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Abstract: In this study, evaporator optimization, via both experimental and simulation methods
was conducted. To evaluate the evaporator performance, under the optimal system, the compressor
operating time and the effects of oil on the refrigerator system were studied. If the temperature
of the refrigerator chamber reaches the setting value, the compressor stops working and it leads
to the temperature of the refrigerator chamber slowly increasing, due to the heat transfer to the
ambient. When the refrigerator temperature is out of the setting range, the compressor works
again, and the refrigerator repeats this process until the end of its life. These on/off period can
be controlled through the compressor piston movement. To determine the optimal compressor
operating conditions, experiments of monthly power consumption were conducted under various
compressor working times and the lowest power consumption conditions was determined when the
compressor worked continuously. Lubricating oil, the refrigerator system, using oil, also influenced
the system performance. To evaluate the effect of oil, oil eliminated and oil systems were compared
based on cooling capacity and power consumption. The cooling capacity of the oil eliminated system
was 2.6% higher and the power consumption was 3.6% lower than that of the oil system. After
determining the optimal operating conditions of the refrigerator system, visualization experiments
and simulations were conducted to decide the optimal evaporator and the conventional evaporator
size can be reduced by approximately 2.9%.

Keywords: refrigerator system; flow characteristics of refrigerant; lubricating oil elimination; visual-
ization in evaporator; evaporator quality

1. Introduction

Domestic refrigerators are one of the greatest power consumers of household ap-
pliances because they are in continuous operating [1,2]. The International Institute of
Refrigeration (IIR) reported that about 1.5 billion domestic refrigerators and freezers are
in service worldwide, comprising approximately 4% of global electricity consumption [3].
As these appliances account for such a significant portion of the world’s electricity con-
sumption, improving efficiency can improve a significant portion of the total energy
consumption [4–10].

The efficiency of a refrigerator is defined with coefficient of performance (COP),
which is the ratio of the cooling capacity and the power consumption of the compressor.
COP is determined by several parameters, including the compressor capacity, compressor
type, refrigerant type, and so on. The evaporator is one of the most important factors
affecting the COP because the cooling capacity is determined by the enthalpy and mass
flow rate between the inlet and outlet of the evaporator. The flow inside the evaporator
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of a refrigeration system is in a nearly two-phase state, making it is difficult to predict
the enthalpy difference or quality of the refrigerant exactly. Therefore, the internal flow
characteristics of the evaporator tubing have been extensively studied. Mohseni et al.
studied the influence of the tube inclination angle on the internal flow regime [11]. Seven
different angles range from −90◦ to 90◦ were evaluated, and five refrigerant mass velocities
were applied ranging from 53 kg/m2 to 1709 kg/m2. They categorized the internal flow
of the evaporator at different tube inclinations as one of the following types: annular,
wavy-annular, annular-wavy, stratified wavy, and churn. They found that the inclination
also affected the heat transfer coefficient. At low vapor qualities of vertical upward
flow in the evaporator, the highest heat transfer coefficient is attained at 90◦ inclination.
In the case of horizontal flow in the evaporator, the highest heat transfer coefficient is
achieved at an inclination of −30◦. Zhang et al. analyzed the heat transfer and flow
characteristics of a heat pipe loop visually [12]. To create a visualization of the heat
pipe, they designed an evaporator-compensation chamber as a half-sectioned cylindrical
structure sealed with a glass window. This chamber was installed with a tilt angle, −15◦,
0◦, 15◦, to horizontal and it was found that the temperature fluctuations were caused by
oscillations in the vapor-liquid interface and pressure at these angles. This simulation
method also revealed that the specific angle influences the internal flow of the heat pipe,
and the bubble generation/merging mechanism is associated with the heat load and
surface characteristics. Tugba and Mert investigated heat exchanger optimization about the
effects of evaporator type and geometry, capillary tube diameter and bypass system [13].
The experimental results show that the most influential parameter of the system is the
evaporator type and finned tube evaporator with 12 tube passes was the best option for the
bypass system. Engin et al. studied the predicted cooling time of a domestic refrigerator
using computational fluid dynamics (CFD) analysis [14]. They found that the cooling time
is 146.5 min and the packages on the highest shelf became cold faster and their temperature
dropped below the setting temperature. Therefore, it was concluded that the cooling
time under the temperature drop was different for each location inside the refrigerator,
so the food storage location should be selected accordingly. Zhennan et al. studied the
thermal economic environmental analysis of the household refrigerator [15]. They used the
non-start/off operating compressor technology and achieved high efficiency and capacity
modulation using the various refrigerants. If the non-start/off operating technology was
applied to the refrigerator, CO2 emissions could be reduced.

Previous studies into refrigerator systems suggest the optimal refrigerator system us-
ing the optimal evaporator, operating conditions, and so on. In previous studies evaluating
the evaporator, all the experiments and simulation were carried out on single parts, not
the whole system. The flow pattern and two-phase flow are generally influenced by the
other refrigeration system components during operating. Therefore, for a more accurate
evaluation of the complete system, the experiment must be performed in a practical operat-
ing refrigerator with all components active. The purpose of this study was, therefore, to
investigate the internal flow of the evaporator using a visualization system and to optimize
the evaporator in a refrigerator under the optimal operating conditions.

2. Experimental Setup

Figure 1 show the schematic diagram of the experimental setup. All the main com-
ponents of the refrigeration system were relocated in external space because of the space
constraints in device installation and modification. The evaporator installed in the freezer
chamber, and the cold air feed into a refrigerator chamber through the damper. The damper
operates based on the refrigerator chamber temperature. The role of the dryer, located
between the condenser and the evaporator, is to remove moisture in the system. The
filter circulates oil into the inlet and outlet of the compressor. The MFM, mass flow meter,
measures the mass flow in the refrigerator system. The temperature of the refrigerant
was measured by a T-type thermocouple with a maximum error of ±0.2 ◦C, while pres-
sure was observed by a pressure transducer (Huba Control 506) with a maximum error
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of ±0.01 bar. The mass flow rate of the refrigerant was obtained using a Coriolis mass
flow meter (Oval ALTI MFM) installed at the compressor discharge pipe with a maxi-
mum error of ±0.05 kg/h. All data were recorded in real time using a data acquisition
device (Graphtec GL850). The compressor and heater power were measured by a power
meter (Yokogawa WT310E) with a maximum error of ±1.2 Watt. The internal flow in
the evaporator was recorded using a high-speed camera (Fastcam Mini UX100) and a
mobile phone camera (LG V50). To evaluate the visualization results, the quality sensor
(HBX-DX-HFC) was installed in the evaporator inlet part with a maximum error of ±0.5%.
In a normal refrigerator system, the lubricating oil is used to decrease the mechanical loss
of the compressor. However, this lubricating oil adversely affects the system performance
in terms of heat transfer of the evaporator and pressure drop in the tube. To evaluate the
evaporator under the optimal system, the oil was removed by oil eliminating equipment.
The monthly power consumption and COP of the refrigerator were evaluated both with
and without the oil eliminated equipment. Copper tubing was replaced with polycarbonate
at the visualization parts, namely the entrance, and middle parts of the evaporator, as
shown in Figure 2a. This polycarbonate tube is exposed to the outside through a hole in the
body of the refrigerator because the camera cannot be installed due to space constraints, as
shown in Figure 2b. These exposed holes generate an ice film on the polycarbonate surface
owing to the temperature difference between the outside and inside of the refrigerator.
To visualize the internal flow of the evaporator through the polycarbonate pipe, this film
must be eliminated. To eliminate this film, a small vacuum chamber is installed around
the polycarbonate tube and evacuated of air by a vacuum pump during the experiment, as
shown in Figure 2c. All the experimental equipment was placed in a climate chamber that
could control the air temperature from −30 ◦C to 50 ◦C and relative humidity from 10%
to 100%.

Figure 1. Schematic diagram of experimental system.

Figure 2. (a) Polycarbonate part of the evaporator; (b) Visualization hole of the refrigerator; (c) Vacuum pump chamber.
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The refrigerant was charged through an additional optimization experiment. The
optimal condition was defined as the point where the superheating degree of the evaporator
outlet was less than ±1 ◦C and the suction temperature was not reduced excessively. The
experiment was carried out at 5 g intervals and further detailed tests were performed at
1 g. The results shown in Figure 3 indicate that the optimal refrigerant charge 78 g. The air
temperature of the R room (Refrigerator room) and F room (Freezer room) were maintained
at 5 ± 1.5 ◦C, −18 ± 2 ◦C, respectively. The ambient air temperature was maintained at
25 ◦C with a constant humidity of 50% during the refrigerant charging experiment.

Figure 3. Results of the optimal refrigerant charging experiments.

3. Evaluation of the Refrigerator System
3.1. Monthly Power Consumption of Refrigeration System

Refrigerator performance is evaluated by the cooling capacity of the evaporator and
power consumption of the compressor. The compressor operates or stops, for most of its
lifetime as the refrigerator maintains or fluctuates from the set temperature. The ratio of
the compressor operating time to the total refrigerator operating time is an important factor
in the performance evaluation of the refrigerator because the entire time is considered
when evaluating the refrigerator system. Figure 4 express the power consumption with the
variation of on-time ratio (OTR) when ambient temperature is 25 ◦C and humidity is 50%
conditions. The OTR (τ) is defined as the ratio of the compressor operating time (tom) to
the refrigerator cycle operating time (timeon + timeoff), as shown in Equation (1).

τ =
timeon

timeon + timeoff
(1)

Figure 4. Monthly power consumption with varying OTR.
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The OTR is dependent on the stroke of the compressor. When the compressor dis-
placement volume increased, the OTR is decreased and power consumption is increased.
When the compressor displacement volume decreased, the OTR increased and power
consumption decreased. In the case of the low OTR conditions (compressor displacement
volume increased), the amount of refrigerant discharged from the compressor increases and
it leads to an increase in the power consumption required for compression work increases.
Although it has the advantage of increasing the cooling capacity, the time required to reach
the refrigerator target temperature is shortened, and the compressor is frequently turned
off and on. When the compressor is turned off, the pressure inside the system is equalized,
and when the compressor is turned on again due to unsatisfied temperature conditions, it
consumes a lot of power instantaneously to escape the equalization state, as shown by the
peak point of Figure 5a.

Figure 5. Power consumption trend with (a) OTR = 0.7; (b) OTR = 1.

When the OTR is higher, the monthly power consumption decreases because addi-
tional power, required to operate the compressor, decreases. By comparing the performance
of the oil system (OS) and oil eliminated systems (OES), the average power consumption
of the OES is lower than that of the conventional system by about 2.6% In the case where
OTR is 1, the monthly power consumption of the OES is higher about by 6.8% more than
OS, as shown by Figure 5a,b.

3.2. Steady-State Energy Test

Refrigerator performance is evaluated by COP, the ratio of the cooling capacity and
power consumption. In general, the power consumption is measured by a power me-
ter and the cooling capacity is measured by the standard international organization for
standardization (ISO) energy test, as shown in Table 1 [16].

Table 1. Standard ISO test condition.

Condition Year Domains Ambient Temp. Fresh Food Temp. Freezer Temp.

ISO 62552 2007 International 25 ◦C or 32 ◦C 5.0 ◦C −6.0 ◦C or −12.0
◦C or −18.0 ◦C

However, this test takes a long time (at least 1 week) for each test condition. To
overcome several drawbacks including the time constraints, Hermes et al. suggested a
new means of measuring the cooling capacity [16]. They installed a proportional-integral-
derivative driven electrical heater into the refrigerator and adjusted the heater power to
match the evaporator cooling capacity. They assumed that the power of the electrical heater
corresponded to the cooling capacity of the evaporator in this steady-state condition. We
introduced this concept into our experiment to obtain the cooling capacity. Figure 6a,b
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respectively illustrate the cooling capacity and input power as various mass flow rate
conditions. The average cooling capacity of the OES was approximately 2.6% higher, while
the input power was approximately 3.6% lower than that of the OS.

Figure 6. (a) Cooling capacity variation with mass flow rate; (b) Input power variation with mass
flow rate when ambient temperature is 25 ◦C and humidity is 50% conditions.

The power consumption of the compressor is related to the mass flow rate. As the
mass flow rate increases, the amount of work required to compress the refrigerant increases.
So, the power consumption increases, as shown by Figure 6b. If the OS and OES are
compared under the same mass flow rate conditions, OS comprises oil/refrigerant mixture
but OES was constituted of only refrigerant, which is the driving force of heat transfer.
To reach the set temperature value, more of the refrigerant and oil mixture of the OS (by
mass) is required, when compared to the OES, and the input power of the OS is higher
than that of the OES. Therefore, the OS consumes more power than OES to achieve the
same refrigeration capacity. Figure 7 shows the COP of the two systems. The average COP
of the OES was 6.2% higher than that of the OS.

Figure 7. COP with variation of mass flow rate.
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4. Quality Analysis of the Evaporator

When measuring the cooling capacity of the refrigerator, indirectly the method used
is as mentioned Section 3.2 because it is difficult to consider the two-phase state of the
refrigerant. This indirect measurement method is also a reasonable method to sufficiently
evaluate the refrigeration capacity of the refrigerator but has a disadvantage in that the
information on the phase change of the refrigerant inside the evaporator cannot be known.
In this study, a visualization method and simulation software (Coil designer, Optimized
Thermal Systems) were used to measure the quality of the refrigerant in the evaporator. To
evaluate under the optimal operating system, OTR is 1 and OES conditions were used.

4.1. Quality Analysis through Visualization Method

The quality of the evaporator is defined as the ratio of vapor and vapor-liquid mixture
by mass, but direct measurement of the mass is impossible because the evaporator tubing is
not large enough to accommodate a measuring device. To overcome the spatial constraints
and other problems, several techniques such as typical flow pattern classification, numerical
models, and predicting the void fraction, are used. [17–23]. The drift flux model, using the
horizontal pipe, can calculate the refrigerant quality inside the evaporator as presented in
Equation (2) [24].

ε =
x

ρG

[
C0

(
x

ρG
+

1 − x
ρL

)
+

UGU
G

]−1
(2)

The distribution parameter (C0) which are descriptive measures of an entire data
and drift velocity (UGU) were calculated by empirical correlations suggested by previous
studies, as shown in Equations (3) and (4) [25,26].

C0 = 1 + 0.12(1 − x) (3)

UGU = 1.18(1 − x)

[
σg(ρL − ρG)

ρ2
L

]1/4

(4)

Figure 8 shows the visualization results at the evaporator inlet and middle part in OES,
where OTR = 1 condition and ambient temperature is 25 ◦C and humidity is 50% conditions.
At the inlet of the evaporator, the internal flow has an annular shape. In the case of the
middle of the evaporator, a wavy flow shape is observed. These different patterns occurred
due to the difference in velocity between the liquid and vapor phase refrigerant decreasing
as the absolute amount of vapor refrigerant with relatively high velocity increases and the
absolute amount of liquid refrigerant decreases [17]. The boundary surface between the
liquid and vapor phases is obtained from the original recorded images by post-processing
using the Sobel method [27,28]. The treated images contain two white lines because of
the camera angle. The boundary line dividing the two-phase flow is determined by the
middle of these lines. The areas of each phase were used to calculate the void fraction (ε)
and surface tension (σ) [29].

Table 2 shows the quality values as calculated by this method at the inlet and middle
of the evaporator. If the ambient temperature increased, the quality at the inlet and middle
also increased. This is because the refrigerant temperature of the entire evaporator area
increased as the ambient temperature increased [30].

Table 2. Results of visualization experiments in inlet and middle parts of evaporator.

Ambient Temp. Humidity Inlet Part x Middle Part x

5◦C
50%

0.288 0.521
25◦C 0.332 0.629
43◦C 0.394 0.670
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Figure 8. Results of visualization and image processing at (a) inlet section and (b) middle section.

To evaluate the visualization experiments, the quality of the evaporator inlet part was
compared to the results of the quality sensor, the results are expressed in Table 3. The
sensor cannot be installed in the middle part of the evaporator due to the constraint of the
refrigerator chamber. Maximum error between the visualization results and sensing value
is 3.43% when the ambient temperature is 43 ◦C.
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Table 3. Accuracy of the quality experiments using the quality sensor at evaporator inlet part.

Ambient
Temperature Humidity Experimental

Results
Sensing
Results Error (%)

5 ◦C
50%

0.288 0.291 1.03
25 ◦C 0.332 0.343 3.21
43 ◦C 0.394 0.408 3.43

4.2. Simulation Results of Evaporator Quality

It is difficult to measure the state of the flowing fluid directly in all regions of the
evaporator during the experiment because of space constraints within the refrigerator
chamber. Therefore, in this study, quality analysis of the evaporator was conducted using a
simulation program under the OTR is 1 and OES operating conditions. Input parameters
(quality at the evaporator inlet, refrigerant temperature and pressure at the evaporator inlet,
ambient temperature and humidity) were measured experimentally. Numerical models to
calculate the amount of heat transfer and pressure drops are expressed in Table 4.

Table 4. Numerical models applied to simulation method.

Refrigerants State Numerical Model

Fin efficiency correlations Schmidt correlation [31]

Air side heat transfer Wang Chi Chang plate fin model [32]

Refrigerant side heat
transfer

Liquid-phase Dittus Boelter model [33]
Two-phase Thome TP evapo flow pattern-map [34]

Vapor-phase Dittus Boelter model [33]

Air side pressure drop Wang Chi Chang plate fin model [32]

Refrigerant side
pressure drop

Liquid-phase Blasius type model [35]
Two-phase Thome TP evapo flow pattern-map [34]

Vapor-phase Blasius type model [35]

Figure 9 shows a schematic of the evaporator shape used in this simulation and
experiments. The evaporator is divided into 6 parts according to the number of fins.
The quality of the evaporator is calculated at 10 points for each column. The ambient
temperature was set to 5 ◦C, 25 ◦C and 43 ◦C. The simulation was validated by comparing
the experimental results at the middle of the evaporator and Table 5 shows the accuracy of
the simulation results. The maximum error of the quality values is 4.61% when the ambient
temperature is 5 ◦C. Figure 10 illustrates the flow state simulation results in the evaporator
according to the length when the humidity is 50%. As the ambient temperature increased,
the point at which the super-heated region was observed became closer to the end of the
evaporator. This occurs because an increase in ambient temperature leads to an increase in
the temperature and pressure at the inlet of the evaporator [30].

Figure 9. Schematic of the evaporator shape.
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Table 5. Accuracy of the quality simulation results within the evaporator middle part.

Ambient
Temperature

Experimental
Results

Simulation
Results Error (%)

5 ◦C 0.521 0.545 4.61
25 ◦C 0.629 0.647 2.86
43 ◦C 0.670 0.680 1.50

Figure 10. Point where super-heated state occurred with variable ambient temperature and two OTR conditions.

In the two-phase region, the refrigerant changes phase as a result of heat transfer
and maintains pressure, but in the super-heated region, the pressure increases as the
temperature increases, which adversely affects the compression work aspect and the heat
transfer efficiency. If the super-heated region can minimize, the system of the refrigerator
can optimize. In order to minimize the super-heated area, the evaporator size reduced
based on the amount of heat transfer per unit area of the heat exchanger as shown in
Figure 11. The amount of heat transfer in the super-heated region is very small compared
to the two-phase region, so it is possible to minimize the evaporator size based on the
total amount of heat transfer. The area under the data-line reflects the total amount of
heat transfer. The optimal evaporator size was determined as the limit point in which the
performance does not change dramatically compared to the conventional evaporator size.
As shown in Figure 11a,b, the evaporator size can be reduced by approximately 2.9%.

Figure 11. (a) quality variation with evaporator size down; (b) Heat transfer amount per unit area with evaporator
size down.
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5. Conclusions

In this study, the evaporator of a refrigerator was evaluated. To evaluate the evaporator
under the optimal operating conditions, experiments into the lubricating oil effect and
compressor operating time were conducted. The results of the evaluation show that OES
has better performance than OS and the refrigerator performance is higher when OTR is
higher. Detailed results of these experiments are as follows:

1. When the OTR varies from 0.6 to 1, the monthly power consumption of the OES is
about 2.6% less than for the OS. In the case where the OTR is 1, the monthly power
consumption of the OES is lower by about 6.8% compared to the OS. This is because
the additional power consumption to overcome the equalization pressure, occurs
in the OS and the heat transfer capability of the evaporator has been improved by
eliminating oil in the OES.

- When the OTR is 1, the cooling capacity of the OES was an average 2.6% higher,
at various mass flow rate conditions. When considering the power consumption,
OES is lower, by an average of 3.6%, compared to the OS. This is because the
power loss attributable to the oil film inside the evaporator was removed and
heat transfer capacity improved. COP, the ratio of the cooling capacity and power
consumption, of the OES is higher by an average of 6.2% at various mass flow
rate conditions.

2. To optimize the evaporator of the refrigerator, visualization experiments and simula-
tions were conducted under the optimal operating conditions (OES and OTR are 1).
The size of the evaporator can be reduced by about 2.9%. The details and results of
the visualization experiments and simulations follow in the text bellow:

- To evaluate the quality of the refrigerant in the evaporator, the visualization
experiments were conducted at three different ambient temperature conditions.
The quality of the refrigerants was calculated using numerical models based on
the visualization results. The visualization results of the evaporator inlet part
were compared to the sensing value to evaluate the visualization experiments.
The maximum error of the visualization results is 3.43% when the ambient
temperature is 43 ◦C. In the case of the visualization results of the evaporator
middle part, the results compared to simulation results to evaluate the simulation
accuracy and the maximum error of the simulation is 4.61% when the ambient
temperature is 5 ◦C condition.

- To minimize the evaporator of the refrigerator, quality simulations were con-
ducted at all regions of the evaporator. The amount of heat transfer per unit
area, 2.9% for the case of the minimized evaporator a similar amount of heat
transfer was observed when compared to the conventional evaporator size. If it
is reduced by more than 2.9%, the heat transfer amount per unit area is lower
than the conventional evaporator performance.
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Abbreviations

COP Coefficient of performance
CFD Computational fluid dynamics
MFM Mass flow meter
R room Refrigerator room
F room Freezer room
ISO International organization for standardization
τ On-Time Ratio(OTR)
ton Compressor operating time [s]
toff Compressor off time [s]
ε Void fraction
x Quality
ρG Gas phase density of refrigerant [kg/m3]
ρL Liquid phase density of refrigerant [kg/m3]
C0 Distribution parameter
UGU Drift velocity [m/s]
G Total mass flux of gas and liquid [kg/m2]
σ Surface tension [N/m]
g Acceleration of gravity [9.81 m/s2]
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