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ARTICLE INFO ABSTRACT

Keywords: Using CO2 mixtures results in a simple but effective solution to increase the critical temperature of CO5 and
€O reduce its working pressures. However, the overall effect of these mixtures on the global performance of the cycle
Ccop o has yet to be explored experimentally in detail. Accordingly, this work tests three CO,-binary blends with R32,
i;;tmplc mixtures R1270 and R1234yf in a small-capacity vapour compression test rig considering the same working conditions of
R1270 heat rejection temperature and cooling demand. These mixtures were compared with pure COz in two-cycle
R1234yf arrangements without and with the internal heat exchanger (IHX). The results without IHX provided COP en-

hancements of 6.4%, 9.7% and 15.3% with CO2/R1270, CO2/R1234yf and CO2/R32, respectively, compared to
CO» without IHX. Using the IHX and taking CO» without IHX as a reference, the COP increments ranged from
6.7% with R744, 12.1% with CO5/R1270, 16.1% with CO,/R1234yf and 22.2% with CO2/R32.

1. Introduction

Due to the high environmental impact caused by the hydro-
fluorocarbons (HFCs), the European Commission approved 2014 regu-
lation No 517/2014, known as F-Gas, to phase out refrigerants with high
values of global warming potential (GWP) [1]. The main consequence of
this regulation promoted the development of the 4th refrigerant gen-
eration based on unsaturated organic compounds known as hydro-
fluoroolefins (HFOs) and the recovery of the 1st refrigerant generation
composed of natural substances such as hydrocarbons, ammonia or
carbon dioxide. Thanks to its non-flammability, safety, and good heat
transfer properties, carbon dioxide (CO, or R744) has been widely
extended, providing services to 18.4% of the total European stores in
2022, where 90.1% of them were equipped with centralised refrigera-
tion systems, and only 9.9% were supplied with condensing units [2].
However, this growth is limited by the high investment cost of CO5
transcritical units due to the implementation of advanced control sys-
tems and complex architectures [3-5] to overcome the drop in perfor-
mance caused by the low critical temperature and high irreversibilities
during compression” and expansion’ processes [6]. Consequently, CO2
transcritical cycles are mainly targeted to large-capacity systems with
small participation in low-capacity applications (9.9% in condensing

* Corresponding author.
E-mail address: sanchezd@uji.es (D. Sanchez).

https://doi.org/10.1016/j.applthermaleng.2023.121473

units), and very low application in stand-alone systems or plug-ins,
where hydrocarbons, HFCs or HFOs are preferred for simplicity [7].

A simple solution for increasing the CO; critical temperature in-
volves mixing CO, with small quantities of other refrigerants taking into
account the restrictions of low-GWP and low (or null) flammability. The
result is a zeotropic mixture with a higher critical point, lower triple-
point, and lower working pressures that extend the subcritical opera-
tion of pure CO,, minimising the irreversibilities during the transcritical
process [6]. This idea, first applied by Kim & Kim [8] and Di Nicola et al.
[9] in auto-cascades and cascades systems, respectively, was later
extended to other applications to enhance their performance. Thus, in
the last twenty years, different authors analysed theoretically and
experimentally diverse COz-based blends using HFCs, HFOs and hy-
drocarbons in heat pumps, air conditioning and refrigeration systems.
Niu & Zhang [10] tested experimentally a cascade system with the
mixture CO2/R290 (71/29%p,) replacing R13 in the low-temperature
circuit using an internal heat exchanger (IHX) on it. The results at
—65 °C demonstrate that the mixture increases the coefficient of per-
formance (COP) by 34.2% regarding R13 with higher cooling capacity
(39.0%). Kim et al. [11] also proved experimentally, in an air condi-
tioning system with IHX, that the mixture CO2/R290 (75/25%y) per-
forms 12.8% better than pure CO, with a significant decrement in the
cooling capacity of 22.7%. Dai et al. [12] analysed theoretically different
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Nomenclature

COP Coefficient Of Performance

cp isobaric specific heat (kJ ~kg’1~K’1)

G glide (K)

GWP Global Warming Potential (100 years)
h specific enthalpy (kJ-kg™1)

HC HydroCarbon

HFC HydroFluoroCarbon

HFO HydroFluoroOlefin

HX Internal Heat Exchanger

LFL Lower Flammability Limit (%)

LMTD Logarithmic Mean Temperature Difference (K)
m mass flow rate (kg~s*1)

N compressor rotation speed (rpm)

NBP Normal Boiling Point (°C)

P pressure (bar)

0 heat transfer rate (W)

RH Relative Humidity (%)

s specific entropy (kJ-kg 1-K™1)

SH SuperHeating (K)

T temperature (°C)

UFL Upper Flammability Level (%)

v specific volume (m3-kg*1)

\Y% compressor cubic capacity (cm®)

VCC Volumetric Cooling Capacity (kJ-m~3)
W compressor power consumption (W)
X it refers to the analysed parameter
Greek Symbols

A variation (increment or decrement)

€ thermal effectiveness (%)

A latent heat (kJ -kg’l)

n efficiency (%)

Subscripts

amb ambient

c compressor

con condenser

crit critical point

dis discharge

ev evaporator

exp expansion

G geometric / global

gc gas-cooler

glyc it refers to water—ethylene—glycol mixture

hp high-pressure

ihx internal heat exchanger

in inlet

int it refers to the water—ethylene—glycol mixture at the
refrigerant saturated vapour

iso isentropic

Is saturated liquid

m it refers to the molar weight

max maximum

opt optimum

out out

ref it refers to the refrigerant

sf secondary fluid

suc suction port

\Y volumetric

vs saturated vapour

w it refers to the mass weight

COq-blends with hydrocarbons, HFCs and HFOs for a single-stage
without an IHX heat pump water heater, resulting in COP increments
of 4.0% and 4.5%, using the mixtures CO3/R41 (40/60%,,) and COy/
R32 (80/20%,,), respectively. Bouteiller et al. [13,14] measured slight
increases in performance using the blends CO5/R290 (85/15%y,) and
CO2/R1234yf (94.5/5.5%p,) in central heating using an IHX. Wang et al.
[15] computationally predict the convenience of using CO2/R41 (50/
50%,,) in a single-stage without an IHX heat pump water heater with
COP and cooling capacity increments of 20.5% and 25.7%, respectively.
Tobaly et al. [16] tested different mass fractions of CO2/R290 in an air-
conditioning and refrigeration system with IHX, obtaining COP im-
provements up to 19.7% with cooling capacity decrements to 18.0%. Yu
et al. [17,18] experimentally analysed a mobile air conditioning with
IHX using different mass fractions of CO2/R290 and CO3/R41, resulting
in a maximum COP of 22.1% and 25.7%, respectively. Massuchetto et al.
[19] studied different CO3 blends with hydrocarbons and ammonia in a
cascade cycle without IHX in the low-temperature circuit. Optimising
the CO, mass fraction, they showed that the COP of the cascade could be
enhanced by 31.0% using a CO/RE170 mixture. Sun et al. [20] expe-
rienced heat pump water for heating and cooling with the binary blend
CO2/R32 using different R32 mass fractions. The results using a single-
stage cycle with IHX showed a COP increment for heating and cooling
with reductions in both capacities. Sanchez et al. [21] evaluated the
energy consumption of a vertical beverage cooler using the blends of
CO2/R32 (78/22%,,) and CO5/R1270 (92.5/7.5%y,) as drop-ins of pure
CO,. Using a single-stage cycle with IHX at class III environmental
conditions (25)°C), the results provided energy savings of 16.5% with
CO2/R32 and 15.5% with CO3/R1270. Vaccaro et al. [22] developed a
computational model for different arrangements for CO», including IHX,
flash-gas and ejector, using diverse COy-blends with hydrocarbons and

HFOs. The results revealed that CO3/R1234yf and CO5/R290 were the
best alternatives, with COP increments up to 12.8% and 7.9%, respec-
tively. Similarly, Martinez-Angeles et al. [23] computed the arrange-
ments of IHX and parallel compressor with the CO2 mixtures of R152a,
R1234yf, R1234ze(E) and R1233zd(E) reaching increments up to 5.8%
using IHX and 10.0% with the parallel compressor. Recently, Sanchez
et al. [24] presented a theoretical analysis with five CO, mixtures,
searching for maximising the COP without penalising the compressor
capacity. The best results were reached by binary mixtures of CO3/R32
(81/19%,,) and CO,/R1270 (92.5/7.5%,), with maximum COP in-
crements of 21.4% and 8.7%.

Therefore, mixing CO, with other refrigerants results in an easy way
to raise the performance of CO, transcritical cycles with apparent ca-
pacity reductions in heating and cooling. However, this issue can be
easily fixed using the IHX, enhancing at the same time the COP. Ac-
cording to Torrella et al. [25], the IHX combined with CO, enhances the
COP and the cooling capacity to 13.0% and 12.0%, respectively, espe-
cially at high heat rejection temperatures and low evaporation levels.
However, to the author’s knowledge, no scientific experimental studies
have been published about using the IHX with CO blends.

Considering this background, the present work experimentally ana-
lyses the effects of using an IHX in a CO; transcritical refrigerating plant
upgraded with three COs-binary mixtures previously optimized theo-
retically: CO3/R32, CO2/R1270 and CO3/R1234yf. Tests were per-
formed maintaining the heat-rejecting conditions to class III (25 °C) and
a constant inlet temperature of 0 °C in the evaporator for the secondary
fluid, resulting in medium-temperature conditions typically used in
commercial refrigeration. The results revealed the convenience of using
IHX with mixtures providing increments up to 22.2% in COP at the
mentioned conditions compared to pure CO, without IHX.
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2. Theoretical analysis

This section determines blends’ optimal CO, mass fraction using a
computational model developed and validated with experimental data.
The expected results obtained will be proved experimentally in Section
3.

2.1. Cycle and mixture selection

The refrigeration cycle used for the theoretical analysis corresponds
to a single-stage transcritical vapour compression cycle equipped with
an IHX and an expansion system controlling the useful superheating at
the evaporator outlet (Fig. 1).

Regarding the COy mixtures used in this work, the previous work
presented by Sanchez et al. [21] demonstrated the convenience of using
blends of COy with R32 and R1270 for energy savings in a vertical
beverage cooler. Moreover, Vaccaro et al. [22] and Sanchez et al. [24]
analysed the COP benefits of mixing CO, with R1234yf to replace pure
CO4 in a transcritical refrigerating plant. Therefore, the CO2/R32, COy/
R1270 and CO2/R1234yf have been selected to explore the benefits of
using them as potential drop-ins in a CO» transcritical refrigerating plant.

The main properties of the mixture fluids are summarised in Table 1,
where NBP is the normal boiling point, Pjt and Tt are the pressure and
temperature at the critical point, and LFL and UFL are the lower and
upper flammability limits taken from Calm [26] and Honeywell [27].
The values of GWP are referred to 100 years and were taken from the
IPCC 6th Assessment Report [28] and Hodnebrog et al. [29], while the
safety group classification is defined by ASHRAE Standard 34 [30].

The following criteria are considered to determine the optimal CO,
mass fraction in each binary mixture: a) GWP; (o lower than 150, b) non-
flammable conditions, and ¢) maximum COP without significant cooling
capacity reduction using the same compressor capacity.

The GWP requirement was described by Agarwal & Clark [31],
considering that the GWP of the refrigerant blend is the mass-weighted
average of GWPs of individual components in the mixture.

The non-flammability conditions were defined using the Fuel Iner-
tization Point defined by Kondo et al. [32], where the minimum amount
of CO; for flammability suppression depends on the upper and lower
flammability levels.

Table 2 presents the theoretical minimum COy mass fraction to
guarantee a theoretical non-flammability and a GWP;oo below 150.
Notwithstanding, it is important to highlight that the previous
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Fig. 1. Schematic diagram of the refrigeration cycle: (1) compressor, (2) gas-
cooler or condenser, (3) IHX, (4) thermostatic expansion valve, (5) evaporator.
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calculation does not consider fractionation analysis due to leakage.
Therefore, the CO5 mass fractions in Table 2 should increase in case of
leakage.

Concerning the maximum COP requirement, Section 2.2 describes
the mathematical model used to determine the refrigerant mass fraction
that maximises the COP of the cycle depicted in Fig. 1, considering the
maximum refrigerant mass fraction shown in Table 2.

2.2. Computational model

The computational model is based on mass and energy conservation
principles with no pressure drop inside the pipelines and heat ex-
changers. Thermophysical properties of mixtures are evaluated with the
software RefProp v.10.0, which estimates the properties of mixtures by
using mixing rules with a series of interaction parameters adjusted from
experimental or theoretical simulations data [33,34].

Table 3 contains the model input data used for all mixtures. These
values were obtained from the experimental analysis performed in
Section 4 with pure CO, and are assumed the same for all examined
mixtures in the first approach.

To determine the maximum COP for each mixture, the model varies
the refrigerant mass fraction and the heat rejection pressure (Pyp). The
first is limited by the values presented in Table 2, and the second de-
pends on the temperature at the exit of the condenser/ gas-cooler (T3)
defined by Eq. (1).

T3 = Tamb + ATams (€]

If T3 is lower than the mixture’s critical temperature, the heat
rejection pressure varies from the condensing level to a maximum of
100 bar. Otherwise, the pressure varies from the critical pressure to 100
bar.

Due to the zeotropic behaviour of the mixture, the evaporating
process is defined using the logarithmic mean temperature difference
(LMTDey) (Eq. (2), where the useful superheating is neglected for an easy
convergence of the model. This equation involves the secondary fluid
temperatures (Tt jn and Tt out), the evaporator’s inlet temperature (Ts),
and the evaporator’s outlet temperature in saturated conditions (Tys).

LMTD,, = (Tstin — Tus) = (Torou — Ts) N

In(Fee)

Fixing the LMTDey, Eq. (2) has two unknown’s parameters (Ts and
Tys) that share the same evaporating pressure level. Temperature Ts
depends on the enthalpy hs and the evaporating pressure (Pey) (Eq. (3),
while Ty is defined in saturated vapour conditions with the evaporating
pressure (Eq. (4)).

Ts = f(hs, Py) 3)

Ty, = f(vs; Pey) 4)

Once defined the evaporating pressure, the temperature at the
evaporator outlet considering useful superheating (SHey), is defined by
Eq. (5).

T = Tys + SH., %)

Assuming isenthalpic expansion, hs is equal to enthalpy at the exit of
the IHX (hy4), which value is determined by an energy balance in the IHX
considering no heat exchanges with surroundings (Eq. (6)).

hy = h; — (hy — hy) (6)

Enthalpies hs and hg can be defined with equations Eq. (7) and Eq.
(8), while hy is obtained with the IHX thermal effectiveness taking
vapour as the fluid with less thermal capacity (Eq. (9)).

hg = f(Ts, Pey) (7)
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Table 1

Main properties of the fluids analysed.
Name Family Molar mass (g-mol ') NBP (°C) P.i¢ (bar) Terit (°C) Safety group LFL (%) UFL (%) GWP100
R744 (COy) Inorganic 44.0 —78.4 73.8 31.1 Al - - 1
R32 HFC 52.0 —51.7 57.8 78.1 A2L 133 29.3 771
R1234yf HFO 114.0 -29.5 33.8 94.7 A2L 6.2 12.3 4
R1270 HG 42.1 —47.7 46.7 92.4 A3 2.2 11.0 2

Table 2 . . (haiso —hy)

Minimum CO fi : s wc =m- = hZiso = f(Sl ; Php) (13)

», mass fraction to guarantee non-flammability and GWP; oo below g

150.

Mixture % CO, % Refrigerant GWP1q0
CO, / R32 80.7%y, 19.3%,, 149.6
CO, / R1234yf 44.6%,, 55.4%,, 2.7
CO, / R1270 92.4%,, 7.6%, 1.1
Table 3
Model input data.
Variable Description Value
Tamb Ambient temperature 25°C
ATmp Approach temperature (condenser/gas-cooler) 7.1K
Vg Compressor cubic capacity 1.75 em®
N Compressor rotation speed 2900 rpm
Einx IHX thermal effectiveness 0/ 58%
SHue Non-useful superheating 6 K
Tstin Secondary fluid inlet temperature (evaporator) 0°C
T out Secondary fluid outlet temperature (evaporator) -7 °C
SH.y Useful superheating (evaporator) 6 K
LMTDey Logarithmic mean temperature (evaporator) 45K
hs = (T3, Pyy) 8
T; = T + €inx*(T3 — Ts) (€)]

Considering the set of equations from 2 to 8, the evaporating pres-
sure level is the only unknown that can be determined by an iterative
loop shown in Fig. 3, according to the input data established in Table 3.

Once the evaporating level is determined, the compressor behaviour
is evaluated with the parametric model adjusted by Sanchez et al. [35]
for pure CO,, since no compressor models were found in literature for
the analysed mixtures. This model allows obtaining the volumetric (1)
and global efficiency (ng) (Egs. (10) and (11), respectively) using the
empirical coefficients of Table 4.

Ny = ag + a;-Pey + a5-Pyy + a3-(T7 + SHyye) (10)

Ng = by + by -Pey + by-Pyy + b3+ (T7 + SHy,c) an

The refrigerant mass flow rate (m) and the compressor power con-
sumption (W,) are computed with equations Egs. (12) and (13),
respectively, using the specific volume at the suction state (v;) and the
isentropic discharge enthalpy (h; js0) defined with the entropy at the
suction state (s1).

‘Vg:N
_ v’ v6TY (12)
Vi -60
Table 4
Experimental coefficients for the CO, hermetic compressor.
Coefficient Ny Coefficient g
ag 0.8748614461 bo 0.5228303246
ay 0.0046715654 by —0.0001637017
ay —0.0035665060 by —0.0002120453
az 0.0022098618 bs 0.0017040840

Finally, the cooling capacity (Q,,) and the coefficient of performance
(COP) are obtained with equations Egs. (14) and (15), respectively.

Qey = m-(h — hs) 14

cop =%
W

c

(15)

The process described above is repeated, varying the refrigerant
mass fraction and the heat rejection pressure until finding the optimal
heat rejection pressure that maximises the system’s COP. Fig. 2 presents
a simplified flowchart of the computational model, including the two
loops used for finding the evaporating pressure and the optimal heat
rejection pressure.

2.3. Model validation

The developed model has been validated with the experimental data
presented in Section 4 using pure CO5. This data includes 13 tests with
and without IHX at the ambient temperature of 25 °C, maintaining the
evaporator inlet temperature for the secondary fluid to 0 °C and a useful
superheating of 6 K. Fig. 3 compares the cooling capacity and the power

Input data (Table 3)
Refrigerant mass fraction

Guess: Py,

Guess: T,

A

Pev

Eihx

Ts, Tz, hy=hs

v

LMTD

>103 No

evcal

|LMTD,, ¢z- LMTDy,|

Compressor model

Yes

COP | Maximum COP? END

Fig. 2. Flowchart of the computational model.
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consumption calculated from the developed model and the experimental
data. As it can appreciate, the model predicts the energy parameters
inside the error range of + 6% with a maximum deviation of 11.5% in
cooling capacity near the critical point. Since this operation pressure is
far from the optimal working point (maximum COP), it corresponds to a
non-usual working condition and can be neglected. Therefore, the
computational model can be assumed valid.

2.4. Model results

Using the model described above, the COP of the cycle can be
calculated at any specific operating conditions. However, the most
valuable conditions correspond to these in which COP is maximum.
Accordingly, the model has been used to determine the heat rejection
pressure that maximises the COP using CO, and mixtures. Fig. 4A pre-
sents the optimum COP with and without IHX as a function of the
refrigerant mass fraction added to CO,. This Figure points out the limits
of Table 2 excepting R1234yf, in which mass fraction has been fixed to
the optimum COP with IHX. The resulting COPs from these limits are
highlighted in Fig. 4B, where it is noticed a COP enhancement with the
use of mixtures and the IHX. These values are also presented in Table 5,
including the energy parameters of the cooling capacity (Q,,) and
compressor power consumption (W.) at optimal operating conditions.

Table 5 increments are determined by taking the results of COy
without IHX as a reference. Equations Eqgs. (16) and (17) are used to
determine AP,y and the increments of AQGV, AW, and ACOP,
respectively.

(16)

APnpl = Pnpl - Popl CO, without IHX

(X - XCOZ without lHX)

AX = -100 a7

XCOZ without THX

According to Table 5 and Fig. 4B, using CO,-based blends provides
COP increments of 18.4, 7.5 and 6.6% when R32, R1270 and R1234yf
are added to the mixture, respectively. Moreover, if the IHX is installed
at the exit of the gas-cooler (Fig. 1), the improvement rises to 9.7% with
COy, 15.7% with R1234yf, 18.0% with R1270 and 27.1% with R32,
proving that the presence of the IHX is always positive regardless the
mixture tested.

To explain the COP evolution is necessary to analyse the cooling
capacity and the compressor power consumption. The first one lowers
by 5.7%, 6.4%, and 9.4%, with mixtures of CO2/R32, CO3/R1270 and
CO2/R1234yf, respectively, in concordance with the state of art. How-
ever, the presence of the IHX partially offsets this reduction, reaching a
cooling capacity similar to that obtained with pure COy without IHX.
Concerning the compressor power consumption, the effect caused by
mixtures reduces this value significantly to 20.4% with CO2/R32, 15.0%
with CO2/R1234yf, and 12.9% with CO3/R1270. Moreover, the pres-
ence of the IHX also minimises this value reaching reductions of 2.5%
using COy, 21.6% with CO2/R32, 16.1% with CO2/R1234yf, and 14.3%
with CO»/R1270.

Finally, mixtures reduce the optimal heat rejection value

Table 5
Simulated energy parameters.

Applied Thermal Engineering 236 (2024) 121473

significatively, especially when mixtures operate in subcritical condi-
tions. Thus, for CO2/R32 the reduction is 17.4 bar, for CO2/R1234yf is
11.8 bar, and for CO,/R1270 it reaches 11.1 bar.

2.5. Thermophysical properties of selected mixtures

Table 6 summarizes the thermophysical properties of the resulting
mixtures, including critical pressure (P.i) and temperature (Tcrip);
evaporating pressure (P.,), latent heat (Aey), total glide (Gey) and volu-
metric cooling capacity (VCC) at —10 °C with a vapour quality of 50%;
specific volume (vey vs) at saturated vapour conditions; and the
condensing properties of pressure (Pcopn), latent heat (Ae.on) and total
glide (Geon) at 30 °C with a vapour quality of 50%. Fig. 5 presents the
pressure enthalpy diagram of all mixtures including pure CO,.

According to Table 6, all alternative blends have a critical temper-
ature and pressure higher than CO», extending the subcritical operation
of the plant and reducing its working pressures, as can be noticed at the
evaporating level and especially at the condensing level. The increments
of critical temperature vary from 10.8 K by adding 19.3% of R32 to 6.0 K
mixing with 7.6% of R1270. The effect on working pressures signifi-
cantly reduces condensing pressure from 13.8 bar with R32 to 6.6 bar
with R1270.

Concerning latent heat, mixtures increase the specific energy phase-
change during the condensing and evaporating, with a significant
increment in condensing (up to 152.8% with R32) due to the extension
of the subcritical operation. The benefit on the evaporating side in-
troduces a maximum increment of 10.0% by adding R32. However,
mixtures reduce the plant’s volumetric cooling capacity, defined as the
ratio between the evaporation latent heat and the specific volume at the
saturated vapour conditions. This parameter means the energy that the
compressor moves per unit of compressor capacity, so the result of using
mixtures is the need for a higher compressor cubic capacity of 16.1%
with R32, 9.7% with R1234yf and 7.9% with R1270. Notwithstanding,
this effect will depend on how the mixtures affect the volumetric
compressor efficiency.

Finally, the non-azeotropic behaviour of mixtures introduces a
temperature glide during the phase-change process due to the different
normal boiling point of fluids. The total glide varies from 8.8 K with
R1234yf to 3.4 K with R1270 during the evaporation process at —10 °C,
and from 4.6 K with R1234yf to 1.8 K with R1270 in the condensing
operation at 30 °C. The effect of this glide affects the heat transfer
process during the phase-change, but it allows a better matching be-
tween the refrigerant and the secondary fluid [36].

3. Experimental approach

In this section, the blends computed in Section 2 are experimentally
tested in a COy transcritical refrigerating plant using the configurations
without and with IHX. All these blends are evaluated as drop-ins of CO»
by upgrading the thermostatic expansion valve configuration.

Configuration Refrigerant Composition Popt (bar) Qer (W) W.(W) COPpax AP,y (bar) AQ,, (%) AW, (%) ACOP,¢ (%)
without THX CO, 100%,y 80.5 603.1 401.2 1.50 - - - -

CO, / R32 80.7 / 19.3%,, 63.1 568.7 319.5 1.78 -17.4 -5.7 —20.4 18.4

CO, / R1234yf 88.0 / 12.0%,, 68.7 546.7 341.2 1.60 -11.8 —9.4 —15.0 6.6

CO, / R1270 92.4 / 7.6%,, 69.4 564.4 349.5 1.62 -11.1 —6.4 -12.9 7.5
with IHX CO, 100%,y 79.7 645.4 391.3 1.65 -0.8 7.0 —-2.5 9.7

CO, / R32 80.7 / 19.3%,, 63.1 601.3 314.7 1.91 -17.4 -0.3 -21.6 27.1

CO, / R1234yf 88.0 / 12.0%,, 68.7 584.9 336.5 1.74 -11.8 -3.0 -16.1 15.7

CO, / R1270 92.4 / 7.6%w 69.4 609.5 343.7 1.77 -11.1 1.1 -14.3 18.0
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Table 6
Thermophysical properties of pure CO, and selected CO,-based mixtures (% in mass).
Refrigerant Composition Pj; (bar) Terie (°C) Pe, (bar) Aev Gey (K) Vev vs (m3~kg’1) VCC (kJ/m%) Pon (bar) Acon Geon (K)
(kJ-kg ™) (kJ-kg™)
CO, 100%,y 73.8 31.0 26.5 258.6 0.0 0.01405 18409.7 72.1 60.6 0.0
CO, / R32 80.7 / 19.3%,, 75.8 41.8 21.1 284.5 7.5 0.01842 15447.1 58.3 153.2 4.0
CO, / R1234yf 88.0 / 12.0%,, 78.6 39.7 23.8 259.5 8.8 0.01561 16626.7 63.9 127.4 4.6
COy / R1270 92.4 / 7.6% 76.2 37.0 24.4 269.2 3.4 0.01585 16952.8 65.5 117.6 1.8
—CO, —C0,/R32 —CO0,/R1270 —C0,/R1234yf
100
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Fig. 5. Ph diagram for CO,, CO,/R32 (80.7/19.3%,,), CO2/R1270 (92.4/7.6%,,) and CO,/R1234yf (88/12%,).

3.1. Refrigeration test bench

The refrigeration facility used in the experimental analysis is a low-
capacity plant with a two-stage expansion system to control the useful

®®

®®

ahd
L]
hd
L]

EVAPORATOR

Fig. 6. Experimental test bench.

superheating at the evaporator and the heat rejection pressure in the
condenser/gas-cooler. The setup uses air as secondary fluid in the
condenser/gas-cooler and a mixture of water and ethylene—glycol (49%
in mass) in the evaporator. The schematic diagram of the plant is
depicted in Fig. 6, including the measurement elements used to register
data.

The test bench includes a hermetic compressor with a cubic capacity
of 1.75 cm® running at a nominal speed of 2900 rpm (50 Hz); a coa-
lescent filter installed in the discharge line to remove the PAG lubricant
oil from the refrigerant stream; an air finned-tube condenser/gas-cooler
with an inlet heat transfer area of 0.27 m? and an axial fan of 31 W to
reject the heat and to cool down the compressor; a small accumulator
tank of 200 crn3; a tube-in-tube internal heat exchanger (IHX) arranged
in counter-flow with two by-passes and an inner heat transfer area of
0.022 m%; an electronic expansion valve working as back-pressure; an
intermediate liquid receiver of 3700 cm® to ensure liquid-phase at the
inlet of the thermostatic expansion valve; a second electronic expansion
valve working as thermostatic controlling the superheating at the
evaporator; and finally, a counter-flow brazed-plat evaporator with a
heat transfer area of 0.576 m2.

The measurement elements depicted in the Fig. 6 are summarised in
the Table 7 taking into account the number of sensors, measurement
range and calibrated accuracy.

In the test ring, except the discharge line, all the pipelines were
insulated with a low-thermal conductivity foam to reduce the heat
transfer to the environment, especially the place for the measurement
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Table 7
Characteristics of the measurement elements.
Number  Measurement Measured Measurement Calibrated
device Variable range accuracy
13 T-type Temperature —40to 125 °C +0.5K
thermocouple
3 Pressure gauge Pressure 0 to 160 bar +0.6% of
spam
(40.96 bar)
1 Pressure gauge Pressure 0 to 100 bar +0.6% of
spam
(£0.60 bar)
3 Pressure gauge Pressure 0 to 60 bar +0.6% of
spam
(£0.36 bar)
1 Coriolis mass Refrigerant mass 0t0o0.1kgs™'  +0.1% of
flow meter flow rate reading
1 Coriolis mass Water- 0t00.1kgs™  +0.1% of
flow meter ethylene—glycol reading
mass flow rate
1 Single-phase Compressor 0to 1250 W +0.5% of
network power reading
analyser consumption
1 Humidity and Ambient 5 to 98% (RH) + 2% (RH)
temperature humidity and —20 to 80 °C + 2K (D)
sensor temperature (@)
elements.

All data from probes are acquired by a data acquisition system every
5 s for 20 min, maintaining the desired working conditions explained in
section 3.2.

3.2. Test methodology

The conditions used to compare CO5 blends were fixed by the sec-
ondary fluids of air and water-ethylene-glycol mixture at the
condenser/gas-cooler and evaporator, respectively. Thus, in the
condenser/gas-cooler, the air conditions were fixed to climatic class III:
25 °C and 60% of RH (UNE-EN ISO 23953-2), using a climatic chamber.
At the same time, the water-ethylene-glycol mixture in the evaporator
was set to 0 °C with a constant mass flow rate of 100 kg-h™! using an
auxiliary loop.

The heat rejection pressure was varied from 95 bar to a minimum
value defined by the refrigerant when the back-pressure valve was fully
opened. Finally, the useful superheating was set to 5.5 K by the ther-
mostatic expansion valve, which controller was upgraded with the
refrigerant P-T curve calculated using RefProp.

Mixture elaboration was done with a vessel of 13.4 L. This vessel was
filled first with the refrigerant R32, R1270 or R1234yf, then with CO,
according to the mass fraction presented in Table 6 using a precision
scale with an uncertainty of +1 g. The total mass introduced was limited
to maintain fluids in vapour-phase at 25 °C, ensuring a uniform mixture.
This limitation can easily determine by the volume of the vessel and the
density of the saturated vapour phase at 25 °C of the corresponding
mixture. Taking into account the mass introduced and the uncertainty of
the scale, Table 8 shows the uncertainty in the mass composition.

Finally, the test order was CO,, CO2/R1270, CO2/R32 and COy/
R1234yf without and with IHX. After each refrigerant, the refrigerating

Table 8
Uncertainty in the mixture composition (% in mass).

Mixture Theoretical CO, composition Fluid composition
composition range (%) range (%)
CO, / R32 80.7 / 19.3%,, 80.75-80.65 19.25-19.35
CO, / 88.0 / 12.0%,, 88.05-87.95 11.95-12.05
R1234yf
COy/ 92.4 / 7.6%. 92.45-92.35 7.55-7.65
R1270
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cycle was vacuumed for 30 min to remove all the previous fluid. The
mass charge introduced in each test was 1.3 kg regardless of the
refrigerant tested.

4. Experimental results

The results from the experimental tests described above are pre-
sented and discussed in this section, including the energy parameters of
cooling capacity, compressor power consumption and coefficient of
performance (COP). Moreover, mass flow rate, optimal heat rejection
pressure, compressor efficiency and heat exchangers’ behaviour are also
included.

4.1. Cooling capacity

The cooling capacity of the plant (Q,,) can be determined by the
equation Eq. (18) as a product of the refrigerant mass flow rate (i) and
the enthalpy difference between the outlet and the inlet of the evapo-
rator. However, it also can be calculated through the secondary fluid by
the equation Eq. (19) as the product of the water-ethylene-glycol mass
flow rate (hgy.), the isobaric specific heat (cp 4yc), and the temperature
difference in the secondary fluid. The results obtained from both equa-
tions have been compared to validate the measurement system and the
thermophysical property calculation from RefProp. Fig. 7 compares the
results from Egs. (18) and (19) for all tested fluids running without and
with IHX. As can be seen, 92.6% of experimental data has an error below
6.0% (63 out of 68 tests), with a maximum error of 6.9%. Consequently,
the experimental tests can be considered as valid.

Qev = 1'i‘lref'(hev out hev in) (18)

ch = rhglyc *Cpglyc” (Tg]yc in — Tg]yc oul) (19)

Fig. 8 compares the cooling capacity of all tested fluids as a function
of the heat rejection pressure considering the operation without IHX
(Fig. 8A) and with IHX (Fig. 8B). As can be noted, the cooling capacity
varies, reaching a maximum depending on the heat rejection pressure
due to the mass flow rate and the enthalpy difference shown in Eq. (18).
This maximum will be taken as a reference to compare the capacities
reached by mixtures with pure CO5 without and with IHX. Accordingly,
Fig. 8A reveals that CO3/R1234yf cooling capacity is 1.7% higher than
pure CO, with a heat rejection pressure 3.5 bar lower. CO2/R1270 has a
cooling capacity of 1.6% lower than CO,, with an optimum pressure of
4.2 bar more down. Finally, CO2/R32 provides the lowest cooling ca-
pacity with a reduction of 6.8% regarding CO,, and the lowest heat
rejection pressure, resulting in a decrease of 21.0 bar compared to pure
COa.

Moving to the IHX, Fig. 8B confirms the positive effect of the IHX on
the cooling capacity regardless of the used mixture. Again, taking as a
reference the heat rejection pressure that maximises the cooling capacity
using the IHX, CO3/R1234yf performs a cooling capacity 0.2% lower
than pure CO, with a heat rejection pressure 8.1 bar lower. The mixture
CO2/R1270 has a cooling capacity of 1.1% lower than CO2, with a
pressure reduction of 3.9 bar. Finally, the cooling capacity reached with
CO2/R32 is 3.9% lower than CO,, with a decrease in the heat rejection
pressure of 12.5 bar.

Comparing the experimental results with the theoretical from
Table 5, it is noted that the computational model underestimates the
cooling capacity. This is mainly due to the assumptions taken in the
computational model, which will be discussed in Sections 4.5 and 4.6.

4.2. Compressor power consumption and mass flow rate

According to Equation Eq. (13), the compressor power consumption
depends on the mass flow rate, the global efficiency of the compressor
and the isentropic compression work. Fig. 9 presents the effect of all
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these parameters in both configurations: without using the IHX (Fig. 9A)
without and with IHX.

and with the IHX (Fig. 9B).

Considering Fig. 10, CO4 presents the highest mass flow rate, fol-
lowed by CO3/R1270, CO2/R1234yf, and the mixture of CO/R32 with
the lowest mass flow rate. This order is explained by equation Eq. (12),

As was expected in the theoretical analysis, CO-based mixtures
reduce the compressor’s power consumption due in part to the reduction
that suffers the refrigerant mass flow rate driven by the compressor,

which evolution with the heat rejection pressure is depicted in Fig. 10
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where the mass flow rate is proportionally inverse to the specific vol-
ume. Thus, the highest specific volume (Table 6), the lowest mass flow
rate (Fig. 10), and the lowest compressor power consumption (Fig. 9).
The effect of the volumetric efficiency included in equation Eq. (12) will
be discussed later in Section 4.6.

Finally, it is important to notice that the effect of the IHX reduces the
mass flow rate and the compressor power consumption in almost all
cases, except CO2/R32, where the mass flow rate and the power con-
sumption remain similar without and with the IHX.

4.3. Coefficient of performance and optimal heat rejection pressure

The Coefficient of Performance (COP) of a refrigerating plant rep-
resents the ratio of the useful cooling capacity and the power required to
produce it. This parameter is defined by the equation Eq. (15) as the
quotient between the cooling capacity analysed in Section 4.1 and the
power consumed by the compressor presented in Section 4.2. Since the
COP in a CO; transcritical system mainly depends on the heat rejection
temperature, the evaporating level, and the heat rejection pressure [37],
Fig. 11 presents the COP as a function of the heat rejection pressure
without and with IHX (Fig. 11A and 11B, respectively).

Due to the shape of the isotherm’s lines near the critical point
(Fig. 4), COP curves depicted in Fig. 11 reach a maximum named
“optimal COP” at a heat rejection pressure known as “optimal pressure”
(Popy)- This optimal pressure is highlighted in Fig. 11 with a yellow star-
shaped marker.

The results of maximum COP and optimal heat rejection pressure are
depicted in Figs. 12 and 13, respectively, including the percentage
variation regarding CO3 results without IHX.

Fig. 11 shows the positive effect of COy-blends in the COP of the
refrigerating plant taking into account the presence of the IHX. As can be
observed, COz-dopped blends enhance the COP and reduce the optimal
heat rejection pressure, being this effect higher with the IHX. Fig. 12
presents the maximum values of COP in both configurations with
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increments of 6.4% with R1270, 9.7% with R1234yf, and 15.3% with
R32, without IHX regarding pure CO,. Besides that, the presence of the
IHX boosts the COP in all cases resulting in 6.7% for CO3, 12.1% for
CO2/R1270, 16.1% for CO5/R1234yf, and 22.2% for CO/R32. More-
over, using mixtures always reduces the optimal heat rejection pressure
from 2.5 to 16.2 bar, according to Fig. 13. As expected, reductions of
optimal pressure are higher with the presence of the IHX, following the
results published by Torrella et al. with pure CO5 [25].

On the other hand, comparing experimental results with the theo-
retical ones from Fig. 4B and Table 5, there are differences in the optimal
heat rejection pressure (Pop) and the maximum COP (COPyax). Table 9
summarizes and compares the values of Poy; and COPpyy, taking the
experimental data as a reference. According to Table 9, the model
generally overpredicts the maximum COP in percentages from 0.7 to
6.0%, overpredicting, at the same time, the optimal heat rejection
pressure from 0.5 to 11.4 bar.

These differences are directly connected with the assumptions taken
in the computational model, which assumes the same compressor model
for all fluids (Table 4) and constant values for the LMTD in the evapo-
rator and approach temperature in the condenser/gas-cooler (Table 3).
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The real values of these parameters will be discussed later in Sections 4.5
and 4.6.

4.4. Working parameters at the optimal heat rejection pressure

Table 10 presents the main parameters of the refrigerating plant at
the optimal heat rejection pressure shown in Fig. 13. This Table contains
the reference parameters defined in Section 3.2: ambient temperature
(Tamp) and relative humidity (RHamp); water-ethylene-glycol inlet
temperature (Tgyc i) and mass flow rate (mg,); and evaporator
superheating (SH.y). Moreover, it includes the energy parameters of the
cooling capacity (Q.,), compressor power consumption (W.) and COP;
and other working parameters such as the evaporating temperature
(Tev), the condensing or gas-cooler exit temperature (Tcon/gc), the
optimal heat rejection pressure (Pop), and the discharge temperature.

The phase-change temperatures are calculated with the mid-point
temperature using the liquid and vapour-saturated temperatures in the
condenser (Eq. (20) and the inlet and vapour-saturated temperatures in
the evaporator (Eq. (21). In the evaporator, the inlet temperature (Tey in)
is determined by Eq. (22) with the evaporating inlet pressure (Pey i) and
the inlet enthalpy (hexp in), assuming an isenthalpic expansion in the
thermostatic expansion valve. This method considers the zeotropic
behaviour of CO2 mixtures and the pressure drop inside heat exchangers
since saturated conditions are evaluated with the measured pressure and
the software RefProp.

Tcnn vs + Tcon Is

Tcon = 20
2 (20)
Tev _ ch 8 + ch in (21)
2
Tev in = f(Pev iny hexpin) (22)

According to Table 10, CO5 performs at the lowest evaporation level
of all tested fluids, while the mixture CO2/R1234yf conducts the highest
level with, on average, 2 K higher. Regarding CO2/R1270, it works at an
evaporating level similar to CO/R1234yf, while CO2/R32 is closest to
the CO; behaviour but, on average, 0.5 K higher. These results mean that
despite the negative effect of COy-blends on the evaporating heat
transfer coefficient [38], the zeotropic glide offsets this effect increasing
the evaporating temperature level.

Moving to gas-cooler exit temperature, excepting CO2/R32, mixtures
CO2/R1270 and CO2/R1234yf present lower gas-cooler exit tempera-
tures than COs. Therefore, CO2-dopped blends perform better than pure
CO; in transcritical conditions benefiting heat recovery processes.
Concerning CO,/R32, the high critical temperature of this mixture
(Table 6) yields a subcritical operation with an average condensing
temperature of 5 K higher than the CO, gas-cooler exit temperature.

Finally, Table 10 confirms that the IHX always increases the
compressor discharge temperature with non-remarkable differences
among tested fluids. Thus, for the base cycle without IHX, this temper-
ature varies from 80.8 to 86.0 °C, with the maximum value reached by

Table 9
Comparison between the computational model results and the experimental tests.
Configuration Refrigerant Composition MODEL EXPERIMENTAL Difference
Popt (bar) COPax Pop (bar) COPjyax AP,y (bar) ACOP; 5 (%)
without IHX CO 100%y, 80.5 1.50 82.6 1.49 2.1 -1.1
CO, / R32 80.7 / 19.3%,, 63.1 1.78 66.9 1.71 3.8 -3.7
CO, / R1234yf 88.0 / 12.0%,, 68.7 1.60 80.1 1.63 11.4 1.8
CO, / R1270 92.4 / 7.6%,, 69.4 1.62 76.0 1.58 6.7 -2.1
with IHX CO, 100%,y 79.7 1.65 80.1 1.59 0.5 -3.8
CO, / R32 80.7 / 19.3%,, 63.1 1.91 66.4 1.82 3.3 —4.9
CO, / R1234yf 88.0 / 12.0%,, 68.7 1.74 75.4 1.73 6.7 -0.7
CO, / R1270 92.4 / 7.6%., 69.4 1.77 76.6 1.67 7.2 —6.0
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Table 10
Main parameters of the refrigerating unit at the optimal operating conditions (* means in subcritical conditions).
Refrigerant Tamb CC)  RHamp %) Tgyein  tgneke/s) T SHey  Teowgeow  Ta O Pope(bar)  Qu(W)  W.(W) COPoy
[§9) [§9) ) (9]
CO, without IHX ~ 25.2 60.3 0.0 100.5 -89 59 32.3 83.2 82.6 596.9 401.5 1.49
+0.0 +0.4 +£01  +05 +01 +01 +01 +0.1 +0.0 +86 +1.8 +0.02
with IHX 25.2 60.3 0.0 100.6 -91 59 32.3 90.0 80.1 616.0 388.2 1.59
+0.1 +0.4 +£01  +07 +01 +02 401 +0.1 +0.1 +10.0 +£1.7 +0.03
CO, / R32 without IHX ~ 24.8 60.3 -0.1 99.9 -82 57 37.6 * 81.6 66.9 571.2 333.3 1.71
+0.1 +0.2 +£01  +05 +01 +01 401 +0.1 +0.1 +4.4 +0.9 +0.01
with IHX 25.0 59.1 -0.1 100.0 -84 56 37.3 % 86.8 66.4 604.9 333.3 1.82
+0.1 +0.2 +£01  +03 +00 +01 401 +0.1 +0.1 +4.7 +0.7 +0.01
CO, /R1234yf  without IHX  25.2 57.8 0.0 99.2 -6.6 3.7 29.9 86.0 80.1 627.2 384.5 1.63
+0.1 +0.1 +01  +05 +00 +01 401 +0.1 +0.1 +9.2 +1.0 +0.02
with HX 25.1 54.4 0.0 100.0 -71 33 30.0 88.2 75.4 640.5 361.5 1.73
+0.0 +0.1 +01  +05 +00 +01 401 +0.1 +0.1 +1.3 +1.5 +0.02
CO, / R1270 without IHX ~ 25.1 58.7 0.1 99.4 -73 6.2 32.0 80.8 76.0 585.8 370.4 1.58
+0.0 +0.1 +02  +07 +01 +01 401 +0.1 +0.1 +101  +£1.2 +0.03
with IHX 25.2 56.1 0.1 100.4 -77 6.1 31.4 88.6 76.6 617.0 370.2 1.67
+0.1 +0.2 +£01  +05 +£01 +£01 £0.1 +0.1 +0.1 +10.0 £1.1 +0.03
the CO,/R1234yf mixture. Using the IHX, the range goes from 88.2 to
90.0 °C, with the maximum for CO; operation. ¢ CO, & CO, - IHX
@ CO,/R32 O CO»/R32 - IHX
4.5. Heat exchangers performance A CO,/R1270 C0O,/R1270 - IHX
. . . W CO,/R1234yf C0O»/R1234yf - IHX
The performance of the heat exchangers used in the refrigeration
plant can be determined by using the parameters of logarithmic mean 5,5
temperature difference (LMTD,,) and thermal effectiveness (gey) in the
evaporator, the approach temperature (AT mp) in the condenser/gas- 5 ® @) e
cooler, and the thermal effectiveness (gjnx) in the IHX. .@ @ ‘)
The LMTD,y is determined using equation Eq. (23), considering a5 | A ©® P Ce V'S
evaporator inlets and outlets from refrigerant and secondary fluid in the ! & L @)
evaporator’s phase-change region. Accordingly, the water-ethyl- *
ene-glycol intermediate temperature (Tglyc ind) in Eq. (23) is determined 4 A
using the heat transfer balance in Eq. (24). x A
o 35 A A
(Tayein — Tevrs) — (Tageou — Tevin) e > Om A
o glyc int evvs glyc out evin /
LMTD,, = —— (23) S MAL A O | .
In ( ;e evvs = JAY
Talye out—Tev in 3 2l E]
et (h, hey in) [ | "
tiger- (Ney v — ey
Tglyc int = Tglyc out + = mE\ V; s (24) 25 . .
lyc *CPglyc ’
glye"~Pelyc [ | [ | | u
The &,y is obtained with equation Eq. (25), considering the water- -
glycol mixture as the fluid with less thermal capacity. As the LMTDey, 2 1
the thermal effectiveness only considers the evaporator’s phase-change
region. 1,5 T y
2,5 3 3,5 4

Tg]yc int — Tglyc out

25
— Tevin 25

Eay =
< Tglyc int
The approach temperature (ATamp) is calculated with equation Eq.
(26), and it is the difference between the temperature at the condenser/
gas-cooler outlet and the ambient temperature.

AT = Tcon/gc out — Tamb (26)

Finally, the IHX thermal effectiveness (gjx) is obtained using Eq.
(27), considering the vapour from evaporator outlet as the fluid with less
thermal capacity.

Tihx Ipout — Tihx Ipin
i — /4 — (27)
" Tcon/gc out — Tihx Ipin

Results from expressions (23) and (25) are depicted in Figs. 14 and
15, respectively, as a function of the pressure ratio defined by the ratio
between the pressure at the discharge and suction port. Regardless the

Pressure ratio

Fig. 14. LMTD,, Vs pressure ratio.

IHX, Fig. 14 shows that LMTD values are higher for CO; and CO2/R32 (4
to 5 K) than CO2/R1270 and CO2/R1234yf (2 to 3.5 K). These results
explain the highest evaporating temperature for mixtures with R1270
and R1234yf, presented in Table 10. Nonetheless, a lower LMTD does
not mean higher thermal effectiveness, as Fig. 15 shows. Accordingly,
CO5 and CO3/R1270 reach the highest values of e, (almost 80%), fol-
lowed by CO2/R1234yf and CO2/R32 with 65% and 56% on average,
respectively.

Fig. 16 presents the evolution of the approach temperature (ATamp)
with the pressure ratio considering the presence of the IHX. As depicted,
the AT,mp decreases as the pressure ratio increases, which means the

13
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@ CO,/R32 © CO,/R32 - IHX
A CO,/R1270 A CO,/R1270 - IHX
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Fig. 15. &e, Vs pressure ratio.
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Fig. 16. Approach temperature vs pressure ratio.

condenser/gas-cooler improves its thermal effectiveness as the pressure
heat rejection rises, moving from subcritical to transcritical operation.
Comparing the different tested refrigerants and configurations, no
noticeable differences are revealed, except for a slight approach
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Fig. 17. &inx VS pressure ratio.
Table 11
Heat exchanger and compressor operation at the optimal operating conditions.
Refrigerant ATamb LMTDey Eihx NG v
) ) (%) (%) (%)
CO, without IHX 7.1 4.4 48.3 67.1
with IHX 7.1 4.6 58.1 50.8 70.4
CO, / R32 without IHX 5.7 4.4 47.4 68.3
with IHX 6.0 4.4 59.6 50.6 73.4
CO, / R1234yf without IHX 4.6 2.4 - 46.4 64.9
with IHX 5.0 3.0 56.2 48.3 67.3
CO, / R1270 without IHX 6.9 3.3 - 48.8 68.8
with THX 6.2 3.4 56.8 50.6 70.7

improvement with the IHX presence.

Concerning the thermal effectiveness of the IHX (ejnx), Fig. 17 com-
pares the four refrigerants with an evident enhancement of the &j,x as the
cycle moves from transcritical to subcritical operation. However, this is
not the standard operation of the cycle since the heat rejection pressure
is controlled to reach the maximum COP in the refrigerating plant, ac-
cording to Table 10 or Fig. 13. Therefore, Table 11 summarizes the IHX
thermal effectiveness and the other parameters discussed above at the
optimal operating conditions, including the compressor parameters
discussed in Section 4.6. Following Table 11, CO2/R32 presents the
highest IHX thermal effectiveness (59.6%) and CO,/R1234yf the lowest
(56.2%), but no significant difference is stated between both.

4.6. Compressor performance

The compressor performance is measured by the global and volu-

metric efficiencies (ng and ny) defined by the expressions Eq. (28) and
Eq. (29), respectively.
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o m-Vyc

W=y 28)

Ih'(hdis iso hsuc)
W

Ng = hdisiso = f(ssuc; Pdis) (29)
Vsue, Nsye and sgye are the specific volume, enthalpy and entropy,

respectively, evaluated at the suction conditions. hg;s iso is the specific

enthalpy evaluated with the specific entropy at the discharge port.

Figs. 18 and 19 present the evolution of global and volumetric effi-
ciencies with the pressure ratio, showing a slight reduction of both
(higher for the volumetric one) as the higher the pressure ratio becomes.
This trend differs for CO2/R32, where the efficiencies increase unusually
with the pressure ratio similar to a quadratic curve. Therefore, this
behaviour could mean that both efficiencies are reaching an optimum
with the pressure ratio described by Granryd et al. [39].

Comparing global efficiency values without IHX (Fig. 18), COy/
R1234yf has a slightly lower global efficiency than CO,, while COy/
R1270 performs similarly, and CO3/R32 works better. If the IHX is
introduced, those differences become softer, and the global efficiency of
CO4 is similar to CO5/R1234yf, while CO2/R1270 and CO»/R32 increase
their values.

Moving to volumetric efficiency without IHX, pure CO, performs
similarly to CO2/R1234yf and CO,/R1270 but lower than the mixture of
CO9/R32, as Fig. 19 shows. The use of the IHX slightly increases the
volumetric efficiency values, but no significant differences were found
in the trends of values.

5. Conclusions

This work determines and tests three CO5-based mixtures with the
refrigerants R32, R1270 and R1234yf, using the refrigerant CO; as a
reference, in a transcritical refrigeration plant considering the presence
of an internal heat exchanger (IHX).

The first part of the work focuses on determining the most suitable
mass fraction for each mixture, considering the restrictions of GWP;oo
below 150, non-flammability conditions and maximum COP improve-
ment. Accordingly, a computational model was developed and validated
with the experimental results from CO,, defining the best mixtures of
CO2/R32 (80.7/19.3%,,), CO2/R1270 (92.4/7.6%y,) and CO2/R1234yf
(88/12%,,).

In the second part, the manuscript defines the test methodology and
discusses the experimental results obtained during the test campaign.
Accordingly, the defined mixtures mentioned above were tested as drop-
ins in a small-capacity transcritical refrigeration plant equipped with a
hermetic compressor and the possibility of introducing an IHX. Main-
taining the same secondary fluid inlet conditions at the evaporator (0 °C
and 100 kg-h™) and the condenser/gas-cooler (25 °C) and varying the
heat rejection pressure, the results demonstrated the presence of a heat
rejection pressure that maximises the COP of the plant. At these opti-
mum conditions, the following results were obtained:

a) Coefficient of Performance (COP) and optimal heat rejection pres-
sure (Popy)

The test results demonstrated, at the optimum conditions, COP im-
provements without IHX by 6.4% with CO2/R1270, 9.7% with COy/
R1234yf and 15.3% with CO3/R32, compared to CO,. Moreover, the
optimal heat rejection pressure values presented a reduction
from 2.5 to 15.7 bar, benefiting the refrigeration plant regulation and
components design.

Testing the IHX at the same operating conditions stated above
proved the benefit of introducing the IHX, with increments in COP of
6.7% for COy, 12.1% for CO2/R1270, 16.1% for COy/R1234yf and
22.2% for CO3/R32, taking as reference the results of CO5 without IHX.
The impact of the IHX on the optimal heat rejection pressure introduced
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pressure reductions from 2.5 to 16.2 bar, with no remarkable differences
from the results obtained without IHX.

b) Cooling capacity

Working at the Py and without IHX, the effect of mixtures on the
cooling capacity showed an increment by 5.1% with CO5/R1234yf, whit
decrements by 1.9% and 4.3%, using CO3/R1270 and CO»/R32,
respectively.

If the IHX is introduced, the abovementioned differences decrease,
resulting in an increment of 1.3% with CO2/R1234yf and a reduction of
0.2% and 1.8% with CO3/R1270 and CO3/R32, respectively.

¢) Compressor behaviour

Using mixtures, the compressor decreases its energy consumption
due to reducing the refrigerant mass flow. The energy savings ranged
from 4.2 to 17.0% if the IHX is not used and from 4.6 to 14.2% if the IHX
is installed. Moreover, mixtures introduced slight variations in the
compressor efficiencies (volumetric and global), remarking the incre-
ment caused by the CO,/R32 on both parameters.

d) Heat exchangers operation

The impact of mixtures in the heat exchangers’ performance mini-
mised the evaporator thermal effectiveness when CO2/R1234yf (65% on
average) and CO2/R32 (56% on average) were used, compared to COy
and CO2/R1270 (80% on average). Concerning the condenser/gas-
cooler, no noticeable differences were revealed, and similar tempera-
ture approaches were obtained, except for a slight improvement with the
IHX presence. Finally, the effect on the IHX thermal effectiveness
showed that only the CO3/R32 mixture improved remarkably this
parameter compared to CO2 and the other fluids.

Given the results, CO,/R32 is the most suitable mixture for a drop-in
in transcritical refrigerating plants due to the COP improvement, fol-
lowed by CO2/R1234yf and CO3/R1270. This order matches the
subcritical operation of the plant when the CO2/R32 is used as a fluid.
However, it should be highlighted that using CO2/R32 reduces the
plant’s cooling capacity, so a higher compressor capacity will be
necessary.

Even with the good results, the present work is open for further
research varying the mass fraction of the defined mixtures and the
working conditions of the refrigerating plant. These tests will be covered
and discussed in future incoming works.
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