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Abstract

Rising ambient temperatures pose significant challenges to the thermodynamic perfor-
mance of trans-critical CO; refrigeration systems, as they reduce system efficiency and
cooling capacity. To mitigate these adverse effects, a spray-cooling technique was employed
to enhance the heat rejection process. A mathematical model of the spray-cooled gas cooler,
employing a homogeneous-mixture assumption that treats air and water droplets as a
single phase without velocity slip or temperature difference, was developed and validated
against experimental data. The developed model was subsequently integrated into the
refrigeration system model to evaluate the system’s performance with an air temperature
range of 30 °C to 40 °C. The results show that spray cooling effectively decreases the CO,
pressure and temperature exiting the gas cooler, lowers the compressor power consumption,
enhances the evaporator cooling capacity, and significantly improves the overall system
performance. The results also indicate that increasing the spray-water-to-air-mass flow rate
ratio beyond around 0.075 yields negligible gains. Under conditions of air temperature
of 40 °C, air velocity of 2 m/s and spray-water temperature of 25 °C, the coefficient of
performance increased from 1.53 to 2.74, the heat rejection rate rose by 9.8%, the cooling
capacity improved by 33.3%, and the compressor power consumption decreased by 25.9%
as the spray-water-to-air-mass flow rate ratio increased from 0.02 to 0.075.

Keywords: rising ambient temperatures; trans-critical CO; systems; thermodynamic analy-
sis; spray cooling

1. Introduction

Carbon dioxide (COy) is a natural refrigerant with a low global warming potential and
zero ozone depletion potential, which make it an environmentally sustainable alternative
to synthetic refrigerants such as hydrofluorocarbons (HFCs) like R404A. CO; offers a high
volumetric cooling capacity, which allows for the use of more compact system components,
and exhibits favorable heat transfer characteristics that enhance gas cooler performance.
CO;-based systems can operate efficiently across a broad temperature range, which makes
them suitable for both low- and medium-temperature applications [1]. Owing to these
advantages, trans-critical CO; refrigeration systems have gained widespread deployment,
including in supermarket refrigeration, industrial cooling, heat pumps, and air conditioning
applications [2]. According to a recent ATMOsphere report, by the end of 2023, more
than 68,500 food retail outlets in Europe had implemented trans-critical CO, systems,
corresponding to a market penetration of 22.9%, up from 18.4% in 2022 [3]. This rapid
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growth has been driven by new store developments, supermarket retrofits, and regulatory
initiatives such as the European Union’s F-Gas Regulations. The European market for
trans-critical CO, refrigeration systems was valued at approximately USD 25 billion in 2023
and is projected by Business Market Insights to expand to USD 71 billion by 2030 [4].

Driven by increasing greenhouse gas emissions and changes in land use, ambient
temperatures have risen globally and regionally as a direct consequence of anthropogenic
climate change. During the summer of 2024, the European Union experienced record-
breaking heat, with surface air temperatures 1.54 °C above the 1991-2020 average [5].
In July 2024, several regions in southern Europe recorded peak temperatures exceeding
45 °C. These continuously rising ambient temperatures have a significant impact on the
performance of trans-critical CO; refrigeration systems. As ambient temperatures increase,
refrigeration systems must operate at higher pressures to maintain adequate heat rejec-
tion, which increases compressor power consumption and reduces system efficiency [6].
The higher ambient temperature also requires advanced control strategies capable of dy-
namically adjusting operating pressures to maintain high performance. Spray cooling is
recognized as an effective method for heat transfer enhancement and temperature control,
which has been widely used across diverse applications from electronics cooling to power
generation [7]. This technique utilizes the evaporative cooling effect wherein fine water
droplets are sprayed into the air stream before they enter the gas cooler [8]. As the droplets
evaporate, the air temperature decreases and its relative humidity increases, thereby im-
proving the heat rejection process. In trans-critical CO, refrigeration systems, finned-tube
heat exchangers are commonly employed as gas coolers due to their compact structure
and high thermal effectiveness [9]. When integrated with spray cooling, finned-tube gas
coolers can offer additional advantages, as the fins promote uniform distribution of the
cooling spray across the heat exchange surface [10]. The combination of spray cooling and
finned-tube design facilitates rapid heat dissipation due to the enlarged effective surface
area provided by the droplets and fins, resulting in more efficient cooling compared with
conventional methods [11].

Numerous experimental and numerical studies have investigated the performance
of spray cooling applied to finned-tube heat exchangers. Wataru et al. [12] examined the
heat transfer and pressure drop characteristics of air/water mist flows across the banks of
smooth tubes, micro-finned tubes, and finned tubes. Dreyer et al. [11] studied a four-pass
finned-tube heat exchanger exposed to vertical air/water mist flow and showed a heat
transfer enhancement of up to 3.5 times the dry condition performance. Walczyk [13] eval-
uated the heat transfer performance of an air-fin condenser with supplemental water spray
and found a 125% increase in performance. Popli et al. [14] experimentally investigated
a flat-tube louver-fin heat exchanger under both dry and wet conditions and reported
substantial improvements in cooling capacity and emphasized the importance of effective
surface wetting for compact flat-tube designs. Chen et al. [15] examined a flat aluminum
microchannel heat exchanger under spray cooling and analyzed the effects of spray flow
rate, airflow rate, and relative humidity. Their results indicated that excessive spray rates
could block the airflow passages and diminish the heat transfer. Xiao et al. [10] studied a
wavy finned flat-tube bundle subjected to spray cooling and found improved heat transfer
with increasing air velocity and spray flow rate. Lee et al. [16] explored the heat transfer
performance of falling spray films over horizontal circular tube arrays and analyzed the
effects of water flow rate, tube position, and upward air velocity. Hasan and Sirén [17]
compared the performance of plain and plate-finned circular tube heat exchangers under
spray-cooling conditions and demonstrated a substantial heat transfer enhancement in
plate-finned configurations. Wiksten et al. [18] and Ma et al. [19] developed mathemat-
ical models to describe heat and mass transfer, respectively, in wavy fin-and-tube heat
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exchangers and staggered tube bundles under wet-surface conditions, and obtained the
temperature distributions of humid air, liquid and water film, and relative humidity dis-
tribution of humid air. Jin et al. [20] experimentally investigated the performance of a
spray-cooled plate-fin heat exchanger under various operating conditions and demon-
strated that spray cooling can substantially reduce surface temperatures and increase heat
transfer coefficients, particularly at moderate water-to-air ratios, and identified a plateau
region where additional water offers negligible improvement. Bop et al. [21] numerically
simulated the wetting behavior and heat transfer of water-sprayed finned-tube condensers
and evaluated how spray angle, water flow rate, and ambient air velocity influence wet
coverage and local cooling effectiveness. Zhu et al. [22] combined experimental testing and
numerical simulations to evaluate spray-cooling performance on heat exchanger surfaces
and investigated the influence of nozzle type, spray angle, water flow rate, and droplet
distribution on heat transfer enhancement.

Despite extensive research on spray cooling, most studies have focused on water-
based heat exchangers or conventional refrigerant condensers. There has been limited
research on spray cooling applied to CO;-based heat exchangers. The thermophysical
properties of CO,, particularly near the critical point, differ significantly from those of
water or condensing refrigerant, so findings from them may not be directly transferable to
the design and optimization of CO, finned-tube gas coolers. Therefore, in the current study,
a detailed mathematical model of spray-cooled CO, finned-tube gas coolers was developed
and employed to evaluate the system’s performance. The novelty of the present paper lies
in the system-level integration and thermodynamic impact assessment of spray-cooled gas
cooler for trans-critical CO, refrigeration cycles, which has been scarcely addressed in the
literature. Unlike previous studies that primarily focus on local heat transfer enhancement
under spray cooling, this work significantly investigates the spray-cooled gas cooler’s
performance, optimal high-side pressure controlling, compressor power consumption,
liquid receiver behavior, and evaporator mass flow rate in a trans-critical CO; system.
The findings from this study will be significant for expanding the applicability of CO,-
based refrigeration technologies in high-temperature regions and promoting sustainable
cooling solutions.

2. Model Description
2.1. Trans-Critical CO, Refrigeration System

Unlike traditional subcritical cycles, trans-critical CO, systems operate above the criti-
cal point of CO; (31.1 °C, 73.8 bar), where heat rejection occurs in a gas cooler rather than
through condensation in a conventional condenser. A typical trans-critical CO; refrigeration
system for supermarket application is shown in Figure 1, which operates at three distinct
pressure levels. The red lines denote the high-pressure side of the system (80-120 bar), cor-
responding to the supercritical region and encompassing the compression and gas-cooling
processes. The blue lines indicate the intermediate-pressure section (30-50 bar), including
the flash gas bypass line and phase separation within the liquid receiver. The green lines
represent the low-pressure side of the cycle (20-30 bar), comprising the evaporation process
and the suction return flow to the compressor. The main components of the system include
the compressor, gas cooler, intermediate-pressure control valve (IPCV), liquid receiver,
low-pressure control valve (LPCV), evaporator, gas-bypass control valve (GBCV), and
accumulator. The operating cycle proceeds as follows: The compressor raises the pressure
and temperature of CO; to supercritical conditions. The high-pressure supercritical fluid
then enters the gas cooler, where heat is rejected to the ambient environment without
phase transition. Subsequently, the cooled supercritical CO; expands through the IPCV
to the intermediate pressure level, producing a two-phase mixture. This mixture flows

https://doi.org/10.3390/pr14060903


https://doi.org/10.3390/pr14060903

Processes 2026, 14, 903

40f19

into the liquid receiver, where vapor-liquid separation occurs. The separated liquid phase
expands through the LPCV to the evaporating pressure and enters the evaporator, where
it absorbs heat from the cooling load, completely vaporizes, and exits as superheated
vapor. Meanwhile, the vapor fraction from the receiver expands through the GBCV to the
low-pressure level and mixes with the evaporator outlet stream. The combined vapor then
passes through the accumulator, which stabilizes suction conditions before returning to
the compressor, thereby completing the cycle. This multi-pressure configuration enables
stable operation over a broad range of ambient conditions and enhances cooling capacity
and overall energy efficiency.

ir-cooled-gas-cooler

6 Evaporator

o= -
E
g g
£ ]
3 5
_—

Accumulator

Compressors

Figure 1. A typical trans-critical CO, refrigeration system for supermarket application.

2.2. Detailed Spray-Cooled Gas Cooler Model

Given the sensitivity of gas cooler performance to air/water mixture temperature, a
detailed mathematical model is crucial for accurately predicting heat transfer and pressure
drop on both the CO; and air/water mixture sides. Figure 2 shows the distributed design
for the gas cooler modeling. Each tube is evenly divided into N segments along the CO,
flow direction, and each segment is a crossflow heat transfer unit. The temperatures of CO,
and air/water mixture for each segment are calculated by the e~NTU method of London
and Seban [23]. The heat transfer rate from CO, to the air/water mixture is calculated
as follows:

Qi = €Crin,i(Tcoz,i — Tmix,i) €
1—exp[—NTU;(1—-C;)] 2
g =
' 1—Clexp[-NTU;(1-C;)]
C ..

C* — min,? 3
' C'max,i ( )
Cmirl,i = min(mmix,icpmix,ir mCOZ,iCpCOZ,i) (4)
Cmax,i = max(mmix,icpmix,ir mCOZ,iCpCOZ,i) (5)

A
NTU; = Uidi (6)

Cmin,i
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1
U;A; = 7
A — S — @)

hconV,COZ,i ACO2,i conv,mix, i Amix,i Hmix,i

where Q, ¢, C, NTU and U represent heat transfer rate, heat exchanger effectiveness, capacity
rate, number of transfer units and overall heat transfer coefficient, respectively. T, m, hcony,
A and R; denote temperature, mass flow rate, heat transfer coefficient, heat transfer area
and thermal resistance through the tube, respectively. 1 represents the surface efficiency
of a finned tube. A; is the total effective heat transfer area of segment i, Acop; is the
internal heat transfer area on the CO; side of segment i, calculated as Acop; = wD;(L/N),
and Apx; is the external heat transfer area on the air/water mixture side of segment i,
including both tube outer surface and fin surface contribution. The total mixture-side
area is calculated from fin geometry using the equation Atyta] = Atubeext + Afin, and each
segment area is calculated as Anix; = Atotal/ N.

Vmix,out,1> L mix,out,1 Pmix,out,l Vaix,out,s Tmix,out,> Pmix,out VimixoutNs Tmix,out,Ns Pmix,out,N

[325:% HNNE T S S S SN S S * o of AN S S HXy
Mco2,ins Tcoz,ins PCO2,in 1 : : : : : : : I : : : N 1mco2, 0uts 102, outs PCO2, out
R O
| | |
Ll i Lol Lol Lol i Ll i ot i o
[ Ov
Vmix,in,1> D mix,in,1s Pmix,in,1 Vaix,in,p Tmix,in > Pimixin i Vinix,inNs L mix,in,Ns Pmix,inN

Figure 2. Distributed design for gas cooler modeling.

During model development, the air/water mixture entering the gas cooler is treated as
a homogeneous continuum, assuming negligible velocity slip and thermal nonequilibrium
between droplets and the carrier phase. Effective mixture properties, including density,
specific heat capacity, thermal conductivity, and viscosity, are determined using phase-
fraction-weighted averaging and applied directly in the governing equations of heat transfer
and fluid flow. This assumption is particularly appropriate for finely atomized sprays
with strong interphase momentum and heat transfer coupling, where relative motion and
temperature gradients are minimal. This approach ensures computational tractability while
retaining adequate accuracy for predicting convective heat transfer performance [24-26].

L Rwat—air +1 (8)
Pmix Rwat—air 1
Pwat Pair

_ pratRwat—air + Cpair

Cp .. = 9
Pmix Rwatfair +1 ( )
kwatRwat—air + kair

ki = 10

i Rwatfair +1 ( )
Rwat—air +1

Hmix = va;itaira1r 1 (11)
Hwat Hair

where p, ¢p, k and i, respectively, are the density, specific heat, thermal conductivity and
viscosity, and the subscripts mix, wat and air, respectively, denote the air/water mixture,
spray water and air. Ryat-air iS the spray-water-to-air-mass flow rate ratio (wat/M,ir). The
thermophysical properties of the homogeneous mixture are updated based on the local
temperature and pressure of each segment.
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The empirical correlations used to calculate heat transfer and pressure drop of CO;,
derived from Gnielinski [27] and Petukhov and Kirillov [28], are, respectively,

_ (fcoo,i/8)(Recop, i — 1000) Prcop, i
14127 (feon, i/8)/2(Pred,  — 1)

Nucog, i = 12
feon, i = (0790IRecoy, ; — 1.64) 2 i~

where Nu, f, Re and Pr denote the Nusselt number, friction factor, Reynold number and
Prandtl number, respectively. These correlations have been widely adopted in CO, gas
cooler modeling studies due to their robustness and simplicity, particularly when combined
with local property evaluation.

The air/water mixture heat transfer and pressure drop are determined by the correla-

>£E

EN2/p\3/g.\/*
fair, i = 1.201R e/Dc m1xz<Ds> <P§> (S;) NrfSSnf6 (15)

where j1-j7, f1-f7 are correlation parameters referring to fin geometry; Fs, D, Py, P}, Ss,

tions from Wang et al. [29].

, 0.9047Re]y i (5
Jair, i =

i3 —0.0305
b )] §—5> N,%0782 for N, > 2 and Repe, mix, i < 700
S h (14)
L0691Re] i i (F

)

jé
54) N,77 for N, =1, 2or Ny > 2 and Repe, mix, i > 700

Sh, N, and Sy, respectively, refer to the fin spacing, fin collar outside diameter, transverse
tube pitch, longitudinal tube pitch, slit breadth in the airflow direction, slit height, tube row
number, and slit number in an enhanced zone. The thermal resistance through the tube is

Iculated
calculated as 1 D,

R e = qu=e
Y e (L/N) D)

(16)

where L, D, and D; are the tube length and the outside and inside tube diameters, respectively.

In the development of the detailed spray-cooled gas cooler model, the inlet tempera-
ture and pressure of CO; are obtained from the upstream compressor discharge conditions.
An initial estimate of the average outlet temperature of the air/water mixture is prescribed
to define the boundary conditions for the gas cooler calculation. The modeling flow chart
is shown in Figure 3. The inlet thermodynamic state of each segment is determined from
the outlet conditions of the preceding one, ensuring energy and mass conservation and
thermodynamic continuity throughout the calculation. The temperature of the cooling
air/water mixture is updated after each tube row to capture the progressive heat absorption
along the flow direction. Iterations are performed until convergence is achieved, defined
by agreement between the calculated and prescribed inlet mixture temperature within an
acceptable tolerance. The thermophysical properties of CO, are updated locally at each
segment based on temperature and pressure to capture near-critical effects accurately.

To determine the inlet temperature of the air/water mixture to the gas cooler Ty in 0,
a dedicated spray-cooling test facility was built at Brunel University of London. A low-
flow-rate full-cone nozzle (WL1 90 from The Spray Nozzle People Group Ltd. at Upper
Beeding, West Sussex, UK), illustrated in Figure 4, was installed 300 mm upstream of
the tested finned-tube heat exchanger, which had an overall length of 560 mm, width of
351 mm and depth of 80 mm. The nozzle configuration and placement were selected to
minimize flow maldistribution and ensure uniform droplet distribution, based on prelim-
inary experimental observations. The mass flux of the evaporative spray water used for
precooling the inlet ambient air (ambient temperature of 30 °C and relative humidity 50%
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and spray-water temperature of 20 °C) can be quantified as a function of spray-water mass
flux and ambient air-mass flux, derived from systematic experimental measurements.

Gevap,wat = 0.10864Gwat + 0.000662G,;, — 5.774 (17)

Start

Input heat exchanger geometrical data
and operating conditions

!

Calculation of inlet temperature
of air/water mixture Ty ir

Y
Assume outlet ternperature of
air/water mixture T o

[y
™

L

& — NTU method segment calculation from COz2 inlet

For segment i: calculate Q. Toir i Teoz.outis APmixinis

Tonix,out = Tonix ot + AT ® AP il N T
i o '&PCOEJ: "A‘Pn'ux,l,I 1: 2;—--:AV 1,4V

!

Calculation of temperature, pressure and heat transfer rate
Tmixin, 1C02,0ut; Prir,in, PC02,0ut; APmix, APco2 and O

Output temperature, pressure and heat transfer rate

T ins Prsieins Tz outs Prmixonts 1002.in> £002.in:1 002 0uts
Peorouts APix, APco; and O

v
End

Figure 3. Flow chart of spray-cooled gas cooler modeling.

The mass fluxes of spray water, ambient air and air/water mixture are calculated from

2

the spray area on the gas cooler and have the unit g x m~2 x s~1. The temperature of the

air/water mixture entering the gas cooler can be calculated as:

MwatCp.y ot Iwat,in + MairCp ;. Tair,in — mevap,watAhwat,evap
Cpmix (Mwat + Mair)

Tinixin0 = (18)
where Mevap,wat i the mass flow rate of the evaporative spray water and calculated from
the mass flux and spray area. The intent of using this correlation was to accurately capture
the inlet air temperature reduction, which is a critical boundary condition for gas cooler
modeling. It should be noted that Equation (17) was derived under a specific nozzle
configuration, airflow range, and installation distance; thus, its applicability is restricted to
similar configurations and requires validation for different setups.
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Figure 4. Full-cone nozzle (WL1 90) from The Spray Nozzle People Group Ltd.

2.3. CO;, Refrigeration System Model

In trans-critical CO; refrigeration systems, the high-side pressure critically influences
system efficiency and overall performance. Because operation occurs above the critical
point, the thermodynamic properties of CO, exhibit strong sensitivity to pressure and
temperature variations. For a given ambient temperature, an optimal high-side pressure
exists that maximizes system performance. The present analysis considers air temperatures
ranging from 30 °C to 40 °C. For each air temperature, the high-side pressure is initially set
to 75 bar and a pressure step of 0.1 bar. The coefficient of performance (COP) is calculated
and subsequently evaluated over a defined pressure range. An iterative optimization
procedure is implemented to identify the pressure corresponding to the maximum COP,
which is defined as the optimal discharge pressure exiting the compressor. The system-level
modeling framework is shown in Figure 5. For each discharge pressure, the calculation
begins with an initial estimate of the compressor inlet temperature. Iterations are performed
until the temperature obtained after completing a full refrigeration cycle converges to the
assumed value, thereby ensuring thermodynamic consistency. The principal thermody-
namic processes corresponding to Figure 1 are summarized in Table 1. The modelling code
was written in the MATLAB R2023b programming language (The MathWorks Inc., Natick,
MA, USA).

Table 1. Processes involved in the trans-critical CO, refrigeration system corresponding to Figure 1.

No Process

10—1 Non-isentropic compression in compressor
12 Heat rejection from CO, to air/water mixture in gas cooler
2—3 Isenthalpic expansion in IPCV

3—4,7 Isenthalpic separation to liquid and vapor in liquid receiver
4—5 Isenthalpic expansion in LPCV
5—6 Heat absorption from the cooling load in evaporator
7—8 Isenthalpic expansion in GBCV

6,8—9 Isenthalpic mixing process

9—10 Isenthalpic mixed flow

https://doi.org/10.3390/pr14060903
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Input operating conditions Vai i, Tarin, Twaterin,
Mlwater,in, Moo, T002,evapin, TC02,evap,out, PECY

v

COPy=0, Peopcomponts = 15 bar, i = 1

[
Iy

Peo2comp,out = Pooz,comp,outi

Assume inlet temperature to
compressor 7oz comp,ind

»
v

Calculation of compressor

Tco2,compout, Woomp

.

Calculation of gas cooler

Teonpin0 = Teomping + AT

P0032.cooler,outs T 002 cooler,outs Peooler

y

Calculation of IPCV valve and ligmd i=i+l
receiver Mepy liquid TPCV> 0032 vapor IPCV Pompouti = Peompout i1+ AP

/\ i

Calculation of BPCV valve Peoggpoves,|| Calculation of LPCV valve Peoapov.em,
MO liquid BPCY. MC0Lvaper BRCY MCO2 liquid [PCV, MC02vapor FCY

¢

Calculation of evaporator

P02 evapouts 1002 evapouts Devap

/

Calculation of inlet temperature
to compressor Teod comp,in

No

Tc02,comp.in = TC02.comp,in0?

‘ Output COP;. Qrvap, Occatrs Weomy ‘

End

Figure 5. Flow chart of trans-critical CO, refrigeration system modeling.

For the system modeling, the compression process in the compressor is calculated
from the isentropic efficiency (17comp,is) obtained by Ge et al. [30].

hcom is —h i
p,out,is comp,in
Hcomp,is = (19)

hcomp,out - hcomp,in

0.050539P,
Heomp,is = 0.74443 — 5 i e (20)
comp,in
Wcomp = Mco2 (h comp,out hcomp,in) (21)

where £ is the specific enthalpy, and Wcomp is the power consumption by the compressor.
The specific enthalpies entering and exiting the compressor are calculated from the local
temperature and pressure. The temperature and pressure exiting the gas cooler are de-
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termined by the detailed model shown in Section 2.2. The specific enthalpy entering and
exiting the gas cooler is also obtained from the local temperature and pressure.

Qcooler = mCOZ(hcooler,in - hcooler,out) (22)

where Qooler is heat rejection rate from the gas cooler. The expansion processes through
the IPCV, LPCV and GBCV are assumed to be isenthalpic throttling.

hvalve,out = hvalve,in (23)

The CO, temperature after it has passed through the valves is obtained from the local
pressure and specific enthalpy. The phase separation process in the liquid receiver and the
mixing process in the accumulator are assumed to be isenthalpic.

hrec,out = hrec,in (24)

h t—h i
Y= rec,ou rec,out,liq (25)

hrec,out,vap - hrec,out,liq

where x is the mass quality of CO, in the liquid receiver. The cooling capacity of the
evaporator is calculated from the obtained inlet temperature and mass quality of CO, after
the LPCV and the assumed superheat at the outlet.

Qevap = mCOZ(1 - X ) (hevap,out - hevap,in) (26)

The specific enthalpy exiting the evaporator is obtained from the local temperature
and pressure. The evaporator model is intentionally simplified to isolate gas cooler effects.
The specific enthalpy entering the compressor is calculated as follows:

hcomp,in = (1 - X )hevap,out + xhrec,out,vap (27)

The temperature of CO, entering the compressor is a function of pressure and specific
enthalpy. The present COP definition follows standard refrigeration practice and excludes
auxiliary power consumption, such as spray-water pumps and fans. Given that power
consumption by the compressor exceeds 2500 W, while it is <80 W by air fan and <10 W
by spray-water pump, inclusion of auxiliaries slightly reduces COP but does not affect the
qualitative performance improvement.

Qevap

comp

COP = (28)

2.4. Modeling Assumption and Conditions

During the modeling, the system is assumed to operate under steady-state conditions,
with the intermediate pressure applied as the suction pressure for the LPCV. The heat
losses to or from the surroundings are negligible, and the pressure losses in pipes and the
evaporator are neglected.

The gas cooler is a 2-circuit finned-tube heat exchanger, previously employed by
Santosa et al. [31] to investigate the air- and refrigerant-side heat transfer. Each circuit
comprises 2 tube rows and 16 tubes per row. The out-diameter of the finned copper tubes
is 8 mm, and the wall thickness 0.68 mm. The longitudinal and transverse tube pitches
are 22 mm and 25.4 mm, respectively. The wavy aluminum fins are 0.16 mm thick with
2.12 mm spacing. The whole gas cooler has a length of 1600 mm and a width of 812.8 mm.
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Six WL1 90 full-cone nozzles mentioned in Section 2.2 are assumed to be installed
300 mm upstream of the gas cooler. The nozzles are arranged in two rows, with three
nozzles in each row. The spacing between adjacent nozzles is 560 mm in the longitudinal
(gas-cooler length) direction and 351 mm in the transverse (width) direction. This configu-
ration promotes droplet dispersion and thermal equilibration before entering the gas cooler,
ensuring strong agreement with the test conditions to obtain Equation (17).

The CO, mass flow rate is 0.04 kg/s, air velocity 2.0 m/s, inlet pressure 1.0 bar, and
intermediate pressure 32 bar. The evaporating temperature of CO, in the evaporator is
—8°C, and the superheat at the outlet is 8 K. The air temperature varies in the range
of 30 °C to 40 °C. The ratio Ry,t—air is deliberately limited to <0.1, with low-flow-rate
full-cone nozzles producing a well-coupled homogeneous mist.

3. Results and Discussion
3.1. Spray-Cooled Gas Cooler Model Validation

Accurate modeling of the gas cooler is critical for reliable performance predictions in
trans-critical CO; refrigeration systems, particularly due to the highly non-linear thermo-
physical behavior of CO; near its critical point and the complex coupled heat and mass
transfer occurring during air/water spray cooling. To evaluate the validity and robustness
of the detailed spray-cooled gas cooler model developed in this study, the simulation re-
sults were compared against experimental measurements obtained from a finned-tube CO,
gas cooler equipped with the low-flow-rate full-cone nozzle, as described in Section 2.2.
Validation experiments were conducted over air velocities of 0.7 m/s to 1.4 m/s, with three
constant spray-water mass flow rates (12 g/s, 14 g/s, and 16 g/s) for each air velocity.
Ambient air was maintained at 30 °C, and the relative humidity was controlled at 50% by a
central heating and air conditioning unit. Spray-water was controlled at 20 °C by another
heating and cooling unit. The CO, mass flow rate was 37 g/s, with inlet temperature and
pressure of approximately 87 °C and 74 bar, respectively.

Figure 6 compares predicted and measured heat transfer rates and shows agreement
within £15%. Given the strong property variations, local pressure fluctuations, com-
pressibility effects, and two-phase-like behaviors near the pseudo-critical region, which
introduce inherent variability that makes experimental measurement challenging, these
deviations are consistent with prior literature and acceptable for engineering analysis,
indicating the model reliably captures dominant heat-transfer behavior. Figure 7a presents
the comparison of CO,-side pressure drop, with the model underpredicting measurements
by 7-16%. This difference is mainly due to experimental uncertainties and limitations
of classical friction-factor correlation under supercritical CO, conditions. Figure 7b com-
pares the pressure drop of the air/water mist flow and shows agreement within £15%
for all test cases. Overall, the comparisons confirm the model’s capability to accurately
predict both heat transfer and pressure-drop characteristics of finned-tube gas coolers
under spray-cooling conditions.

3.2. Pressure—Enthalpy and Temperature—Entropy Diagrams

The thermodynamic performance of the trans-critical CO, refrigeration system is
demonstrated by the pressure-enthalpy (p-h) and temperature—entropy (T—s) diagrams.
The p-h diagram highlights energy distribution and pressure levels, while the T-s diagram
emphasizes irreversibility and heat transfer characteristics. Figure 8 presents the p-h and
T—-s diagrams under two operating conditions, dry-air cooling (Ryat—air = 0) and spray
cooling (Ryat—air = 0.05), corresponding to different gas cooler heat rejection methods and
resulting in distinct thermodynamic paths.
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Figure 6. Comparison of heat transfer rate between model predictions and experimental results.
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Figure 8. Thermodynamic performance comparison. (a) p-h diagram and (b) T-s diagram.

As shown in Figure 8a, both cases follow the canonical trans-critical cycle, compris-

ing compression, gas cooling, expansion, phase separation and evaporation. Significant

https://doi.org/10.3390/pr14060903


https://doi.org/10.3390/pr14060903

Processes 2026, 14, 903

13 of 19

differences are observed on the high-pressure side. Spray cooling reduces the compressor
discharge pressure and specific enthalpy at point 1 from 100.5 bar and 526.9 kJ/kg to
77.6 bar and 505.8 k] /kg, respectively. This reduction decreases compressor power con-
sumption from 3.51 kW to 2.62 kW and shifts the compression and gas-cooling processes
downward and leftward on the p—h diagram. The gas cooler outlet enthalpy at point 2 is
lower under spray cooling (302.3 k] /kg vs. 314.3 k] /kg), bringing the flow closer to the
pseudo-critical region and reducing vapor quality after throttling at point 3 (0.423 vs. 0.511).
This lower vapor quality leads to increasing CO, flow entering the evaporator at point 5
(0.0231 kg /s vs. 0.0196 kg/s) and enhancing evaporator cooling capacity between points 5
and 6 (5.86 kW vs. 4.96 kW). The T-s diagram in Figure 8b further illustrates the impact of
spray cooling on system’s thermodynamic performance. During the compression process
(point 10—1), the spray-cooled case exhibits a smaller entropy increase (0.0612 kJ / (kg K)
vs. 0.0835 kJ / (kg K)), indicating reduced irreversibility. Heat rejection (point 1—2) occurs
with continuously decreasing temperature and entropy, reflecting the strong variation in
CO; thermophysical properties near the pseudo-critical region. Evaporation (point 5—6)
produces a substantial increase in entropy due to phase change and superheating. The
comparisons in Figure 8 clearly demonstrate that spray cooling significantly improves
system thermodynamic performance by reducing irreversibility, lowering compressor work
consumption and increasing evaporator cooling capacity.

3.3. Performance of Heat Rejection in Gas Cooler

Figure 9 shows the variation in gas cooler heat rejection rate and CO, inlet temperature
with increasing spray-water-to-air-mass flow rate ratio (Ryat—air). The CO; inlet tempera-
ture is primarily determined by the high-side pressure, which depends on the refrigerant
thermodynamic state after compression. Increasing Ryat—air reduces the gas cooler inlet
air temperature, which allows the system to operate at a lower high-side pressure and
results in decreased CO, inlet temperature. The heat rejection rate is governed by both inlet
and outlet conditions. Near the pseudo-critical region, small variations in temperature or
pressure produce substantial changes in CO; specific enthalpy, significantly influencing
the heat transfer rate. For an air temperature of 40 °C and spray-water temperature of
25 °C, Figure 9a shows an initial slight decrease in heat rejection from 8.51 kW to 7.95 kW
as Ryat—air increases from 0 to 0.045, due to a modest reduction in high-side pressure
and CO; inlet temperature. Further increasing Ryyat—air to 0.075 raises the heat rejection
to 9.54 kW. Beyond this, the heat rejection rate plateaus, indicating diminishing returns.
Correspondingly, as Ryyat—air increases from 0 to 0.045 and further to 0.075, the CO, temper-
ature entering the gas cooler decreases from 115.9 °C to 90.5 °C and further to 86.2 °C. These
results again confirm that spray cooling significantly improves gas cooler performance and
stabilizes system operation under conditions of high ambient temperature.

3.4. Performance of Cooling Capacity in Evaporator

Figure 10 presents the variations in evaporator cooling capacity and CO, mass flow
rate into the evaporator. The CO, mass flow rate into the evaporator is primarily governed
by phase separation process in the liquid receiver, which determines the distribution
between liquid and vapor fractions. This separation process is strongly dependent on the
thermodynamic state of CO; at the gas cooler outlet. A reduction in outlet temperature
promotes liquid formation, which increases the mass of refrigerant available for expansion
into the evaporator. In contrast, a decrease in outlet pressure tends to reduce the liquid
fraction, which limits the CO, mass flow rate into the evaporator. For an air temperature
of 40 °C and spray-water temperature of 25 °C, the CO, mass flow rate remains nearly
constant at approximately 0.0196 kg /s as Ryat—air increase from 0 to 0.015, reflecting the
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limited impact of weak evaporative cooling on receiver liquid production. As Ryat—air
increases from 0.015 to 0.075, the CO, mass flow rate rises significantly to 0.0274 kg/s, due
to the enhanced air-side cooling, reduced gas cooler outlet temperature, and increased
liquid CO, generation. Beyond an Ryat—air of 0.075, the CO;, mass flow rate stabilizes,
indicating diminishing returns in further liquid production. Because cooling capacity is
largely determined by the CO, mass flow rate into the evaporator, it exhibits a similar
trend, increasing from approximately 4.96 kW to 6.95 kW and remaining nearly constant
thereafter. These results confirm that spray cooling effectively enhances the refrigerant
circulation and system cooling performance under conditions of high ambient temperature.
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Figure 10. Evaporator performance variation. (a) Cooling capacity and (b) CO, mass flow rate.

3.5. Performance of Compressor Power Consumption

Figure 11 shows the variation in compressor power consumption and compressor inlet
temperature with increasing Ryat—air. Compressor power is primarily governed by the
high-side operating pressure, which determines the compression ratio and corresponding
specific work. Therefore, the variation in compressor power closely follows that of the
optimal high-side pressure. At an air temperature of 40 °C and spray-water temperature
of 25 °C, compressor power decreases from 3.51 kW to 3.42 kW as Ryat—air increases from
0 to 0.02, and further decreases to 2.51 kW as Ryat—air increases to 0.055. Beyond this
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value, additional spray injections produce negligible reductions in power consumption,
indicating that once the inlet air temperature approaches the spray-water temperature,
further evaporative cooling has minimal influence on the optimal high-side pressure and
compression work. The compressor inlet temperature is mainly influenced by phase
separation in the liquid receiver, which controls the phase separation between the liquid
and vapor fractions of CO,. The vapor leaving the receiver bypasses the evaporative
process and mixes with the superheated vapor from the evaporator before entering the
compressor. Therefore, the inlet temperature reflects the combined effects of the evaporator
outlet conditions and the bypass vapor characteristics. For air temperature of 40 °C and
spray-water temperature of 25 °C, at low Ryyat—air from 0 to 0.02, the CO; inlet temperature
remains nearly constant at approximately —4.89 °C, indicating limited impact on the
refrigerant distribution between the liquid and vapor phases. With further increases in
Ruwat—air to 0.075, the inlet temperature rises gradually to —3.07 °C. Further increases in
spray ratio result in stabilization of the inlet temperature.
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Figure 11. Compressor performance variation. (a) Power consumption and (b) CO, inlet temperature.

3.6. Performance of System COP

Figure 12a shows the variation in the system COP with Ryyat—,ir increasing, while
Figure 12b presents the corresponding high-side CO, pressure. Spray cooling significantly
reduces the air temperature at the gas cooler inlet, enabling the system to operate at a
lower optimal high-side pressure and thereby improving system performance. As shown in
Figure 12a, the system COP exhibits a three-stage trend with increasing Ryat—air: @ gradual
increase, followed by a sharp rise, and finally a plateau. For an air temperature of 40 °C and
spray-water temperature of 25 °C, the COP increases from 1.42 to 1.53 as Ryat—air increases
from 0 to 0.02, then rises markedly to 2.74 as Ryyat—air increases to 0.075, and remains nearly
constant thereafter. The initial modest improvement is attributed to limited evaporative
cooling, as part of the spray water primarily increases air humidity. The subsequent sharp
increase results from a significant reduction in gas cooler inlet temperature, leading to a
pronounced decrease in optimal high-side pressure and compressor work. The COP plateau
indicates diminishing returns once the inlet air temperature approaches the spray-water
temperature. The variation in the high-side CO, pressure exhibits an inverse trend of COP.
As shown in Figure 12b, the high-side CO, pressure initially decreases slowly as Ryat—air
increases from 0 to approximately 0.02 due to the moderate reduction in air temperature,
followed by a sharp decline as the enhanced evaporative cooling significantly lowers the
gas cooler outlet temperature, and remains nearly constant thereafter. At air temperature
of 40 °C and spray-water temperature of 25 °C, the high-side CO, pressure decreases from
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100.5 bar to 98.1 bar as Rya;_air increases from 0 to 0.02, further declines to 75.1 bar as
Rywat—air reaches 0.055, and shows minimal additional change thereafter.
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Figure 12. System performance variation. (a) system COP and (b) high-side CO, pressure.

4. Conclusions

This study systematically investigated the thermodynamic performance of a trans-
critical CO, refrigeration system integrated with a spray-cooled finned-tube gas cooler,
with emphasis on mitigating efficiency degradation under conditions of elevated ambient
temperature. A spray-cooled gas cooler model was developed using a homogeneous-
mixture approach, treating air and water droplets as a single phase without velocity
or temperature differences. After validation against experimental data, the model was
integrated into a system-level refrigeration cycle to accurately predict coupled heat and
mass transfer processes.

The results demonstrate that spray cooling significantly reduces the CO, temperatures
and operating pressures at both the inlet and outlet of the gas cooler. The heat rejection
rate exhibits a slight initial decrease, followed by a substantial increase and eventual
stabilization with increasing spray-water-to-air-mass flow rate ratio. Enhanced evaporator
performance is primarily attributed to increased liquid CO, production in the receiver due
to lower gas cooler outlet temperatures, which increases the refrigerant mass flow rate
through the evaporator and improves cooling capacity.

Compressor power consumption decreases markedly as the optimal high-side pressure
and compression ratio are reduced. Consequently, the system COP exhibits a three-stage re-
sponse: a gradual increase at low spray ratios, a pronounced enhancement over an interme-
diate range, and a plateau beyond a critical value. Under representative high-temperature
conditions (air temperature of 40 °C, air velocity of 2 m/s, spray-water temperature of
25 °C), the COP increased from 1.53 to 2.74 as the spray-water-to-air-mass flow rate ratio
increased from 0.02 to 0.075. The results also indicate that increasing the spray-water-to-air-
mass flow rate ratio beyond approximately 0.075 yields negligible additional performance
gains, highlighting the existence of an optimal spray operating range.
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Nomenclature

A Heat transfer area, m?2

cp Specific heat, J/ (kg K)

C Heat capacity rate, W/K

cor Coefficient of performance

D Hydraulic diameter, m; diameter, m
f Friction factor

f1-f7 Correlation parameters

F;s Fin spacing, m

G Mass flux, kg/(m? s)

GBCV  Gas-bypass control valve
GWP Global warming potential

h Specific enthalpy, J/kg

Heony Heat transfer coefficient, W/(m?2 K);
i Segment number

IPCV  Intermediate-pressure control valve
j Colburn factor

j1-7 Correlation parameters

k Thermal conductivity, W/(m K)

L Length, m

LPCV  Low-pressure control valve

m Mass flow rate, kg/s

N Total segment number

NTU Number of transfer units

Nu Nusselt number

P Pressure, Pa; tube pitch, m

Pr Prandtl number

Q Heat transfer rate, W

R Ratio

R Thermal resistance, K/W

Re Reynolds number

Rep, Reynolds number based on tube collar diameter
s Specific entropy, ] / (kg K)

Sp Height of slit, m

Sy Slit number in an enhanced zone

Ss Breadth of a slit in airflow direction, m
T Temperature, K

u Overall heat transfer coefficient, W/ (m? K)
v Velocity (m/s)

1% Work consumption (W)

x Mass quality

AP Pressure drop (Pa)

AT Temperature difference, K
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Greek letters

o Density, kg/m3

U Dynamic viscosity, Pa-s
€ Heat exchanger effectiveness
7 Efficiency
Subscripts

comp  Compressor

evap Evaporator

exp Experiment

ext External

fin Fin

i Inside

in Inlet

is Isentropic

1 Longitudinal

max Maximum

min Minimum

mix Air/water mixture
o Outside

out Outlet

t Transverse

total Total

wat Spray water
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