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Abstract: This paper proposes a methodology aiming at determining the most influent working vari-
ables and geometrical parameters over the pressure drop and heat transfer during the condensation
process of several refrigerant gases using heat exchangers with pipes mini channels technology. A
multi-criteria decision making (MCDM) methodology was used; this MCDM includes a mathemat-
ical method called SIMUS (Sequential Interactive Modelling for Urban Systems) that was applied
to the results of 2543 tests obtained by using a designed refrigeration rig in which five different
refrigerants (R32, R134a, R290, R410A and R1234yf) and two different tube geometries were tested.
This methodology allows us to reduce the computational cost compared to the use of neural net-
works or other model development systems. This research shows six variables out of 39 that better
define simultaneously the minimum pressure drop, as well as the maximum heat transfer, saturation
pressure fluid entering the condenser being the most important one. Another aim of this research
was to highlight a new methodology based on operation research for their application to improve the
heat transfer energy efficiency and reduce the CO; footprint derived of the use of heat exchangers
with minichannels.

Keywords: condensers; refrigeration; optimization; SIMUS; minichannels pressure drop; heat trans-
fer coefficient

1. Introduction

In order to increase the efficiency in modern refrigeration mini channels condensers,
there is a need to determine two conflicting output variables: the minimum pressure drop
and the maximum heat transfer. This improvement has a direct impact in energy savings,
as well as in the price of equipment, also contributing to sustainability.

The energy consumption in buildings is about 40% of the total energy consumption
in the European Union and also in the rest of the world [1,2]. From that, out of that 40%,
the energy requirement in buildings for Heating—Ventilation-Air conditioning (HVAC)
systems varies from 16% up to 50% [3] and it is responsible of the 33% of global greenhouse
emissions [4]. There are several ways to reduce gas emissions and energy consumption:
(i) encouraging the use of renewable sources, (ii) upgrading the building envelope to
reduce its energy demand and (iii) increasing the performance of the technical subsytems
in the building.

Heat exchangers, condensers and evaporators with minichannels tubes are very attrac-
tive technologies to achieve the third item of the previous list, since they present extremely
high heat transfer coefficient and also higher area to surface ratios than conventional tubes
or plain tubes. Minichannels tubes also provide higher inner surface areas than outer
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surface areas, which makes these heat exchangers very compact. Due to its reduced vol-
ume, compared with conventional tubes technology, minichannels heat exchangers are the
ideal devices to work with flammable or toxic refrigerants or to reduce the gas emissions
associated with a leakage [5].

However, there are some drawbacks in minichannel geometries, such as a very high
number of correlations between the heat transfer coefficient and pressure drops, in fact, do
not predict both variables correctly in minichannels. In most of the cases, none of these
correlations can predict the value of the heat transfer coefficient due to the change of the
physical problem. The forces acting in minichannels are the same than in conventional
tubes, but the order of magnitude strongly changes. This affects the flow patterns associated
with the inner phase change flow and, thus, the heat transfer coefficient and pressure
drop [6]. Several international research groups are studying minichannels technology to
achieve a deeper understanding of flow patterns and behavior in these geometries [7-12].

Minichannels present a higher pressure drop and heat transfer coefficient than con-
ventional tubes. In addition, the former also reduces the fluid load and the global warming
potential (GWP) associated with the equipment. A correct design must take advantage of
the higher heat transfer coefficients that can be achieved in these types of heat exchangers
by controlling the pressure drop, because the performance may degrade rapidly.

Typically, minichannels develop intermittent or annular flow patterns, which exhibit
higher heat transfer coefficients. With these flow patterns, the thin liquid film is restricted
to the walls, decreasing the thermal resistance, thus increasing the heat transfer coefficient
between the gas core ant the tube wall. The reduction of the tube diameter also affects
pressure drop by increasing it, due to the intensification of the interfacial stress [13]. Thus,
the increase in pressure drop within minichannels is the main drawback of this technology
because of the risk of degradation of the overall performance. This can be solved easily
by using a larger number of parallel tubes in the heat exchangers; however, it affects the
compactness of the system. Therefore, to optimize the design using this technology, the
designer needs accurate prediction tools and the modelling of both the frictional pressure
drop and heat transfer coefficient within minichannels [14].

Each refrigerant presents its own characteristics that makes it the best option for certain
applications. R134a is a hydro fluoro carbon (HFC) with null ozone depletion power (ODP),
a global warming potential (GWP) of 1430 [15] and a critical temperature of 101.1 °C. Its
high critical temperature makes it a good option for working at high temperatures without
degrading substantially its performance. Therefore, this fluid is widely used in developed
countries to retrofit equipment with R12 and R22 [16]. In addition, the amendment of the
Montreal Protocol on 1 January 2019 sets the HFCs (i.e., R123a) as controlled substances
and also scheduled for phasing-down.

A new alternative to R134a is R1234yf (HFO—Hydro Fluoro Olefin). This alternative
has a GWP of 4 and an ODP of 0, with a little lower critical temperature than R134a (95 °C)
and a critical pressure of 34 bars. As a consequence, this fluid can operate in a similar way
than R134a. Unfortunately, this new generation fluids presents a classification of A2L by
ASHRAE, which means that it is classified as slightly flammable. There is no possibility of
directly retrofitting previous R134a systems with R1234yf; therefore, R1234yf is only valid
in new refrigeration systems.

R32 is a low temperature refrigerant fluid with null ODP, a GWP of 675 and it is
classified as A2 by ASHRAE (it is flammable). R32 is the alternative to R410A, but it is not
a retrofit fluid. It is suitable for new equipment designed for R32 systems that commonly
use R410A. R32 has a critical temperature of 78 °C and a critical pressure of 58 bars.

R410A is a HFC blend 50% in weight of R32 and R125. The blend presents a low glide,
making it suitable for centrifugal compressors and low temperature operation. R410A
presents 0 ODP and a GWP of 2088. Due to the addition of R125 to the blend, it is not
flammable and classified as A1 by ASHRAE. This fluid has a critical temperature of 71 °C
and a critical pressure of 49 bars.
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Finally, another fluid, R290 (propane), which is a natural fluid, has 0 ODP and a GWP
of 6. The use of this fluid in refrigerant applications is increasing, due to its low envi-
ronmental impact and good thermodynamic performance. Since it is a highly flammable
refrigerant (A3 ASHRAE Classification), it cannot be used for retrofitting in existing fluoro-
carbon refrigeration systems. It has a critical temperature of 97 °C and a critical pressure
of 43 bars. Propane is quite adequate for the high compactness of minichannels heat
exchangers, since the fluid charge in these systems is quite reduced. According to UNE-EN
IEC 60335-2-76:2019, the limitation of propane charge in household and similar electrical
appliances must be lower than 500 g. The main characteristics of the five refrigerants
analyzed in this study are presented in Table 1.

Table 1. Characteristics of tested refrigerants.

Characteristics R134a R1234yf R290 R32 R410A
Type HEFC HFO Natural HFC HEFC
Composition Pure Pure Pure Pure R32/R125
ODP 0 0 0 0 0
GWP 1430 4 3 675 2088
ASHRAE Safety Class Al A2 A3 A2 Al
Critical Temperature (°C) 101 95 97 78 71
Critical Pressure (bar) 41 34 43 58 49

The application of SIMUS (Sequential Interactive Modelling for Urban Systems, ver-
sion v. 3.13, Valencia, Spain) [17] on large data sets allows us to obtain the most repre-
sentative characteristics with a computational cost much lower than that required with
other techniques applied by the authors in previous occasions. The analysis carried out in
the latter case [18] would require a total of 35 h of calculation, while the SIMUS method
barely takes 5 min. Other experimental methods were used to obtain the more influenc-
ing working parameters for minichannels multiport tubes [19] or for fin and tubes heat
exchangers [20].

After the introduction, the reminder of this research is organized as follows: In
Section 2, “Materials and Methods”, we describe this work, beginning with the description
of the methodology to get results (Section 2.1). Section 2.2 details the design of the lab
experiment, Section 2.3 details the variables involved and Section 2.4 details the large
dataset obtained. To find out the most important variables, a multi-criteria decision making
(MCDM) method named SIMUS (sequential interactive modelling for urban systems) [17]
is explained and utilized in Section 2.5. The results obtained in the experiment will be
discussed in Section 3. Then, Section 4 finishes with some conclusions and directions for
future research.

2. Materials and Methods
2.1. Methodology

To define the most critical variables, a methodology is necessary that is able to deal
with many processes belonging to different fields. The final goal of this methodology is
to highlight an easy sequence of steps to be followed for the identification of the most
critical variables when dealing with a large data set. This methodology includes an MCDM
method with a very low computational time.

The developed methodology (Figure 1) is composed of 4 phases and their correspond-
ing steps. The first phase is the conceptual design of the research to obtain the most critical
variables and starts with the definition of the problem and ends with a large dataset of
tests, which will be refined in the second phase, pointing at a more tractable data.
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Figure 1. Methodology to determine the most critical input variables.

The SIMUS method is used in Phase 3, aiming to determine the most significant input
variables affecting output variables. In the former phase, tests in which the maximum
heat transfer and the minimum pressure drop will be detected. Once the set of variables
defining the goals of the research is obtained, a sensitivity analysis is performed in Step
4.1 to check the robustness of the solution. In step 4.2, relationships regarding the set of
solutions and thermodynamic implications are analyzed.

2.2. Description of the Lab Experiment

Figure 2 shows the purpose-built circuit (rig) in the Experimental Installation of
the Technical University of Cartagena, Spain. This facility allows to record diabatic and
adiabatic frictional pressure drop of single and phase change flows within minichannels.
The rig allows us to control the most influencing variables in the range that is typically
used in refrigeration systems such as saturation pressure, mass velocity, vapour quality at
the entrance of the test section and the geometry of the test section.

The experimental installation has four different control loops to regulate the ther-
mofluid dynamic conditions of the refrigerant under study at the entrance of the test
section. The refrigerant flows through the main loop (refrigerant loop) using a gear pump.
The pump impulses the refrigerant to a plate heat exchanger that acts as a boiler after
measuring its mass flow rate in a Coriolis effect mass flow meter. In the boiler, the fluid
evaporates up to the desired value of vapour quality fixed in the test tanks to a stream
of hot water which is not depicted in the sketch. Once the fluid presents the desired
vapour quality, it is introduced into the test section. The test section is a counter current
condenser, whose cold side is fed with cold water in order to totally or partially condensate
the refrigerant. After the test section, the biphasic mixture is introduced into a second plate
heat exchanger to decrease its energy a bit more, before returning it into the main vessel in
which the refrigerant is contained. By controlling the power exchanged in the second plate
heat exchanger that acts as a condenser, the pressure of the system is regulated. The mass
velocity is controlled by the rotating speed of the gear pump.
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Figure 2. Experimental rig (Reproduced with kind permission of Lépez-Belchi et al., 2014 [21]).

In the test section, several parameters are recorded to be able to compute the frictional
pressure drop and the heat transfer coefficient. The accuracy of the different measuring
devices installed is provided in Table 2.

Table 2. Accuracy of measuring instruments.

Device Type Measuring Range Accuracy
Absolute pressure Piezoelectric 1-4000 kPa 0.04%
transmitter
Differential pressure Piezoelectric 1-100 kPa 0.065%
transmitter
Resistive temperature 1/10 DIN 50 t0 350 °C 0.03+5 x 1074 T (°C)
detector
Thermocouple T Class 1 —30to 125 °C +0.5 (°C)
Mass flow meter Coriolis 0-0.03 kg/s 0.05%

The test section is a mini channel with a length of 306 mm. It has two adiabatic sectors
of 24 mm at the entrance and at the discharge that are used for hydraulic connections with
the test rig. Two different mini channels port shapes were tested. The detailed information
about their characteristics is presented in Table 3.

Table 3. Geometrical characteristics of tubes tested.

Tube Flow Area Outer Perimeter Inner Perimeter Ports Dy, (mm) Ra (um) Relative
Geometry (mm?) (mm) (mm) h H Roughness (-)
Triangular 10.16 40.17 57.04 17 0.71 0.262 7.35 x 107

Square 12.54 40.17 43.22 10 1.16 0.226 3.89 x 107

“Dp” represents the pressure drop in the minichannels tube between in and out
that must be minimized. The heat transfer coefficient must be maximized. Since there
is no sensor to directly record the heat transfer coefficient, it must be computed from
the thermal power managed in the test section, which is computed from water side by
means of the water temperature increase, (T,—Tj); the water volumetric flow and the local
wall temperature profiles are recorded with thermocouples. Further details about the
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experimental setup, computation proceedings and uncertainty calculation can be found
in [21-23]. Since the main variables, pressure drop and heat transfer coefficient show
opposite behaviours, there must be a compromise between them.

To make the issue more complex, it needs to be considered that both variables are
why, even when the values from tests for each variable are computed separately, they
must be investigated jointly because their relationship, that is, there exists a certain mutual
dependency between pressure drop and heat transfer.

2.3. Input Variables

Since the experimental test rig is designed to study condensation processes, all the
data presented in this article refer to the condenser.

Some of the variables in Table 4 were directly measured, such as saturation pressure,
pressure drop, flow mass, flow area and tube diameter or tube roughness. Others, such
as flow speed of the thermofluidic properties in the test section, were derived from the
previous measurements. To calculate the fluid properties, the authors used the Refprop
10® database [24]. The variables considered for the optimization of pressure drop, coupled
with heat transfer coefficient, are presented in Tables 4 and 5.

Table 4. The 24 variables for pressure drop.

Characteristic ID Name Unit
1 Saturation pressure entering the tube Pa
2 Pressure drop due to friction with the tube Pa/m
3 Flow mass kg/s
4 Section area for refrigerant m?
5 Flow speed kg/m?s
6 Hydraulic diameter m
7 Tube roughness
8 Tube geometry
9 Refrigerant type
10 Title of vapor measured in tube
11 Dynamic viscosity liquid phase Pa-s
12 Dynamic viscosity vapor phase Pa-s
13 Average density liquid phase kg/m3
14 Average density vapor phase kg/m3
15 Title of vapor at entrance
16 Title of vapor at exit
17 Dynamic viscosity of liquid phase at entrance Pa-s
18 Dynamic viscosity of liquid phase at exit Pa-s
19 Dynamic viscosity of vapor phase at entrance Pa-s
20 Dynamic viscosity of liquid phase at exit Pa-s
21 Density of liquid phase at entrance kg/m?3
22 Density of liquid phase at exist kg/m3
23 Density of vapor phase at entrance kg/m3
24 Density of liquid phase at exit kg/m3

2.4. Data Collection

A large dataset was obtained (step 1.4 in the flowsheet) by the performance of
2543 tests in the lab, from which 1234 tests corresponded to pressure drop and 1309
to heat transfer.

Refining Data Collection

It would have been desirable to undertake this study using the complete set of tests; how-
ever, their elevated number is the reason why, in step 2.1, this dataset is a random selection.
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Table 5. The 15 variables for heat transfer.

Characteristic ID Name Unit
25 Average saturation pressure in tune Pa
26 Mass flow kg/s
27 Section area for refrigerant m?
28 Flow speed kg/s
29 Hydraulic diameter. M
30 Average title of vapor in tube
31 Tube roughness
32 Tube geometry
33 Refrigerant type
34 Average viscosity of liquid phase Pa-s
35 Average saturation pressure in tube Pa
36 Average density of liquid phase kg/ m3
37 Average density of vapor phase kg/m?3
38 Heat transfer coefficient W/m?2
39 Title variation of vapor in tube

2.5. SIMUS: A MCDM Method

As it was explained, pressure drop and heat transfer are opposite output variables
and, consequently, to contemplate these opposite conditions, an equilibrium condition
or a compromise solution needs to be found. For this complex scenario, it was needed
to resort to a sophisticated procedure, such as multi-criteria decision making (MCDM),
which has many different methods to tackle the problem. Among these and, due to the
complexity of this case study, the SIMUS method [25] was selected due to its robustness
and low computational cost. Another reason for selecting this method lies in the fact that it
works with objective and reliable data, without weights or assumptions, as it was in this
case, avoiding any personal intervention which could imply subjectivities affecting the
results.

SIMUS has been applied in many projects dealing with real problems in more than
20 countries. The method is thoroughly explained in [17,25]. SIMUS has also been written in
Java and Python and is one of the methods selected by the Institute of Intelligent Cybernetic
Systems (IICS), Obninsk, Moscow University.

Other real examples of its use may be found in:

- Bulgarian Railways: complex railway scenario including a rail network involving
10 Eastern European [26];

- Assessment of the best source of energy for irrigation in Central Spain [27];

- Ministry of the Environment, Canada: determination of environment indicators [28];

Application of SIMUS to the Dataset

Based on the tests performed in the lab, a large matrix, which needed 99,177 values
(2543 x 39), as obtained and this is the reason why we had to work with a random sample
to highlight which, out of the 39 variables, best represents the pressure drop and heat
transference results (see Table 6).
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Table 6. A sample of pressure drop results from tests.

Variable Name

Test Saturation Pressure Mass Tube Flow Hydraulic Tube
Number Pressure Drop Flow Section Velocity Diameter Roughness
647 1.02E + 06 4.68E + 04 5.93E — 03 1.25E — 05 4.73E + 02 1.16E — 03 3.89E — 04
1167 1.15E + 06 2.61E + 04 3.60E — 03 1.02E — 05 3.54E + 02 7.15E — 04 7.33E — 04
40 2.14E + 06 3.06E + 04 1.04E — 02 1.25E — 05 8.27E + 02 1.16E — 03 3.89E — 04

The same procedure was followed for the heat exchange matrix.

In the next step, both matrices are considered side by side and analyzed using the
SIMUS method. This joint consideration of both variables is mandatory, since all 39 vari-
ables are somehow related, and this is another reason by which this method is considered.
Consequently, the result will reflect the relationship between the two variables, pressure
drop and heat exchange.

The 1234 tests for pressure drop and the 1309 tests for heat transfer are performed in
the rig separately and the pressure drop and the heat transfer values for each configuration
saved (step #5 in the flowsheet). This provides us a data bank for both objectives, using
objective values.

Using the two sample matrices combined, the SIMUS method was applied to deter-
mine which, out of the 39 variables, were the most important and also to what extent was
each one important.

Naturally, this matrix has a collection of different units, such as pressure measured in
Pa, flow in kg/s, hydraulic diameter in m, average densities in kg/m?, dynamic viscosity
in Pa-s, etc.; consequently, the data must be normalized before processing. For this aim, the
Euclidean normalization formula was applied, but any other can be utilized.

3. Results

As a result of the application of the methodology and with the values normalized, the
following seven key variables were selected, as depicted in Table 7.

Table 7. The 7 key variables for heat transfer and pressure drop.

Variable Name
1 Saturation pressure entering the tube
29 Hydraulic diameter
2 Pressure drop due to friction in the tube
39 Title variation of vapor in tube
26 Mass flow
5 Hydraulic diameter
37 Average density of vapor phase

The parameter “Hydraulic diameter” is repeated but with a different label (29 and 5).
This is because this parameter directly influences both processes, pressure drop and heat
transfer. Therefore, it is important to consider “Hydraulic diameter” as an independent
variable for each process and also to consider the double influence.

This ranking was extracted from the SIMUS final report, as shown on Figure 3.
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Char.1 Char.2 Char.3 Char.5 Char.6 Char.26 Char.29 Char. 37 Char. 39

71 1.00
2 1.00
3 1.00
74 1.00
s 0.91 0.09
Z6 1.00
7 0.01 0.25 0.75
Z8 1.00
79 1.00
Z10 0.05 0.95
711 1.00
Z12 0.06 0.27 0.68
713 1.00
714 1.00
715 1.00
Sum of Column (SC) 8.06 1.27 0.00 0.91 0.00 0.39 1.95 0.68 1.75
Participation Factor (PF) 11 3 0 1 0 3 2 1 2
Norm. Participation Factor (NPF) _ 0.73 0.20 0.00 0.07 0.00 0.20 0.13 0.07 0.13
Final Result (SC x NPF) =R B W5 0.06 0.08 0.26 0.0 0.23

Ranking: 1>29>2>39>26>5>37
Figure 3. Screenshot from SIMUS with results.

The result shows that the most significative input variable is number 1 (saturation
pressure of vapor entering the condenser), with a high score of 5.91, which is far greater
than the second best, which is number 29 (flow speed), with a score of 0.23.

Consequently, it appears that using this very reduced sample, it yields results that are
compatible with the real system, which is indeed very encouraging and, thus, makes it
perhaps unnecessary to work with huge matrices.

Sensitivity Analysis

According to the proposed methodology, a sensitivity analysis (Step 4.1) is performed
to find out the robustness of the solution. Out of the 15 tests, we determined the 10 which
produce the least pressure drop.

They form two matrices that are combined and will be used to evaluate the most
important variable, out of the seven determined in step 3. Thus, this matrix combines the
tests that produced the least pressure drop, with the tests that produce the maximum heat
transfer.

The results are shown in Figure 4, the best solution being the “saturation Pressure of
the fluid entering the condenser”.

Consequently, variable “saturation pressure of superheated vapour entering the con-
denser” is the variable with the highest influence out of the 37 variables and the only one
that simultaneously affects both the pressure drop and the heat transfer. It simultane-
ously satisfies nine tests where both conditions are considered jointly, while the last test is
not satisfied.

This result appears coincident with physical observations, when considering that
the selected variable has values hundreds or even thousands of times higher that the rest
of variables.

Even with normalization, this difference is not altered and it suggests that small
variations in the values of this variable will have effects on both the pressure drop and
the heat exchange, while changes, even large, in the other variables will probably have
no effect.

The marginal values of the tests, given also by SIMUS, indicate that the best test is
the duple 556/337. Consequently, the values assigned to the 37 variables in the test are
the best.
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Efficient Results Matrix (ERM) Normalized

5;:::::2" Average of Sectional Variation
i tittle of Hydraulic of tittle of
fluid . area for . .
entering vapour in refrigerant diameter wvapourin
tubes tubes
condenser
Test 208/441 L.00
Test 40/451 1.00
Test 420/503 1.00
Test 556/337 1.00
Test 501/5232 L.00
Test 678/401 1.00
Test 589/301 1.00
Test 2618/369 1.00
Test 2846/470 L.00
Test 1134/437 Dioes not converge
Sum of Column (SC) 0.00
Participation Factor (PF) 9
Norm. Participation Factor (NPF) 0.90

Figure 4. Screenshot from SIMUS.

4. Discussion

According to the SIMUS method, the most influential variable is the saturation pres-
sure, with a score of 5.91; far behind, the second most influencing variable is hydraulic
diameter, with a score of 0.26. This is followed by the frictional pressure drop, which
appears with a score 0.25, the vapour quality variation with 0.23, mass flow with 0.08 and,
finally, the average vapour phase density with a score of 0.05.

In addition, it is known that the saturation pressure is the most influencing variable
since all thermofluidic properties such as density, viscosity or thermal conductivity, among
others, are quite affected by it. It also impacts the shape of the saturation diagram of each
substance.

Small variations in saturation pressure lead to different fluid properties and, conse-
quently, to different Reynolds and Prandtl numbers, resulting in different friction factors
and heat transfer coefficients. This agrees with literature predicting models, since all of
them require the saturation pressure as an input variable to compute fluid properties.

Regarding the second most influencing variable, the hydraulic diameter, it is always
considered in physical and empirical models for predictions. The Friedel [29] model
calculates the wall-friction force by means of a liquid only friction factor which is computed
as if the whole flow were liquid phase. Either the hydraulic diameter or the Reynolds
number appear in predicting methods because they consider the relative importance of
shear stress when it decreases. The significance of this stress is crucial in minichannels
since they affect the flow pattern and, therefore, the heat transfer coefficient and also the
pressure drop.

Pressure drop appears in the third position. Since the fluid properties are strongly
affected by saturation pressure, if the pressure along the test section changes drastically
between the entrance and exit sections, the fluid properties also vary drastically. The only
way to consider the alteration of fluid properties according to saturation conditions is
considering the variation of pressure in the test section. As previously said, if the saturation
pressure is different between the entrance and the exit sections, the fluid properties will
also be different between these sections affecting the heat transfer coefficient.

Mass flow is also an important value in frictional pressure drop and heat transfer
coefficient since it has a direct influence in both cases. Frictional pressure drop increase is
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related with increments in mass flow rates and something similar happens with the heat
transfer coefficient which rises with increasing values of mass flow rates. Therefore, it
is logical that this variable appears in the SIMUS results because it affects equally both
variables. In addition, the mass flow is always considered in predicting models for pressure
drop or heat transfer coefficient calculation.

Finally, the average vapour phase density appears in the results. Since the optimization
problem deals with a phase change situation even at very low vapour qualities, the void
fraction implies that most of the tube volume is occupied by vapour phase; thus, it is
reasonable the appearance of this variable. The main flow patterns in minichannels are
both annular and intermittent. Both of these flow patterns show the highest heat transfer
coefficients since the small liquid quantity is confined to the walls. The liquid in the walls
is in the form of a thin liquid film, while the gas core occupies most of the volume in the
case of annular flow. In the intermittent flow, the behaviour is quite similar, where the
liquid film collapses, generating a liquid bridge between large gas core bubbles.

5. Conclusions

1.  The authors present a case in which MCDM methods are applied to a phase change
thermofluid dynamic problem, obtaining similar results to the experimental tests and
align with the physical theory of the problem.

2. SIMUS can allow the user to obtain interesting conclusions, decreasing the effort
needed to make experimental tests and even to optimize the experimental measuring
campaign. This is possible because it allows users to identify the most influencing
variables in the problem analyzed. In this case, the method offers interesting in-
formation regarding the optimal operating point in heat exchangers working with
different refrigerant fluids. This optimal point involves the minimization of energy
consumption and, therefore, the minimization of greenhouse gas emissions.

3. Additionally, the SIMUS results match with other experimental studies about phase
change, heat transfer and pressure drop problems. SIMUS points out the same
influencing variables as in experimental studies dealing with frictional pressure
drop and heat transfer coefficient estimation. This fact is very important since this
technique allows us to reduce the number of thermofluid-dynamic variables that must
be considered in predicting correlations and it can even improve existing predicting
models discarding low influencing variables.

4. The variable “saturation pressure of superheated vapour entering the condenser” is
the variable with the highest influence out of the 37 variables analysed. This result
is consistent with what is expected from a thermodynamic point of view because
saturation pressure is the only one that simultaneously affects both pressure drop
and heat transfer coefficient. Consequently, a good adjustment of the saturation
pressure in phase change heat exchangers leads to a reduction in the pressure drop
and to optimized heat transfer in both processes, evaporation and condensation. An
important conclusion to be drawn from this numerical study is the low influence of the
type of refrigerant used. Surely, this fact is due to the refrigerants used for these tests
campaign and for the comparison between them, all of them are refrigerant proposed
for the replacement of the currently used HFCs by other HFOs or Natural HC as
propane. Therefore, it follows that these new refrigerants are valid for replacement,
from a thermodynamic point of view.

5. With the new refrigerants as R1234yf, R290, R32 and R410a, it is possible to optimize
and even characterize their working in refrigeration equipment in the same way as it
has been done up to now with current refrigerants as R134a. Furthermore, considering
that these new refrigerants have much lower GWP and ODP values, their use will
have benefits on this matter.
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