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Abstract: The performance of the air-cooler in refrigeration systems plays a key role in their energy
efficiency. Here, the plenum-chamber coefficient was defined to investigate a possible way of
enhancing the refrigeration coefficient that reflects the efficiency of the system. To investigate
the influence of the plenum-chamber coefficient on the frosting and the cooling system of the air-
cooler, three plenum-chamber coefficients (0.74, 0.97, 1.2) were studied under two different relative
humidities. The temperature decreasing curve of the environmental chamber, the velocity distribution
of the air-cooler, and the frost accumulation under and on the air-cooler were analyzed. We find that
the homogeneity of the velocity distribution of the air-cooler and the frost accumulation increase
with a growing plenum-chamber coefficient, while the frost accumulation on the fin will first increase
and then decrease with the increase in the plenum-chamber coefficient. In general, frosting is more
present when the plenum-chamber coefficient is 0.97.

Keywords: plenum-chamber coefficient; air-cooler; frost accumulation; velocity distribution

1. Introduction

The performance of the air-cooler plays a key role in improving the energy effi-
ciency of a refrigeration system with frost on the air-cooler being the main reason for a
deteriorating efficiency [1]. Given that the thermal conductivity of the frost layer is only
0.12–0.14 W/(m·K), and its thermal resistance is 94–443 times higher than that of aluminum
and copper metals, heat exchange between the cold surface and the wet air is expected to
be hindered by the frost, thus reducing the overall heat transfer ability of the air-cooler [2].
Moreover, the continuous accumulation of the frost on the air-cooler system for a long time
will block the air passage and increase the flow resistance, which will, in turn, significantly
affect the convective heat transfer coefficient and reduce the heat exchange efficiency of the
air-cooler and the coefficient of performance (COP) of the entire system [3–6]. Therefore,
frost formation on the air-cooler is an important process that requires a more detailed
investigation to ensure better performance of the refrigeration system.

Frost deposition is inevitable once moist air is exposed to a cold surface. This hap-
pens because the temperature of the surface is below the water triple point and the air
dew point [7,8]. Still, there are many factors that affect the frosting process, such as air
velocity [9,10], air temperature [11,12], humidity [13], cold wall temperature [14], and the
shape of the cold surface [15–17]. To understand how all these factors contribute to the
frosting process, various theoretical and modelling approaches applied on cold surfaces
have been employed. For example, Kim et al. [18] used a computational-fluid-dynamics
(CFD) model to describe the frosting process on a cold plate at the macroscopic level. In this
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case, the numerical simulations were able to elucidate the frost growth details of the system.
In another example, Wu et al. [19] proposed a phase-change mass-transfer model to predict
the frost growth and densification. In this case, results have indicated that frost was ini-
tially formed around the cooling block and then gradually extended in all other directions.
Wu et al. have found that the growth rate of the average frost thickness decreases over time,
while Negrelli et al. [20] simulated frost growth using fractal theory. In the latter study, the
effective thermal conductivity has been determined by means of a finite-volume method.
Furthermore, Brèque and Nemer [21] have presented equations for various frost models
that are based on different hypotheses and are fitted to the experimental data. Finally,
Benítez and Sherif [22] used the orthogonal collocation method to solve equations that
describe the frost formation process when a cold flat plate is exposed to a humid air stream.
The results obtained by this model have been found to closely agree with the available
experimental data.

In the center of attention of current studies on frosting have thus far been simpler
structures such as flat plates, cylinders, and wavy plates. However, in actual refrigeration
system applications, the structure of air-coolers is more complex. Moreover, the combined
effect of air speed, temperature, humidity, and other factors renders the existing theoretical
frost growth curve unsuitable for describing the actual frost formation process of air coolers.
To address these issues, we have investigated the formation and growth characteristics of
frost on evaporation tubes and fins of an air-cooler with varying structure and adding a
plenum-chamber outside the air-cooler. The thickness and growth rate of the frost layer
were measured by changing the relative humidity and the distance from the fan to the
fin. In addition, empirical correlations for predicting the growth of the frost layer on the
evaporation tube and the fin of air-cooler under different plenum-chamber coefficients
were developed as a function of the Reynolds’ number (based on the hydraulic diameter),
Fourier number, dimensionless temperature, and humidity ratio.

2. Materials and Methods
2.1. Experimental Facility

Figure 1 illustrates a schematic diagram of the experimental setup. The experimental
device includes the test system, refrigeration system, monitoring system, control system,
and data collection system. The test object is a customized air-cooler, which is placed in
a 3840 × 2880 × 2480 (mm) cold storage with a thickness of 100 mm, a heat transfer area
of 53.15 m2, a heat insulation material of polyurethane, and a thermal conductivity λ of
0.022 W/(m·K).

The refrigeration system consists of a compressor, a condenser, a reservoir, a drying
filter, and an expansion valve. The refrigerant used in the experiment is R404A. The
compressor is a TFH2480Z compressor from Tecumseh, France. The outer size of the
condenser is 440 × 90 × 400 (mm), and the heat exchange area of the condenser is about
5.98 m2. The size of the reservoir is 280 mm in height and 130 mm in diameter, and the
drying filter is EK-053. The TES02 expansion valve produced by the Denver company was
used in the experiment.

The monitoring system consists of the D606 camera produced by 360 Technology
Co., Ltd. (Beijing, China), which has a maximum support of 1920 × 1080 pixels, while its
operating environment temperature is 269.15–313.15 K. Meanwhile, it can be monitored in
real time by a computer.

The control system and data acquisition system consist of the temperature and pressure
data collector, thermocouple, pressure sensor, anemometer, humidifier, hygrometer, and
power meter. The MX100 serves as a real-time data acquisition-system with one end
connected to a 220 V supply voltage and the other end linked to a thermocouple and
a pressure sensor. The thermocouple and pressure sensor convert the temperature and
pressure signals into electrical signals and then display them on the MX-100. Table 1
documents the specifications of the control devices and measuring devices used in our
experiment.
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Figure 1. Schematic diagram of the experimental setup.

Table 1. Specifications of the control and measuring devices.

Parameter Devices Type Range Accuracy

Ambient/cold storage/Inlet and
outlet of the compressor/Air inlet

and outlet of the air-cooler
temperature

Thermocouple T-type Thermocouple 73.15 K to 623.15 K ±0.75%

Compressor inlet and exhaust pipe
pressure Pressure Sensor EET-100 0 MPa to 12 MPa ±0.5% FS

Humidity in cold storage Humidifier SJ-01 268.15 K to 313.15 K -
Inlet and outlet humidity of the

air-cooler Hygrometer CF5020Y 0 RH to 100% RH ±2%

Air speed of air inlet surface of the
air-cooler Anemometer 6243 Multipoint

Anemometer 0 m/s to 9.9 m/s ±0.01 m/s

Compressor power Power meter WT310E power meter 0 V to 600 V
0 A to 20 A ±0.5%

Figure 2 illustrates the structure diagram of the air-cooler. The outer size of the air-
cooler is 520 mm in depth, 140 mm in width, and 500 mm in height. The total area of the
heat exchange on the outer surface of the air-cooler is 6.52 m2, including 56 evaporation
tubes and 51 fins. The evaporation tubes are interlaced and divided into 4 rows, with
each row having 14 fins. The tube spacing is 40 mm, while the fin spacing is 10 mm. The
supporting fan is YSWF74L34P4-350SLF, with a rated power of 150 W, a rated speed of
1400 r/min, and an air volume of 3110 m3/h. In the experiment, the size of the air inlet
surface of the air-cooler is 52 cm × 50 cm, the diameter of the fan is 350 mm, and the total
thickness of the fins of the evaporation pipe is 140 mm. An important difference between
our air cooler and a conventional air-cooler is the customized air outlet side, which is added
with a plenum-chamber. Moreover, in our study, we define the plenum-chamber coefficient,
Φ, which is the ratio of the distance between the fan and the fin over the diameter of the air
outlet.

Φ =
L
D

(1)
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Figure 2. Concrete structure diagram of the air-cooler.

The plenum-chamber is linked to the air-cooler through the hinge device on the upper
side. The position of the plenum-chamber can be adjusted from the initial 260 mm up to
the limit of 420 mm. Here, we selected three different values, namely 260 mm, 340 mm,
and 420 mm for research. Based on these values, we can calculate the corresponding
plenum-chamber coefficients, which are 0.74, 0.97, and 1.2, respectively.

In the test part, nine positions on the inlet side and one position on the outlet side
were selected as measurement points. The specific arrangement (front view) of the points
is shown in Figure 3. With the lower left corner of the inlet as the reference point, we define
the inlet direction as the positive one and use mm as the unit of length. Then, from left to
right and from bottom to top, the coordinates of the ten measurement points are (0, 100,
100), (0, 260, 100), (0, 420, 100), (0, 100, 250), (0, 260, 250), (0, 420, 250), (0, 100, 400), (0, 260,
400) (0, 420, 400), and (140, 420, 400). Measurement points 4 and 5 are located on the inlet-
and the outlet-side of the air-cooler, respectively, and have equal values on the Y and Z
axes.
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For the air velocity measurement, the probe is placed on nine different measurement
points on the inlet side. Moreover, the air velocity is converted into an electrical signal
by the air velocity probe and, in this way, is displayed on the anemometer. Five points
are selected to analyze the thickness of the frost layer marked as No. 1–5. The cameras
are fixed at the edge of the air-cooler at 5 mm, and the fins and evaporation tubes at
five measurement points are regularly photographed. The frost thickness is obtained
by comparing the thickness between the fins and the evaporation tubes after frosting at
different moments.
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2.2. Experimental Procedures

The experimental procedures are as follows:

(1) According to the schematic diagram of the experiment, the compressor, air-cooled
condenser, reservoir, drying filter, expansion valve, air-cooler, and other components
used in the experiment are connected, and the pressure measuring point is welded at
the same time.

(2) The cold section of the system is treated with heat preservation.
(3) A vacuum pump is used to vacuum the suction port of the compressor for 2 h, carry

out the pressure holding treatment, observe the pressure change, and correct the
indication of the pressure sensor on the computer end.

(4) The measuring points are placed at the targeted temperature and humidity. We
connect the data acquisition instrument, adjust the settings to the required mode, and
wait for the experiment to evolve.

2.3. The Conditions of Experiment

The driving force for frost formation is the mass concentration of water vapor, which
depends on the temperature of the moist air and the frost. In addition, the air flow rate
influences the frost mass [23]. By keeping the initial temperature of the cold storage at
about 295.15 K, we adjust the humidifier to create the relative humidity of the cold storage
under two different working conditions: high humidity (relative humidity 88%) and low
humidity (relative humidity 65%). For these two different cases, we compare the frosting
characteristics of the air-cooler at three plenum-chamber coefficients.

In order to meet the demand of high humidity, we run the system continuously for
18 h and turn on the humidifier. The rated humidification capacity is 1.8 kg/h, which keeps
the water content of the cold storage always consistent during the operation of the system.
The numbers of three different experiments are 1, 2, and 3, respectively. Moreover, we meet
the requirements of different experiments at low humidity by closing the humidifier and
reducing the initial relative humidity. The numbers of three different experiments are 4, 5,
and 6, respectively. The specific parameters are reported in Table 2.

Table 2. Initial parameters in cold storage under high and low humidity.

No. Plenum-Chamber
Coefficient Φ

Initial Temperature
of Cold Storage (K)

Relative
Humidity (%)

Moisture Content
wa (g/kg)

1 0.74 291.65 88 11.75
2 0.97 292.65 89 12.58
3 1.2 292.15 87 11.97
4 0.74 294.75 65 10.65
5 0.97 295.85 65 11.25
6 1.2 294.95 65 10.56

The average moisture content can be calculated by Formula (2). The average moisture
content under two different humidities were 12.10 and 10.82, respectively, and the six
groups of experimental deviations were within the reasonable error range.

wa = (wa1 + wa2 + wa3)/3 (2)

where wa is the average moisture content, and wa1, wa2, and wa3 are the corresponding
moisture contents under each group of experiments, respectively.

3. Results
3.1. The Influence of Different Plenum-Chamber Coefficients on Air Flow Rate

Firstly, this paper explores the influence of different plenum-chamber coefficients
on air velocity. The initial temperature of the experiment is set at 295.15 K, the relative
humidity is adjusted, and the initial moisture content in the cold storage is within 5% of
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the average value to ensure the accuracy. Under this condition, the only component of the
system that operates in our experiment is the fan. Table 3 documents the air flow rate at
each measuring point on the inlet side under different plenum-chamber coefficients.

v = v1 + v2 + · · ·+ v9 (3)

S2 =
∑ (vi − v)2

9
(4)

Table 3. Air flow rate at each measuring point of the inlet under different plenum-chamber coefficients.

Plenum-Chamber
Coefficient Φ

Point 3 Point a Point 4 Point b Point 2 Point c Point 1 Point d Point e

0.74 3.05 2.93 3.45 2.85 2.72 3.14 3.26 2.86 3.04
0.97 2.9 2.78 3.15 2.71 2.58 2.78 3.12 2.79 2.85
1.2 2.86 2.56 2.69 2.72 2.35 2.56 2.67 2.75 2.77

The sample variance of the wind speed is S2 Equation (4), where vi is the wind speed
at different measurement points (i takes 1–9), and v is the average wind speed.

Figure 4 shows the velocity distribution cloud map of each measuring point on the
inlet surface with different plenum-chamber coefficients. The S2 in each of the three
experiments is 0.051, 0.034, and 0.023, which means that the uniformity of the wind velocity
field increases with the increase in the plenum-chamber coefficient. At the same time, v
is 3.03 m/s, 2.85 m/s, and 2.66 m/s, respectively, while its average velocity is decreasing.
This is mainly due to the increase in the plenum-chamber coefficients, which reflect the
increase in the distance from the fan to the fins. In turn, this results in the increase in the
resistance of the air along the way and the decrease in the average speed. Meanwhile, the
air speed at the center point is lower, because the air inlet is relatively close to the center,
which affects the flow of the air inlet in the center area.
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3.2. The Influence of Different Plenum-Chamber Coefficients on the System under High Humidity

Table 4 shows the growth of frost on the evaporation tubes and the fins at five mea-
suring points under different plenum-chamber coefficients. We observe that the thickness
of the evaporation tube and the fin at the observation point changes in comparison with
the initial thickness, which is the result of frost on the surfaces. Moreover, the results of
Figure 5 actually indicate that the growth rate of frost on the evaporation tubes and fins in
the period 0–2 h is significantly faster than that in the following moments. Moreover, the
frost growth rate was more strongly dependent on the relative humidity during the initial
frost growth period. Additionally, the high temperature and high relative humidity in the
initial stage of the cold storage result in high moisture content in the air and rapid frosting.
When the temperature in the cold storage decreases (although the relative humidity is still
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large), the moisture content is very limited, and the temperature difference between the wet
air and the cold surface gradually decreases. Finally, when the frost thickness increases, the
thermal resistance and blockage ratio also increase, which results in a significantly slower
rate of frosting.

Table 4. Comparison of frost formation at 5 measuring points under different plenum-chamber
coefficients, where θt is the frosting thickness of the evaporator tubes (mm) and θf is the frosting
thickness of the fins (mm).

6 h 12 h 18 h
Φ = 0.74 Φ = 0.97 Φ = 1.2 Φ = 0.74 Φ = 0.97 Φ = 1.2 Φ = 0.74 Φ = 0.97 Φ = 1.2

1
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 

Energies 2022, 15, x FOR PEER REVIEW 7 of 14 
 

 

Figure 4. Velocity distribution of air inlet under different plenum-chamber coefficients: (a) velocity 
distribution of air inlet at Φ = 0.74; (b) velocity distribution of air inlet at Φ = 0.97; (c) velocity distri-
bution of air inlet at Φ = 1.2. 

3.2. The Influence of Different Plenum-Chamber Coefficients on the System under High Humid-
ity 

Table 4 shows the growth of frost on the evaporation tubes and the fins at five meas-
uring points under different plenum-chamber coefficients. We observe that the thickness 
of the evaporation tube and the fin at the observation point changes in comparison with 
the initial thickness, which is the result of frost on the surfaces. Moreover, the results of 
Figure 5 actually indicate that the growth rate of frost on the evaporation tubes and fins 
in the period 0–2 h is significantly faster than that in the following moments. Moreover, 
the frost growth rate was more strongly dependent on the relative humidity during the 
initial frost growth period. Additionally, the high temperature and high relative humidity 
in the initial stage of the cold storage result in high moisture content in the air and rapid 
frosting. When the temperature in the cold storage decreases (although the relative hu-
midity is still large), the moisture content is very limited, and the temperature difference 
between the wet air and the cold surface gradually decreases. Finally, when the frost thick-
ness increases, the thermal resistance and blockage ratio also increase, which results in a 
significantly slower rate of frosting. 

Table 4. Comparison of frost formation at 5 measuring points under different plenum-chamber 
coefficients, where θ t is the frosting thickness of the evaporator tubes (mm) and θ f  is the frosting 
thickness of the fins (mm). 

 
6 h 12 h 18 h 

Φ = 0.74 Φ = 0.97 Φ = 1.2 Φ = 0.74 Φ = 0.97 Φ = 1.2 Φ = 0.74 Φ = 0.97 Φ = 1.2 

1 

θt

 

θt

 

θt

 
θt

 

θt

 

θt

 

θt

 

θt

 

θt

 
θt = 14.06 θt = 13.7 θt = 13.82 θt = 14 θt = 13.91 θt = 13.98 θt = 14.12 θt = 14.58 θt = 14.33 

2 

θt

 

θt

 

θt

 

θt

 
θt

 

θt

 

θt

 

θt

 

θt

 
θt = 14.38 θt = 14.34 θt = 13.7 θt = 14.5 θt = 14.6 θt = 14.02 θt = 14.56 θt = 15.04 θt = 14.46 

3 

θt

 

θt

 

θt

 

θt

 

θt

 
θt

 

θt

 

θt

 

θt

 
θt = 14 θt = 13.96 θt = 13.94 θt = 14.16 θt = 14.3 θt = 14.08 θt = 14.34 θt = 14.46 θt = 14.28 

4 

θt

 

θt

 

θt

 

θt

 

θt

 

θt

 
θt

 

θt

 

θt

 
θt = 14.42 θt = 14.32 θt = 14.04 θt = 14.46 θt = 14.54 θt = 14.36 θt = 14.44 θt = 14.72 θt = 14.46 

5 

θt

θf

 

θt

θf

 

θt

θf

 

θt

θf

 

θt

θf

 

θt

θf

 

θt
θf

 
θt

θf

 

θt

θf

 
θt = 15.15 
θf = 4.9 

θt = 15.88 
θf = 5.31 

θt = 15.86 
θf = 4.9 

θt = 16.6 
θf = 5.89 

θt = 17.24 
θf = 5.46 

θt = 17.75 
θf = 5.67 

θt = 17.81 
θf = 6.97 

θt = 18.01 
θf = 7.27 

θt = 19.04 
θf = 6.6 

During the same period, the frost growth pattern of measuring point 5 was different 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
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orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
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hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
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orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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During the same period, the frost growth pattern of measuring point 5 was different 
from that of the first four points in terms of frost thickness. In comparison with the slow 
increase in frost at the first four measuring points after 2 h, the frost layer growth of evap-
orator tubes and fins at the measuring point 5 still showed a linear growth. On the one 
hand, the temperature at the outlet side is lower than that at the inlet side. On the other 
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Figure 5. Frost curves of points to be measured under different plenum-chamber coefficients, 
which are 0.74 (a), 0.97 (b), and 1.2 (c), respectively. 
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Figure 5. Frost curves of points to be measured under different plenum-chamber coefficients, which
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During the same period, the frost growth pattern of measuring point 5 was different
from that of the first four points in terms of frost thickness. In comparison with the slow
increase in frost at the first four measuring points after 2 h, the frost layer growth of
evaporator tubes and fins at the measuring point 5 still showed a linear growth. On the one
hand, the temperature at the outlet side is lower than that at the inlet side. On the other
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hand, the wet air is cooled by the evaporation pipe on the air inlet side and then by the
evaporation pipe on the air outlet side. According to the enthalpy humidity diagram of air,
the greater the temperature difference, the greater the amount of water vapor contained
in the air. The relative humidity at the outlet side is greater than that at the inlet side.
Therefore, the frosting rate at measuring point 5 is higher than that at the first four points,
and the accumulated frost mass is rather due to the more active heat and mass transfer.

We also find that when the plenum-chamber coefficient is 1.2, the growth rate of the
frost layer on the evaporating tube at the measurement point 5 is the fastest, but the frost
thickness on the fins is the smallest, and the growth rate is the lowest. This is because, at
this time, the plenum-chamber coefficient is the largest, resulting in the minimum impact of
air speed. The temperature of the evaporation tube is lower than that of the fin, showing a
larger temperature difference, and the evaporation tube is easier to frost than the fin. When
the plenum-chamber coefficient is 0.97, the frost layer on the fin is the thickest among the
cases, but the frost layer on the evaporator tube is between those with plenum-chamber
coefficient 0.97 and 1.2. When the plenum-chamber coefficient is 0.74, the frost thickness on
the evaporator tube is the least, but the frost thickness on the fins is between those with the
plenum-chamber coefficient 0.97 and 1.2. This because a reduction in the plenum-chamber
coefficient to 0.74 and 0.97 leads to a higher air speed, which causes more water vapor to
be carried out to the measuring point 5. At this time, the frost layer of the fin is thicker than
that of the evaporation tube.

3.3. The Influence of Different Plenum-Chamber Coefficients on the System under Low Humidity

Figure 6 shows the freezing phenomenon of the evaporation pipe in the front of the
air-cooler. Since there is no humidifier, even if the machine is turned on continuously for
18 h, the frost at the four measuring points on the air inlet side is limited, with only some
scattered ice cubes appearing. In comparison with the first four points, the frost layer of
measuring point 5 is more significant under high humidity. Therefore, for systems with
low humidity, we need to pay more attention to measuring point 5 at the outlet.
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Figure 6. The freezing phenomenon of evaporator tube in front of the air-cooler.

Combining Table 5 and Figure 7, we find that the amount of frost on the evaporating
tube at measuring point 5 under different plenum-chamber coefficients is less than that
of the fins. When Φ = 0.97, the maximum frosting thickness of the fins at the measuring
point 5 is 2.18 mm, but the difference in frosting thickness is still large compared to the
case of high humidity conditions, reaching 0.85 mm. The main reason is attributed to the
humidification without the use of humidifier, since the humidity gradually decreases as the
system continues to operate. Similarly to the high humidity conditions, the frost thickness
increased rapidly in the first two hours, followed by a relatively slow growth rate in the
following 16 h. Regardless of whether the humidity is high or low, when Φ = 0.97, the frost
quantity becomes the most significant, because the air speed conditions at this time are
most suitable for frosting.
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Table 5. Pictures of frosting conditions at measuring point 5 after 18 h of system operation, where θt

is the frosting thickness of the evaporator tubes (mm) and θf is the frosting thickness of the fins (mm).

Φ = 0.74 Φ = 0.97 Φ = 1.2

Energies 2022, 15, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. The freezing phenomenon of evaporator tube in front of the air-cooler. 

Combining Table 5 and Figure 7, we find that the amount of frost on the evaporating 
tube at measuring point 5 under different plenum-chamber coefficients is less than that of 
the fins. When Φ = 0.97, the maximum frosting thickness of the fins at the measuring point 
5 is 2.18 mm, but the difference in frosting thickness is still large compared to the case of 
high humidity conditions, reaching 0.85 mm. The main reason is attributed to the humid-
ification without the use of humidifier, since the humidity gradually decreases as the sys-
tem continues to operate. Similarly to the high humidity conditions, the frost thickness 
increased rapidly in the first two hours, followed by a relatively slow growth rate in the 
following 16 h. Regardless of whether the humidity is high or low, when Φ = 0.97, the frost 
quantity becomes the most significant, because the air speed conditions at this time are 
most suitable for frosting. 

Table 5. Pictures of frosting conditions at measuring point 5 after 18 h of system operation, where 
θ t is the frosting thickness of the evaporator tubes (mm) and θ f is the frosting thickness of the fins 
(mm). 

Φ = 0.74 Φ = 0.97 Φ = 1.2 

θf
θt

 

θt

θf

 

θt

θf

 
θt = 15.42 
θf = 4.97 

θt = 15.58 
θf = 5.35 

θt = 15.66 
θf = 4.31 

Energies 2022, 15, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. The freezing phenomenon of evaporator tube in front of the air-cooler. 

Combining Table 5 and Figure 7, we find that the amount of frost on the evaporating 
tube at measuring point 5 under different plenum-chamber coefficients is less than that of 
the fins. When Φ = 0.97, the maximum frosting thickness of the fins at the measuring point 
5 is 2.18 mm, but the difference in frosting thickness is still large compared to the case of 
high humidity conditions, reaching 0.85 mm. The main reason is attributed to the humid-
ification without the use of humidifier, since the humidity gradually decreases as the sys-
tem continues to operate. Similarly to the high humidity conditions, the frost thickness 
increased rapidly in the first two hours, followed by a relatively slow growth rate in the 
following 16 h. Regardless of whether the humidity is high or low, when Φ = 0.97, the frost 
quantity becomes the most significant, because the air speed conditions at this time are 
most suitable for frosting. 

Table 5. Pictures of frosting conditions at measuring point 5 after 18 h of system operation, where 
θ t is the frosting thickness of the evaporator tubes (mm) and θ f is the frosting thickness of the fins 
(mm). 

Φ = 0.74 Φ = 0.97 Φ = 1.2 

θf
θt

 

θt

θf

 

θt

θf

 
θt = 15.42 
θf = 4.97 

θt = 15.58 
θf = 5.35 

θt = 15.66 
θf = 4.31 

Energies 2022, 15, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. The freezing phenomenon of evaporator tube in front of the air-cooler. 

Combining Table 5 and Figure 7, we find that the amount of frost on the evaporating 
tube at measuring point 5 under different plenum-chamber coefficients is less than that of 
the fins. When Φ = 0.97, the maximum frosting thickness of the fins at the measuring point 
5 is 2.18 mm, but the difference in frosting thickness is still large compared to the case of 
high humidity conditions, reaching 0.85 mm. The main reason is attributed to the humid-
ification without the use of humidifier, since the humidity gradually decreases as the sys-
tem continues to operate. Similarly to the high humidity conditions, the frost thickness 
increased rapidly in the first two hours, followed by a relatively slow growth rate in the 
following 16 h. Regardless of whether the humidity is high or low, when Φ = 0.97, the frost 
quantity becomes the most significant, because the air speed conditions at this time are 
most suitable for frosting. 

Table 5. Pictures of frosting conditions at measuring point 5 after 18 h of system operation, where 
θ t is the frosting thickness of the evaporator tubes (mm) and θ f is the frosting thickness of the fins 
(mm). 

Φ = 0.74 Φ = 0.97 Φ = 1.2 

θf
θt

 

θt

θf

 

θt

θf

 
θt = 15.42 
θf = 4.97 

θt = 15.58 
θf = 5.35 

θt = 15.66 
θf = 4.31 

θt = 15.42
θf = 4.97

θt = 15.58
θf = 5.35

θt = 15.66
θf = 4.31

Energies 2022, 15, x FOR PEER REVIEW 10 of 14 
 

 

0 3 6 9 12 15 18
0.0

0.5

1.0

1.5

2.0

2.5

 

 

Fr
os

t t
hi

ck
ne

ss
/m

m
 

Time/h

 Φ=0.74,Evaporator tube
 Φ=0.74,Fin
 Φ=0.97,Evaporator tube
 Φ=0.97,Fin

 Φ=1.2,Evaporator tube
 Φ=1.2,Fin

0 3 6 9 12 15 18
0.0

0.5

1.0

1.5

2.0

2.5

 

 

Fr
os

t t
hi

ck
ne

ss
/m

m
 

Time/h

 Φ=0.74,Evaporator tube
 Φ=0.74,Fin
 Φ=0.97,Evaporator tube
 Φ=0.97,Fin

 Φ=1.2,Evaporator tube
 Φ=1.2,Fin

 
Figure 7. Comparison of frost thickness at point 5 under different plenum-chamber coefficients. 

4. Derivation of Dimensionless Analytic Fitting Curves 
Due to the limitations of the experimental results, only the frosting of the evaporator 

tubes and fins at the measuring point 5 are analyzed, and the curve is fitted. When the air 
passes over the fins and the evaporation tube, the Reynolds numbers are quite different, 
so we discuss them separately. 

4.1. Dimensionless Relation for Frosting on Air-Cooler Fins 
For the fin, the frost layer within 0–2 h has its own special initial conditions. Hence, 

according to the experimental results, only the part of 2–18 h will be analyzed in the final 
verification. At present, modeling and dimensionless analysis are mostly used to study 
the frosting amount of a single fin of an air-cooler [24]. The empirical formula related to 
the amount of frost and the density and thickness of the frost layer reads: 

= ρ , ,( , )fr fr ave fr aveM f y  (5) 

The dimensionless correlation formula of the amount of frosting is determined using 
Equation (6): 

= ⋅ξ κ* * * *
,( , ,Re , , )a L fin L fin finM f T w Fo  (6) 

−
= = = = =

−

θ ξ κ
ξ κ

ξ κ
； ； ； ；* * * *

,
, ,

( cos )
Refr a tp a fin fin fin fin

L fin fin fin
L a W fin r fin r

M T T u L
M T

M T T v
 

(7) 

where Ta is the wet air temperature; Ttp is the triple point temperature; Tw is the cold 
surface temperature; ξ fin is the fin thickness; ξ fin, r is the reference value of the fin thickness; 
is the thermal conductivity; κ fin,r is the reference value of the thermal conductivity; wa is 
the moisture content; ReL,fi n is the Reynolds number; FoL is the Fourier number; ξ𝑓𝑓𝑓𝑓𝑓𝑓

∗ · 𝜅𝜅𝑓𝑓𝑓𝑓𝑓𝑓∗  
is the product of the dimensionless fin thickness and the thermal conductivity; T* is the 
dimensionless temperature; M* is the dimensionless mass; ML is the mass of the full vol-
ume of the frost layer; and Mfr is the frosting quality. The product of these four terms can 
be viewed as a fixed value due to the same equipment and the same fin. There is a distance 
of about 110 mm from the passage through which the air enters the fin at the measuring 
point 5, while the distance between the fins is 10 mm. Therefore, the fin and the air flow 
direction can be considered the same, that is, cos finθ =1 . As a result, Equation (5) can be 
simplified into the following equation: 

Figure 7. Comparison of frost thickness at point 5 under different plenum-chamber coefficients.

4. Derivation of Dimensionless Analytic Fitting Curves

Due to the limitations of the experimental results, only the frosting of the evaporator
tubes and fins at the measuring point 5 are analyzed, and the curve is fitted. When the air
passes over the fins and the evaporation tube, the Reynolds numbers are quite different, so
we discuss them separately.

4.1. Dimensionless Relation for Frosting on Air-Cooler Fins

For the fin, the frost layer within 0–2 h has its own special initial conditions. Hence,
according to the experimental results, only the part of 2–18 h will be analyzed in the final
verification. At present, modeling and dimensionless analysis are mostly used to study the
frosting amount of a single fin of an air-cooler [24]. The empirical formula related to the
amount of frost and the density and thickness of the frost layer reads:

M f r = f (ρ f r,ave, y f r,ave) (5)

The dimensionless correlation formula of the amount of frosting is determined using
Equation (6):

M∗ = f (T∗, wa, ReL, f in, FoL, ξ∗f in · κ
∗
f in) (6)

M∗ =
M f r

ML
; T∗ =

Ta − Ttp

Ta − TW
; ReL, f in =

(ua cos θ f in)L f in

v
; ξ∗f in =

ξ f in

ξ f in,r
; κ∗f in =

κ f in

κ f in,r
(7)
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where Ta is the wet air temperature; Ttp is the triple point temperature; Tw is the cold
surface temperature; ξfin is the fin thickness; ξfin,r is the reference value of the fin thickness;
is the thermal conductivity; κfin,r is the reference value of the thermal conductivity; wa is
the moisture content; ReL,fin is the Reynolds number; FoL is the Fourier number; ξ∗f in·κ

∗
f in

is the product of the dimensionless fin thickness and the thermal conductivity; T* is the
dimensionless temperature; M* is the dimensionless mass; ML is the mass of the full volume
of the frost layer; and Mfr is the frosting quality. The product of these four terms can be
viewed as a fixed value due to the same equipment and the same fin. There is a distance
of about 110 mm from the passage through which the air enters the fin at the measuring
point 5, while the distance between the fins is 10 mm. Therefore, the fin and the air flow
direction can be considered the same, that is, cos θ f in= 1. As a result, Equation (5) can be
simplified into the following equation:

M∗ = f (T∗, wa, ReL, f in, FoL) (8)

In Equation (8), wa is the moisture content. Its value can be obtained by looking up
the table of the inlet temperature and the relative humidity. FoL is the Fourier number,
representing time, which is significantly related to its own thermal conductivity and shape.
For the fin of the air-cooler, the frost layer can be approximated as a cube, so the ratio of the
volume to the surface area in the Fourier number can be approximated by the thickness of
the frost layer θ. As time progresses, the frost layer blocks part of the air passage, which
causes the air speed in the passage to change. Hence, the Reynolds number is different
at different times. Because the air speed of the instrument cannot be measured from the
inside, it can be only approximated using a simulation. T* is the dimensionless temperature,
which can be calculated according to the definition, and the triple point temperature Ttp
in the expression can be approximately regarded as 273.15 K, and the wall temperature is
also obtained from the simulation. During the experiment, due to the influence of various
internal and external factors, some points on the measured curve will produce large errors.
In this case, we need to avoid such points with large errors when choosing points. During
the frosting period of measuring point 5, the temperature in the cold storage varied from
263.15 K to 277.15 K, the cold surface temperature was from 260.65 K to 270.15 K, and the
relative humidity was 60–88%, and the change was small in most of the time. According to
the empirical formula, a relatively accurate curve can be obtained under the experimental
conditions. The following 10 points are selected for data processing, as documented in
Table 6.

Table 6. Parameters of measured points.

No. Time τ (h) Inlet Air Speed
vin (m/s)

Wet Air
Temperature Ta

(K)

Relative
Humidity

(%)

Moisture
Content

wa (g/kg)

Fin
Temperature

Tw (K)

Density ρ
(kg/m3) M*

1 2 2.42 269.45 85 2.43 265.75 200.0 0.35
2 11.5 1.7 265.15 80 1.66 263.35 165.6 0.50
3 2 2.34 269.75 85 2.51 265.95 207.3 0.33
4 2 2.14 269.15 83 2.33 265.55 196.5 0.30
5 11.5 1.48 264.95 78 1.59 262.55 161.3 0.45
6 2 3.25 267.05 79 1.88 265.05 212.4 0.17
7 11.5 2.56 264.35 78 1.52 262.55 189.4 0.33
8 2 2.43 267.15 76 1.83 265.05 202.9 0.18
9 11.5 2.14 263.85 75 1.39 262.25 176.1 0.28

10 10 2.2 264.55 79 1.55 262.55 173.4 0.31

Since the frost quality is related to the frost thickness and the density, the frost den-
sities of points with different numbers in the table are different. The frost density can be
calculated from the experimental air speed according to Equation (9) proposed by MARK A.
Dietenberger [25]. Additionally, the thermal conductivity can be acquired according to the
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frost density variation range of 155.9 kg/m3–215.3 kg/m3 with reference to Equation (10),
proposed by Y.-X. Tao et al. [26].

ρ f r = 340|Tw|−0.445 + 25va (9)

λ f r = 1.202× 10−3ρ0.963
f r (10)

In the frost layer growth process, the density will also change. Therefore, we select the
average density in the table state parameters in the calculation, that is, the average density
is 190.2 kg/m3, and the average thermal conductivity is 0.188 W/(m·K). In the calculation
of Reynolds number ReL,fin, according to the measured position, the length Lfin is 0.13 m,
the air density is 1.342 kg/m3, and the viscosity 1.67 × 10−5 Pa·s. In the calculation of the
Fourier number FoL, the value of the average thermal conductivity and the average density
is substituted, and the specific heat capacity C is taken as 2100 J/(kg·K).

According to these conditions, the parameter values of each variable in different
working conditions are listed in Table 7.

Table 7. Parameter values under different operating conditions.

No. FoL T* ReL,fin
Moisture Content

wa (g/kg) M*

1 896 1 25,282 2.43 0.35
2 3201 4.44 17,760 1.66 0.50
3 1035 0.89 24,446 2.51 0.33
4 1260 1.11 22,357 2.33 0.30
5 3950 3.42 15,462 1.59 0.45
6 4076 3.05 33,953 1.88 0.17
7 7266 4.89 26,744 1.52 0.33
8 3314 2.86 25,386 1.83 0.18
9 9915 5.81 22,357 1.39 0.28
10 7252 4.10 22,983 1.55 0.31

The dimensionless equation of frost layer growth is:

M∗f in = mFoa
L × (T∗)b × Rec

L, f in × wd
a (11)

We choose the appropriate values of m, a, b, c, and d, and make the selected points
as well as the points on the curve as close as possible. Then, the fitting curves of the five
groups of data are as follows:

M∗f in = 1.333× 10−10Fo0.3764
L × (T∗)−0.1011 × Re2.059

L, f in × w−1.968
a (12)

M∗f in = 1.82× 10−7Fo−2.345
L × (T∗)−10.1768 × Re6.6566

L, f in × w−39.5362
a (13)

The predictions using the present fitting curves are consistent with the experimental
data, with deviations of ±5.6%.

4.2. Dimensionless Relation for Frosting on Air-Cooler Tubes

Assuming that the evaporator tube and the fin have the same moisture content, the
dimensionless relation of frost layer frosting on the evaporator tube is obtained by a similar
method. Frost changes the geometric structure of the air passages, causing the air speed
value related to the Reynolds number to change significantly. Therefore, it is necessary to
combine the inlet air speed with the thickness of the frost layer in order to calculate the
average speed in front of the evaporation tube. Similarly, V/A in the Fourier number is
replaced by the thickness. Then, we plug the data into the equation, with the values of each
dimensionless number under different working conditions shown in Table 8.
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Table 8. Parameter values under different operating conditions on evaporation tubes.

No. FoL T* ReL,fin
Moisture Content

wa (g/kg) M*

1 2138 0.46 2459 2.43 0.06
2 5349 2.35 1727 1.66 0.09
3 2216 0.62 2377 2.51 0.06
4 2855 0.73 2174 2.33 0.05
5 3451 2.16 1504 1.59 0.12
6 26,118 1.49 3302 1.88 0.02
7 24,321 3.03 2601 1.52 0.04
8 15,218 1.67 2469 1.83 0.02
9 18,882 3.32 2174 1.39 0.05
10 26,821 2.97 2235 1.55 0.04

The dimensionless equation of frost layer growth is:

M∗tube = mFoa
L × (T∗)b × Rec

L, f in × wa
d (14)

Then, we can choose the appropriate values of m, a, b, c, and d and make the selected
points and points on the curve as close to the curve as possible. Then, the fitting curves of
the five groups of data are described by the following mathematical expression:

M∗tube = 100.1989Fo−1.0244
L × (T∗)0.7378 × Re0.8322

L, f in × wa
−1.7432 (15)

The deviations of the predictions and the measured data of the parameters falls within
±11.8%.

5. Conclusions

(1) The uniformity of the air speed field is enhanced with the increase in the plenum-
chamber coefficient, but its average velocity decreases.

(2) After 2 h, the frost layer growth of evaporator tubes, and fins at measuring point 5
showed a linear growth.

(3) Under the high humidity condition, the thickness of the frost layer on the evaporator
tube increases with the increase in the plenum-chamber coefficients, and the frost
layer thickness on the fins first increases and then decreases with the increase in the
plenum-chamber coefficients.

(4) Under the low humidity condition (Φ = 0.97), the maximum frosting thickness of
the fin at the five measuring points is 2.18 mm, but the frosting thickness is still very
different from that of the high humidity condition. This suggests that humidity is an
important factor in frost formation

(5) The fitting curves of the fin are, respectively:

M∗f in = 1.333× 10−10Fo0.3764
L × (T∗)−0.1011 × Re2.059

L, f in × w−1.968
a (16)

M∗f in = 1.82× 10−7Fo−2.345
L × (T∗)−10.1768 × Re6.6566

L, f in × w−39.5362
a (17)

(6) The fitting curve of the evaporation tube is:

M∗tube = 100.1989Fo−1.0244
L × (T∗)0.7378 × Re0.8322

L, f in × w−1.7432
a (18)
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