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Abstract: A household refrigerator is a major energy consumer in all
homes. The paper aims to evaluate based, on experimental data, the COP
of a 65-liter household refrigerator operating with R600a. The main
components and instrumentation of the experimental setup are presented. A
mathematical model based on the energy balance of the refrigerated
enclosure is developed in order to evaluate the COP. Three experimental
data sets have been obtained in quasi-steady-state operating conditions.
The results point out that the compressor power absorbed from the grid
was 60 [W]. The maximum value for the cooling capacity is 81.73 W
while the minimum value is 80.24 W. In terms of COP, the maximum
value obtained is 1.362, while the minimum one is 1.337. The COP values
obtained in the present study are in good agreement with the ones
displayed by the manufacturer in the compressor datasheet. Future
development is discussed.
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1. Introduction

It is hard to imagine modern residential life without the advantages offered by artificial
cooling. Artificial cooling in residential applications can be divided into two main
categories, namely food preservation and air conditioning. The most affordable and widely
used mean for food preservation is the household refrigerator (HR). The number of HR
worldwide is 1 to 1.6 billion [1,2] consuming about 6% of the electricity generated
worldwide [2]. The estimated lifetime of an HR is around 10 - 20 years [3] and it is
accountable for about 32 to 50 % of the total energy consumption of a residence [4,5].
Given the high number of HRs worldwide and the associated energy consumption,
improving their energy efficiency becomes of interest. The most commonly used indicator
for the energy efficiency of HRs is the coefficient of performance (COP). As presented
below, a key component in the struggle to achieve lower energy consumption is the type of
refrigerant being used [6]. Since 1% of January 2015, in the field of household refrigerators
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and freezers, refrigerants having a Global Warming Potential (GWP) higher than 150 are
prohibited [7]. In this context, R600a, R290 and their mixtures have been proposed and
used since, as alternative refrigerants. A brief literature survey regarding the use of R600a,
R290 and their mixtures, correlated with the COP, is presented below.

The ambient temperature and the type of refrigerant are among the parameters that have
a high influence on the COP of HR. In this regard, Raveendran and Sekhar [8] conducted a
study, in a tropical area, on a 190 L refrigerator, considering an ambient temperature of 32
°C. The authors concluded that using a proper mixture of R600a and R290 with 54.8 % and
45.2 % mass fractions, respectively, leads to a 5.9 % reduction in energy consumption and
an 8.9 % improvement in the COP, compared to the case when R134a is used as a
refrigerant. Saran et al [9] concluded from their experimental research, that mixing R600a
and R290, in 40 % and 60 % mass fractions, respectively, leads to higher COP and lower
energy consumption, compared to the other mixing ratios. Hmood et al. [10] explained, in
their analysis, that the R600a refrigerant leads to a 3% higher COP compared to R134a. The
study was carried out for a small scale refrigerator. A drawback of R600a is its
flammability, which determines the need to search for eco-friendly, energy-efficient and
high-performance refrigerants [11]. Cho et al. [12] developed a simulation model and
compared it with a practical experiment on household refrigerator-freezers working with
R600a. The authors concluded that the length and the diameter of the hot-wall condenser
pipe has a direct influence on the COP. The refrigerant charge, energy consumption and
COP decrease with the reduction of the length and diameter of the hot-wall condenser pipe
and vice versa. Abou-Ziyan and Fatouh [13] experimented on a household refrigerator
comparing the case of using R134a and the case of using R600, R600a and R290 mixtures.
The best mixing ratio proved to be 13.4 % R600a, 26.6 % R600a and 60 % R290. For this
particular mixing ratio, the authors have modified the refrigerant charge in the range of 30,
40, 50, 60, and 70 g. Different capillary tube (CT) lengths have also been considered in the
range of 4, 4.5, 5, 5.5 and 6 m. The authors concluded that, 5.5 m CT length and 70 g of
refrigerant will lead to a 3% higher COP than in case of R134a.

In this context, the paper aims to evaluate experimentally, the COP of a small-scale
refrigerator operating with R600a. The COP values are evaluated using data obtained from
a specific experimental setup. A brief description of the experimental setup is given in
Section 2. Section 3 presents the mathematical model used for COP evaluation.
Experimental input data and results are presented in section 4. Finally, in Section 5, the
main conclusions and development targets are presented.

2. Experiment setup

An overview image of the experimental setup is presented in Fig. 1. Basically, the
experimental setup is comprised of a small refrigerator, measurement instruments and an
automation/control panel.



E3S Web of Conferences 286, 01008 (2021) https://doi.org/10.1051/e3sconf/202128601008
TE-RE-RD 2021

Condensing pressure trnsmitter ~ Pressure and temperature
- . cortrollers
Evaporafing pressure transriitter

Electriz heater Evaporator

Acquisition devi
0 a c:ontro[l fe

(a) (b)) o S

Fig.1. Overview image of the experimental setup: a. Front view, b. Back view, c. Side view

The refrigerator is a hot-wall condenser (HWC) MBM-67AP type, having 65 L. The
dimensions of the refrigerator are 0.50 x 0.50 x 0.60 m. The refrigerant used is R600a. The
evaporator is a roll bond type made of coated aluminum (see Fig. 1, front view). The
compressor is a hermetic reciprocating compressor (HRC) (see Fig. 1 back view). Hot wall-
condenser means, that the condenser is placed inside the right, upper and left walls of the
refrigerator, being in contact with the outer metal sheet. From the outer metal sheet to the
surroundings, the heat is transfer by natural convection. The CT has a length of 2.26 m, an
inner diameter of 0.5 mm and an outer diameter of 1.2 mm (see Fig. 1, back view). The heat
source is simulated using a 150 W adjustable static electric heater (see Fig. 1, front view).

The experimental setup is instrumented with temperature and pressure sensors. For
temperature measurements, NTC thermistor sensors are used. In order to conduct the
energy balance for the refrigerated enclosure, the temperature of each wall is measured. In
Fig. 1, t; is the temperature of the left wall, t, is the temperature of the back wall, t; is the
temperature of the right wall, t4 is the temperature of the door wall, ts is the temperature of

the top wall, t is the temperature of the bottom wall. The evaporator wall temperature te,
the temperature of the air inside the refrigerated enclosure t;, and the ambient temperature
tamp, are also measured. The condensing (p.,,) and evaporating (p,,) pressures are measured
using pressure transducers (see Fig. 1 back view). The temperature sensors and the pressure
transducers are connected to the corresponding controllers, mounted in the automation and
control panels (see Fig. 1 side view).

The experimental setup is also fitted with a power adjustment device for the static
electric heater, energy and time meters for the compressor and the static electric heater (see
Fig. 1 side view).

3. The mathematical model for the COP evaluation

The mathematical model for COP evaluation is based on the energy balance of the
refrigerated enclosure. A schematic of the refrigerated enclosure corresponding to the
experimental setup is given in Fig. 2.
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Fig. 2. Energy balance of the refrigerated enclosure

The energy balance of the refrigerated enclosure can be described by the following
equation:

Qo = Qrad + Qconv+ QHeater (1)

Where: QO is the cooling capacity of the refrigerator [W]; Qm 4 is the heat transferred
through radiation from the enclosure walls to the evaporator [W]; Q'wnv is the heat

transferred through free convection from the walls to the air inside the refrigerated
enclosure [W] and Q'Hea[er is the heat transferred through convection and radiation from

the electric heater to the air inside and then to the evaporator [W].

The heat transferred through radiation from the enclosure walls to the evaporator is the sum
of the radiative heat fluxes rejected from each wall and received by each wall of the
evaporator. The heat flux transferred through radiation can be computed based on the
general formula presented by Welty et al, [14]:

- olrt-1!)
= 2
de (1_8W)+ 1 +1_ge @
Awgw Awafe Aege

Ineq. (2) 0=5.67- 10°% W/ (mzK 4) is the Stefan Boltzmann constant, 4,, [m?] is the area
of the enclosure wall for which the rejected radiative heat flux is computed, 4,[m’] is the
area of the evaporator wall which receives the radiative heat flux, 7', [K] is the
temperature of the enclosure wall, 7', [K] is the temperature of the evaporator wall, ¢, 1is
the emissivity factor of the enclosure walls (for the present study the value of g,, has been
considered to be 0.95 corresponding to white plastic materials), g, is the emissivity factor
of the evaporator walls (or the present study the value of g, has been considered to be 0.88
corresponding to white painted aluminum materials) [15,16] and F,, ,is the view factor

which takes into consideration the relative position of the enclosure wall to the evaporator
wall. The view factor can be computed according to Lienhard [17].

The heat flux received by the air inside the enclosure from the refrigerator walls through
free convection can be computed using the following relationship:
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In eq. (3), & [W/(m® K)] is the natural convective heat transfer coefficient, 4,, [m?] is the
area of the refrigerator wall which rejects the convective heat flux, ¢ ., [°C] is the

temperature of the air inside the refrigerated enclosure and ¢,, [°C] is the temperature of the
refrigerator wall. Eq. (3) is applied for each individual wall of the refrigerator.
The convective heat transfer coefficient can be determined as follows [18,19]:
_ Nu-k
L

h

“

Where Nu stands for the Nusselt number, & [W/(m K)] is the thermal conductivity of the
air inside the refrigerated enclosure [20] and L [m] is the characteristic length of the
refrigerator wall rejecting the convective heat flux.

The heat flux transferred from the refrigerator wall to the air inside the enclosure takes
place by means of natural convection. Natural convection can be characterized through the
Rayleigh number:

g-B-AT-I?
a-v

Ra=Gr-Pr= &)

Where: g [1/K] is the thermal expansion coefficient, g [m/s’] is the gravitational

acceleration, AT [K] is the temperature difference between the refrigerator wall and the air
inside the refrigerator enclosure, o [m%/s] is the thermal diffusivity and v [m%/s] is the
kinematic viscosity.

The Nu number is computed accordingly, as presented next.

As it can be seen from Fig. 1 front view, the refrigerator has vertical and horizontal walls.
For the present study, the refrigerator walls have been considered vertical and horizontal
plates. For vertical plate walls, if the Rayleigh number Ra < 10°, the Nu number can be
computed as [14,17,21]:

—(4/9)
04927
) (6)

Nu=0.68+0.670- Ra"* -{H(
Pr

For vertical plate walls, if the Rayleigh number Ra > 10°, the Nu number can be
computed as [22,23]:

p 16
Nu=| 0,825+ 0387 Ra 7

§/27
[ (0.492)9/‘1
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Pr

The heat transfer from the horizontal walls of the refrigerator has been calculated applying
Eq. (8), as follows:

k
X hor,down — 027 Ra0,25 L_ (8)
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Eq. (8) is applied for 10° <Ra<10'" and L is the characteristic length of the horizontal plate
walls of the refrigerator.

The heat flux received from the static heater can be computed as:

final _ peinitial
: — EHeater EHeater (9)
QHeater final initial

operation — T operation

In Eq. (9), E’ﬁ’et;%r [kWh] is the electric heater energy meter reading at the beginning of the

final

operation time period, E,..- [kWh] is the reading of the electric heater energy meter at

the end of the operation time period [kWh]; T?;Zfa’tm [h] is the reading of the time meter at
the beginning of the operation time period and z-fz’;laﬁon [h] is the reading of the time meter

at the end of the operation time period.
The real COP of the household refrigerated used in the present study is determined as [24]:
COP = & (10)
P

Where P [kW] is the power absorbed by the compressor from the electric grid and it can be
computed as:

inal initial
_ EJC"omp_EComp (11)
= final initial

T operation — T operation

In Eq. (11), ggie [kWh] is the compressor energy meter reading at the beginning

operation time period and Eg(’j,ifu [kWh] is the compressor energy meter reading at the end

of the operation time period.

Using the mathematical model described before, in the next section, experimental input
data is presented. Results are presented in a tabular manner and commented on.

4. Experimental input data and results

The experimental data used in the present paper is presented in Tablel and Table 2 for three
individual tests. Table 1 presents the experimental data regarding temperatures and
pressures while Table 2 shows the energy consumption of the electric heater, energy
consumption of the compressor and time meter readings at the beginning and the end of the
corresponding test, respectively.

Table 1. Experimental input data for measured temperatures and pressures

1 1) 13 1y ts ts te lin Lamb Pev Peon
[°C] | [°C] | [°C] | [°C] | [°C] | [°C] | [°C] | [°C] | [°C] | [bar] | [bar]

Testl | 9.6 | 104 | 9.1 8.5 8.6 7.4 -26.9 57| 25 | 0507 | 7.36
Test2 | 102 | 113 | 94 9.1 9.1 8.0 256 | 64| 26 | 0514 | 7.52

Test3 | 12.5 | 13.8 | 129 11.5 12.9 103 | -245| 8.6 | 21 | 0518 | 7.14
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Table 2. Experimental data for energy consumption and time meter readings

Eiiter | Efftter | Elomy. | Eliy. | thpitaion | zhpiraion | OPE0"

[kWh] | [kWh] | [kWh] | [kWHh] [h] [h] Time [h]
Test 1 34.46 34.57 16.63 16.75 504.2 506.2 2.0
Test 2 34.68 34.79 16.90 17.02 508.5 510.5 2.0
Test 3 35.50 35.61 17.85 17.97 425.6 527.6 2.0

The three experimental data sets presented in Table 1 and Table 2 correspond to a quasi-
steady-state operation of the experimental setup. To reach the quasi-steady-state operation
of the experimental setup, the compressor was programmed to turn off at ¢ comp off=5 C
and turn on at _comp_on = 12 "C while the electric heater was programmed to turn off at
t heater off =10 "C and turn on at ¢_heater on =7 C. The quasi-steady-state operation can
be reached by adjusting the power of the static heater to match the cooling capacity of the
compressor. Several experiments have been carried out to determine the quasi-steady-state
condition, before the experiment tests presented in Table 1 and Table 2. As a general
remark, at least three hours are required for each experimental data set, from which one
hour to reach the quasi-steady-state and two hours to experiment with quasi-steady-state
conditions. After a long operation time, the compressor will heat up and its efficiency will
decrease leading to a reduction of its cooling capacity. After three hours, the cooling
capacity of the compressor decreases and thus the power of the heat source should be
adjusted accordingly. For the present experimental study, the ability to adjust the power of
the heat source to match the cooling capacity of the compressor is limited and thus the
maximum operation time in quasi-steady-state conditions has been limited to three hours.

Using the experimental data presented in Table 1 and Table 2, the mathematical model
presented in Section 2 is applied. As it can be seen, the experimental data presented in
Table 1 and Table 2 display close values for all three experimental tests.

The results obtained in the present study, for the three data sets, regarding the
compressor power P [W], electric heater heat flux Qyeaer [W], heat flux transferred through
radiation from the enclosure walls to the evaporator Q,,q [W], heat flux transferred through
natural convection from the enclosure inside walls to the air inside Qcon [W], cooling

capacity Q, [W] and COP are presented in Table 4.
Table 4. Results
P Q Heater Q rad Q conv QO Ccop
W] | [W] [W] [W] [W]
Test1 | 60.0 | 55.0 12.56 | 13.39 80.95 1.349
Test2 | 60.0 | 55.0 12.51 | 12.73 80.24 1.337
Test3 | 60.0 | 55.0 13.22 | 13.51 81.73 1.362

From Table 4 it can be noticed that the compressor power absorbed from the grid, for
the three tests, is constant and has the value of 60 [W]. The power absorbed by the static
electric heater from the grid, which is equal to the heat flux released to the air inside the
refrigerated enclosure and then to the evaporator, was 55 [W]. The maximum value, among
the three data sets, obtained for the cooling capacity is 81.73 [W] while the minimum value
is 80.24 [W]. The cooling capacity of the small scale refrigerator used in this study
according to the manufacturer data sheet is 85 [W][25]. The maximum and minimum
values obtained for the cooling capacity are very close. In terms of COP, the highest value
obtained, among the three data sets, is 1.362 and the lowest one is 1.337. The highest and
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lowest values for the COP are close. The COP for the compressor displayed by the
manufacturer in the datasheet [25] is 1.37. The values for the cooling capacity and COP
displayed by manufacturer are in good agreement with the values obtained in the present
work, especially that the three experimental tests have been conducted in non-standard
conditions.

5. Conclusions

The paper presents the results obtained for the experimental COP evaluation carried out on
a small scale, 65-liter refrigerator, operating with R600a. A brief description of the
experimental setup is given. A mathematical model for the COP evaluation, based on the
energy balance of the refrigerated enclosure, is presented. The mathematical model has
been applied for three experimental data sets obtained for quasi-steady-state operating
conditions. The results point out that the compressor power absorbed from the grid it is 60.0
[W]. The power absorbed from the grid by the electric heater is approximately 55.0 W. The
maximum value, obtained for the cooling capacity is 81.73 [W] while the minimum value is
80.24 [W]. The cooling capacity of the small scale refrigerator used in this study according
to the manufacturer data sheet is 85 [W]. The results obtained for the COP show that the
maximum value obtained is 1.362, while the minimum one is 1.337. The COP for the
compressor displayed by the manufacturer in the datasheet is 1.37. There is good agreement
between the results obtained in the present study and the data given by the manufacturer.

Future development involves a modification of the experimental setup in order to better
match the cooling capacity of the compressor with the power of the electric heater. This
modification will enable tests conducted for a longer time period in quasi-steady-state
operating conditions.
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