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This paper proposed a new defrosting method based on ultrasonic resonance mechanism, to solve the prob-
lem of the unknown mechanism of ultrasonic defrosting for a finned-tube evaporator. Dynamic microscopic
process of frost crystals formation and growth under the natural frost condition was first investigated.
According to the growth characteristics of the frost crystals, the natural frequencies of frost crystals with
different height were calculated in COMSOL software. An ultrasonic transducer of 28 kHz/60 W was
adopted as an executor to excite the evaporator, then ultrasonic defrosting experiments and laser vibrom-
eter experiments were carried out under the excitation of the ultrasonic transducer. Finally, experiment of
ultrasonic resonance based on intermittent operational was studied to optimize ultrasonic loading method.
It was found that the height of the frost crystals were about 0.5 mm after growing for 4 min, the average
natural frequency of the frost crystals were about 27.95 kHz, the evaporator and frost crystals on the fin sur-
face were forced vibration at the frequency of 28.2 kHz, which was the actual working frequency of the
ultrasonic transducer detected in laser vibrometer experiment, and most frost crystals with certain shape
and size were immediately broken up when the ultrasonic vibration applied. The main mechanism of ultra-
sonic defrosting was the resonance effect of natural frequency of frost crystals and excitation frequency, and
the optimal working mode of ultrasonic resonance defrosting was intermittent 4 min, vibration 1 min. The
experiment’s results also showed that ultrasonic shear stress and acceleration effect of ultrasonic also had
defrosting performance, but they were not the main mechanism for ultrasonic defrosting.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Frost formation on the surface of a finned-tube evaporator is
often encountered under a low ambient temperature in winter.
The thermal resistance increases and air channels blocks the
heat-exchanger due to frost deposition, which the heat-exchange
efficiency decreased drastically. Even the refrigeration system is
shutdown due to the impact of refrigerant droplets against
compressor blades. Therefore, developing an effective method to
prevent evaporator frosting is crucial in the field of refrigeration
and air conditioning.

In the past few years, there are many studies concerning the
anti-frost and defrosting technology which uses external fields.
For example, Liu and Tang [1] presented a dynamic simulation
model of an air-source heat pump during hot-gas defrosting. They
set up a nominal 0.88 kW capacity residential air-to-air heat pump
during the defrosting, the simulation results are consistent with
the experiment data. It also shows that the model is suitable for
the simulation of performance characteristics of defrosting cycles.
Cho et al. [2] measured the performance of an on–off cycle and hot-
gas bypass defrosting of three showcase refrigeration evaporators.
The study result showed that the optimum electronic expansion
valve (EEV) opening was 75% of the full openings during the hot-
gas bypass defrosting. The hot bypass defrosting cycles showed
advantages in achieving the appropriate refrigerating capacity
and maintaining constant storage temperature compared to the
on–off cycling, although it had a relatively higher compressor
power. Hoffenbecker et al. [3] proposed a transient model to pre-
dict the heat and mass transfer effects for an air-cooling evaporator
during a hot gas defrosting cycle. Parametric analysis results
showed that an optimum hot gas temperature is a function of both
the accumulated mass and density of frost on the evaporator, and
the model predicted that the mass of moisture re-evaporated back
to the space increased with decreasing hot gas temperature.
Qu et al. [4] experimentally studied a novel reverse-defrosting
method which used phase change material (PCM) to storage the
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Nomenclature

BLT bolt-clamped Langevin-type transducer
s second
q material density
n =1, 2 layer number
t time
w equivoluminal strain
cL longitudinal wave velocity
kL =x/cL, longitudinal wave number
hL angle of longitudinal wave propagation direction and

normal direction
C1, C2, C3, C4 arbitrary constants
nu Poisson ratio
E elastic modulus

W�L�H width(mm) � length(mm) � height(mm)
l =G, shearing modulus
k lame constants
r2 ¼ @2=@x2

1 þ @
2=@x2

3, differential operators
/ dilatation strain
x angular frequency
cT shear wave velocity
kT =x/cT, shear wave number
hT angle of shear wave propagation direction and normal

direction
a acceleration
Tzx, Tzy shear stress in x1x2 plane
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thermal energy. Compared to standard defrosting condition, the
PCM-based reverse-cycle defrosting method could shorter the
defrosting time with higher suction pressure, the defrosting COP
was increased and did not degrade the quality of space heating
during heating operation, and indoor thermal comfort was im-
proved for occupants during defrosting and heating resumption
process. A transient simulation model of an air-coil evaporator to
predict and evaluate the performance of the hot-gas defrosting
process was developed by Dopazo et al. [5]. A finite difference ap-
proach was used to solve the model equations, the defrosting time
and energy supply were increased as the refrigerant mass flow rate
decreases or the inlet refrigerant temperature increase. The per-
centage of energy used to warm and melt the frost increases as
the refrigerant mass flow rate increases (from 40.36% to 43.52%),
and the minimum value of the percentage (32.2%) was found
around 294 K.

As concluded in the research results above, hot gas and reverse
cycle defrosting can remove frost effectively and inhibit frost depo-
sition on the evaporator. With the common disadvantage of seri-
ously penalizing the overall heat pump or air-conditioner
efficiency, for they not only release cryogenic energy to the room,
but also use energy during defrosting. Before defrosting, the heat
pump or air-conditioner operated in low efficiency because of
deposition frost which increases the thermal resistance and de-
creases air mass flow.

Relative to the hot gas defrosting, numerous researchers focused
on the frost formation subjected to the influence of electric field.
Munakata et al. [6] have studied the effect of electric fields on frost-
ing phenomenon in 1998. They found a critical value, which the
frosting rate was gradually decreased by increasing the electric field
strength up to this certain value. After this critical value, the frost-
ing rate was increased by increasing the field strength. Wang et al.
[7] found that with the presence of electro hydrodynamics (EHD),
the frost crystal was pulled up towards the electrode and the struc-
ture was relatively skinny and fragile to easily break up and fall off
due to the influence of gravity. The speed of the frost growth and
the break-off frequency under negative polarity was roughly 30–
50% higher than those with the positive polarity. This phenomenon
is related to the opposite direction of the dielectrophoretic force
and the electrostrictive force at a positive polarity, whereas the
direction of the dielectrophoretic force and the electrostrictive
force are the same at a negative polarity. Tudor and Ohadi [8] firstly
studied the effect of stationary and sweeping frequency AC electric
fields on frost crystals growth and frost control/removal. They used
electric field with sweeping frequencies (from 370 Hz to 7.5 kHz) at
an applied voltage of 14.5 kV, the 46% reduction of frost was ob-
tained, and most crystals were pulled by the applied oscillating
electric force in the first 10–60 s. Zhang et al. [9] investigated the
influences of direct current (DC) electric fields on the initial form
of the frost crystal on a cold vertical plate. The experimental results
showed that at the initial stages of the frost formation that the
stronger the electric field, the smaller the water drops formed on
the cold plate. They also found the frost mass increases with the
electric field intensity. Joppolo et al. [10] experimentally studied
the influence of a DC electric fields on the performance of a
finned-tube evaporator under frosting condition and found that
the electric field can reduce the frost mass and air-side pressure
drop. To conclude, the use of the EHD technique could provide ben-
eficial results for applications where frost insulating effect and air
flow blocking effects were important and detrimental for the sys-
tem working conditions. Generally speaking, the use of applied
electric field could not remove frost completely, but it could delay
or suppress frost deposition under certain condition. Therefore,
exploration of a long-term effective frost suppression technology
and application of it into practice was very important, which could
achieve the purpose of energy saving and system performance opti-
mization for the foundation of commercial application.

In addition to the above frost suppression technology, ultra-
sonic frost suppression technology was firstly studied by Adachi
[11,12] in 1998. They used ultrasonic flexural vibration to excite
a rectangular duralumin plate (20 mm � 92.6 mm) in almost
100% relative humidity at 2 �C. The defrosting experimental
showed that the frost was decreased by almost 60% with the fre-
quency of approximately 37 kHz and amplitude of 3.1 lm. The
authors attributed this effect to the movement of small frost crys-
tal nuclei which cannot stay on the plate to grow when the vibra-
tion amplitude is high. Yan et al. [13] experimentally studied the
ultrasonic defrosting on a heat-exchange with a 40 m2 refrigera-
tion fan. The results proved that ultrasonic defrosting technology
is feasible for refrigeration fan, and the transverse wave defrosting
effect is better than vertical wave. Li et al. [14] investigated the ini-
tial frost nucleation, structure and thickness on a plate surface with
and without 20 kHz noncontact ultrasound wave for 10 min. The
experimental results showed that the sizes of deposited freezing
droplets on the cold surface with the effect of ultrasound are much
smaller than that without ultrasound and the shape is relatively
inerratic. The ultrasound has a strong ability to restrain the initial
frost nucleation and frost growth process. However, the impacted
area of noncontact ultrasonic was small, the noncontact ultrasound
cannot effective remove when the whole evaporator had frosted.
Wang et al. [15] used dynamic microscopic process to investigate
the frost formation and growth with and without ultrasonic vibra-
tion. They concluded that the mechanism of ultrasonic frost sup-
pression was mainly attribute to the mechanical vibration effect,
but the reason why low-frequency mechanical vibration have not
frost suppression effect was not explained yet.
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Understanding the defrosting mechanism of ultrasonic high fre-
quency vibration is the prerequisite to realize the optimal ultra-
sonic working mode and energy saving. The contribution of this
paper is explicated the mechanism of ultrasonic defrosting to opti-
mize the ultrasonic defrosting effect. The evaporator was placed in
a chamber to detect the characteristics of frost crystal formation
and growth through dynamic microscopic process, according to
the growth laws of frost crystal, the natural frequency of frost crys-
tals with different height was calculated. The vibration of the evap-
orator under ultrasonic excitation was detected by the use of laser
vibrometer under ultrasonic excitation, and the vibration fre-
quency of the evaporator was recorded. The optimal intervention
mechanisms, intermittent time and working time of ultrasonic
high frequency vibration were confirmed based on the natural fre-
quency of the frost crystals and the vibration frequency of the
evaporator.

2. Experimental setup

Fig. 1 shows that the whole experimental apparatus which con-
sists of a constant temperature chamber, a set of commercial vehi-
cle air-conditioning systems, ultrasonic vibration system,
microscopic image system and data acquisition system. The tem-
perature (between �20 �C and 120 �C) and relative humidity (be-
tween 40% and 95%) of the chamber is kept constant to offer a
condition with stable temperature and humidity. The compressor
and the condenser are put outside the chamber, the evaporator is
placed inside the chamber, the condenser and the evaporator con-
nected through a braze pipe which passed through a hole on the
left side of the chamber.

The air-conditioning system uses a compressor as a cold source,
the capacity of the compressor is 100 W, the COP is 1.4, refrigerant
uses R600a, a finned-tube evaporator used to extract the heat from
the chamber and frost deposit on its surface. The size of the evap-
orator is 270 mm � 300 mm � 12 mm (W � L � H), where W rep-
resents the transverse length of the evaporator, L represents the
longitudinal length of the evaporator, H represents the depth of
the evaporator. W, L, and H are the abbreviation of width, length
and height, respectively. The aluminum fins surfaces are covered
with hydrophilic coatings whose contacts angle of the water drop
is 37.7�, the frontal width of the fin is 12.08 mm, frontal height of
the fin is 290 mm, depth of the fin is 0.097 mm, and the interval
between each two fins is about 1.55 mm. The inside diameter of
the pipe is about 5.9 mm, longitudinal pitch of the pipe is
21 mm, and the evaporator is single layer structure. In order to
understand the specific parameters of the evaporator more intui-
tively, the specification of the evaporator was shown in Fig. 2.
(a) Experimental apparatus outside the chamber

Constant temperature chamber  

Lap-top PC 

Ultrasonic power supply 

Control Panel 

Controller 

Compressor 

Condenser 

Fig. 1. The whole experimental appa
The microscopic image system is comprised of a microscope
and a micro camera. The microscope can be adjusted continuously
to change its magnification. The micro camera (a CMOS camera
TCAM3) is connected to the microscope with a camera lens. The
amplified frost images captured by the camera are transferred to
a PC and processed through the application software, the dynamic
images can be displayed on the computer and saved to the disk. A
LED cold light source is used for illumination to avoid melting the
frost during the experiment. Some tiny characteristics of frost crys-
tals observed by the microscopic image system could be clearly
seen during the frosting experiment for understanding the frosting
process and characteristics of frost crystals. Therefore, the effective
measurement and observation can be ensured by using a micro-
scopic image system.

The ultrasonic vibration system is comprised of a digital ultra-
sonic power supply and a BLT transducer which the resonance fre-
quency is 28.2 kHz, the maximum power is 50 W. The frequency of
ultrasonic power can be set and adjusted, the maximum output
power is 300 W, and the frequency can be set from 15 kHz to
60 kHz. The ultrasonic power supply also has frequency auto track-
ing function, the step frequency can be distinguished by 0.01 Hz.

3. Experimental results and discussion

3.1. Growth characteristics of frost crystal

Experiments of frost deposition on the fin surface are investi-
gated by using microscopic visualization measurement, the video
and the pictures are continuously recorded after the compressor
start to work. Fig. 3 shown that the frost deposit process under
the ambient temperature (AT) is 9.8 �C, the relative humidity
(RH) is 89%. Small water droplets firstly appeared on the fin surface
when the compressor worked for 2 min, the temperature of the fin
surface dropped to about �2 �C. Subsequently, small water drop-
lets are continuously precipitated and a thin water film is formed
with the lapse of time. With temperature around the evaporator
decreasing continuously, the latent heat of water film is released
and frozen to form an adhesion ice layer on the fin surface. When
the compressor has worked for 6 min, the temperature field near
the evaporator tends to stabilize. Then the water vapor in the air
directly begin to condense and form a frost crystal on the adhesion
ice layer, these initial frost crystals grow independently along the
vertical direction of the fin surface. The frost crystals formed in
the early stage were presented slender feather or needle feature
with lower strength and relatively sparse. The frost crystals form
an overlapping pattern, and the structural strength is increased
after the initial frost crystals growing to a certain extent.
(b) Experimental apparatus inside the chamber 
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ratus for frost suppression tests.



270 mm

255 mm

289.5 mm

290 m
m

5.9 m
m

21 m
m

290 m
m

12.08 mm

300 m
m

Fig. 2. The specific parameters of the evaporator.

(a) compressor started to work (c) compressor worked for 240 s 

(d) compressor worked for 420 s (e) compressor worked for 1441 s (f) compressor worked for 2040 s 

(b) compressor worked for 180 s     

Fig. 3. Microscopic images of frost crystal growing process (11 pixels = 0.0917 mm).
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Fig. 4 shown the trend of fin surface temperature varies with
time. In the surface of the evaporator, the adhesion ice layer in-
creased the thermal resistance of thermal conductivity, which
made the heat exchange of the refrigerant insufficient. Although
the initial environmental temperature and humidity were differ-
ent, the surface temperatures of the evaporator were similarly after
they reached steady state, and the trend graph of surface temper-
ature varies with time was also similarly based on the experimen-
tal results. So the trend of cooling surface temperature and the
stable temperature under the condition of AT = 9.8 �C and
RH = 89% could be used as a general trend for our different exper-
imental environment conditions.

When the compressor works for 2490 s, the intervals between
any two fins is blocked by frost. The measurement system is cali-
brated by using a standard circle with its diameter (the maximum
is 1 mm, the minimum is 0.1 mm), with the help of measuring
module, the height of frost crystals and intervals between any
two fins at different times are measured. In order to obtain the
approximately exact value of the frost layer thickness, the multi-
points are measured and the average value is obtained to gain
the accurate value of the frost layer thickness.

As shown in Fig. 5, the double sides frost thickness on the fin
surface is increased with the time elapse. Frost grows fast during
the first 5 min in the natural frost condition, then the frosting
speed slows down. There are two main reasons for this phenome-
non: (1) The thermal resistance increases due to the adhesion ice
layer, the amount of the heat exchange between fins and air is de-
creased. (2) The air pressure is increased because the air channels
are blocked by frost, the air flow is decreased which resulted in the
reduction of the heat exchange. The black curve in Fig. 3 is the frost
thickness after the experiment condition (AT of 18 �C, RH of 84%),
amount of water droplets were on the fin surface with the faster
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frosting speed than the other two conditions. The experiment con-
dition correspond to the purple curve (AT of 6 �C, RH of 85%) is in
the fourth day after the black curve condition, the fin surface is
clear in the start of the experiment. Partial pressure of water vapor
contained in the air is low because of the lower ambient tempera-
ture, so less liquid water droplets is precipitated as the ambient
temperature decrease. The effect of measurement error and mea-
surement point are not taken into account, therefore, the defrost-
ing time interval should be less than 6 min based on frost growth
characteristics.

According to the frost crystals growing characteristics, the frost
crystals are simplified to a truncated cone with one twelfth of the
ratio of diameter to height and 1� of draft angle based on the frost
crystals growing characteristics. The frost crystal physical model of
0.75 mm height is established in COMSOL soft. The height of
0.70 mm, 0.65 mm, 0.60 mm, 0.55 mm, 0.50 mm, 0.45 mm,
0.40 mm, 0.35 mm, and 0.3 mm are created with the unchanged
diameter. After that, the natural frequency of each model is calcu-
lated, and the density of the frost crystal is chosen according to ref-
erence [16], the Young modulus and Poisson ratio are referred to
rime ice (E = 5.3E7, nu = 0.3).

The natural frequencies of the frost crystals at initial frosting
stage are shown in Fig. 6, the height of independent frost crystals
are generally less than 0.7 mm. If the height of frost crystal is larger
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Fig. 5. The curve of double sides frost thickness varies with time.
than 0.7 mm, they present an overlapping growing pattern, the
length of frost crystals less than 0.3 mm are not considered here.
From the frequency distribution diagram, the natural frequencies
of different heights frost crystals range from 14.7 kHz to
72.2 kHz, and the natural frequency of frost crystal decreases with
the growth of the frost crystal. Therefore, it is possible to conclude
that the early frost crystals and the external ultrasonic low fre-
quency vibration excitation has resonance characteristic to some
extent. The amplitude of frost crystals will sharply increase accord-
ing to the resonance theory, and finally break up.
3.2. Proposal of intermittent ultrasonic resonance defrosting method

In Figs. 5 and 6, the natural frequency of frost crystal is close to
the external ultrasonic excitation frequency after frost crystal
growing for a certain time. According to this feature, a new ultra-
sonic resonance high-efficiency defrosting method based on inter-
mittent operation mechanism is presented in this paper. In order to
optimize ultrasonic vibration defrosting effect, the resonance effect
of ultrasonic vibration and frost crystals is used to realize the high
efficient defrosting. During the experiments, a small refrigeration
compressor as cold source for the evaporator, a constant tempera-
ture and humidity chamber is used to offer a controllable condition
with stable temperature and humidity. Choosing natural frosting
condition as a standard, the defrosting effects are investigated in
five types working mode of ultrasonic transducer (natural frosting
condition, intermitted 4 min and vibrated 1 min, intermitted 5 min
and vibrated 1 min, intermitted 8 min and vibrated 1 min, contin-
uous vibration) under the ambient temperature of the chamber is
6 �C, and RT is 85% in natural convection.

Fig. 7 shows the microscopic frosting figure at different time in
natural frost condition, the frosting speed is quick at first 10 min in
the low temperature and high humidity, then slowing down. Frost
crystals with similar shape are formed on both sides of the fin. The
growth direction characteristics of the frost crystals are showing
one-dimensional which is perpendicular to the fin surface. When
the compressor runs continuously for 40 min, the fin gaps are al-
most blocked with frost.

Throughout the whole defrosting process as is shown in Fig. 8,
the frost crystals on both sides of the fin are cracked under ultra-
sonic resonance vibration and falling off under gravity. The frost
layers on both side of the fin are increased slowly and the density
of the frost layer is lower with the thickness increasing, but the
ultrasonic resonance vibration defrosting effect is still significant



 (a) frosting 5 min   (b) frosting 15 min (c) frosting 30 min

Fig. 7. Microscopic frosting images in natural frost condition.

(a) 15min/16min (b) 20min/21min   

(c) 40min/41min (d) 90min/91min

Fig. 8. Microscopic frosting images under intermitted 4 min, vibrated 1 min.

(a) removed frost at 56 min (b) frost on the evaporator surface    (c) removed frost at 141 min  

at 90 min

Fig. 9. Macroscopic images of removed frost on the front side of the evaporator.
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if the intermittent time is proper. When the experiment is carried
out to 90 min, the entire surface of the evaporator with only small
amount of frost, the fin gaps are not blocked with frost. This indi-
cates that the intermittent ultrasonic defrosting is more effective
than continuous ultrasonic defrosting.

Fig. 9 shows the condition of defrosting effect on the front side
of the evaporator after the compressor working for 141 min. From
the macroscopic images, some conclusion can be drawn:

(1) Under the influence of intermittent ultrasonic vibration,
there is only basic thin ice layer on the fins surface, and there
is no frost apparently deposited on the fins, the fin gap dis-
tances are nearly kept the initial state, the fin gaps are not
blocked.
(2) Under the evaporator, there are some frost piles that forms
with the fractured frost crystals and branches, even frost
piles that accumulates on the fins.

(3) The high frequency ultrasonic vibration breaks the frost
crystal on the fins and fall off with the gravity, so that makes
the fin gaps are not blocked after a long experiment time.

Figs. 10 and 11 show the microscopic frosting images under dif-
ferent working modes. The mode of intermitted 5 min then vi-
brated 1 min can broken the frost crystals effectively. Frost layer
thickness is about one-third of the fin pitch after the compressor
worked 30 min, the frost layer thickness not increased, but there
are some frost balls on the fins with time lapse, almost all the fin
gaps are blocked after the compressor working for 60 min. Frost
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Fig. 10. Microscopic frosting images under intermitted 5 min, vibrated 1 min.

(a) 8 mim/9 min (b) 26 min/27 min 

Fig. 11. Microscopic frosting images under intermitted 8 min, vibrated 1 min.
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crystals grow along two-dimensional direction from the 6th min in
mode of intermitted 8 min then vibrated 1 min. The natural fre-
quency of the frost crystals is lower than 10 kHz due to the ex-
tremes length of the interval time, which is difficult to resonance
with excitation frequency. The ultrasonic defrosting effect is not
significantly, most of the fins are blocked with frost after the com-
pressor operated 30 min.

In Fig. 12, the effect of ultrasonic defrosting is sound and effec-
tive at early stage of frosting process, and the optimal ultrasonic
working time interval should be 3–4 min, for each vibration, a
short working time (10–30 s) is enough. The mechanism of frost
removal can be attributed to resonance effect between the natural
frequencies of frost crystals and the ultrasonic vibration frequency,
when the natural frequency of frost crystals is equal or similar to
ultrasonic vibration frequency, frost crystals can be easily re-
moved. Natural frequency is decreasing with the frost crystals
growth in the interval time, when the frost crystals grow for 3–
4 min according to Fig. 4, the natural frequency of the frost crystals
are range from 22 kHz to 30 kHz, while the ultrasonic working fre-
quency is 28.4 kHz to 28.6 kHz, the author believe that the ultra-
sonic excitation frequency has a resonance effect with natural
frequency of frost crystals. In conclusion, digital ultrasonic power
supply with the frequency auto tracking function is suitable for a
better effect of ultrasonic frost removal.

With the difference of the size, shape and growing velocity,
frost crystals form a series of natural frequencies. Not all frost crys-
tals are removed by using ultrasonic transducer with a constant
frequency at one time. Therefore, it is necessary to analysis the
ultrasonic intervention time, intervention cycle and vibration time.

(1) Ultrasonic vibration should be intervene at initial frosting
stage which frost crystals are growth independent in one-
dimensional direction, the natural frequency is matched
the resonance frequency of the ultrasonic vibration which
can be easily fractured in 5 s as soon as the transducer
worked, the remnant frost crystals are partly and gradually
removed in the later vibration stage (5–30 s). Therefore,
the intermittent time should not exceed 5 min, if the inter-
mittent time is too long, the natural frequency of the frost
crystal is decreased below to 10 kHz, which is out off the
frequency band of the ultrasonic digital power supply, that
means the resonance effect of ultrasonic vibration and frost
crystals are not occurring.

(2) The intervention cycle of ultrasonic vibration depends on
growing speed of frost crystals and frosting condition. If
ambient temperature and ambient relative humidity are
high, while the evaporator surface temperature is low, the
intermittent time should be setting relatively shorter. Other-
wise, the intermittent time should be setting relatively
longer. Ultrasonic vibration with different time intervals
has different impacts on the experiment temperature and
work frequency of ultrasonic transducer, a proper time
interval should be adjusted to ensure the normal working
of the ultrasonic system. Based on a large number of frosting
experiment data, the ultrasonic transducer is fuzzy con-
trolled according to temperature data and relative humidity
data which is detected by temperature data and humidity
data logging devices. In this paper, the recommended inter-
vention cycle is 5 min, which intermitted time is 4 min,
vibrated time is 1 min.

(3) Through the previous defrosting experiment, the author has
discovered that the frost crystals on both sides of the fin are
broken up and fell off after the ultrasonic transducer
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working for 5 s. Subsequently, the frost crystals are growth
and fell off constantly, most of the frost crystals on the fins
have been removed when the ultrasonic transducer working
for 30 s. Therefore, the authors suggested that the ultrasonic
vibration time should set to 5–30 s.

3.3. Analysis of intermittent ultrasonic resonance defrosting
mechanism

3.3.1. Experimental study of ultrasonic resonance defrosting
In the aim to verify this hypothesis of ultrasonic resonance

defrosting, an ultrasonic defrosting experiment was carried out
in Nov. 26 2009 in free convection, the temperature around the
evaporator was about 10 �C and 85% RH. During the defrosting
experiment, the minimum temperature on the fin surface was
about �9 �C. As shown in Fig. 1, the evaporator was placed inside
the chamber. The compressor run continuously from the begin-
ning, the ultrasonic transducer began to work after the compressor
started with the work mode that intermitted 4 min and then vi-
brated 1 min. Six cycles were included in the 1 min, and the mode
of each cycle was broken 5 s and then vibrated 5 s, the entire pro-
cess of frosting under the influence of ultrasonic high frequency
vibration was 153 min in all.

An interested phenomenon is found in the microscopic visuali-
zation study of entire ultrasonic high frequency vibration defrost-
ing process. Frost crystals with certain size and shape are suddenly
broken up when the ultrasonic transducer is working, then remain-
ing frost crystals fall off individually under the effect of ultrasonic
high frequency vibration. The microscopic images of frost crystals
under ultrasonic high frequency vibration for 1 min are shown in
Fig. 13. Most of the frost crystals are broken off in the first 5 s when
the ultrasonic high frequency vibration is applied, and the broken
frost crystals are similar in some extent. From 5 s to 60 s under the
ultrasonic forced vibration, frost crystals are cracked and fall off
gradually. After the ultrasonic transducer vibration for 30 s, there
are a few frost crystals left on both sides of the fin. Finally, there
is only the adhesion ice layer on the fin surface. On the basis of
the experiment phenomenon, the resonance characteristic of bro-
ken frost crystal and ultrasonic high frequency vibration can be
confirmed in some extent. In other words, the nature frequency
of the frost crystals with certain shape and the ultrasonic excita-
tion frequency are same or similar, the frost crystals are easily to
remove.
(a) Before ultrasonic vibration

(d) Ultrasonic vibration for 30 seconds

(b) Ultrasonic vibratio

(e) Ultrasonic vibrati

Fig. 13. The defrosting effect under ultraso
3.3.2. Experimental study of laser vibrometer
In the aim to further verification this hypothesis of ultrasonic

resonance defrosting, the vibration of the evaporator under
ultrasonic excitation is measured by using a high-precision
PSV-400-3D laser vibrometer.

Experiment of laser vibrometer for the evaporator under ultra-
sonic excitation is shown in Fig. 14, the evaporator is fixed on the
supporters by four binding screws which are fixed on the floor
though a linker with the adjustable length. As shown in Fig. 14(b),
the multiple mode frequencies of the evaporator are excited out
at the moment when the ultrasonic transducer works. The maxi-
mum acceleration magnitude is found between the frequency of
28.4 kHz and 28.6 kHz, while the resonance frequency of the ultra-
sonic transducer is 28.2 kHz, there is a little difference between the
resonance frequency and the working frequency. When the ultra-
sonic transducer is fixed on the evaporator, the impedance charac-
teristic of the ultrasonic transducer is changed due to the presence
of the evaporator which is imposed on the ultrasonic transducer as
a load. The resonance frequency of ultrasonic transducer is drifted
duo to the load, so the evaporator and the frost crystals are forced
to vibrate at the ultrasonic transducer working frequency instead
of the resonance frequency. The frost crystal fracture characteristics
are coincidence with the resonance theory. One clear spectrum be-
tween 28.4 kHz and 28.6 kHz is shown in Fig. 14(c) after the trans-
ducer working stably, and the acceleration magnitude is larger than
the maximum acceleration magnitude in Fig. 14(b) due to the en-
ergy concentrate on the resonance frequency of the ultrasonic
transducer after it is working stable.

3.3.3. Analysis of ultrasonic defrosting mechanism
According to the basic principle of structural mechanics, the

structure resonance which causes great dynamic response if the
load frequency and the structure natural frequency is equal or
close. When the evaporator is forced vibration under the excitation
of ultrasonic vibration, the vibration frequency of frost crystals on
the fin surface is equal to the vibration frequency of the evaporator.
If the natural frequencies of the frost crystals are equal or match
the frequency of evaporator vibration, the frost crystals will be res-
onance with high frequency and receive the most impact force,
frost crystals removal from the cold surface can be achieved.

In the experiment, most of the frost crystals with certain shape
and size are immediately broken up when the ultrasonic vibration
is applied, the remaining frost crystals are gradually broken up with
the frequency tracking of the ultrasonic power supply, the broken
n for 5 seconds (c) Ultrasonic vibration for 10 seconds

on for 60 seconds (f) Difference between (a) and (e) 

nic high frequency vibration for 1 min.



(a) Laser vibration measuring 

for the evaporator

(b) Acceleration magnitude and frequency curve at ultrasonic excitation
applied initially

(c) Acceleration magnitude and frequency curve after ultrasonic 
excitation stabled 

Fig. 14. Experimental of laser vibration measuring for the evaporator under ultrasonic excitation.
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frost crystals fall off due to gravity. The laser vibrometer experi-
ment showed that the evaporator is forced vibration at frequency
of 28.2 kHz, therefore, the frost crystals on the fins surface are also
forced vibration at frequency of 28.2 kHz. According to the frost
crystal growth characteristics, the height of frost crystals are about
0.5 mm under the intermittent time of 4 min, numerical results
show that the average natural frequency of 0.5 mm frost crystal un-
der frost density qmin = 50 kg/m3 and qmax = 300 kg/m3 is about
27.9 kHz, which is similar to the forced vibration frequency of the
evaporator. The results of the laser vibrometer experiment, the frost
crystals breaking up characteristics, the frost crystals growing char-
acteristics and the frost crystals frequency band distribution are
coincide. The authors believe that the mechanism of ultrasonic
defrosting is the resonance effect of natural frequency of frost crys-
tals and excitation frequency, the amplitude is increased gradually
and a strong stress is formed, which is the main reason of frost crys-
tals suddenly broken up. Therefore, to realize high-efficiency and
energy-saving defrosting for a finned-tube evaporator, the determi-
nation of optimal intermittent time should be based on the reso-
nance frequency of the ultrasonic transducer, the frost crystal
growth characteristic and the natural frequency distribution of
frost crystal for the purpose of ultrasonic resonance defrosting.

3.3.4. Analysis of shear stress and acceleration effect
When ultrasonic is propagation in elastic medium, because the

material physical parameters of frost and fin are different, the
propagation velocity of ultrasonic is different in frost and fin.
The shear stress is generated at the interface of frost layer and
fin due to the velocity difference in two materials. The frost layer
will detaching from the fin surface if the shear stress is larger than
frost adhesion stress, which is the most desirable outcome. The
double-layer system composed by frost layer and fin is shown in
Fig. 15(a). The displacement field for ultrasonic in solid media is
given by Eq. (1), which satisfy the Navier displacement motion
equation [17].

lnr2un þ kn þ unð Þr r � unð Þ ¼ qn @
2un

@t2 ð1Þ

The generalized displacement field is decomposing into two
parts of dilatation wave and equivoluminal wave by using Helm-
holtz decomposition.

un ¼ r/n þr� wn ð2Þ
General solution of dilatation wave and equivoluminal wave for
each layer is obtained by substitution boundary condition.

/n ¼ Cn
1 expfikn

L x1 sinðhn
L Þ þ x3 cosðhn

L Þ
� �

g
þCn

2 expfikn
L x1 sinðhn

L Þ � x3 cosðhn
L Þ

� �
g

wn ¼ Cn
3 expfikn

T x1 sinðhn
TÞ þ x3 cosðhn

TÞ
� �

g
þCn

4 expfikn
T x1 sinðhn

TÞ � x3 cosðhn
TÞ

� �
g

8>>>><
>>>>:

ð3Þ

In the case of having displacement field, substituting Eq. (3) into
Eq. (2) based on strain–displacement relations and generalized Hoo-
ker’s law, the stresses in the layered system are defined by Eq. (4).
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Fig. 15(b) shows the shear stress in xy plane, checking shear
stress of each nodes on the icing area, comparing these shear stress
value which is excited by ultrasonic to a typical adhesive shear
strength value of glaze ice (0.4 MPa) [18], the stress of most nodes
are larger than 0.4 MPa. Therefore, evaporator defrosting technol-
ogy based on shear stress is feasible in theory. However, when
the ultrasonic is normal incidence in frost layer and fin, a large
amount of energy is reflected and transmitted, the energy remain
on the frost layer and fin is litter, so the excited shear stress is
not large enough for detach the frost layer from the fin surface,
so the shear stress is not the main reason for evaporator defrosting.

According to the conclusion of laser vibrometer, evaporator and
frost crystals on the fin surface are forced to vibrate under ultra-
sonic excitation frequency. In the case of having the torsion which
is affected on the frost crystal, assuming the propagation of ultra-
sonic in the elastic medium is a standard cosine function without
attenuation and damping. The displacement, velocity, acceleration
and torsion are defined by Eq. (5).

y ¼ A � cosð2 � pi � f0 � tÞ

m ¼ dy
dt
¼ �A � ð2 � pi � f0Þ � sinð2 � pi � f0 � tÞ

a ¼ dv
dt
¼ A � ð2 � pi � f0Þ2 � cosð2 � pi � f0 � tÞ

T ¼ F � L ¼ m � a � L ¼ m � A � ð2 � pi � f0Þ2 � cosð2 � pi � f0 � tÞ � L
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Frost layer
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(a) guided wave propagation in double-layer structure  21x x  plane under 28.2 kHz    (b) Shear stress in

Fig. 15. Schematic of guided wave propagation and shear stress excitation in double-layer structure.
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Compared with the low-frequency vibration, the frost crystals
are withstand great torque under ultrasonic high frequency vibra-
tion, and peak acceleration excited by ultrasonic frequency of
28 kHz is 23.39 km/m2, which is 2339 times of the gravity acceler-
ation. In a short time, the frost crystals are fatigue and break up in
root due to the great torque produced by acceleration, if the natural
frequency of frost crystals and frequency of ultrasonic vibration are
similar or same, this phenomenon is more pronounce, that is the
reason why low frequency vibration was not defrosting effective.

4. Conclusions

The main ultrasonic defrosting mechanism is resonance effect
which is based on theoretical analysis and experimental study,
form the experimental investigation, the conclusions can be drawn
as follows:

(1) Natural frost experiment shows that the height of the frost
crystals is about 0.5 mm after growing for 4 min, and the nat-
ural frequency is near to the working frequency of ultrasonic
transducer according to the numerical calculation. Therefore,
it is possible that the early frost crystals and the ultrasonic
vibration excitation have resonance characteristic.

(2) The frost crystals of similar in shape and size are falling off
instantly when the ultrasonic transducer works, the results
of laser vibrometer show that the evaporator and the frost
crystals on the fin surface are forced to vibrate at the work-
ing frequency of the ultrasonic transducer. Therefore, the
frost crystals and the ultrasonic transducer have resonance
characteristics.

(3) The intervention of ultrasonic vibration at the initial frosting
stage prevent frost crystals crossed growth, so the intermit-
tent time should be controlled within 6 min, the optimal
working mode recommended in this paper is intermittent
4 min, vibration 1 min based on the intermittent ultrasonic
resonance defrosting experiment.

(4) The main mechanism of ultrasonic defrosting is the reso-
nance effect of natural frequency of frost crystals and excita-
tion frequency. Shear stress produced by velocity difference
at the interface of frost layer and fin is larger than 0.4 MPa.
Therefore, the defrosting technology based on shear stress
is feasible in theory, and more practical application need fur-
ther study. A great torque which excited by ultrasonic vibra-
tion impel frost crystals fatigue or break up in a short time.
In conclusion, the mechanism of ultrasonic defrosting is the
combination effect of ultrasonic resonance characteristic,
ultrasonic shear stress and acceleration effect of ultrasonic.
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