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Increasing the efficiency in equipment used in energy systems has a growing interest in the
matter of energy efficiency and environmental effects. Microchannel heat exchangers, which
will increase the efficiency of heat exchangers in cooling systems and reduce the amount of
refrigerant charge, are of great importance. In this study, the theoretical and experimental results
of classical and microchannel condensers used in a basic vapor compression cooling system
were represented using R449a refrigerant. Two separate industrial systems with classical and
microchannel condensers were designed, manufactured and tested under the same conditions.
According to the test results performed for 24 hours, the average coefficient of performance,
exergy efficiency and CO, emission values of the system with classical condenser and
microchannel condenser were calculated as 2.086, 2.351; 23.950%, 25.564% and 16.357,
14.438 kg/hour, respectively. As a result, it has been seen that microchannel heat exchanger
usage provides an advantage in terms of total energy consumption and total CO, emissions
compared to the classical system at the rate of approximately 11% and using microchannel heat
exchanger in industrial cooling systems has been recommended.

........ molar mass

........ specific exergy (kJ/kg)
........ exergy rate (kJ/s)

........ enthalpy (kJ/kg)
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........ pressure ratio

........ condenser capacity (kW)
........ evaporator capacity (kW)
........ specific entropy (kJ/kg K)
........ compressor capacity (kW)
........ total uncertainty (%)

........ uncertainties in the independent variables
........ temperature (K)

........ dead state temperature (K)

........ coefficient of performance
........ global warming potential
........ net heating value

*Corresponding author, e-mail: mltmkosan@gmail.com


mailto:mltmkosan@gmail.com
http://dergipark.gov.tr/gujsa
https://orcid.org/0000-0001-7311-9342
https://orcid.org/0000-0002-7811-6148
https://orcid.org/0000-0003-4600-5942
https://orcid.org/0000-0003-1187-5120

84 Meltem KOSAN, Siileyman ERTEN, Burak AKTEKELI Mustafa AKTAS/ GU J Sci, Part A, 7(3):83-95 (2020)
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1. INTRODUCTION

Heat exchangers that provide enhanced heat transfer are the most important equipment in energy systems.
Condenser and evaporator, which are heat exchangers, are two basic equipments of basic vapor
compression refrigeration cycles [1]. Both environmental and energy related problems of refrigeration
cycles have motivated researchers to design more efficient evaporators, condensers, and utilize alternative
refrigerants [2].

In recent years, microchannel heat exchangers are preferred as condenser and evaporator in cooling
systems because of their advantages such as providing high heat transfer coefficients, being lightweight
with their small dimensions, having low working fluid amount and being portable [3,4]. In the literature,
there are a number of studies on which microchannel heat exchangers were used in cooling systems. Zhan
et al. (2020) numerically investigated the performance of the vertical microchannel evaporator used in
data center cooling systems using lcepack software. They found the maximum air side temperature
difference as 9.5 °C and the vapor quality difference on the outlet side of the refrigerant to 0.15 in uneven
conditions [5]. Tosun et al. (2019) examined the use of microchannel condenser in a household
refrigerator with different amounts of refrigerant and the different sizes of capillary integration. As a
result of experimental studies, the best combination of 50 g refrigerant and 3.25 m capillary for better
performance was found [6]. Xu et al. (2013) examined the frost and defrost performance of two types of
microchannel heat exchangers in a heat pump system using a CCD camera. After four operating cycles,
they observed that approximately 800 grams of water were retained in the microchannel heat exchanger,
and as a result, the effective operating time was reduced by 40 minutes. The capacity of the system was
decreased by 27% compared to the starting value [7]. Xu et al. (2016) experimentally and numerically
analyzed the performance of a microchannel condenser used in a domestic air conditioning system with
R290 refrigerant. Results showed that the cooling capacity of the microchannel condenser system
increased by 1.6% and the system refrigerant charge decreased by 28.3% [8]. Zhou and Hrnjak (2015)
presented the experimental results of the distribution of R410a and R134a refrigerants in a reversible
outdoor microchannel heat exchanger. It was shown that the inertia of R410a was higher than that of
R134a and the high-quality R410a distribution was worse than R134a [9].

Microchannel heat exchanger can sometimes be used both as the evaporator and condenser of the cooling
system. Cremaschi and Yatim (2019) investigated the retention of oil in a microchannel condenser and
evaporator of an R134a cooling system and evaporator and the effect of circulating oil on heat transfer
capacities and pressure drops in the microchannel heat exchangers. It was emphasized that the heat
capacity of the evaporator varied between 5% and 12% and the pressure drops increased significantly
[10].

R448a and R449a refrigerants have been used as an alternative to R404a. Makhnatch et al. (2017) were
demonstrated that R449a can be used instead of R404a owing to its suitable thermodynamic properties
and acceptable maximum discharge temperature in the supermarket refrigeration system. They confirmed
that a 4% increase in refrigerant charge can provide a similar COP between R404A and R449A [11].
Vaitkus and Dagilis (2017) reported the reduction was 13% in cooling capacity and the decrease was 4%
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in energy consumption for R448a and R449a according to R404a. They showed that the components of
R448a and R449a were very close and therefore the performance criteria were the same [12].

In this study, two basic vapor compression industrial cooling systems, one with a classical (iron tube)
condenser and the other with a microchannel condenser were designed and investigated experimentally.
In both systems, all equipment was identical except for the condensers, and the refrigerant was R449a.
The objective of this study is to analyze and compare energy, exergy and environmental aspects of
classical and microchannel condensers. Another important purpose is to increase the cooling efficiency, to
reduce energy consumption and to reduce carbon emissions for the industrial cooling system. The
structure of this study is summarized in Fig. 1.
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Figure 1. Methodology of the current study
2. MATERIALS AND METHOD
2.1. Experimental Procedure

The technical drawing of a basic vapor compression industrial cooling system is represented in Fig. 2.
This system mainly included an evaporator, a compressor, a condenser, and a capillary tube. In this study,
two cooling systems with classical and microchannel condensers were used and, R449a was used as a
refrigerant in these systems. R449a was preferred because it was the main replacement gas with a global
warming potential (GWP) value of 1397, and suitable for use in commercial and industrial applications at
low and medium temperatures [13].
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Figure 2. The schematic diagram of the cooling systems

As shown in Fig. 2, the cooling system consisting of condenser iron tubes is called as the classical model,
and the cooling system consisting of condenser microchannel is called as the microchannel model. The
position of the measurements are the numbered Fig. 2 on both cooling systems. Temperature and pressure

values were measured using the apparatus given in Table 1.

Table 1. Technical specifications of the measurement devices

Apparatus Measurement Range Accuracy
Thermometer -40 / +150 °C + % 0.02
Pressure transmitter 0-30 bar +0.1
Pressure transmitter 0.5-8 bar +0.01

0-100 %RH +%1.5
Thermohygrometer 0/ 450 °C £ 0.03
Anemometer 0-2 m/s +0.01
Vacuum Pump 0,04-0,8 Pa +0.02
Digital Gas Scales 0-100 kg + % 0,05
Digital Manifold -50/+150 °C +0.1

-1/ +60 bar +0.01
Energy analyzer 95-240V AC +%0.1

0.001-74 A +%0.2
Flowmeter 0-1000 kg/h +%0.1




Meltem KOSAN, Siileyman ERTEN, Burak AKTEKELI Mustafa AKTAS/ GU J Sci, Part A, 7(3):83-95 (2020) 87

2.2. Energy, Exergy and Environmental (3E) Analyses

The performance analyses of cooling systems given in Fig. 2 were conducted by applying the first law
and the second law of thermodynamics. With the development of technology and industry, gases emitted
to the atmosphere create certain destructions in the ozone layer. Therefore, when evaluating energy
systems, it is of great importance to calculate energy and exergy analysis of the system as well as CO,
emission value.

2.2.1. Energy analysis of system

In the heat pump system, the evaporator capacity (Q,) is determined by the equation given below [14]:

Qe =1y, (hs — hy) 1)

Here, m,., hy, h; represent the mass flow rate of the refrigerant, the inlet enthalpy of refrigerant to the
evaporator and the outlet enthalpy of refrigerant from the evaporator, respectively. The power of the
compressor (Wcomp) is also proportional to the difference of enthalpy of the refrigerant entering (hs) and
exiting (h;) the compressor as shown in Eq. (2) [15].

]/Vcomp = m,(h; — hs) 2)

The electrical power applied to the compressor is calculated by dividing the compressor power by
electrical and mechanical efficiencies [16].

H Wcomp
W, =—= 3
comp,el Netmec ( )

The energy balance in the classical and microchannel condensers can be calculated with the following
equation [17]:

Qc = m,(hg — hyq) (4)

where hq and h,, state the enthalpies of the refrigerant entering and leaving the condenser. Pressure ratio
(B.) can be defined as the ratio of the high pressure to the low pressure in a cooling system.

p =2 (5)

= P,

The coefficient of performance of the heat pump system is determined by the following equation [18]:

cop =% 6)

Weomp

2.2.2. Exergy analysis of system

The exergy is a measure of the potential of the flow or system that causes a change as a result of its stable
balance compared to the reference environment. Therefore, it is necessary to analyze the second law of
thermodynamics to the system to obtain accurate results. The general exergy balance for a continuous
flow system is explained in Eq. (7) [18].

X Ex,dest = Ex,in -2 Ex,out +X [Q ( - E)]in -2 [Q ( - %)]out +X Win -2 Wout (7)

T
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Where Ey gest, Exin and Ey o, are exergy destroyed, inlet exergy and outlet exergy of the system,
respectively. Also, T, represents the dead state temperature. The specific exergy (e,) and total exergy rate
(E,) can be expressed as in Eq. (8) and Eq. (9) [14]:

€x = (h = ho) = To(s = o) (8)
Ey = my ey ©)

The exergy destruction equations for each equipment of the heat pump system are shown in the following
equations [18]:

For the evaporator:

. . . . T

Ex,dest,e = Ly3— Ex,l + [Qe(l - T_:)] (10)
For the compressor:

Ex,dest,comp = Ly7— Ex,5 + Wcomp,el (11)

For the condenser:

. . . . T,

Eydeste = Exo —Ex11 + [Qc(l - T_: ] (12)
For the expansion valve:

Ex,dest,ex = .x,l - Ex,ll =M, To(S1 — S11) (13)

The second law efficiency of the heat pump system is given below [18]:

— Ex,3_Ex,1 (14)

u Wcomp,el

2.2.3. Environmental analysis of system

Since electrical energy is used in the vapor compression industrial cooling systems, the environmental
impact of the production source of electrical energy is important. The quantity of CO, emitted needs to be
reduced for preventing greenhouse gases released into the atmosphere. CO, emissions rate in kg/hour can
be calculated using the model of Smith and Delaby [19].

CO,emission = ?VfT”;l X %a’ (15)
here, NHV means the net heating value, C% is the carbon content depending on the type of fuel and «

symbolizes the molar masses and is equal to 3.67.
2.2.4. Uncertainty analysis

When measuring a value for uncertainty analysis, the total error calculation can be made according to the
equation given in Eqg. (16), taking into account the errors caused by fixed, random and some errors [20].

W= () () ok ()] (16)

0xq 0xp

3. RESULTS AND DISCUSSIONS



In this study, energy, exergy and environmental analyses of two cooling systems with classical and
microchannel condensers used in an industrial cooling system were carried out. R449a was used as the
refrigerant in both systems. The values obtained as a result of 24-hour analysis are presented in the
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graphics.

Fig. 3 and Fig. 4 show the operating pressure ranges of classical and microchannel model, respectively.
While classic model operated in the range of high pressure 17-20, low pressure 2.9-5 bar, microchannel
model also operated in the range of high pressure 13.5-15.6, low pressure 2.7-5 bar. The average low and
high pressure values were as 3.821 and 18.741 bar for the classical model and 3.704 and 14.689 bar for
microchannel. In this case, it was observed that the high-pressure value was 4.052 bar lower at the
microchannel condenser. Since the heat transfer was better in microchannel condenser, heat extraction

the

occurred better at lower pressure.
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Figure 3. Time-dependent high and low pressure values of classical model
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Figure 4. Time-dependent high and low pressure values of microchannel model
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The time-dependent energy consumed by compressors and fans in classical and microchannel model
cooling systems is given in Fig. 5. The compressor in classical model consumed more energy over time.
The highest energy consumption was observed as 0.791 kWh at the 11th hour in the classical model and
as 0.662 kWh at the 18th hour in the microchannel model. The average energy consumption value of
classical model was 0.675 kWh and that of microchannel model was 0.595 kWh. In the microchannel
model, the compressor consumed less electricity because the condenser pressure operates at lower values.
In addition, the higher efficiency of the microchannel condenser was enabled the compressor to work
more efficiently. Thus, it was observed that there was less energy consumption in the microchannel
model. Energy consumption has a significant impact on the industrial cooling system. Thus, it is seen that
the use of microchannel condenser in cooling systems will provide a great advantage in the long run.
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Figure 5. Energy consumption graph of the cooling system

Fig. 6 shows the time-dependent cooling COP classical and microchannel model cooling systems. The
cooling COP of classical and microchannel models was calculated according to Eq. (6). While the highest
COP value was seen as 2.872 in microchannel model at the 5th hour, the highest COP value was seen as
2.402 in classical model at the 10th hour. The average cooling COP value of classical and microchannel
model was 2.086 and 2.351, respectively. It is known that in heat pump systems, when the heat transfer in
the condenser is better or when the condenser efficiency is increased, the system increases the cooling
performance. As the condenser efficiency increased when microchannel condenser was used, it was seen
that COP also increased. Pawar et al. (2017) found the average COP of the cooling system which has a
microchannel condenser system as 2.64 using R134a refrigerant [21]. Park and Hrnjak (2008) calculated
the average COP of the cooling system using refrigerant R410a as 3.40 [3].
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Figure 6. The cooling COP graph of the cooling system

Evaporator inlet and outlet temperatures for both cooling system models are given in Fig. 7. The average
inlet and outlet temperatures of the evaporators in the classical and microchannel model cooling systems
are -4.753°C, -5.638°C and 1.588°C, 1.011°C, respectively. As can be understood, it is seen that the use
of microchannel condenser in the cooling system improves the evaporator capacity. It also means that the
higher the cooling capacity, the lower the evaporator inlet temperature and the better its performance.
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Figure 7. Evaporator inlet and outlet temperature values of the cooling system

Exergy analysis is a method for realistically and meaningfully evaluating and comparing energy systems
and process changes. Exergy analysis for classical and microchannel models, it has an important place in
terms of assessing their cooling performance. Exergy efficiency of cooling systems was calculated using
Eq. (14). Exergy efficiencies of the cooling systems reached their maximum value at thelst hour. Then, it
gradually decreased and balanced. The highest exergy efficiency for classical and microchannel models
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was calculated as 30.872% and 37.571%, respectively. The average exergy efficiency values were found
as 23.950 % and 25.564 % for classical and microchannel models, respectively.

Fig. 8 shows CO, emission values per hour for classical and microchannel cooling systems. The CO,
emission value was determined using Eq. (15). These values change in proportion to the energy consumed
by the compressor. While the CO, emission value of the classical model was at most 19.158 kg/hour, and
at least 14.122 kg/hour, the microchannel model was 16.052 kg/hour and 11.923 kg/hour. Average CO,
emission values of classical and microchannel models were 16.357 kg/hour and 14.438 kg/hour,
respectively.
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Figure 8. CO, emission graph of the cooling system

According to Eqg. (16), the uncertainties of the cooling COP and exergy efficiencies were calculated by
taking into account the experimental measurements. The cooling COP and exergy uncertainty in classical
model were calculated as + 0.0712 and + 0.2862 9%, respectively. The cooling COP and exergy
uncertainty in microchannel model were found as + 0.0524 and + 0.1973%, respectively.

Table 2. Summary of the results of this study

Microchannel Model Classical Model
Refrigerant quantity R449a, 1150 g R449a, 1450 g
Average pressure ratio” 3.952 4.961
Volumetric air flowrate 600 m*h 780 m*/h
The average current value 3.066 A 3.463 A
Total energy consumption 14.409 kWh 16.202 kWh
The average cooling COP 2.351 2.086
The average exergy efficiency 25.564 % 23.950 %
Total CO, emission value 346.524 kg/day 392.575 kg/day

“ The ratio of average condensation pressure to evaporation pressure throughout the experiment
The average current value of the compressor throughout the experiment
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According to Table 2, the usage of microchannel condenser was seen to be more effective than classical
condensers in large denominators such as pressure, temperature, thermal capacity and efficiency, which
was also observed in literature reviews. Besides, the refrigerant charge amount in the microchannel model
is 20.689% less than in the classical model. It was also determined that when the microchannel condenser
was used in the cooling system, there was less carbon dioxide emission.

On the other hand, the microchannel condenser is lighter and smaller in size than the classical condensers,
resulting in a decrease in the total amount of refrigerant in the system and thus a reduction in overall
copper pipe length and diameter. Thanks to its high efficiency, the system allows the main equipment to
be used at a lower capacity and the last of all, the cost of the cooling system also reduces.

4. CONCLUSIONS

The performances of two industrial cooling systems using classical and microchannel condensers were
experimentally investigated and energy, exergy, and environmental (3E) analyses were performed.
According to these analyses, the following outcomes can be listed:

e The average amount of energy consumed by the microchannel model is 11.852% less than
classical model. Thus, the importance of using microchannel condenser in the cooling system has
been further understood.

e The cooling COP determines how effectively the cooling system is used. The average COP of the
microchannel model was found as 2.351, and the average COP of the classical model as 2.086.

e The average exergy efficiency value of classical and microchannel model was calculated as
23.950 % and 25.564 %, respectively. These values indicate that the use of microchannel
condenser in the cooling system offers increased efficiency.

e The CO, emissions of the average classical and microchannel models were determined as 16.357
kg/hour and 14.438 kg/hour. These values show that the proposed system can be an eco-friendly
alternative considering the problems related to global warming.

e It is recommended to use the microchannel heat exchanger in the industrial cooling system with
regard to energy consumption, COP, exergy efficiency, and CO, emission values
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