obtain the
same glide (conversely to the case without the separator) and explains
why the CO, percentage that gives a 10 °C glide decreases with the gas
cooler pressure, while in Fig. 8 we saw an opposite behaviour.

3.2. Cycles with ejector

Refrigeration cycle with ejector and separator

A comparison of the COP obtained by the cycle with ejector and
separator operating with pure COy and with a mixture of CO2 and
R1234yf is shown on the left in Fig. 12. Quite surprisingly, in this case,
the use of a mixture yields a COP curve that is higher in the left part of
the diagram, but on the right side is surpassed by the curve obtained
with pure COo, that shows a slightly higher maximum value. This can be
explained considering that the addition of R1234yf does indeed improve
the heat exchange at the evaporator (due to the temperature glide), but,
on the other hand, reduces the evaporator pressure. The optimum gas
cooler pressure is reduced as well, but only by a small amount so that the
compression ratio increases. Therefore, the compression work actually
increases and, on the whole, the COP is reduced.

To understand why the gas cooler pressure shows only a moderate
reduction, one should consider the effect of the separator on the
composition of the mixture flowing in the various paths of the system. As
shown in Fig. 4, the fluid that flows through the I[HX, compressor and gas
cooler is the gaseous fraction that comes out from the separator.
Therefore, it is richer in the most volatile mixture component, i.e. COo,
and behaves not so differently from pure CO2. On the other hand, the
liquid that goes to the evaporator is richer in R1234yf and hence shows a
significant pressure decrease.

By the way, the increase of the compression ratio is a common
feature of all cycles working with a mixture and a separator, but, in the
cycle without an ejector, its negative effect has a lower impact, in
comparison to the benefit given by the improved heat exchange at the
evaporator.

The right side of Fig. 12 is similar to Fig. 10: as the gas cooler
pressure is reduced, a larger quantity of R1234yf is required to guar-
antee a temperature glide of 10 °C, for the same reason explained in the
previous section. Similar results are obtained with the mixtures con-
taining other fluids.

Refrigeration cycle with Ejector and double evaporator

In this case, the composition remains constant throughout the system
because there is no separator. However, it is no longer trivial to find the
optimal composition since there are two evaporators.

Several possible cases are thus studied:

Pure COy

In the case of pure COs, the glide being zero, the temperature of the
low-temperature evaporator is determined by its minimum temperature
difference from the fluid to be cooled. The only parameters available for
optimization are the gas cooler pressure and the temperature of the
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Fig. 13. Optimization of the temperature at the high-pressure evaporator for
pure COs.

medium-temperature evaporator. The COP of a cycle with two evapo-
rators can be defined by summing up the cooling capacities obtained at
the two temperature levels, as shown in Eq. (5).

®0Qrr + (14 w)Qur

COP =
(1+ o)W,

5)

The ejector entrainment ratio w, for a given amount of energy
delivered by the expansion of the motive flow, is inversely proportional
to the compression ratio that the ejector must overcome. Therefore, the
ejector produces a variable subdivision of the cooling capacity between
the two temperature levels, which may be optimized according to the
heat capacity of the fluid to be cooled. The result of this optimization is
shown in Fig. 13. Note that in this figure the temperature curve of the
fluid to be cooled is translated vertically by the minimum temperature
difference, to give graphical evidence of the optimum condition.
Therefore, the isotherm of the LT evaporator touches the straight in-
clined line of the cooled fluid. In the optimum condition, also the MT
isotherm comes in touch with the inclined line, minimizing the heat
transfer irreversibility.

Mixture

As a second fluid is added to CO», two additional degrees of freedom
are added to the cycle. The first one is the mixture composition, while
the second is the temperature at the low-temperature evaporator, which
now, due to the temperature glide, is not fixed anymore.

The optimum solution is the one that minimizes the area between the
refrigerant mixture curves and the line of the fluid to be cooled. This
goal may be pursued in two ways: 1) optimization of the heat exchange

174 —— Fluid to be cooled
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T T T
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in the medium-temperature evaporator and 2) optimization of the heat
exchange in the low-temperature evaporator. In this way, we may divide
the problem into two cases. In each case, the mixture composition is
found by equating the temperature glide to the slope of the curve of the
fluid to be cooled and the cycle may be optimized by varying the gas
cooler pressure.

In the following, a mixture of COy and R1234yf will be used as an
example.

Optimisation of medium-temperature and low-temperature
evaporator

As shown in Fig. 14 left side, the mixture composition has been
optimized to adapt the temperature glide at the medium-temperature
evaporator to the line of the fluid to be cooled. This produces a wors-
ened condition at the low-temperature evaporator, i.e. a very low inlet
temperature. A COP of 1.84 is reached. Again, the line of the fluid to be
cooled is translated downwards by the minimum temperature
difference.

Fig. 14, right side, shows the opposite case of a mixture composition
that optimizes the temperature glide at the low-temperature evaporator.
Now the mismatch between the curves is found at the exit from the
medium-temperature evaporator. This case yields a COP of 1.83.

Comparison between the two options

The two options presented before are compared in Fig. 15. The
maximum COP is almost equal (left side Fig. 15). However, the opti-
mization of the medium-temperature evaporator requires a lower gas-
cooler pressure, due to the higher quantity of R1234yf in the mixture
(right side Fig. 15). Note that in any case the percentage of R1234yf is
limited to 12% at optimum conditions. The percentage of R1234yf in-
creases with the gas-cooler pressure, as for the base cycle without a
liquid separator.
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Fig. 15. COP comparison between the two optimization strategies and opti-

mum mixture composition.
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Fig. 14. Optimization of the medium-temperature (left) and the low-temperature evaporator (right).
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Table 3
COP improvements by mixture and technology (Tgc = 40 °C, Teva = —15 °C,
glide = 10 °C).

Base CO, Base CO, with  Ejector and Ejector and
separator separator double
evaporator
Pure CO, 1.60 1.60 1.78 1.77
CO, R1234yf 1.80 1.76 1.75 1.84 (+4.3%)
(best (+12.8%) (+10.2%) (—1.8%)
mixture)
CO,-Propane 1.73 1.70 (+6.4%) 1.74 1.77 (+2.0%)
(best (+7.9%) (—2.1%)
natural
fluid)

4. Conclusions

The results presented thus far prove that the use of a mixture of CO,
and an additional fluid may improve the performance of a transcritical
refrigeration cycle. Four different configurations have been simulated,
highlighting the different impacts produced by the use of a fluid
mixture. Two of these configurations include an ejector, which has been
assessed by a simple thermodynamic procedure.

7 non-toxic fluids with ODP=0 and low GWP have been used in our
simulations. Given the prevailing fraction of COs, all proposed mixtures
are non-flammable and offer a high volumetric cooling capacity.

As far as can be seen from our simulations, the best COP is obtained
by a mixture of CO3 and R1234yf (Table 3). However, interesting results
are obtained also using a mixture of CO3 and propane, which by the way
allows a significant reduction of the gas cooler pressure. This, on one
hand, would imply a reduction of the compressor outlet temperature,
but the compression ratio slightly increases and, consequently, this
reduction is almost negligible.

The presence of a liquid separator produces a variable mixture
composition along the cycle, which may pose problems in case of fluid
leakage. On the other hand, the configuration with an ejector and two
evaporators shows interesting results and may be worth of further
analysis.

Finally, it can be said that the highest increase in performance is
reached in the base configuration cycle, proving that the use of a fluid
mixture can be considered an alternative to more refined configurations.

Evaluation thermodynamique des systémes de réfrigération tran-
scritiques utilisant des mélanges a base de CO,

Fluides, cycles, réfrigération
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