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Abstract: The built-in refrigerator has been popular in China in recent years due to users’ high
requirements for the integration of home appliances and furnishings. However, the built-in configura-
tion will cause a significant performance deterioration, which has been less quantitively studied. The
condenser and its refrigerator performance are compared experimentally and numerically between
built-in and free-standing configurations. By contrast with the free-standing condition, the built-in
condenser has poor performance attributed to two reasons: 28.6% lower condenser air flowrate and
10.72 ◦C higher condenser inlet air temperature caused by the hot short-circuited airflow. This heat
dissipation deterioration increases the condensing temperature and discharge temperature, resulting
in a refrigerator cooling capacity loss. Correspondingly, the compressor increases the rotating speed
and power to compensate for the loss. The compressor ON-time ratio reduces by 8% but the average
power during the compressor-on period increases by 56.9%, finally increasing the energy consump-
tion by 43.4%. This study also provides some guidance for further heat dissipation and airflow field
optimization of built-in refrigerators.

Keywords: built-in refrigerator; fan-supplied condenser; heat dissipation performance

1. Introduction

As the integration of home appliances and decoration becomes popular, the built-in
refrigerator has been welcomed by users because of its beauty and compactness. In the
limited kitchen space, the built-in installation (i.e., the refrigerator is built in the cabinet
and only the door of it faces the external environment) not only solves the problem of
insufficient usable space, but also makes the appearance of a high-end refrigerator more
aesthetic and advanced. The built-in refrigerator, however, has a great problem in heat
dissipation. The poor heat dissipation condition can affect the refrigerator working per-
formance, increasing its power consumption. Moreover, it may cause the compressor to
overheat and even shut down, resulting in serious safety problems. Therefore, solving
the problem of heat dissipation deterioration has become the primary premise of built-in
refrigerator development. At present, the built-in refrigerator is still in the rising stage and
has significant growth space, which is also the reason why more and more enterprises are
beginning to develop built-in kitchen appliances.

The condenser is one of fundamental components of a refrigeration system. It dissi-
pates the heat absorbed from the freezing zone into the surroundings. The heat transfer
effectiveness of a condenser has a great influence on power consumption. Ghadiri and
Rasti [1] experimentally studied the effect of various parameters on the energy consump-
tion of household refrigerators and found that the capacity of the condenser to give off the
heat from the refrigeration cycle is the most important parameter, and by increasing the
condenser heat removal capacity, the energy consumption truly reduced by 23.6%. Some
relevant studies have been carried out on the heat dissipation problems of the household
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refrigerator condenser, including the influence of the airflow field around the refrigera-
tor, the condenser structure, and the PCM (phase change material) on heat dissipation.
Kruzel et al. [2] also reviewed the current research trends of working fluid selection in
compact condensers by using cooling zeotropic mixtures.

For the influence of the airflow field around the refrigerator, Zhang et al. [3] applied an
outer foam ring and central foam to improve the airflow distribution around the condenser
to enhance the heat transfer between the airflow and condenser. As a result, the refrigerator
energy consumption was reduced by 2.37%. Bassiouny [4] and Agilis and V. [5] studied the
effect of space surrounding the condenser of a household refrigerator on its heat transfer
efficiency numerically and experimentally. Their results showed that having enough
surrounding space width leads to an increase in the external heat transfer coefficient and
a decrease in the temperature of the air flowing vertically around the condenser coil.
Afonso and Matos [6] studied the thermal radiation effect that may cause an overheating
of the refrigerator and decreased the average air temperature inside the refrigerator by
placing a radiation shield over the condenser surface. Devle et al. [7] investigated the effect
of the gap and baffle/flap of the built-in refrigerator on the performance effectiveness
of the machine compartment by CFD simulation, but the influence of condenser heat
dissipation on refrigerator performance has not been experimentally studied. Belman-
Flores et al. [8] carried out a parametric study of a wire-on-tube condenser used in the
household refrigeration industry and analyzed the effect of varying the main geometric
parameters such as tube and wire diameters, and wire and tube pitches.

For structural optimization research, Gönül et al. [9] investigated the effects of wire
diameter, tube diameter, wire pitch, and other structural parameters of wire-on-tube con-
densers for different air velocities numerically and experimentally. Ameen et al. [10]
analyzed a wire-on-tube condenser under varying operating conditions to predict the
effects of condenser parameters. Microchannel heat exchangers are welcomed because of
their compactness and charge reductions. Some comparative studies have been conducted
by analyzing the experimental results of microchannel and conventional wire-on-tube con-
densers [11–13]. Ling et al. [14] and Knipper et al. [15] studied the effects of geometrical de-
sign and environment conditions on the thermal performance of micro-channel condensers.

For PCM application research, Cheng et al. [16,17] proposed a new household refriger-
ator equipped with heat storage condensers and increased the energy efficiency by 12%
approximately. Yuan and Cheng [18] also optimized this kind of refrigerator with heat-
storage condensers by the multi-objective optimization method they proposed. Maiorino
et al. [19] applied a PCM within the cabinet of a refrigerator and the experimental results
showed that the introduction of the PCM led to a reduction in the temperature gradient
within the cabinet and to an extension in the OFF time of the compressor.

Seen from the literature above, there are plenty of researchers focusing on the influenc-
ing factors of condenser performance. However, the installation conditions of refrigerators,
such as free-standing or built-in conditions, has rarely been taken into account in the
above-mentioned studies. In this paper, a fan-supplied condenser and its refrigerator
performance deterioration caused by the built-in configuration are studied experimentally
and numerically. A refrigerator simulation model is established and verified to study the
ventilation and heat dissipation performance of the condenser. The short-circuited airflow
is defined and quantified. Two main short-circuit paths of the airflow are also located.
The overall refrigerator performance is also comparatively studied through experimental
results. The compressor ON-time ratio reduces by 8% but the average power during the
compressor-on period increases by 56.9%, finally increasing the energy consumption by
43.4%. This study also provides some guidance for further heat dissipation optimization of
built-in refrigerators based on the airflow field analysis.
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2. Experimental Apparatus and Procedure
2.1. Apparatus

The experimental apparatus consisted of two parts: the tested refrigerator and a data
acquisition system. The tested frost-free refrigerator had a total volume of 500 L, divided
into 273 L of the refrigerating compartment (RC), 49 L of the variable compartment (VC),
and 178 L of the freezing compartment (FC). The refrigeration system has two evaporators,
one of which cools the airflow for the RC and another that is shared by the VC and FC. The
detailed technical parameters of the refrigerator are displayed in Table 1.

Table 1. The main technical parameters of the tested frost-free refrigerator.

Items Parameters Items Parameters

Star grade *** Efficiency grade 1
Refrigerant R600a Climate type SN, N, ST, T

Refrigerant charge (g) 65 Condenser Micro-channel
Dimensions (mm) 905 × 617 × 1900 Weight (kg) 165

FC volume (L) 178 Throttle device Capillary Tube
VC volume (L) 25 + 24 Rated voltage (V) 220
RC volume (L) 273 Rated frequency (Hz) 50

The star grade ‘***’ indicates that the freezer temperature of this refrigerator should be no higher than −18 ◦C.

The structure of the compressor chamber is displayed in Figure 1. The micro-channel
condenser, the axial fan, and the compressor were installed in a line, and the air inlet and
outlet grille were located on the back panel, and left and right sides of the compressor
chamber, respectively. This arrangement is widely used in refrigerators and is representa-
tive for condenser heat dissipation research. After the external air flows into the air inlet
grille, it first exchanges heat with the micro-channel condenser, cools the compressor top
under the drive of the fan, and finally flows out of the air outlet grille.
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Figure 1. Structure diagram of the compressor chamber.

The experimental data were automatically collected and stored by a digital data acqui-
sition system with a personal computer. Calibrated thermocouples (Type T) were installed
to measure the temperatures of the compressor chamber, evaporators, and compartments
every 15 s. The positions of thermocouples installed in the compressor chamber are de-
scribed in Figure 2. The thermocouples have a diameter of 0.2 mm and an uncertainty
of ±0.2 ◦C. The humidity data were obtained by an Omega humidity sensor, which has
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an accuracy of “±3.0%” RH. A Qingzhi 8775A power meter was accessed to monitor the
power input of the refrigerator, which has a measurement accuracy of 0.5.

Figure 2. The positions of T-type thermocouples installed in the compressor chamber.

2.2. Test Procedures

Experiments were carried out in a constant-temperature (32.0 ± 0.2 ◦C) and constant-
relative-humidity (50 ± 5%) chamber according to the ISO 15502 Standard [20] and T/CAS
258—2022 Standard. The refrigerator was kept running with empty compartments and
the air temperatures inside the RC and FC were controlled at 5.0 ± 2.0 ◦C and 18 ± 1.5 ◦C,
respectively. The VC was set to the fresh-food mode.

The tested refrigerator was installed under free standing and built-in conditions. In
the experiment under the built-in condition, the tested refrigerator was placed on a wooden
platform about 200 mm high from the ground. The built-in cabinet was made of wood
material that had a thickness of 15 mm. The back of the refrigerator was 5 mm from the
wall, the left and right sides and the top of the refrigerator were 5 mm from the wooden
cabinet, and the bottom of the refrigerator was 10 mm from the ground. Three consecutive
frosting and defrosting cycles were completed in each experiment.

3. Numerical Method
3.1. Description of the Physical Model

Figure 3 illustrates the physical models of the refrigerator with free-standing and
built-in configurations. The simulation analysis is focused on the airflow organization
and heat transfer between the compressor chamber of the refrigerator and the outside
air. The internal chambers of the refrigerator are not involved. Therefore, the air in the
compressor chamber and the air between the refrigerator and the wall are selected as objects
for numerical simulation. Some small structures, such as screws and rounded corners,
are simplified.
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3.2. Assumptions and Boundary Conditions

The 3D steady flow models of the refrigerator are built in the computational fluid
dynamics software COMSOL 5.3. The following assumptions are made in this study:

1. A steady-state condition is assumed for numerical simulation.
2. The refrigerator is analyzed under no-load and closed-door conditions.
3. The airflow is considered as an incompressible Newtonian fluid.
4. The Boussinesq assumption is applied and viscous dissipation is neglected.
5. The radiative heat transfer between the compressor chamber and the wall is neglected.
6. The flow is assumed to be turbulent and the k–ε turbulence model is used.
7. The airflow is assumed as dry air and the effects of air leakage are neglected.

The display of the governing equations is omitted as they are all well known. The
unstructured meshes are composed of triangular and tetrahedral elements, as shown in
Figure 4. The air volume of the fan is a very important output parameter in the simulation.
We choose this output parameter as the detection value. After grid division and calculation
several times, it is found that the air volume of the fan hardly changes (less than 1%) when
the grid number is more than 4 million. Thus, it can be considered that the grid can meet
the requirements of model calculation accuracy. The MUMPS direct solver is used with the
GMRES algorithm. The relative tolerance is set as 0.001.
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The boundary conditions of the simulation are shown in Figure 3 and Table 2. The
pressure and velocity of the fan boundary are obtained from the actual characteristic
curve of the axial flow fan, which is simplified to linear form in the simulation. The inlet
and outlet of the airflow are set as an open boundary condition with a pressure equal
to 0 Pa. The heat release from the condenser and the compressor is estimated based on
the formula [21] and the refrigerator operating parameters. The heat transfer coefficients
between the airflow and the refrigerator cabinet, and the cupboard and the ground are
calculated by their thermal conductivity and convective heat transfer coefficients.

Table 2. Boundary conditions of numerical models.

Item Setup

Fan pmax = 25.5 Pa, umax = 0.025 m·s−1

Inlet and outlet p = 0 Pa
Inlet airflow T = 32 ◦C
Condenser Q = 100 W

Compressor Q = 20 W
The refrigerator cabinet h = 0.4 W·m−2·K−1, T = −20 ◦C

The cupboard and the ground h = 0.2 W·m−2·K−1, T = 32 ◦C
Other walls Thermal insulation

3.3. Model Validation

The comparison of numerical calculation and experimentally measured temperatures
of some monitored points in Figure 2 is shown in Table 3. The differences between the
simulated value and the experimental value are all within ±3.5 ◦C. Considering the period-
icity of the actual operation of the refrigerator, the measurement error of the thermocouple,
and the instability of the airflow and heat transfer, the above error is within the acceptable
range. Thus, it can be considered that the numerical simulations show relatively acceptable
agreement with the experimental results.

Table 3. The comparison of experimental and simulated temperatures.

Positions
Free-Standing/◦C Built-In/◦C

Exp. T Sim. T Difference Exp. T Sim. T Difference

Condenser middle 38.9 39.4 +0.5 50.7 53.0 +2.3
Out airflow of condenser 38.4 38.9 +0.5 49.3 51.5 +2.2

Compressor top 53.2 51.0 −2.2 69.6 73.0 +3.4
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4. Results and Discussion
4.1. The Performance Deterioration of the Fan-Supplied Condenser under Built-In Configuration
4.1.1. Analysis of the Airflow Field around the Condenser-Compressor Room

The simulation results of the airflow rate for two configurations are compared in
Table 4. The hot air from the compressor chamber flows across the gap between the
refrigerator and wall and releases its heat into the atmosphere. This paper defines this
part of the air as the effective airflow. In addition, there is also part of the hot air that has
not been discharged outside but directly flows back to the compressor chamber. This part
of the air does not take away the heat in the compressor chamber and is defined as the
short-circuited hot airflow. The airflow through the fan is called the overall airflow of the
system, which is the sum of the effective airflow and short-circuited hot airflow according
to the principle of flow conservation.

Table 4. Simulation results of the airflow rate for two configurations.

Free-Standing Built-In Difference

Overall airflow rate (m3·s−1) 0.01910 (0.02175 kg/s) 0.01365 (0.01502 kg/s) −28.6% (−30.6%)
Effective airflow rate (m3·s−1) 0.01169 0.00396 −66.1%

Short-circuit hot air rate (m3·s−1) 0.00741 0.00969 +30.7%
Short-circuit hot air ratio 38.8% 71.0% +32.2%

Table 4 illustrates that the effective airflow rate for the built-in configuration is
0.00396 m3·s−1, 66.1% lower than that for the free-standing configuration. One reason
for that is the overall airflow rate reduction. The built-in condition makes the airflow
channel between the compressor chamber and the outside air become long and narrow,
which increases the flow resistance of air-forced convection driven by the fan. As shown in
Figure 5, the pressure drop of the fan increases from 9 Pa to 12.17 Pa. Therefore, the overall
airflow rate through the fan decreases according to the fan performance curve.
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(b) built-in.

The second reason for the effective airflow rate reduction is the increase in short-circuit
hot air rate. The short-circuit hot air rate for the built-in configuration is 0.00969 m3·s−1,
30.7% higher than that for the free-standing configuration. The short-circuit hot air ratio
also increases by 32.2%. The airflow is driven by the axial flow fan; enters the compressor
bin from the back, side, and bottom air grille; flows through the condenser, fan, and
compressor in turn; then flows out of the back and side bottom air grille. However, there
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are differences in the main flow paths between the two installation conditions, as shown in
Figure 6.

Energies 2022, 15, x FOR PEER REVIEW 8 of 14 
 

 

there are differences in the main flow paths between the two installation conditions, as 
shown in Figure 6. 

  
Figure 6. Velocity vectors and streamlines of the refrigerator for two configurations (m·s−1): (a) 
free-standing and (b) built-in. 

Under the free-standing condition, all the surrounding areas of the refrigerator are 
open space except for the back distance of 20 mm from the wall. The airflow resistance is 
lowest through the side grille of the compressor chamber. By contrast, under the built-in 
condition, the airflow resistance is lowest through the bottom grille as the bottom of the 
refrigerator is 10 mm from the ground. 

Two main short-circuit paths of the built-in refrigerator are located based on the ve-
locity vectors and streamlines. One is from the compressor back outlet grille, along the 
gap between the refrigerator and the back wall, into the condenser back inlet grille. The 
other is from the compressor bottom outlet grille, along the gap between the refrigerator 
and the ground, into the condenser bottom outlet grille. The air inlet grille is under nega-
tive pressure and the air outlet grille is under positive pressure, while the external envi-
ronment is under atmospheric pressure. Therefore, part of the air flowing out of the com-
pressor chamber will flow to the inlet grille with greater pressure difference, shorter dis-
tance, and less resistance, rather than the external environment. Therefore, the airflow 
short circuit phenomenon happens. 

Based on the analysis above, it can be concluded that the built-in condenser has poor 
performance attributed to two reasons: 28.6% lower condenser air flowrate and 10.72 °C 
higher condenser inlet air temperature caused by the hot short-circuited airflow. There-
fore, two corresponding solution ideas for the future optimization of built-in refrigerators 
can be proposed. We can increase the condenser overall airflow rate by increasing the 
airflow area or reduce the short-circuited airflow rate by placing a barrier in the short-
circuited paths located above. Figure 7 illustrates a mind map of solution ideas and spe-
cific approaches to heat dissipation deterioration problems for built-in refrigerators. 

Figure 6. Velocity vectors and streamlines of the refrigerator for two configurations (m·s−1): (a) free-
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Under the free-standing condition, all the surrounding areas of the refrigerator are
open space except for the back distance of 20 mm from the wall. The airflow resistance is
lowest through the side grille of the compressor chamber. By contrast, under the built-in
condition, the airflow resistance is lowest through the bottom grille as the bottom of the
refrigerator is 10 mm from the ground.

Two main short-circuit paths of the built-in refrigerator are located based on the
velocity vectors and streamlines. One is from the compressor back outlet grille, along the
gap between the refrigerator and the back wall, into the condenser back inlet grille. The
other is from the compressor bottom outlet grille, along the gap between the refrigerator
and the ground, into the condenser bottom outlet grille. The air inlet grille is under negative
pressure and the air outlet grille is under positive pressure, while the external environment
is under atmospheric pressure. Therefore, part of the air flowing out of the compressor
chamber will flow to the inlet grille with greater pressure difference, shorter distance, and
less resistance, rather than the external environment. Therefore, the airflow short circuit
phenomenon happens.

Based on the analysis above, it can be concluded that the built-in condenser has poor
performance attributed to two reasons: 28.6% lower condenser air flowrate and 10.72 ◦C
higher condenser inlet air temperature caused by the hot short-circuited airflow. Therefore,
two corresponding solution ideas for the future optimization of built-in refrigerators can be
proposed. We can increase the condenser overall airflow rate by increasing the airflow area
or reduce the short-circuited airflow rate by placing a barrier in the short-circuited paths
located above. Figure 7 illustrates a mind map of solution ideas and specific approaches to
heat dissipation deterioration problems for built-in refrigerators.
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4.1.2. Heat Dissipation Performance of the Condenser-Compressor Room

The temperature contours of the compressor chamber for two configurations are dis-
played in Figure 8. Compared with the free-standing configuration, the temperature in the
compressor room increases obviously under the built-in configuration. Some temperature
values in key positions are displayed in Table 5.
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Table 5. The temperature of positions in condenser-compressor room for two configurations.

Free-Standing/◦C Built-In/◦C Difference/◦C

Airflow inlet temperature 32.82 43.54 +10.72
Condensing temperature 39.15 50.46 +11.31
Discharge temperature 50.56 63.09 +12.53



Energies 2022, 15, 8666 10 of 14

Table 5 presents that the temperature in the middle of the condenser increases by
11.31 ◦C, which can represent the condensing temperature. One reason for that is the lower
overall airflow rate for convection, as stated in Section 4.1.1. The other reason is the high
inlet temperature due to the airflow short-circuit phenomenon, 10.72 ◦C higher than that in
the free-standing condition, as shown in Table 5. Therefore, the heat transfer temperature
difference between the condenser and air will increase to maintain the heat dissipation of
the condenser.

The discharge temperature of the compressor under the built-in condition is 63.09 ◦C,
12.53 ◦C higher than that under the free-standing condition. The temperature and pressure
of the condenser increase under the built-in condition, as mentioned above, but the evapo-
rating temperature is limited by the chamber temperature setup. The refrigerant pressure in
the evaporator hardly changes. Therefore, as the pressure ratio of the compressor increases,
the rotating speed and power of the compressor also increase. The discharge temperature
and heat production of the compressor will increase consequently. The flow characteristic
of forced-convention air is studied by a numerical method. This numerical study reveals the
internal mechanism of condenser performance deterioration and provides an explanation
of the refrigerator experiment phenomenon in the following section.

4.2. The Performance Deterioration of Refrigerator under Built-In Configuration

Under the free-standing condition, the operating time of the tested refrigerator is 72 h
between two defrost actions, including 45 periodical on/off cycles and 3 defrosting recovery
cycles. For the built-in installation condition, the operating time is about 30 h, including
31 periodical on/off cycles and 1 defrosting recovery cycle. Then, the time-average values
of the power input, the compressor-on time ratio, and energy consumption are calculated
based on the on/off cycles, as shown in Table 6.

Table 6. Overall refrigerator performance for two configurations.

Free-Standing Built-In Difference

Compressor ON-time ratio η 78.2% 70.2% −8.0%
Power during compressor ON Pon 66.69 W 104.65 W +56.9%

Power during compressor OFF Po f f 3.29 W 3.90 W +18.5%
Average power P 52.77 W 75.66 W +43.4%

Energy consumption W 1.27 kW·h 1.82 kW·h +43.4%

For the refrigerator with the inverter compressor, the pressure ratio and rotating
speed of the compressor will increase due to the poor heat dissipation performance of
the condenser. Table 6 illustrates that the compressor ON-time ratio slightly reduces
by 8% but the power during the compressor-on period greatly increases by 56.9%. In
general, the energy consumption of a refrigerator can be calculated by Equation (1) and
can be approximately equivalent to a product of the compressor-on time ratio and the
average power input during the compressor-on period. Therefore, the refrigerator average
power and energy consumption under the built-in installation condition reach 75.66 W and
1.82 kW·h, respectively, which increase significantly by 43.4% compared with the results
under the free-standing condition.

W = P × 24 h =
(

η × Pon + (1 − η)× Po f f

)
× 24 h ≈ η × Pon × 24 h (1)

In order to study the dynamic characteristics of the built-in refrigerator, the real-time
data of a typical on/off cycle are selected. The temperature variations of two evaporators
and three compartments are analyzed as follows.

The evaporating temperatures for the two installation conditions are displayed in
Figure 9. The initial time of the selected on/off cycle is regarded as 0 min. The initial time of
the on/off cycle is defined when the input power changes most sharply in response to the
switch between the on and off cycle. Table 7 lists the surface temperature of the evaporator
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at the terminal time of the refrigerating mode (R-mode for short) and the terminal time of
the freezing mode (F-mode for short).
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Table 7. Comparison of evaporating temperature on the termination of R and F mode.

Free-
Standing/◦C Built-In/◦C Difference/◦C

The terminal
time of R-mode

RE inlet −15.71 −16.49 −0.78
RE middle −13.42 −13.74 −0.32
RE outlet −16.65 −18.63 −1.98

The terminal
time of F-mode

FE inlet −25.73 −28.02 −2.29
FE middle −25.81 −28.09 −2.28
FE outlet −25.53 −28.34 −2.81

Figure 9 and Table 7 show that the evaporating temperature reduces after the refriger-
ator is built-in. At the termination of the R-mode, the inlet and outlet temperatures of the
refrigerating evaporator (RE for short) reduce by 0.78 ◦C and 1.98 ◦C, respectively. At the
termination of the F-mode, the inlet and outlet temperatures of the freezing evaporator (FE
for short) reduce by 2.29 and 2.81 ◦C, respectively. The rotating speed of the compressor
increases due to the poor heat dissipation performance of the condenser. The lower evapo-
rating temperature can be attributed to the higher compressor rotating speed but is limited
by the chamber temperature setup.

Under different installation conditions, the operation mode of the refrigerator also
changes accordingly. Figure 10 illustrates the power and temperature variations of compart-
ments during the on/off cycle. Under the free-standing condition, the refrigerator follows
the operation mode of “refrigerating—variable temperature and freezing—freezing”. By
contrast, the built-in refrigerator follows the operation mode of “refrigerating—variable
temperature and freezing—freezing—refrigerating”. That means that the R-mode runs
twice in a single on/off cycle. As shown in Figure 10b, the temperature of the RC sensor
drops to 2.24 ◦C at 5.75 min and the three-way valve switches to the freezing evaporator.
At this time, the air in the RC is not evenly cooled, due to the rapid cooling rate. After
34.5 min, the temperature around the sensor rises to the set value, so the R-mode runs for
the second time.
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The running time of each period is displayed in Table 8. The results show that the
running time of the built-in refrigerator in each period is shorter than that of the free-
standing one. The ON-time ratio of compressor η also decreases from 78.2% to 70.2%. This
is because, as mentioned above, a lower evaporating temperature brings about the increase
in the cooling rate of compartments. However, the power during the compressor-on period
greatly increases to make it at the same time.

Table 8. Comparison of running time in each period during on/off cycle.

R-Mode V-F-Mode F-Mode ON OFF η

Free-standing/min 18 15 36.5 69.5 19.75 78.2%
Built-in/min 5.75 + 5.75 11.75 17 40.25 17.25 70.2%

Difference −36.1% −21.7% −53.4% −42% −12.7% −8.0%

In general, the condensing temperature and discharge temperature will increase due
to poor heat dissipation performance of the condenser under the built-in configuration. The
rotating speed and power of the compressor will increase accordingly to compensate for
the capacity loss. Therefore, the evaporating temperature will be lower and the on/off cycle
mode of the refrigerator may change due to the rapid cooling rate. The compressor ON-
time ratio will slightly reduce by 8% but the power during the compressor-on period will
greatly increase by 56.9%. Consequently, the combined effect leads to an overall increase of
43.4% in the energy consumption.

5. Conclusions and Prospects

A refrigerator simulation model is established and experimentally verified to study the
performance deterioration of the condenser caused by the built-in condition. The overall
performance of the built-in and free-standing refrigerators is comparatively studied though
experiments. The main conclusions are as follows:

1. The built-in condenser has poor performance attributed to two reasons: one is that the
built-in condenser has a lower total air flowrate than the free-standing one. Further-
more, most of the air (70.1%) flowing out of the compressor room will flow to the inlet
grille with a greater pressure difference, shorter distance, and less resistance, rather
than the external environment. This part of the airflow is short-circuited, increasing
the condenser inlet air temperature.

2. The heat dissipation deterioration increases the condensing temperature by 11.31 ◦C
and discharge temperature by 12.53 ◦C, resulting in the refrigerator cooling capacity
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loss. Both the rotating speed and power of the compressor increase to cover the
capacity loss, pulling the evaporating temperature lower. The on/off cycle mode of
the refrigerator may also change due to the rapid cooling rate.

3. The compressor ON-time ratio will slightly reduce by 8% but the power during the
compressor-on period will greatly increase by 56.9%. Consequently, the combined
effect leads to an overall increase of 43.4% in the energy consumption of the built-in
refrigerator.

4. Based on the analysis above, there are some potential solutions to built-in refrigerators’
heat dissipation problem. We can increase the overall airflow rate by increasing the
airflow area (such as increasing the bottom height and grille area) or reduce the
short-circuited airflow rate by placing a barrier in the short-circuited paths located
in Section 4.1.1. This study can provide guidance for the airflow field and heat
dissipation optimization of built-in refrigerators.
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Nomenclature

Greek
η compressor ON-time ratio (-)
Roman
T temperature (K)
h heat transfer coefficient (W· m−2·K−1)
P input power (W)
Q quantity of heat (W)
W energy consumption (kW·h)
u air velocity (m·s−1)
p Pressure (Pa)
subscripts
max maximum
on during compressor ON
off during compressor OFF
Abbreviations
PCM phase change material
RC refrigerating compartment
VC variable compartment
FC freezing compartment
R-mode refrigerating mode
F-mode freezing mode
RE refrigerating evaporator
FE freezing evaporator
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