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Abstract. The refrigeration industry has been moving towards environmentally friendly refrigerants, and R744 (carbon
dioxide) is a potential solution. The use of R744 as a refrigerant has been gaining attention due to its low environ-
mental impact, non-toxic nature, and favorable thermodynamic properties. Despite these advantages, manufacturing
small-capacity refrigeration systems operating with R744 has become increasingly less common, probably due to the
higher operating pressures compared to other refrigerants, which require specialized components and materials that can
withstand high pressures. In addition, the design of these systems can also be challenging due to the selection of the most
appropriate correlations to design the heat exchangers and the need to match the design requirements with the parts avail-
able on the market for assembling the system. This work aims to present a set of guidelines for designing a small-capacity
refrigeration machine operating with R744. The machine has a cooling capacity of 600 W to 1200 W, and operates with
an evaporating temperature from 0 to 15°C and a gas cooler pressure from 80 to 105 bars. For the reference condition,
the length of the evaporator estimated was 12.9m, the length of the gas cooler was 20.6m and the cooling capacity was
855W.

Keywords: Small-Capacity Refrigeration Machine, R744, CO2, Transcritical Operation, Ecological fluid.

1. INTRODUCTION

The refrigeration equipment industry has invested in the development of systems that operate with environmentally
friendly fluids, which have a low impact on global warming and are harmless to the ozone layer. This behavior is part of the
efforts that companies have made to meet the commitments established in the Kyoto Protocol and the Kigali Amendment.
The former sets deadlines for the reduction of greenhouse gas emissions and the latter sets deadlines for phasing out the
use of hydrofluorocarbons (HFCs) (de Paula et al., 2020a).

In addition to being ozone-friendly and having low Global Warming Impact (GWP), the refrigerants under considera-
tion must have favorable thermodynamic characteristics that allow the system to operate with efficiency equal to or higher
than current systems. In this context, the refrigerant R744 not only meets these requirements but also stands out for being
a gas naturally present in the atmosphere and for not having toxic or flammable characteristics, which makes it safe to be
used in refrigeration and air conditioning systems. Additionally, R744 has thermodynamic characteristics that allow it to
achieve a high coefficient of performance. With proper design, R744 can provide energy-efficient operation when used in
refrigeration systems.

R744 has been used for some time in commercial and industrial refrigeration systems. However, its use in small-
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capacity refrigeration systems, such as those used in homes, is becoming less common. Some characteristics of R744
make it less attractive to be used in small systems. One of these is the high working pressure that requires high resis-
tance components specially designed to operate at high pressures. These include compressors, expansion devices, and
heat exchangers adapted to handle the particular characteristics of R744 as a working fluid. The availability of specific
components may be limited for small equipment, and the minor variety of parts available on the market can make the
design of these systems difficult.

The design of small refrigeration systems operating with R744 can be challenging. The selection of the most appro-
priate correlations for the heat exchanger design and the need to combine the design requirements with the diminished
quantity of parts available in the market for the system construction can make the development of the project complicated.
A list of new correlations to calculate the convective heat transfer coefficient for R744 in the supercritical state can be
found in Cabeza et al. (2017), and most of these correlations require as input parameter the wall temperature. The use of
computational tools to generate operation maps as a function of the characteristics of each component of the refrigeration
system can be advantageous and facilitate the compatibility of the available parts with the design requirements.

The use of mathematical models for the design of vapor compression refrigeration systems has already been performed
for the optimal design of refrigeration systems (de Paula et al., 2020b), for the comparative study of different refrigerants
when used in a heat pump (Rabelo et al., 2019), for the study of the dynamic response of static evaporators in heat pumps
operating with R744 (de Freitas Paulino et al., 2019), for the development of multivariable controllers for refrigeration
systems (Maia et al., 2013). Although these mathematical models can be used in the design process of refrigeration
machines, their outcomes are typically a single specification for each component, which may not be sufficient to choose
among the parts available in the market. In addition, the conception of these mathematical models is usually more
elaborated and is formulated to investigate more complex phenomena, often irrelevant when the main purpose is to design
a classical refrigeration machine. The approach to be used in the design of refrigeration systems can be simpler but must
provide operational maps that allow the designer to match the design requirements with the components available on the
market. In this context, the objective of this work is to present a methodology for the design of small refrigeration systems
operating with R744. All correlations and considerations used in the design of heat exchangers and expansion devices
will be presented. Finally, these relations will be used to develop a computer code to generate the system operating curves
for different capacities and their impact on the sizing of each system component.

2. METHODOLOGY

Figure 1 shows the scheme of the refrigeration system desired. The system consists of a closed-loop water evaporator
connected to a reservoir containing an electric heater and an open-loop water-cooled gas cooler. The system will also have
a compressor and three expansion devices: An electronic valve, a capillary tube, and a manual valve. The focus of this
work is the design of heat the exchangers and the capillary tube that are not sold commercially in the international market
for the cooling capacity required.

The design process of the refrigeration system starts with the specification of the water temperature at the inlet of the
gas cooler and the heat exchanger pinch. The temperature at the outlet of the gas cooler is given by Eq.1:

T3 = Twi +∆Thx (1)

where T3 is the refrigerant temperature at the outlet of the gas cooler, Twi is the water temperature at the inlet of the gas
cooler, and ∆Thx is the heat exchange pinch. Next, the pressure of the gas cooler is evaluated using the Yang et al. (2015)
correlation for a maximum COP (Eq. 2):

Pgc = 2.918T3 + 0.471T4 − 0.018T4T3 − 13.955 (2)

where T4 is the temperature at the inlet of the evaporator. In Equation 2 , the pressure is calculated in bar, and the
temperatures must be provided in oC. The temperature at the inlet and the outlet of the evaporator is calculated by Eq. 3
and Eq. 4, respectively:

T4 = Two −∆Thx (3)

T1 = T4 +∆Tsh (4)

where T1 and Two is the R744 and water temperatures at the outlet of the evaporator and ∆Tsh is the superheating of the
refrigerant. The mass flow rate of R744 is imposed by the compressor and can be given by Eq. 5 :

ṁr = Nρ1∀ηvol (5)

where N , ρ1, ∀, ηvol are the rotation speed, the refrigerant density at the inlet of the compressor, the compressor swept
volume, and volumetric efficiency, respectively. The thermodynamic and transport properties were calculated using the
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Figure 1. Schematic diagram of refrigeration machine (de Paula, 2022)

CoolProp library (Bell et al., 2014). The volumetric efficiency, global efficiency (ηg), compressor swept volume, and
polytropic index (npol) of the compressor were obtained from the experimental results presented by Humia (2022). The
power consumption of the compressor is given by Eq. 6 (Humia, 2022):

Ẇ = ṁr
Pgc/ρ2 − Pe/ρ1
(npol − 1)ηg

(6)

The cooling capacity is given by Eq. 7:

Q̇e = ṁr(i1 − i4) (7)

where i is the specific enthalpy. The expansion process is assumed to be isenthalpic, so i3 = i4 and two independent
properties are known at state 3. The mass flow rate of water in the evaporator is given by Eq. 8:

ṁw =
cw(Twi − Two)

Q̇
(8)

where Twi is the water temperature at the inlet of the evaporator, Two is the water temperature at the outlet of the evap-
orator, and c is the specific heat at constant pressure, respectively. The mass flow rate is used to evaluate the Reynolds
number given by Eq. 9:

Re =
4ṁ

πDhµ
(9)

where µ and Dh are dynamic viscosity and hydraulic diameter, respectively. Since the water flows in the annular space,
the hydraulic diameter is the difference between the outer diameter of the inner tube (Doi) and the inner diameter of
the outer tube (Dio). If the flow is turbulent (Re ≥ 104) the water heat transfer coefficient (hw) is calculated using the
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correlations by Gnielinski (1976) and Zigrang and Sylvester (1982), Eq. 10 and 11, respectively.

Nu =
(f/8)(Re− 1000)Pr

1 + 12.7(f/8)1/2
(
Pr2/3 − 1

) (10)

1√
f
= −4 log10

[
ϵ

3.7Dh
− 5.02

Re
log10

(
ϵ

3.7Dh
+

13

Re

)]
(11)

In these equations, Nu, f , Pr, ϵ represents the Nusselt number, the Prandtl number, the Darcy friction factor, and the
rugosity, respectively. For laminar flow, the Nusselt number is interpolated from Tab. 1 where subscripts i and o represents
the inner and the outer surface of the annular region.

Table 1. Nusselt number for fully developed laminar flow in annular regions (Rohsenow et al., 1998).

Uniform temperature Uniform heat flux
Dio/Doi Nui Nuo Nui Nuo

0.02 32.34 3.65 32.71 4.73
0.05 17.46 4.06 17.81 4.79
0.10 11.56 4.11 11.91 4.83
0.25 7.37 4.23 7.75 4.90
0.50 5.74 4.43 6.18 5.03

The water properties and the convective heat transfer coefficient remain approximately constant at the heat exchangers
but the same affirmation can not be made for R744 parameters, especially at the gas cooler. Therefore, each heat exchanger
was divided into many control volumes in this study. The heat transfer rate in each volume is given by Eq. 12:

∆Q̇ = ṁwcw∆Tw = ṁr∆i (12)

The length of each volume was calculated using the Log Mean Temperature Difference method described by Eq. 13
and 14 (Bergman et al., 2011) :

UA =
∆Q̇

(∆Tin −∆Tout)/ln(∆Tin/∆Tout)
(13)

∆L = UA

(
1

hrπDii
+

ln(Doi/Dii)

2πkcu
+

1

hwπDoi

)
(14)

where Dii, kcu, ∆Tin, ∆Tout are the inner diameter of the inner tube, the copper thermal conductivity, the temperature
between water and R744 at the inlet of the control volume, and the temperature between water and R744 at the outlet
of the control volume. The heat transfer coefficient (hw) of R744 is calculated using the correlation proposed by Shah
(2017) at the boiling region. For turbulent flow, Wang et al. (2017) was used in the gas cooler, and Gnielinski (1976)
and Zigrang and Sylvester (1982) for super-heated vapor flow at the evaporator. For laminar flow, Cengel et al. (2011)
recommend Nu=4.36. The correlation of Wang et al. (2017), developed with experimental data of R744 flowing in a
helical heat exchanger and in the supercritical state, is given by Eq. 15:

Nu = 0.022986Re0.85665Pr0.26322
(
ρp
ρf

)0.04988 ( c̄
c

)−0.2174

(15)

c̄ =
ip − if
Tp − Tf

(16)

where the subscript p indicates the wall properties. Shah (2017) presented correlations based on 4852 experimental data
points from 81 sources and 30 different fluids including R744. The boiling heat transfer coefficient is the largest value
given by the Eq. 17. In equation 17, hL is the liquid heat transfer coefficient calculated using Dittus and Boelter (1930)
equation (Eq. 23) , the Froud number is calculated using Eq. 21, the convection number employing Eq. 24, the Weber
number using Eq. 25, and the Boiling number applying Eq. 26.
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h = MAX


1.8B−0.8

1 B3hL

230Bo0.5B3hL

B2Bo0.5exp(2.74B−0.1
1 )B3hL

B2Bo0.5exp(2.74B−0.15
1 )B3hL

(17)

B1 =

{
Co if horizontal with FrL ≥ 0.04 or vertical
0.38CoFr−0.3

L if horizontal with FrL < 0.04
(18)

B2 =

{
14.7 Bo ≥ 0.0011
15.4 Bo < 0.0011

(19)

B3 =

{
2.1− 0.008WeV − 110Bo B3 ≥ 1
1 B3 < 1 or FrL < 0.01

(20)

FrL =
G2

ρ2LgDii
(21)

G =
4ṁ

πD2
ii

(22)

Nu = 0.023Re0.8Pr0.4 (23)

Co =

(
1− x

x

)0.8 (
ρV
ρL

)0.5

(24)

WeV =
G2Dii

ρV σ
(25)

Bo =
q

GiLV
(26)

In these equations x, g, G, σ, q are vapor quality, gravity, mass flux, surface tension and heat flux. Subscripts V and L
indicate vapor and liquid properties. To evaluate the mass present in each control volume where there is two-phase flow,
it was used Eq. 27 (Humia et al., 2021):

∆m =
∆LπD2

ii

4
(ρV α+ (1− α)ρL) (27)

where α is the void fraction that is calculated using the correlation of Hughmark (1962), Eq. 29. The values of B1 are
shown in TAB. 2 in function of B2 calculated by Eq. 30. αhom is the void fraction calculated using homogeneous model.
The equations for single-phase flow can be obtained from Eq. 27 if α = 0 for liquid and α = 1 for vapor.

αhom =

[
1 +

(
1− x

x

)(
ρV
ρL

)]−1

(28)

α = B1αhom (29)

B2 =

[
DiG

µL + α(µV − µL)

]1/6 {
1

gDi

[
Gx

ρV αhom(1− αhom)

]2}1/8

(30)

Table 2. Parameters of Hughmark’s correlation (Duarte, 2018)

B2 B1 B2 B1

1.3 0.185 8.0 0.767
1.5 0.228 10 0.780
2.0 0.325 15 0.808
3.0 0.490 20 0.830
4.0 0.605 40 0.880
5.0 0.675 70 0.930
6.0 0.720 130 0.980
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And COP is given by:

COP =
Q̇e

Ẇ
(31)

To evaluate the capillary tube length it was used the correlation (Eq. 32) proposed by Rocha et al. (2019) for R744. In
equation 32, Psat is the saturation pressure at the isenthalpic line of the expansion process. The parameters used in this
work are listed in Tab. 3. The cooper properties in Tab. 3 were obtained from Cengel et al. (2011).

πa = π−0.4152
b π0.0961

c π−0.5450
d π−0.1601

e (32)

πa =
1.273ṁ

D2
√
Pinρin

(33)

πb =
Psat

Pin
(34)

πc =
ρV
ρL

(35)

πd =
L

D
(36)

πe =
D
√
Pinρin
µin

(37)

Table 3. Main design parameters

Parameter Value Parameter Value
Atmospheric Pressure 101.3 kPa Inner tube inner diameter 4.76mm

Water inlet temperature 25oC Inner tube outer diameter 6.34mm
Water temperature at gas cooler outlet 45oC Outer tube inner diameter 20.8mm
Water temperature at evaporator outlet 5oC Superheating 10oC

Heat exchanger pinch 10oC Copper conductivity 401W/(mK)
Gravitational acceleration 9.8m/s2 Copper rugosity 1.5µm

Internal volume of oil separator 0.691L Compressor speed 3500rpm
Internal volume of liquid separator 1.35L Compressor swept volume 1.75cm3

Tube length between expansion valve and gas cooler 2.2m Compressor overall efficiency 29%
Tube length between compressor and evaporator 2.85m Compressor polytropic index 1.35
Tube length between compressor and gas cooler 1.4m Compressor volumetric efficiency 75%

Tube length between expansion valve and evaporator 2.4m Capillary tube diameter 0.91mm

3. RESULTS

The procedure and equations presented in the previous section were utilized in the development of a calculation
routine. This routine was employed to evaluate the influence of the water temperature at the outlet of the evaporator and
the temperature difference on the system performance and component size. The first step was to verify the number of
divisions required to design the heat exchangers using the guidelines discussed by Eca et al. (2022). Table 4 shows the
influence of the number of divisions in the length of the heat exchangers and the mass of R744 considering the parameters
of Tab. 3. The number of divisions used to determine the heat transfer rate in each heat exchanger has an important role
in the length of the gas cooler. An underestimated number of divisions can lead to considerable errors in the total length
of the gas cooler, as can be seen in Table 4. As a consequence, any change in the length of the heat exchangers will
also produce variations in the total mass of R744. Above 500 divisions there is no significant variation in the length of
the heat exchangers when considering three significant figures. In the present study, the maximum difference betwen the
results for 500 and 1000 divisions was 0.11%. For the set of parameters obtained with 500 divisions and considering the
parameters of Tab. 3, a capillary tube length of 3.17m, a gas cooler pressure of 89 bar, a cooling capacity of 855W, and a
COP of 1.16 were obtained.

Figure 2 depicts the influence of these parameters on the capillary tube length. Increasing the ∆Thx promotes a
decrease of the evaporating temperature, or evaporating pressure, and also increases the pressure in the gas cooler as
shown in Figure 2b. As the pressure difference between the gas cooler and the evaporator increases, a large capillary
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Table 4. Effect of the number of divisions in the length of the heat exchangers and in the total mass of R744

15 30 60 120 250 500 1000
Lgc (m) 23.1 21.7 21.1 20.8 20.7 20.6 20.6
Le (m) 12.9 13.0 12.9 12.9 12.9 12.9 12.9
m (g) 488 473 467 464 462 462 462
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Figure 2. Variation of capillary length (a) and gas cooler pressure (b) in the function of heat exchanger pinch for different
water temperatures at the evaporator outlet.
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Figure 3. Variation of evaporator length (a) and gas cooler length (b) as a function of heat exchanger pinch for different
evaporator water temperature outlet.

tube is required because the pressure loss due to friction in a tube is directly proportional to its length. For the same
temperature difference, the capillary tube length increases as the evaporating temperature decreases for the same reason
mentioned above.

Figure 3 shows the influence of the ∆Thx and water temperatures at the evaporator outlet on the evaporator (a) and gas
cooler (b) lengths. The decrease of the evaporator length with the increase of ∆Thx is related to the behavior of the cooling
capacity with respect to ∆Tml shown in Fig. 4 (a) and (b). Either the cooling capacity decreases with the increase of ∆Thx

or the increase of ∆Tml , since the increase of ∆Thx contributes to the decrease of UA value. Since the convective heat
transfer coefficient remains approximately constant the area and the length are reduced. The contrary effect is observed
by increasing the water temperatures at the evaporator outlet, increasing the cooling capacity, decreasing the ∆Tml, and
increasing the evaporator length. Similar behavior is observed for the gas cooler length for the same reasons.
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Figure 5 presents the mass (a) and the COP (b) for different outlet water temperatures and ∆Thx. The mass variation
is related to the length of the heat exchangers. Since the augment of ∆Thx and the outlet water temperature increases the
length of the evaporator and the gas cooler, it will also increase the total mass of R744. The variation of COP is justified
due to the increase in the ∆Thx that promotes a decrease of the evaporating temperature and also increases a gas cooler
pressure as shown Fig. 2, both phenomena contributed contribute to the decrease of the COP.
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Figure 4. Variation of the cooling capacity (a) and Evaporator ∆Tml (b) as a function of heat exchanger pinch for different
water temperatures at the outlet of the evaporator.
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Figure 5. Variation of R744 mass (a) and COP (b) regarding the heat exchanger pinch for different water temperatures at
the evaporator outlet.

4. CONCLUSIONS

In this work, a methodology for the design of a refrigeration system operating with R744 has been presented. From the
proposed design methodology, a computer routine was developed to perform all calculations. This routine was employed
to generate a series of curves covering different operating points, which allowed understanding the impact of some param-
eters in the component size and on the system COP. In the end, the computer routine was used to design a small-capacity
refrigeration system operating with R744. The system was designed to operate with an evaporator of 12.9m, a gas cooler
of 20.6m, a capillary tube of 3.17m, and a charge of R744 of 462g. The set of curves can be used to match the operational
requisites with the specifications of the parts available on the market.



27th ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianópolis, SC, Brazil

5. SUPPLEMENTARY MATERIAL

A Python script used in the work can be found online at
https://colab.research.google.com/drive/1RTzrL8FSly4OGo2ZYwbZTSsWS3jKDCGs?usp=sharing
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